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ABSTRACT 

Highly-loaded compressor blades with large turning 

angle will cause serious flow separation, leading to the 

increase of losses and the deterioration of the diffusion 

ability. With the aim to suppress the flow separation, the 

effects of jet flap on the performances of a highly-loaded 

compressor blade profile are discussed in this paper. A 

double-circular-arc Zierke & Deutsch profile with the 

camber angle of 65° is selected as the reference geometry. 

Two-dimensional flow fields with four various blowing flow 

rates at three incidence angles are simulated. The numerical 

results show that the jet flap could suppress the separation 

and improve the aerodynamic performances of the blade 

profile effectively. The benefit of applying jet flap are 

evaluated by comparing the total pressure loss coefficient, 

flow turning angle, diffusion factor and static pressure rise 

coefficient. Among the investigated blowing mass ratio, the 

blowing mass ratio of 1% could reduce the losses of most for 

all the incidence angles studied; particularly at the incidence 

angle of 5°, the losses coefficient is reduced by 22.3% 

compared to the reference profile. The flow turning angle, 

diffusion factor and static pressure rise coefficient increases 

with the blowing mass ratio raised. The blowing mass ratio 

of 1.5% is the optimal if requiring a pronounced increase of 

the static pressure rise, which reaches 10.4% at the incidence 

angle of 5°. To select the best blowing mass ratio for jet flap, 

the balance between the flow loss and diffusion ability 

should be taken into account. 

1 INTRODUCTION 

A main demand of developing modern high-

performance compressors is to improve the stage loading, 

which can be achieved by using blades with large turning 

angle. With the increased turning angle, flow separation will 

be aggravated, causing the total pressure loss coefficient rises 

and diffusion ability decreases. Diffusion factor is limited to 

0.6 by designers to avoid flow separation at present. 

Controlling the flow separation and improving the turning 

ability of the highly-loaded compressors by adopting 

adequate flow control technology are meaningful to increase 

the critical diffusion factor and the development of highly-

loaded compressors design. 

Jet flap is developed based on the Coanda effect, which 

is caused by the pressure gradient between the sides of the 

jet. The jet blown tangentially along the curved surface 

entrains the free stream leading to the pressure decreases 

near the wall. Therefore, the jet is attached to the curved 

surface due to the balance between the pressure gradient in 

the jet sheet and the centrifugal forces around the curved 

surface. The entrained flow is accelerated around the curved 

surface due to the entrainment effect. Making full use of the 

Coanda effect by choosing parameters of jet flap geometry 

reasonably, the flow could turn significantly in a shortened 

distance. 

Jet flap has been used to external flow successfully, 

researches of the apply to internal flow has been increased. 
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Clark and Ordway (1959) applied jet flap in axial-flow 

compressor blades and shown that jet flap blades would have 

a greatly improved chance of avoiding rotating stall by 

experiment. Landsberg and Krasnoff (1972) modified the 

normal blowing trailing edge to a tangential blowing 

configuration, proved the efficiency of tangential blowing is 

superior to normal blowing, and the tangential blowing jet-

flap effectiveness is significantly influenced by the ratio h/R. 

Current numerical studies shown that jet flap could take the 

place of the moving flaps successfully (Hill and Ng, et al, 

2007; Gunter and Guillot, et al, 2009). Fischer (2008a) 

applied jet flap to the first stage stator of a four-stage high-

speed axial compressor to reduce the solidity, two-

dimensional numerical studies shown that a blowing mass 

ratio of 1% could keep the operation range unchanged when 

the blade counts reduced by 16%. Both the experimental and 

numerical results confirmed that jet flap could control the 

separation effectively (Fischer and Müller, 2008b). They 

used the static pressure rise related to the injected jet power 

as a criterion, and suggested that the blowing mass ratio 

should be less than 1.5%. Based on the previous researches, 

Fischer (2012) analysed the influence of jet flap on three-

dimensional flow fields. Increasing the diffusion factor from 

0.52 to 0.56 by reducing the blade counts by 20%, a blowing 

mass ratio of 0.6% is able to regain the turning angle at the 

design point and 1.3% at off-design. 

