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e present investigation has been initiated to further increase the understanding of sweep and dihedral effects in turbine cascades and turbines. For that purpose experimental and numerical investigations were performed on either side of a linear turbine cascade with ϕ = ±26.5 • true sweep and ν = ∓14.5 • dihedral (true lean) combining to σ = ±30 • axial sweep without tangential lean. e upper sign is for the upstream side of the cascade, and the lower one for the downstream side. An analysis of the results led to the conclusion, that the present cascade flow can be regarded as a superposition of an irrotational D primary flow and a rotational secondary flow. A special feature of the flow is, that primary and secondary flow are of opposite direction on the upstream side of the cascade and unidirectional on the downstream side. In addition, considerable sweep and dihedral effects on the blade pressure distributions (loadings) contribute to highly complex D flows on both sides of the cascade with different secondary flows and losses.

To this end, experimental and numerical investigations were performed on either side of a linear turbine cascade with ϕ = ±26.5 • true sweep and ν = ∓14.5 • dihedral (true lean) combining to σ = ±30 • axial sweep without tangential lean.

e upper sign is for the upstream side of the cascade, and the lower one for the downstream side. upstream side (hub)
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Linear turbine cascade with axial sweep e relationship between ϕ, ν and σ is given by

sin ϕ = tan σ 1 + tan 2 λ N + tan 2 σ and sin ν = tan λ N 1 + tan 2 λ N • sin σ as shown by Go hardt in [ ].
A combined total and static pressure probe (Prandtl probe), 300% chord upstream of the cascade at z/(h/2) = -1.00 was used to control the inlet flow conditions and the theoretical outlet velocity of W 2th = 50m/sec representing a theoretical blade chord Reynolds number of Re 2th = 2.0 • 10 5 and a theoretical Mach number of about Ma 2th = 0.15. e artificially increased freestream turbulence intensity was Tu 1 = 3%. Axial sweep σ and Reynolds number Re 2th are engine like (cf.

Hourmouziadis[ ]), Ma 2th only insofar as the real Mach number is also subsonic. Blade pressure distributions were measured and evaluated for one plus spanwise locations at z/(h/2) = 0.00, ±0.30, ±0.60, ±0.75, ±0.84, ±0.90 and ±0.96. Wake measurements were carried out 40% chord downstream the trailing edge plane using a calibrated five-hole probe. e e computational domain covered one blade passage between periodic boundaries on the top and bo om and two additional boundaries at % true chord upstream and % true chord downstream of the cascade, measured on the upstream and downstream side endwall respectively. Computational grids of increasing number of cells were generated using the commercial grid generator AutoGrid by Numeca. e following sensitivity analysis showed that at least million cells were required to achieve i) a high resolution of the boundary layers with y + ≈ , and ii) the overall performance parameters accurately. e solution was assumed to have converged when the different RMS residuals reached a stable level less than -4 , and the relative difference of in-and outlet mass flow was less than -4 . e inlet boundary conditions for the computational domain were prescribed from the experimental measurements (T t1 = 295 K, p t1 = 101000 Pa, β 1 = 0 • andTu 1 = 3%). e outlet boundary condition was set as uniform atmospheric pressure. In addition, the inlet boundary layer profiles on both endwalls were measured to complete the total pressure profile at inlet.

. RESULTS

Blade Pressure Distributions Figure presents experimental and numerical pressure distributions for both sides of the cascade at the following spanwise positions z/(h/2) = 0.00, ±0.75, ±0.84, ±0.90 and ±0.96.

e midspan pressure distribution, a nearly infinite span distribution with vanishing endwall effects, has been included for comparison purposes. Clearly to be seen, that positive sweep (+26.5 • ) of the upstream side of the cascade, combined with negative lean (-14.5 • ), leading to a gradual reduction of the effective incidence and leading edge loading with decreasing endwall distance. is is typical for backward swept wings. Skin-friction lines (wall streamlines) and skin-friction contours for the suction side surface and endwall, downstream side of the cascade all arrows were placed, the two endwall regions turned out to be of particular interest. ere is i) the upstream side endwall with the primary flow in opposite direction to the secondary flow and ii) the downstream side endwall with the primary and secondary flow in the same direction. ese differences, in combination with those discussed above regarding the leading edge loading, were expected to have strong effects on the secondary flow developement and loss generation.

Skin-friction lines or wall streamlines have been used to analyse the surface flow on endwalls and blades. is is justified by the fact, that both, skin-friction lines and streamlines close to the wall, have nearly the same direction. Numerical skin-friction lines and contours are shown in Figures and for upstream and downstream side endwalls including parts of the adjacent suction side surface respectively. e streamline pa erns in both figures display a saddle point in front of every blade. A saddle point is a point where two wall streamlines intersect. e first one is an a achment line, the Distributed Losses e total pressure profiles of the incoming endwall boundary layers, obtained at the upstream traverse plan, were used to complete the computational inlet conditions.

e corresponding velocity profiles were also obtained.

ey are shown in Figure together with two power law profiles. e integral parameter of the measured velocity profiles are given in Table .

