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ABSTRACT 

The entire secondary air system is essential for safe and 

stable operations of modern aero engines. The bleed off-take, 

however, effects the primary flow of the compressor and the 

performance of the engine. In this paper, experimental and 

numerical investigations present the effects of secondary air 

removal on low speed compressor cascade flow.  The bleed 

off-take of this study represents a circumferential casing slot 

design downstream of the stator representative for a modern 

high-pressure compressor. The configuration was tested for 

various bleed mass flow rates up to 14% of the primary 

(core) flow. 3D RANS simulations were conducted and 

compared with the experimental results. Both, experimental 

and numerical results, are compared with each other and 

show significant changes in the 3D passage flow near the 

endwall and on the cascade characteristics. 

INTRODUCTION 

Bleed air systems are important components to ensure 

safe and stable operation of aero engines. Compressed air on 

different pressure levels is removed from the compressor to 

supply the loads of secondary air system. The stage and 

therefore the axial location where the bleed off-take is 

positioned in the compressor depends on the application and 

the required pressure for the secondary air system. The 

primary functions of bleed air are efficient cooling of the 

turbine to guarantee long life cycles and to provide 

pressurized air for sealing, de-icing, or cabin air. 

Furthermore, the removal of bleed air is used for compressor 

stabilization during low and part-speed conditions, rain and 

hail and transient events, respectively. Bleed rates vary 

throughout the flight cycle for each application and very 

often need to cover a wide range of about 3 up to 25% of the 

primary (core) flow through the off-take. The removal of 

high-pressure air from the compressor has negative effects on 

engine cycle efficiency and fuel consumption. To minimize 

the effects on the engine performance the bleed off-take 

should be located as far as possible in the front of the 

compressor where the work applied to the flow is just 

sufficient to meet the secondary air system requirements 

throughout the operating range. Due to the non-permanent 

character of some bleed flow contributors like customer air 

and anti-icing (on/off type), there are two aspects of bleed 

port design. First, bleed ports have to provide a high-pressure 

recovery for design (small bleed rates) and off-design (high 

bleed rates) conditions, respectively. Second, bleed ports 

should have no interference to the primary flow especially 

for zero and small bleed rates (i.e. no increase in loss).  

Secondary air removal is an integral part of engine research 

and development. Hence, much research work about bleed 

off-take is published in literature. Willis et al. (1995) 

presents an experimental investigation into the flow losses 

for boundary layer removal bleed holes and slots. Bowman 

(1996), Gomes et al. (2006) and Schwarz (2005) investigated 

principle loss mechanisms in a secondary air system and 

developed correlations to estimate losses in air systems. A 

comprehensive analysis about various bleed off-takes in a 

cascade wind tunnel is provided by Leishman et al. (2007). 

This work investigated the effects of bleed holes and slots on 

the aerodynamic behaviour. The results show that the bleed 

port design criteria for high pressure recovery and loss 

minimization are conflicting objectives and depends on the 

off-take location. Passage integrated bleed off-takes provide 

higher off-take pressure versus configurations downstream of 

the cascade. However, the nonuniform pressure field within 

the passage cause fluid spillage into the primary flow for 

passage integrated bleed ports and increase losses at zero and 

small bleed rates. Gümmer et al. (2008) published a 

numerical study about passage integrated end wall boundary 
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layer removal on an axial compressor for rotor and stator, 

respectively. The rotor casing flow removal influenced the 

tip leakage vortex. Blockage is decreased and losses are well 

reduced. Performance benefits for the stator casing flow 

removal depends strongly on the off-take location. A correct 

placement close to the secondary flow shows significantly 

improvements in deviations and losses. Based on these 

results, Pönick et al. (2013) developed a passage integrated 

bleed port with improved pressure recovery and total 

pressure losses. The present paper deals with a 

circumferential slot downstream of a stator cascade and show 

the effects on the 3D passage flow and on the cascade 

characteristics. 

EXPERIMENTAL SETUP 

The experimental investigations were carried out in a 

low-speed cascade wind tunnel at the Institute of Jet 

Propulsion and Turbomachinery of the Technische 

Universität Braunschweig. The horizontal test section width 

(blade span) of the wind tunnel is H = 200 mm, its vertical 

height varies between 170 and 330 mm depending on inlet 

angle β1, space-chord ratio t/l and blade number. The cascade 

consists of five blades plus two additional blades (tailboards) 

above and below the outermost blades. The cascade used in 

the present investigation is shown (blade to blade view) in 

Figure 1. The blade geometry is representative for a stator 

blade in a modern high-pressure compressor near the casing 

wall. 