 However, most researches about the application of jet 

flap on compressor are focus on the low turning angle blades 

with the purpose to improve the loading by reducing the 

blades counts. Few publications have evaluated the 

effectiveness of jet flap on the highly-loaded compressors. 

With the growing demand for highly-loaded compressors, the 

need for developing useful flow control technologies for 

highly-loaded compressors are increasing. Therefore, the 

motivation of this paper is to investigate the effectiveness of 

jet flap on controlling flow separation and improving flow 

conditions of a highly-loaded compressor blade profile.  

The organization of this paper is as follows. The 

background of this paper and the related literatures are 

retrospect in Section 1. After a brief description of the 

highly-loaded compressor blade profile under research in this 

paper, the numerical scheme used in this work is introduced 

in Section 2. The effectiveness and analysis of the jet flap are 

presented in Section 3. Main conclusions are summarized at 

last in Section 4.  

 

2 NUMERICAL SETUP 

2.1 Geometries of Reference and jet flap profiles  

The double-circular-arc profile of Zierke & Deutsch is 

selected as the research target in this paper. The basic 

geometric parameters of the reference blade profile are listed 

in Table 1. It is a highly-loaded compressor blade profile 

with a diffusion factor of 0.658 and enormous flow 

separation along the whole spanwise at the incidence angle 

of 5 degrees.  

With an aim to make full use of the Coanda effect to 

remove flow separation on the suction side, a constant 

curvature surface (called “Coanda surface”) is constructed 

near the trailing edge on the suction side and a slot for 

tangential blowing is implemented based on the surface. The 

Zierke & Deutsch profile and the modified geometry called 

“jet flap geometry” are shown in Fig.1. In the process of 

modification, the pressure side and the radius of leading edge 

and trailing edge are keep unchanged to ensure design 

constraints. As demonstrated by Riedel (1971), the ratio of 

the slot height and the Coanda radius h/R should be as small 

as possible to achieve the most noticeable Coanda effect. In 

this paper, the value of the slot height is 1mm, the Coanda 

radius is 60mm, meeting the requirements of manufacturing 

limitations. 

Table 1: Cascade parameters 

Chord [mm] 228.6 

Solidity 2.14 

Stagger angle [°] 20.5 

Camber angle [°] 65.0 

Aspect ratio 1.61 

Inlet metal angle [°] 53 

Outlet metal angle [°] 12 

 

 

Fig.1. Zierke & Deutsch profile and jet flap geometry 

2.2. Numerical Scheme 

All the numerical simulations were performed with the 

commercial solver ANSYS-CFX，a pressure-based, finite-

volume CFD code. Compared with different turbulence 

models, the shear stress transport (SST) k-ω turbulence 

model coupled with the correlation-based γ-Reθ transition 

model was more accurate and thus chosen for the simulations 

in this paper. All calculations are carried out in a steady-state 

mode.  
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The computational domain as well as the blocks of the 

grid is plotted in Fig.2. The computational domain is 

extended 0.75 chord upstream and two chords downstream of 

the blade profile. As the boundary conditions, the velocity 

components, total temperate were given at the inlet, and the 

average static pressure was specified at the outlet. Non-slip 

and adiabatic conditions were imposed on all solid walls. 

The numerical mesh is structured and generated by 

ICEM-CFD. It consists of 50 blocks as shown in Fig.2. Both 

the grid dependency studies for the reference blade profile of 

Zierke & Deutsch and jet flap geometry were conducted. As 

shown in Fig.3, a further increase in mesh size above 4.2·105 

nodes do not affect the results obviously. Therefore, the 

mesh with 4.2·105 grid nodes was used for all simulations. 

