
 1

THREE-DIMENSIONAL NEAR WALL FLOW PHENOMENA OF A TANDEM CASCADE 

T. Frey - M. Böhle 

TU Kaiserslautern, Institute of Fluid Mechanics and Fluid Machinery, Kaiserslautern, Germany, 
thomas.frey@mv.uni-kl.de, martin.boehle@mv.uni-kl.de 

ABSTRACT 
The two dimensional flow in tandem cascades has often been performed in the open 

literature. The suggestion is that tandem blades may be superior to single blades, especially 
for large turning angles. For tandem cascades with a low aspect ratio the losses that are 
generated at the wall are very important. But up to now less information about the flow 
structure near the sidewall are available. 

Based on current numerical and experimental investigations, the present paper reports on 
the influence of a tandem cascade configuration on the wall induced losses in an axial 
compressor. The examinations are performed with a tandem cascade turning the flow from 
approximately 50° at a Reynolds number of ∙ . The load split is 50%. The profiles 
are NACA65 with circular camber lines. It was designed using empirical correlations of 
Lieblein and Lei. One goal of the paper is to check the applicability of the criteria of Lei for 
tandem cascades which was originally developed for single cascades. Therefore the forward 
blade was designed so that corner stall occurs according to the criteria of Lei.  

As the numerical simulations show, the effect of corner stall is suppressed in the design 
point. The flow phenomena and the comparison of the losses from two-dimensional flow and 
three-dimensional flow shows, that the main losses of a tandem cascade are generated at the 
sidewall. The losses are dependent on the configuration of the blades.  

NOMENCLATURE 
c  velocity magnitude Ma  Mach number 
d  max. blade thickness PP=  percent pitch of aft airfoil leading 

h  blade height 
i  incidence angle 

edge relative to spacing 
      Re  Reynolds number 

l  chord length Tu  turbulence intensity 
pt  stagnation pressure 
s  pitchwise spacing between 

forward airfoil trailing edge and 
aft airfoil leading edge 

t  cascade pitch 

β  flow angle with respect to axial 
                        direction 

Δβ   deflection angle 
ζ  stagnation pressure loss 
                  coefficient 

Δx1  axial distance between aft airfoil 
leading edge and forward airfoil  
trailing edge 

μ  axial velocity ratio 
λ  stagger angle 
σ  solidity 

Δx2  axial distance between forward 
airfoil leading edge and aft airfoil 
trailing edge 

φ  camber angle 

AB  aft blade  

AO =
∆

∆
 axial overlap of tandem airfoils Subscripts 

11  in front of forward airfoil 
D  Lei diffusion parameter 12  behind forward airfoil 
DF  Lieblein diffusion factor 21  in front of aft airfoil 
FB  forward blade 22  behind aft airfoil 
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INTRODUCTION 
In order to minimize the fuel consumption of a turbomachinery the power density and efficiency 

have to be increased. An increasing of the power density can be achieved by reducing the number of 
stages of a machine. In order to achieve the same pressure rise with a smaller number of stages the 
deflection of the single stages must be increased. Usually a higher deflection causes higher pressure 
losses. So the efficiency can only be increased if the blades realize high deflections with low 
pressure losses. The advantages of tandem cascades, i.e. compressor stages in which the deflection 
is taken in two divided sections,  in comparison to single cascades for flow deflections greater than 
45° are often described in the literature (Railly & El-Sarha, 1965-1966, Wu et al., 1985, Roy, B. & 
Saha, U.K., 1995, Canon-Falla, G.A., 2004, McGlumphy, 2008). The reason is that at the leading 
edge of the rear profile a new thin boundary layer exists. For the remaining deflection therefore the 
risk of boundary layer separation is smaller.  

The subject of the investigations until now was the two-dimensional flow and the interaction 
between the forward and aft airfoil. There are results from a variety of theoretical and experimental 
investigations of incompressible and compressible flows.  

A basic work was done by Ohasi (1958). He performed numerical and experimental 
investigations with NACA 0010, NACA 4410 and NACA 8410 profiles at Reynolds numbers of 
2 ∙ 10 . The result of his theoretical investigations was that minimal losses occur when each blade 
row causes the same change in pitchwise direction. This roughly corresponds to a load split of 50%. 
Due to the  comparison of tandem cascades and single cascades with the same deflection he worked 
out a limit where tandem cascades generate fewer losses than single cascades. This limit is 
dependent on both the deflection angle and the angle of attack. The effect of the relative position of 
the individual tandem blades was examined experimentally. Ohasi found that the rear blade must be 
located in the non-detached, undisturbed flow on the pressure side of the forward blade. Different 
distances between the blades in axial direction, however, had no significant effect on the loss 
incurred. The results were trend setting for a number of scientists who studied the flow in tandem 
cascades. In good agreement with Ohasi’s findings are the experimental results of Railly & El-Sarha 
(1965-1966). Wu et al. (1985) publicated a correlation between best overlap and best displacement 
of the forward and aft-cascade for minimal flow losses according to their measurements with DCA-
profiles at moderate Mach numbers ( 0.3 . Their correlation is in good agreement with the 
results of Bammert and Staude (1970). They determined the optimal configuration of the tandem 
cascades with a potential theoretical calculation method which is valid for all tandem cascades. The 
interference of the blade rows may cause a 10-18% lower pressure loss than the individual blades 
without mutual interference if the pitchwise spacing is appropriate. The percent pitch is also 
dependent on both the deflection angle and the angle of attack. Regarding the axial overlap of the 
front and rear blade row all the previously considered publications are also consistent with the work 
done by McGlumphy (2008). As a rule it can be concluded that neither a positive nor a negative 
axial overlap is advantageous in order to reduce flow losses with some small exceptions (see 
Bammert and Staude, 1970). McGlumphy (2008) determined the flow losses of 2D-flows in tandem 
cascades consisting of NACA65 profiles by CFD-calculations. He depicted the flow losses of single 
airfoil cascades and tandem cascades in dependence of the Lieblein’s diffusion number DF. For 
large diffusion numbers DF tandem cascades are superior to single cascades and have a larger 
incidence range for small flow losses. McGlumphy’s results can be listed as follows: 
1. For large turning angles (>45°) a tandem cascade is better than a single airfoil cascade 