 

 

 

Figure 1 Compressor cascade geometry 

 

The more important parameters of the blade and cascade 

geometry may be summarized as follows: 

• chord length l = 150 mm 

• space/chord ratio t/l = 0.65 

• stagger angle λ = 29° 

• gap ratio s/l = 0.01 

• β1,Ref = 48°(i = 0) 

• β2,Ref = 18° 

• aspect ratio H/l = 1.333 

 

 

Figure 2 Meridional bleed port design and position 

 

The design and position of the bleed port is presented in 

Figure 2. Subject of this investigation is an axisymmetric slot 

downstream of the cascade. The orifice of the bleed port is 

scaled to the horizontal test section width of the wind tunnel 

with 0.3∙H. The bleed port has a small inlet ramp surface that 

does not extend into the blade passage. The bleed air is 

collected in a large plenum box attached downstream of the 

bleed port. The effects of three different bleed mass flow 

rates �̇�𝐵𝑙𝑒𝑒𝑑  on the primary flow were investigated: 4%, 8% 

and 14% of the inlet mass flow. Bleed mass flow rates were 

measured using a swirl flowmeter with an accuracy of 

±0.5% of the flow rate. A combined total and static pressure 

probe upstream of the cascade was used to control the inlet 

velocity of W1 = 50 m/s representing a blade chord Reynolds 

number of Re1 = 5,0 ∙10
5
 and a Mach number of about      

Ma1 = 0.14. The artificially increased freestream turbulence 

intensity was measured by a miniature hotwire probe to     

Tu1 = 2.5 %. Two traverse planes were defined at Δx1 = 60 

mm upstream of the cascade and Δx2 = 225 mm downstream 

of the leading edge plane. A flattened Pitot probe was used 

for the upstream measurements and a calibrated five-hole 

probe for wake measurements. The measured pressure 

differences were subsequently evaluated to obtain pitch 

averaged results of exit angle, static pressure difference, axial 

velocity ratio and total pressure loss. The estimated 

measurement uncertainty was about ±0.5° in exit angle, 

4.8% in axial velocity ratio and 2.3% in static pressure 

difference and total pressure loss, respectively. The pressure 

recovery of the bleed port was calculated from the average of 

measured static pressure from wall tappings upstream of the 

bleed orifice and around the plenum box, respectively. The 

uncertainty of the pressure recovery measurements is 0.2%. 

The periodicity of the flow between neighboring blade 

passages was adjusted by boundary layer suction at the 

tailboards and monitored by using static pressure distribution 

in the pitchwise direction in the inlet plane together with 

five-hole probe wake measurements downstream of the 

cascade. The operating point stability during the tests was for  
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Figure 3 Grid for RANS 

 

the inlet velocity W1 = ± 0.1 m/s and for the bleed mass flow 

rate �̇�𝐵𝑙𝑒𝑒𝑑 = ±0.2%.  

NUMERICAL SETUP 

All simulations of the present paper were done with the 

parallelized 3D RANS solver ANSYS CFX, version 17.2. 

The two-equation k-ω turbulence model by Wilcox (1988) 

has been used for the present investigation. The 

computational domain covered one blade passage between 

periodic boundaries on top and bottom and two additional 

boundaries at 100% true chord upstream and 200% true 

chord downstream of the cascade, measured at the leading 

edge and trailing edge, respectively. The complete domain 

was assumed to be fully turbulent. Computational grids of 

increasing number of cells were generated using the 

commercial grid generator AutoGrid 5 by Numeca. The 

following grid sensitivity analysis showed that at least 32.7 

million nodes were required to achieve i) a high resolution of 

the boundary layer with y
+
 ≈ 1 and ii) the overall 

performance parameters accurately, cf. Figure 3. The 

solution was assumed to be converged when the different 

RMS residuals reached a stable level of less than 10
-4

 and the 

relative difference of in- and outlet mass flow was less than 

10
-6

. The inlet boundary conditions for the computational 

domain were prescribed from the experimental 

measurements (Tt1 = 298.5 K, pt1 = 101114 Pa, β1 = 48° and 

Tu1 = 2.5 %). The total pressure profile of the incoming 

endwall boundary layer, obtained at the upstream traverse 

plane, was used to complete the computational inlet 

conditions. The outlet boundary condition was set as uniform 

atmospheric pressure. In addition, the inlet boundary layer 

profile on the endwall was measured to complete the total 

pressure at inlet. 