The maximum non-dimensional wall distance y+<1 was 

ensured on the first node off the solid walls. The numerical 

results and the experiment data of static pressure coefficient 

distribution are compared in Fig.4 at two different incidence 

angles of -1.5 and 5 degrees. It shows that the numerical 

simulation is capable to accurately capture the flow 

characteristics considering experimental measurement errors. 
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Fig.3. Grid dependency study at the incidence angle of 5° 
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(a) Static pressure coefficient distribution at the incidence angle of 

 -1.5° 
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(b) Static pressure coefficient distribution at the incidence angle of 5° 

Fig.4. Measured and predicted static pressure coefficient 
distributions 

 

3、RESULTS AND ANALYSIS 

In this section, the performance of the reference blade 

profile and jet flap geometry are comparatively examined at 

first. Then, the effects of jet flap on the performances of the 

highly-loaded compressor blade profile are evaluated at 

different flow conditions. The blowing mass ratio means the 

massflow ratio of jet and main flow. The performance 

parameters such as the total pressure loss coefficient, static 

pressure rise coefficient, diffusion factor and turning angle 

will be frequently used in quantify the effects of jet flap at 

the following sections. They are defined here: 

Total pressure loss coefficient:  

1 2

1 1

t j t

t

P P

P p






with 1 1

1

1

t j tj

t j

j

m P m P
p

m m

  



. (1) 

This definition ensures that the injected energy is not 

treated as a total pressure gain which leads to a loss reduction 

automatically. 

Static pressure rise coefficient: 

2 1

1 1

p p
Ps

P p
t


 


.               (2) 

Diffusion factor:  

     1 221
2

1 1

W WW
D

W W

 



   .       (3) 

Turning angle:   

    
1 2

     .              (4) 

The values used in equation (1) - (4) are massflow 

averaged, the subscript 1 is on behalf of parameters at the 

inlet boundary. To keep consistent with experiment, the 

subscript 2 is on behalf of parameters at 31.9% chord lengths 

downstream of the trailing edge at the incidence angle of -

1.5°, and 52.6% chord lengths downstream of the trailing 

edge at the incidence angle of 2° and 5°.  
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3.1 Performance Comparison between Zierke & 
Deutsch profile and Jet flap 

The differences of static pressure coefficient distribution 

between Zierke & Deutsch profile and jet flap geometry 

without jet at the incidence angle of -1.5° are shown in Fig.5. 

The static pressure coefficient distribution of the blade 

profiles has a little change. The velocity counters with 

streamlines of Zierke & Deutsch profile and jet flap 

geometry without jet at the incidence angles of -1.5°、2°、5° 

are shown as Fig.6. To show the flow characteristics more 

clearly, Fig.6 focuses on reflecting the distribution of 

streamlines from 0.75 axial chord to the trailing edge.  

The left column of Fig.6 depicts the separation region of 

Zierke & Deutsch profile increases as the incidence angle 

increasing. Compared with the size of the separation region 

of Zierke & Deutsch profile, jet flap geometry without jet 

aggravates the flow separation at the incidence angle of -1.5° 

and reduces the separation region at the incidence angle of 5°, 

the change of the separation region is not obvious at the 

incidence angle of 2°.  

 To understand the flow mechanism of these 

phenomenon, local enlarged streamlines near the slot are 

plotted in the right column of the Fig.6. The slot is located in 

upstream of the separation region of the Zierke & Deutsch 

profile at the incidence angle of -1.5° and 2°, when the 

boundary layer flow with positive streamwise momentum 

flow past the slot, a vortex generates on the outlet of the slot 

and two induced vortexes generate on the slot. The 

generation of the vortexes will reduce the streamwise 

momentum of the boundary layer flow, enlarging the 

separation region. There is a severe separation of Zierke & 

Deutsch profile at the incidence angle of 5° hence the slot is 

located in the separation region relatively. The vortexes are 

generated by the backflow with negative streamwise 

momentum, the slot changes the direction of the backflow 

and decreases its’ momentum, reduced the separation region. 

In summary, the relative position of the slot and the 

separation region is different at different incidence angles. 