Table . Integral parameters of inlet endwall boundary layers

δ [mm] δ * [mm] Θ [mm] H 12 upstream side . . . . downstream side . . . .
ese results show that the upstream endwall boundary layers are turbulent with a shape factor of H = 1.28. Contour plots of the numerical and experimental total pressure losses are presented in Figures and respectively. Contour plots of the experimental total pressure losses at ∆x = 24 mm (40% chord) downstream the trailing edge plane frames for the up-and downstream side of the cascade respectively. Both presentations are incomplete in so far as in both cases a 6 mm strip next to the endwall could not be traversed (due to a five-hole probe of corresponding sha diameter). A comparsion, as far as possible, between experimental and numerical results leads to the conclusion that the contour shapes are quite similar, but that the areas enclosed are somewhat smaller in the case of the experimental contour plots. A direct comparison between pitchwise averaged, experimental and numerical results will be presented in the next paragraph. e agreement between the experimental and numerical losses is fairly good. However, the agreement is much be er in their spanwise variations. Originally, it was assumed that, due to the lower leading edge loadings and the opposite directions of the primary and secondary flow, the front side of the cascade would produce lower secondary losses than the a side one with the higher leading edge loadings and the unidirectional primary and secondary flow. Due to the different flow physics on either side of the cascade, it was guessed that the overall losses will also be different on both sides. However, the crossing of the loss curves does not allow a simple estimate of the overall losses without the missing losses close to the wall. 

  INTRODUCTION e development of modern LP turbines leads to highly flared annulus walls and hence to high sweep and dihedral angles in radially stacked blade rows, cf. Figure . is unavoidable feature of axial flow turbine design causes complicated D flows, which were previously investigated, among others, by Hill and Lewis [ ], Go hardt [ ], Po s [ ] and Pullan and Harvey [ ][ ] using linear turbine cascades as an accepted model for fundamental research. A comparison between experimental and numerical results may be found in [ ] and [ ], including a comparison of the corresponding endwall flows on either side (upstream and downstream side) of the cascade. Similar investigations were performed on compressors and compressor cascades, among others, by Smith and Yeh [ ], Weingold et al. [ ], Place [ ], Sasaki and Breugelmans [ ], Friedrichs et al. [ ], Gallimore et al., Part I [ ] and II [ ], and Clemen et al. [ ]. An interesting discussion to [ ] has been provided by Place and Cumpsty [ ] using a li ing line representation of the blades to explain the non-viscous effects of sweep and dihedral on the flow close to the endwalls. e purpose of the present paper is to further increase the understanding of sweep and dihedral effects in turbine cascades and turbines.
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 . Figure . Definition of sweep ϕ, dihedral ν and axial sweep σ

  Figure . Experimental and numerical pressure distributions for both sides of the cascade

  Figure . Experimental and numerical loading distributions for both sides of the cascade
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 . Figure . Boundary layer edge (non-viscous) and blade surface (viscous) streamlines on the blade suction and pressure side
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 . Figure . Skin-friction lines (wall streamlines) and skin-friction contours for the suction side surface and endwall, upstream side of the cascade
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  Figure . Skin-friction lines (wall streamlines) and skin-friction contours for the suction side surface and endwall, downstream side of the cascade

Figure .

 . Figure . Topology of separated leading edge/endwall flow pa ern on the downstream side of the cascade

  Figure . On the downstream side of the cascade, the stronger overturning in Figure is due to a considerably increased leading edge loading close to the wall, cf.

  Figure , and a D primary flow that is this time moving in the same direction as the secondary flow, cf.

  Figure . e interaction of the cross-passage endwall flow with the suction side boundary layer of an adjacent blade leads on both sides of the cascade to highly complicated and completely different
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 . Figure . Skin-friction distribution of the blade suction side at various spanwise positions
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 . Figure . Inlet endwall boundary layers on up-and downstream side of the cascade

FigureFigure .

 . Figure presents experimental total pressure losses in two

  Figures and were pitchwise mass averaged and spanwise plo ed as shown in Figure .

Figure .

 . Figure . Numerical and experimental total pressure losses for both sides of the cascade in comparison

NOMENCLATURE

  Geometrie and Flow antities β = flow angle b = axial chord length c p = pressure coefficient δ = boundary layer thickness δ * = displacement thickness γ = intermi ency h, H = test section width H 12 = shape factor l = chord length λ = stagger angle Ma = Mach number ν = dihedral p = static pressure ϕ = true sweep p t = total pressure Re = Reynolds number Re Θ = Reynolds vorticity number σ = axial sweep t = pitch width Θ = momentum thickness T t = total temperature Tu = turbulence intensity τ W = skin-friction W = absolute velocity y + = dimensionless wall distance x, y, z = cascade coordinate system ζ V = total loss coefficient

Indicies