RESULTS AND DISCUSSION 

Distributed Losses 

Contour plots of the experimental and numerical total 

pressure losses ζV downstream of the bleed slot off-take 

(Δx2) are presented in Figure 5 and Figure 6 respectively. 

Sub-figure a - d show the influence of various bleed rates on 

the passage flow. Each figure shows a half of the passage 

adjacent to the bleed off-take at the endwall (z/H = 1). 

 

The velocity profile of the incoming endwall boundary layer, 

obtained at the upstream traverse plane is shown in Figure 4 

together with a power law profile. The integral parameters of 

the measured velocity profile and the power law profile are 

given in Table 1. These results show that the upstream 

endwall boundary layer is turbulent with a shape factor of    

H12 = 1.24 and 1.26 respectively. 

 

 

Figure 4 Inlet boundary layer 

 

Table 1 Integral parameters of inlet endwall 
boundary layer 

 δ99 [mm] δ* [mm] Θ [mm] H12 

Exp. 16 1.53 1.23 1.24 

Power 

Law 
12 1.33 1.06 1.26 

 

According to the literature, there are several loss cores in the 

wake plane of a cascade. Figure 5 and Figure 6 show a loss 

concentration of oval form close to the suction surface near 

the endwall (z/H = 0.8 - 1.0). This is the loss core of the 

passage vortex, including the low momentum material of the 

inlet endwall boundary layer. A second loss core is detected 

in the corner between suction surface and endwall. With 

increasing bleed rate, high-loss endwall boundary layer fluid 

is removed by the bleed off-take and decreased the loss cores 

near the endwall. For maximum bleed rate, the losses of the 

secondary flow are completely removed. The total pressure 

loss coefficient in the midspan of the cascade     (z/H = 0.5) 

is not noticeable influenced by the bleed off-take. The 

comparison between experimental and numerical results 

show minor changes in form, extent and magnitude of the 

losses. 
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a) �̇�𝐵𝑙𝑒𝑒𝑑 = 0% b) �̇�𝐵𝑙𝑒𝑒𝑑 = 4% 

  
c) �̇�𝐵𝑙𝑒𝑒𝑑 = 8% d) �̇�𝐵𝑙𝑒𝑒𝑑 = 14% 

 

Figure 5 Total pressure losses in wake plane – EXP 

Mass Averaged Cascade Characteristics 

The data depicted in Figure 5 and Figure 6 is pitchwise 

mass averaged and spanwise plotted as shown in Figure 7. 

Additionally, common cascade characteristics as turning, 

pressure difference and axial velocity ratio are shown. The 

agreements between the experimental and numerical 

characteristics are fairly good. Stagnation pressure loss ζV 

and turning Δβ are presented on the left-hand side. As 

mentioned before, the stagnation pressure loss in the midspan 

is not influenced by the bleed off-take. The discrepancy in 

the midspan is traced back to the assumption of a fully 

turbulent boundary layer in the computation. The oil flow 

paintings streak line visualisation of the stator suction side in 

the tests (Figure 9) show a transition from a laminar to a 

turbulent boundary layer at 43% axial chord though. This is 

not captured in the CFD simulation by means of a transition 

model as the primary subject of the present investigation is 

focused on the off-take. The secondary flow region shows 

high losses for zero bleed rate. The flow path losses are 

decreased with increasing bleed rates.  Here again, the 

numerical simulation is capable to predict the effects of the 

secondary air removal. Whereby the losses near the endwall 

(z/H = 0.8 - 0.9) are slightly underestimated. Considering the 

turning Δβ of the cascade, an overturning and underturning 

occurs for zero and small bleed rates accordingly. This is a 

typical consequence of the passage vortex (Horlock 1967). 

Near the endwall, the passage vortex minimizes the outlet 

angle due to the pressure gradient between pressure and  

  
a) �̇�𝐵𝑙𝑒𝑒𝑑 = 0% b) �̇�𝐵𝑙𝑒𝑒𝑑 = 4% 

  
c) �̇�𝐵𝑙𝑒𝑒𝑑 = 8% d) �̇�𝐵𝑙𝑒𝑒𝑑 = 14% 

 