The slot of the jet flap geometry should be located in 

separation region to improve the flow condition for jet flap 

geometry without flow control, otherwise the separation 

region will be enlarged.  
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Fig.5 Static pressure coefficient distribution at the incidence 

angle of -1.5° 
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Fig.6. Influence of jet flap geometry without flow control on separation zone 
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Fig.7. Influence of jet flap geometry without flow control on the 
profile characteristics 

The characteristics of Zierke & Deutsch profile and jet 

flap geometry, namely, the total pressure loss coefficient ω, 

turning angle ∆β, diffusion factor D and static pressure rise 

coefficient ∆Ps, with a function of the incidence angle are 

presented in Fig.7. The incidence angle is represented by “i”. 

Fig.7 shows that the total pressure loss coefficient increases, 

the diffusion factor and static pressure rise coefficient 

decreases slightly at the incidence angle of -1.5°, which is 

due to the mildly enhanced flow separation caused by the jet 

slot, as indicated in Fig.6(a). On the contrary, the total 

pressure loss coefficient decreases, and the diffusion factor 

as well as the static pressure rise coefficient increases with 

the jet flap geometry at the incidence angle of 5°, which is 

attributed to the improved flow field plotted in Fig. 6(c). The 

characteristics is nearly unchanged when applying jet flap at 

the incidence angle of 2°.  

3.2 Impact of Blowing Mass Ratio at Various 
Incidence Angles 

Based on the structural design of the jet flap geometry in 

the previous parts, the influence on the separating flow with 

different blowing mass ratios is further investigated under 

various incidence angles.  
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Fig.8. Velocity distribution for different blowing mass ratios at various incidence angles 

 
Fig.8 presents the velocity contours with streamlines 

under various incidence angles with different blowing mass 

ratios, the legend is the same with Fig.6. When the blowing 

mass ratio is 0.5%, under the incidence angle of -1.5° and 2°, 

the impact on the separation region near the trailing edge 

shown in Fig.8 (a)-(b) is not obvious compared with Fig.6, it 

may be caused by the dissipation of injected energy due to 

the mixing with low momentum boundary layer flow before 

the blowing air marked by the red arrow reach to the 

separation region. As the incidence angle increases to 5°, the 
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separation region extends toward the mid-chord direction, 

thus, the blowing air from the flap can directly act with the 

separation flow to reduce the reversed streamwise 

momentum of the backflow and weak the separating flow on 

the suction surface compared with Fig.6. When the blowing 

mass ratio of 1% is applied, the sufficient energy of injected 

air from the jet flap can suppress the formation of the 

separation vortex as shown in Fig.8(d)-(f). With the further 

increase of the blowing mass ratio to 1.5%, as can be seen 

from Fig.8(g)-(i), the blowing air firmly attaches to the 

Coanda surface and the boundary layer flow on the suction 

side is obviously accelerated by the injected air, the low-

speed area is reduced and the turning ability of the main flow 

becomes strong compared with Fig.8 (d)-(f) under the same 

incidence angle. 

In this part, various blowing mass ratios are selected to 

make a comparison in terms of the influence on the 

separating flow under different incidence conditions. For the 

fixed location of the slot, the blowing mass ratio should be 

large enough to blow away the separating vortex at different 

incidence angles. With the increment of blowing mass ratio, 

the interaction of the jet with the boundary flow delays the 

separation on the suction surface and enhances the flow 

turning ability of the blade profile because of the entrainment 

effect. Generally, under the same flow condition, suppressing 

or removing the separating flow implies the improvement of 

the performance characteristics that is the focus in this study. 

Therefore, the evaluation and change law of the performance 

characteristics under different blowing mass ratios is given 

and discussed in the following. 
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Fig.9 Influence of jet flap on the total pressure loss coefficient 

 

In order to quantify the effect of jet flap, the influence 

of blowing air on the four performance characteristics 

defined in the previous section, is mainly discussed here. 