concerning the flow losses. 
2. The blades must be arranged as it is shown in Fig. 1. The dimensions s and Δ  must be chosen 

conveniently. 
3. An overlap is not advantageously. Exceptions are mentioned by Bammert and Staude (1970). 
4. The load split has an extreme influence on the flow losses. 
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Today, there is a common agreement with regard to axial overlap and percent pitch. Furthermore 
there are statements to the aerodynamic load split whereby the load split was only varied by 
modifying the camber and the stagger angle of the profiles but not by modifying the length of the 
single profiles. Information about the influence of the profile length on the performance of a tandem 
cascade is missing. All the previous mentioned literature with the exception of the work of 
McGlumphy (2008) only deal with the two-dimensional flow in tandem cascades. So the two-
dimensional flow parameters of tandem cascades are well known. The work of  McGlumphy’s 
contains less information about the 3D-flow structure and the load split which is fundamental for 
the design of tandem cascades. In the work of Schluer, Böhle, Cagna (2009) the numerical 
examinations are restricted on the load split and no experimental data are available.   

For cascades with low aspect ratio the regions where nearly two-dimensional flow conditions 
can be found are small. Due to the influence of loss that is generated at the endwall is significant. 
The authors of the literature above even knew that the performance of a tandem cascade decreases 
because of the three-dimensional effects but until now these flow structures have never been subject 
of research.  

Lei, Spakovszky (2006) reported about a criterion for corner stall. Corner stall is defined as 
reverse flow on both the blade surface and sidewall. This criterion, which is actually only valid for 
single cascades, is applied for tandem cascades in this contribution. It continues the proceeding of 
the work done by Schluer, Böhle, Cagna (2009). Numerical and experimental examinations on the 
three-dimensional flow in the hub region of a tandem cascade are done. All calculations are 
conducted as incompressible (Ma=0.18). The tandem cascade consists of NACA65 profiles turning 
the flow from 50° to approximately 0°. The influence of the percent pitch   at constant load 

split 
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 on the flow losses and the flow topology is examined by wind tunnel experiments and 3D-CFD 

simulations. The main emphasis lies on the description of the three dimensional flow structure with 
focus on hub corner stall.  

DESIGN OF THE EXAMINED TANDEM CASCADE 
The tandem cascades in this contribution were designed in several respects. They should 

provide information about the influence of the percent pitch on the flow structure near the sidewall 
of tandem cascades and about the applicability of the criterion for hub corner stall on tandem 
cascades. The blade rows of the tandem cascade consist of NACA65 profiles with circular camber 
lines because a large number of experimental data are available. The cascade should deflect the 
flow from 50° to 0° at a Reynolds number of  8 ∙ 10 . The Reynolds number for 
the whole cascade is defined as follows: 

 
 ∙

. ( 2 ) 

  
According to Johnsen, Bullock (1965) the stagger angle and the camber angle of a NACA65 

profile arise as a result of the solidity, the relative thickness and the target values of the flow angle. 
Assuming that the outflow angle of the forward blade row is equal to the inflow angle of the aft 

blade row both the Lieblein diffusion factor and the Lei diffusion parameter can be calculated for 
the blade rows on basis of this data. The Lieblein diffusion factor 
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influence of the individual blade length in tandem cascades. The investigated tandem cascades were 
designed for a deflection of the flow from 50° to 0°. The angle of attack was varied 
from 40° to 56°.  

Numerical and experimental results have shown that the Spalart Allmaras turbulence model can 
reproduce the flow structure in tandem cascades well if the flow domain is properly refined 
( 3 . The diffusion parameter according to Lei, Spakovszky, Greitzer (2006) is valid to predict 
the occurrence of corner stall for the forward blade row of a tandem cascade but it is not valid for 
the aft blade row. For a load split 50% the Lei diffusion parameter for the forward blade row 
increases with the spacing ratio of the forward blade row.  

The two-dimensional flow behavior through the tandem cascades is consistent with the data 
from the literature. A tandem cascade configuration with high percent pitch (PP=90%) causes fewer 
losses in the two-dimensional flow than tandem cascades with lower percent pitch (PP=70%). In the 
region near the side wall the configuration with PP=70% has a positive influence on the generated 
loss if corner stall is suppressed. If corner stall occurs in the forward blade row it has significant 
influence on the flow through the aft blade row because the generation of additional losses in the aft 
blade row is favored.  

The chord length of the individual blades has influence on the spread of the losses in the 
direction of the flow channel center. Higher chord length cause that losses spread along three-
dimensional separation lines on the suction side of the blades. From this reason blades with nearly 
same chord length seem to be advantageous in order to avoid the spread of losses. 
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