Figure 6 Total pressure losses in wake plane – CFD 

 

suction side. Away from the endwall a lateral velocity 

component of the closed passage vortex increases the outlet 

angle. For zero bleed, the reference turning of Δβ=30° is 

achieved in the midspan. Towards the endwall, under- and 

overturning occurs. With increasing bleed rate, the low 

momentum material of the endwall boundary layer is 

removed by the bleed off-take and the effect of the passage 

vortex is minimized. The flow is underturned with respect to 

the reference case. The right-hand side of Figure 7 present 

the non-dimensionalized pressure difference Δp/q1 and the 

axial velocity ratio µ. Both, midspan and endwall region, are 

influenced by the secondary air removal. With increasing 

bleed rate, the passage blockage by the secondary flow near 

the endwall is reduced. This leads to a deceleration of the 

axial velocity component relative to the reference of zero 

bleed rate. A priori, the pressure difference increases. For 

higher bleed rates, there is an additional rise in pressure in 

the endwall region due to additional deceleration by the 

bleed off-take. 

Secondary Flow Velocities 

According to Marchal and Sieverding (1977), Figure 8 

presents secondary flow velocities in the wake plane for 

planar endwall and bleed off-take of 4%, respectively. To 

this end, a new coordinate system (�̅�, �̅�, 𝑧̅) is introduced to 

calculate the deviation of the velocity components from the 

midspan for each point in the flow field. The calculation of 

the secondary velocity vectors via the velocity ration W2/W1 
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Figure 7 Pitchwise-averaged results in wake plane 

 

Figure 8 Secondary velocities in wake plane (left: planar endwall, right: 4% bleed rate) 
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is given by 

 

𝑊𝑠𝑒𝑘,�̅�

𝑊1

(𝑦, 𝑧) =
𝑊2

𝑊1
(𝑦, 𝑧) ∙ cos 𝑦(𝑦, 𝑧) ∙ sin[𝛽2(𝑦, 𝑧) − 𝛽2,𝑀(𝑦)] 

 

and 

 

𝑊𝑠𝑒𝑘,�̅�

𝑊1

(𝑦, 𝑧) =
𝑊2

𝑊1
(𝑦, 𝑧) ∙ sin 𝛾(𝑦, 𝑧) 

 

as shown by Saathoff (2001). The left-hand side of Figure 8 

shows the secondary flow velocities of the numerical 

simulation for zero bleed rate (planar endwall). The 

magnitude of the secondary velocity vectors depends on the 

deviation from the midspan flow. As expected, the velocity 

vectors in the midspan (z/H = 0.5) of the wake plan are 

negligible small. Towards the endwall (z/H = 1.0), the 

magnitudes increase with growing influence of the secondary 

flow. Up to three vortex cores can be identified in the wake 

plane. The vortex around these cores is responsible for form, 

extent and magnitude of the stagnation pressure losses, cf. 

Figure 6a. Near the endwall, the low momentum material 

endwall boundary layer moved from pressure to suction side. 

Due to continuity, a notably strong passage vortex (V1) 

occurs. As already mentioned, this vortex is responsible for 

the over- and underturning visible in Figure 7. The second 

vortex core (V2) is part of the corner vortex caused by the 

overturning near the endwall. The third vortex (V3) is known 

as the so-called trailing edge vortex. The right-hand side of 

Figure 8 presents secondary flow velocities of the numerical 

simulation for 4% bleed rate. A part of the passage vortex is 

sucked into the bleed port and the vortex core moves towards 

the endwall. The core of the stagnation pressure loss moves 

with the vortex core, cf. Figure 6b. The removal of the 

endwall boundary by the bleed off-take reduces the 

overturning near the endwall and the corner vortex is 

vanished. Furthermore, air removal at the endwall increases 

the secondary flow vectors in the midspan. 

Blade Pressure Distributions 

The effect of the secondary air removal on the midspan 

pressure distribution (z/H = 0.5) was negligibly small and not 

shown here. However, with decreasing endwall distance the 

secondary air removal downstream of the cascade starts to 

influence the blade pressure distribution. Figure 9 present 

numerical pressure distributions for different bleed mass 

flow rates at the spanwise position z/H = 0.95.  It is clearly to 

be seen, that an increasing bleed rate leading to a gradual 

reduction of the pressure coefficient cp. The corresponding 

blade loading remains unchanged. The maximum 

acceleration on the front part of the blade suction side is 

increased due to the secondary air removal. However, the 

position of the peak stays constant. With increasing bleed 

mass flow rate, the deceleration on the rear part of the blade 

suction side is reduced due to the secondary air removal. As 

 

Figure 9 Numerical pressure distribution at 
spanwise position z/H = 0.95 

 

a consequence, the local diffusion factor decreases.   