Fig.9 depicts the total pressure loss coefficient as a function 

of the incidence angles under different blowing mass flow 

ratios. In Fig.9, it is noteworthy that there exists an optimal 

blowing mass ratio in terms of the total pressure loss 

coefficient for the fixed slot, i.e., with the increase of 

blowing mass ratio under the same incidence angle, the 

total pressure loss coefficient shows a decreasing trend at 

first. But if the blowing mass ratio is larger than the optimal 

value, the total pressure loss coefficient stops increasing, 

especially at the incidence angles of -1.5° and 2° under 

blowing mass ratio of 1.5%, the increase of the total pressure 

loss coefficient is ascribed to the strong mixing between the 

high speed blowing air and the low speed main flow before 

the blowing air can reach to the separation region combined 

with Fig.8 and Fig.9. The comparative results in Fig.9 show 

that the blowing mass ratio of 1% can get the lowest total 

pressure loss coefficient among all the blowing mass flow 

ratios; the corresponding reduction in the total pressure loss 

coefficient is 10.04%, 14.05%, and 9.46% at the incidence 

angles of -1.5°, 2°, and 5°, respectively. Comparing with 

Zierke & Deutsch profile, a considerable reduction of 22.3% 

in the total pressure loss coefficient can be obtained at the 

incidence angle of 5°. On the basis of the above analysis, the 

effects of blowing air on the total pressure loss coefficient 

can be expressed in two aspects: one is the reduction of 

losses caused by control of separating flow, represented by 

ω1 ; the other is the mixing losses generated by shear 

interaction between the incoming main flow and the jet flow, 

represented by ω2. When the absolute value of ω1 is larger 

than ω2, the impact of the blowing air on the total pressure 

loss coefficient is positive and the loss is thus reduced; 

otherwise, the total pressure loss coefficient increases. It can 

give the guideline in terms of the choice of the blowing mass 

flow ratio for the fixed slot that should consider both the 

reduction of loss ω1 and the increment of mixing loss ω2 . 
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Fig.10 Influence of jet flap on the turning angle 
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Fig.11 Influence of jet flap on the diffusion factor 
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Fig.12 Influence of jet flap on the static pressure rise 

 

Besides the effects on the total pressure loss coefficient 

under different blowing mass flow ratios, the influence of 

blowing mass flow ratio on the flow turning angle, diffusion 

factor and static pressure rise coefficient are also investigated 

and plotted in Fig.10 - Fig.12 at various incidence angles. 

With focus on Fig.10 and Fig.11, no matter which the 

blowing mass flow ratio is, the flow turning angle and 

diffusion factor increases as the incidence angle increasing. 

While, the characteristic of the static pressure rise coefficient 

as a function of incidence angle depends on the blowing 

mass flow ratio. For the cases with the blowing mass ratios 

of 0%, 0.5%, 1%, the static pressure rise coefficient drops 

when the incidence angle increases from 2° to 5°, and the 

critical incidence angle at which the static pressure rise 

coefficient reaches the maximum is 2°. With the largest 

blowing mass ratio of 1.5%, the optimal incidence angle for 

the static pressure rise coefficient is 5°.  

As regarding to the impact of blowing mass ratio, the 

turning angle, diffusion factor and static pressure rise 

coefficient shows an increase trend with blowing mass ratio 

increasing from 0.5% to 1.5% at each incidence angle. It is 

noted that the diffusion factor, static pressure rise coefficient, 

and turning angle with the blowing mass ratio of 0.5% is 

almost unchanged compared with the values without blowing 

at the incidence angles of -1.5° and 2°. It might be due to the 

reduced streamwise momentum of the main flow that is 

caused by the strong mixing between the low-speed blowing 

air and the main flow with a relative higher speed. The 

highest diffusion ability is attained with the blowing mass 

ratio of 1.5% for all incidence angles. Additionally, the 

blowing mass ratio of 1.5% leads to a pronounced 

increase of the static pressure rise coefficient of 10.4 % 

compared with Zierke & Deutsch profile at the incidence 

angle of 5°.  

Figure 13 plots the influence of blowing mass flow ratio 

on the profile characteristics of the total pressure loss 

coefficient ω, turning angle ∆β, diffusion factor D and static 

pressure rise coefficient ∆Ps at various incidence angles by 

summarizing the data in Fig.9-12. It shows that the trend of 

these four aerodynamic parameters as a function of blowing 

rate is similar when the incidence angle changes from -1.5 to 

5 degrees. The optimal blowing mass ratio in terms of the 

lowest total pressure loss coefficient is 1%, but for a better 

diffusion capability it should be 1.5%. It is necessary to 

weigh both the impacts on the loss and the diffusion ability 

into account when determining the blowing mass ratio for jet 

flap.  

0.0 0.5 1.0 1.5

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30

••



Ps

[°]

Ps[°]
 i = -1.5°

 i = 2°

 i = 5°

 

m
j
/m

1
 (%)



0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

D

D

20

25

30

35

40

45

50

55

60

65

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

Fig.13. Influence of blowing mass flow ratio on the profile 
characteristics at various incidence angles 

 

4. CONCLUSIONS 

In this paper, the impacts of jet flap on a highly-loaded 

compressor blade profile with different blowing mass ratio at 

various incidence angles are numerically studied. After 

confirming the effectiveness of jet flap in terms of improving 

the flow stability, the influences on performance 

characteristics are analysed. The main conclusions are 

summarized in detail as below: 

(1) The velocity counters with streamlines indicate that 

the effect of jet flap on removing flow separation is enhanced 

with the increase of blowing mass ratio. The relative position 

of the injected slot and the separation region is different at 

different incidence angles. At the blowing mass ratio of 0% 

and 0.5%, the jet flap geometry could reduce the separation 

region when the injected slot is located in the separation 

region, otherwise, the flow condition couldn’t be improved. 

As the blowing mass ratio increased to 1% and 1.5%, the 

energy of the jet is able to overcome the mixing process 

between the blowing air and the boundary flow to suppress 

the separating vortex and entrain the main flow for all 

incidence angles. 

(2) The influence on the total pressure loss coefficient 

with different blowing mass flow ratios demonstrates that 

there exists an optimal blowing mass ratio to improve the 

flow filed under the entire incidence angles. For all the 

selected blowing mass flow ratios in this study, the blowing 
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mass ratio of 1% is the most adequate for all incidence 

angles, it can reduce the total pressure loss coefficient by 

22.3% at the incidence angle of 5° compared with the 

Zierke﹠Deutsch profile. 

(3) The diffusion ability can also be enhanced with the 

increasing blowing mass ratio. The jet increases the 

streamwise momentum of the boundary layer flow to 

strengthen the ability to resist the adverse pressure gradient. 

Simultaneously, the turning ability of the main flow is 

enhanced with the increment of blowing mass ratio. A 

blowing mass ratio of 1.5% promotes the static pressure rise 

coefficient most. Compared with the Zierke ﹠ Deutsch 

profile, jet flap can enhance the static pressure rise 

coefficient by 10.4% with a blowing mass ratio of 1.5% at 

the incidence angle of 5°. 

The results of the numerical studies in this paper show 

the potential of applying jet flap on highly-loaded 

compressors to control flow separation and improve 

aerodynamic performance. To select the best blowing mass 

ratio, the balance of the loss and the diffusion ability 

should be taken into account. Based on this paper, further 

optimization of the jet flap geometry should be developed 

and the experiment should complement the numerical 

investigations. 

 

NOMENCLATURE 

Cax Axial chord 

Cp Static pressure coefficient 

D Diffusion factor 

h Slot height 

𝑚  Mass flow   

p Static pressure 

Pt Total pressure 

W Flow velocity 

Wθ Circumferential velocity 

ΔPs Static pressure rise coefficient 

Δβ Turning angle 

σ Blade solidity 

ω Total pressure loss coefficient 
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