Flow Visualization 

Oil flow pictures (experimentally) and wall shear stress 

lines (numerically) have been generated to analyse the 

surface flow on the blade suction side. Following the criteria 

by Tobak and Peake (1982), more important features of the 

flow (separation lines, (re)attachment lines and singular 

points) may be identified. Figure 10 shows the full-span 

blade suction side for various bleed rates. The flow direction 

is from left to right. The location of the bleed off-take is at 

the top of the picture. The hub gap is at the bottom of the 

picture. For zero bleed rate, the experimental results show a 

laminar separation at about 40% of chord length with a 

following turbulent reattachment. Also, to be seen is a corner 

separation in between the endwall and the stator suction side. 

This moderate corner separation starts at about 50% of the 

chord length and affects approximately 25% of the span. At 

the opposite endwall a tip vortex occurs due to a gap between 

blade and endwall. The tip vortex interacts with the 

streamlines on the suction side and displaces the flow pattern 

on the suction surface. The feature of the laminar-turbulent 

boundary-layer transition is not captured by the numerical 

simulation due to the assumption of fully turbulent surfaces. 

However, corner separation and tip vortex show good 

agreements in form and extension. With increasing bleed 

rate, the extension of the corner separation is reduced. The 

location of the boundary layer transition is not influenced. 

However, the bleed off-take effects the flow at the opposite 

endwall. With increasing bleed rate, the tip vortex extends 

and increase the displacement of the flow pattern on the 

suction side. 
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a) �̇�𝐵𝑙𝑒𝑒𝑑 = 0% 

  
b) �̇�𝐵𝑙𝑒𝑒𝑑 = 4% 

 
 

c) �̇�𝐵𝑙𝑒𝑒𝑑 = 8% 

  
d) �̇�𝐵𝑙𝑒𝑒𝑑 = 14% 

 

Figure 10 Flow visualization of the blade suction 
side 

Pressure Recovery 

The static pressure recovery is a quality criterion for 

bleed ports. The objective is to design a bleed port with 

maximum static pressure recovery. Figure 11 presents the 

bleed air pressure recovery for various bleed rates. The static 

pressure difference Δp between plenumbox and bleed port 

intake is non-dimensionalized by the dynamic head upstream 

of the cascade q1 (see Figure 2). The experimental and 

numerical results show in general a good agreement. With 

increasing bleed rate, the pressure recovery is decreasing 

because of flow acceleration inside the bleed port to a high 

velocity and low static pressure. From 0 to 6% bleed rate, the 

gradient of the decreasing pressure recovery is small. For 

higher bleed rates, the gradient is increasing for this 

geometry. 

 

Figure 11 Bleed air pressure recovery 

 

SUMMARY AND CONCLUSIONS 

The effects of secondary air removal have been 

investigated experimentally and numerically in a low speed 

compressor cascade with various bleed flow rates of 4%, 8% 

and 14% of the primary (core) flow. The investigated bleed 

off-take was a circumferential slot downstream of a stator 

trailing edge. The bleed off-take has a strong effect on the 

compressor characteristics and affects the blade passage loss, 

blockage and flow turning. With increasing bleed flow rates, 

the total stagnation pressure was minimized. As a 

consequent, the blockage is reduced and the pressure 

difference increased. The overturning near the endwall is 

vanished, due to the removal of the endwall boundary layer 

through the bleed port. Furthermore, the secondary air 

removal affects the flow characteristics at the opposite 

endwall. With increasing bleed rate, the tip vortex at the 

opposite endwall extents and increases the pressure losses. 

The secondary air removal not only changes the outlet flow 
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quantities of the cascade, but also the blade pressure 

distribution near the bleed off-take. These findings should be 

considered during a compressor design. This work can be 

considered as a first step into the direction of deeper bleed 

port investigations. The investigated bleed port configuration 

shows a poor pressure recovery over the entire operation 

range. The next step will be a redesign of configuration to 

increase pressure recovery for small and especially for high 

bleed rates.  

NOMENCLATURE 

Geometric and Flow Quantities 

    β = flow angles 

  Δβ = turning (Δβ = β1-β2) 

     λ = stagger angle 

    µ = axial velocity ratio (µ = W2x/W1x) 

   ζV = total loss coefficient (ζV = (pt1-pt2)/q1) 

      Δp/q = pressure difference (Δp/q = (p2-p1)/q1) 

  δ99 = boundary layer thickness 

   δ
*
 = displacement thickness 

    θ  = momentum thickness 

 H12 = shape factor 

   H  = blade height 

     i = incidence  

     l = chord length 

     t  = pitch 

    p  = static pressure 

   pt  = stagnation pressure 

    q  = dynamic head 

     s = radial gap with 

      x,y,z = cascade coordinate system 

   W = absolute velocity 

Indices 

    1  = inlet 

    2  = outlet 

  ax = axial 

     t  = total 

    Bleed  = bleed (analyses plane) 

Ref = reference 

   M = midspan 

    w = wall 

Abbreviations 

  RANS  = Reynolds-averaged Navier-Stokes 

     CFD  = Computaional Fluid Dynamics 

  SS = suction side 

  PS = pressure side 

  LE = leading edge 

  TE = trailing edge 

 MP = measuring plane 

 

ACKNOWLEDGMENTS 

This work was funded by Rolls-Royce Deutschland and 

the Bundesministerium für Wirtschaft und Technologie 

(BMWI) as per resultion of the German Federal Parliament 

under the Grant No. 03ET7071N. The authors gratefully 

acknowledge Rolls-Royce Deutschland for their support and 

the permission to publish this paper. 

 

REFERENCES 
[1] Bowman, R. (1996). ”Bleed Slot Efficiency”, PhD 

Thesis, Cambridge University. 

[2] Gomes, R. A., Schwarz, C., and Pitzner, M. (2006). 

„Experimental Investigation of Generic Compressor Bleed 

System“, Power for Land, Sea and Air, ASME Turbo Expo, 

GT2006-90458. 

[3] Gümmer, V., Goller, M., and Swoboda, M. (2008). 

“Numerical Investigation of Endwall Boundary Layer 

Removal on Highly-Loaded Axial Compressor Blade Rows”, 

ASME J. Turbomach., vol. 130, pp. 115-124. 

[4] Horlock, J.H (1967). “Axialkompressoren”, G. Braun, 

Karlsruhe. 

[5] Leishman, B. A., Cumpsty, N. A., and Denton, J. D. 

(2007 a). “Effects of Bleed Rate and Endwall Location on 

Aerodynamic Behavior of Circular Hole Bleed Off-Take”, 

ASME J. Turbomach., vol. 129, pp. 645-658. 

[6] Leishman, B. A., Cumpsty, N. A., and Denton, J. D. 

(2007 b). “Effects of Inlet Ramp Surfaces on the 

Aerodynamic Behavior of Bleed Hole and Slot Off-Take 

Configurations”, ASME J. Turbomach., vol. 129, pp. 659-

668. 

[7] Leishman, B. A., Cumpsty, N. A. (2007 c). 

“Mechanism of the Interaction of Ramped Bleed Slot with 

the Primary Flow”, ASME J. Turbomach., vol. 129, pp. 669-

678. 

[8] Marchal, Ph., and Sieverding, C. H. (1977). 

“Secondary Flow within Turbomachinery Baldings”, 

AGARD-CP-214, Secondary Flows in Turbomachinery. 

[9] Pönick, S., Kozulovic, D., Radespiel, R., Becker, B., 

and Gümmer, V. (2013). “Numerical and Experimental 

Investigations of Compressor Cascade Flow with Secondary 

Air Removal“, ASME J. Turbomach., vol.135, 021030, pp.1-

10. 

[10] Saathoff, H. (2001). “Rotor-Spaltströmungen in 

Axialverdichtern”, PhD-Thesis, ZLR Forschungsbericht 

2001-5, Technische Universität Braunschweig. 

[11] Schwarz, C. (2005). “Aerodynamische 

Untersuchungen an Abblase-Luftsystemen mehrstufiger 

Axialverdichter”, PhD-Thesis, Universität der Bundeswehr, 

München. 

[12] Tobak, M., and Peake, D. J. (1982). “Topology of 

Three-Dimensional Separated Flows”, Annu. Rev. Fluid 

Mech., vol. 14, pp. 61-85. 

[13] Wilcox, D. C., (1988). “Reassessment of the scale-

determining equation for advanced turbulence models”, 

AIAA Journal, vol. 26 (11), pp. 1299-1310. 

[14] Willis, B. P., Davis, D. O., and Hingst, W. R. (1995). 

“Flow Coefficient Behavior for Boundary Layer Bleed Holes 

and Slots”, Lewis Research Center, OH, NASA Technical 

Memorandum No. 95-0031.  

 


