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ABSTRACT

Secondary flow and loss development in the T106Div-EIZ LPT turbine cascade are in-

vestigated utilizing (U)RANS simulations in cases with and without periodically incoming

wakes at Ma2th = 0.59 and Re2th = 2 · 105. The predictions are compared to experi-

mental data presented by Kirik and Niehuis (2015). The axial mid-span and overall loss

development in the T106Div-EIZ and the T106A-EIZ in the steady case are analyzed re-

garding the effects caused by the different loading distributions and by the divergent end-

wall geometry. Furthermore, the entropy generation is analyzed in the T106Div-EIZ with

periodical incoming wakes in several axial positions of interest and compared to the undis-

turbed steady case. It is found that in the front-loaded T106Div-EIZ, the incoming wakes

cause a premature endwall loss production in the front part of the passage, resulting in a

lower intensity of the secondary flow downstream and a redistribution of the loss genera-

tion components.
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NOMENCLATURE

Latin Symbols

c chord length

h blade span height

Ma Mach number

p pressure

q dynamic pressure

Re Reynolds number

s entropy

Sr Strouhal number, (vb/tb) · (c/vax,0)
T temperature

t bar pitch

v velocity

x axial coordinate

y pitch-wise coordinate

z span-wise coordinate

Greek Symbols

β yaw (pitch-wise) angle

∆pt/q2th total pressure losses

∆s entropy generation

φ flow coefficient, vax/vb

Abbreviations

CFD Computational Fluid Dynamics

CV Corner Vortex

EIZ Erzeuger Instationärer Zuströmung

(wake generator)

EW EndWall
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EXP Experimental

LPT Low Pressure Turbine

MS Mid-span

PV Passage Vortex

TEWV Trailing Edge Wake Vortex

subscripts

0 domain inlet

1,2 measurement planes

ax axial

b bar

corr corrected

t total

th theoretical

sec secondary

INTRODUCTION

The trend to high-lift airfoils in modern low pressure turbines of high-bypass jet engines

leads to higher pressure gradients in the blade passages. In this context, secondary flow can

be intensified and the corresponding losses increase. As Denton (1993) provides an overview

of the loss mechanisms in turbomachinery, it becomes evident that the secondary flows make

a significant contribution to the overall losses, especially for low aspect ratio blades in which

the secondary flows extend over a large portion of the blade span. In current axial turbines,

secondary losses account for approximately 30% of the overall losses (Cui and Tucker (2016)).

Whereas early studies on secondary flows and endwall losses focused on steady flow states, the

loss development and unsteady interaction mechanisms in the endwall region are currently not

understood in full detail. Thus, the influence of periodically incoming wakes on the endwall

flow has been increasingly investigated in recent years.

Previous investigations of the endwall flow in the T106A-EIZ turbine cascade with parallel end-

walls by Ciorciari et al. (2014) have shown that periodically incoming wakes can influence the

over- and underturning in the secondary flow region depending on Strouhal number and flow

coefficient. However, the influence of incoming wakes on the time-averaged endwall losses in

the presented case was relatively small, which was confirmed by incompressible DNS investi-

gations by Koschichow et al. (2014) in a lower Reynolds number flow case. Similar conclusions

were drawn by Volino et al. (2013), who conducted measurements of unsteady secondary flows

in a high pressure turbine cascade, induced by upstream moving bars. The time-averaged total

pressure losses exhibited very small differences between the cases with and without incoming

wakes. In contrast to the relatively small effect of the incoming wakes, Volino et al. (2014) de-

scribed how the development of the endwall flow is greatly influenced by the inflow boundary

layer.

Furthermore, an additional impacting factor on the loss development in modern turbines is the

loading distribution of the airfoil. Wakelam et al. (2013) investigated the profile losses in three

different low pressure turbine cascades with incoming wakes. The cascades had identical pitch,

axial chord, inlet angle, and exit Mach number, but featured different airfoil designs. They

highlighted the importance of blade loading distribution in regard to loss generation, particu-

larly the maximum velocity location and diffusion on the suction surface. The ideal location

of maximum velocity is depending on wake passing frequency, diffusion factor, and Reynolds

number. Muth and Niehuis (2013) presented a method to deconstruct the integral loss of a low

pressure turbine cascade, enabling an analysis of profile loss components at low Reynolds num-

bers. Experimental data and predicted results from RANS and U-RANS simulations were used

to evaluate the axial loss development and to investigate the effect of incoming wakes among

other influencing parameters. However, since the presented investigation was focused solely

on mid-span profile and mixing losses, it did not cover the contribution of endwall losses. The
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relevance of loading distribution on full-span losses was investigated by Praisner et al. (2013)

on four aft- and front-loaded high-lift turbine airfoils. In terms of mid-span efficiency, the front-

loaded designs showed great performance at low Reynolds numbers, essentially matching the

low losses of the baseline design. However, an analysis of the full-span losses revealed a higher

increase in endwall losses in case of front-loaded airfoils with respect to designs that employ an

aft-loaded approach. Weiss and Fottner (1995) came to the same conclusion after investigating

secondary flow and endwall losses in the aft-loaded T106 and the front-loaded T104 turbine

cascades. Endwall loss generation and the effect of wake-disturbed inflow in the T106A turbine

cascade have recently been investigated by Cui and Tucker (2016). Utilizing high fidelity eddy-

resolving simulations, they identified two major regions of high loss generation rate, the corner

vortex region and the interaction between the passage vortex and the blade suction surface. In

the present work, the secondary flows and endwall losses in the T106Div-EIZ low pressure tur-

bine cascade are investigated in cases with and without periodically incoming wakes using CFD

predictions. In the T106Div-EIZ cascade, the divergent endwalls and the higher frontal blade

loading cause a different inflow endwall boundary layer development and stronger secondary

flows compared to the parallel endwall case under the same exit flow conditions, which has

shown relatively weak secondary flows in previous investigations. The T106Div-EIZ cascade

therefore provides a better basis for an analysis of the axial overall and endwall loss develop-

ment throughout and downstream the blade passage.

EXPERIMENTAL REFERENCE DATA

All experimental data presented in this paper was obtained in the High Speed Cascade

Wind Tunnel of the Institute of Jet Propulsion of the University of the German Federal Armed

Forces Munich (Universität der Bundeswehr München) and was published in detail by Kirik

and Niehuis (2015).

INVESTIGATED TEST CASCADE AND CONFIGURATIONS

The investigated T106Div-EIZ turbine cascade consists of seven blades with a pitch to chord

ratio of 0.8 featuring the aft-loaded T106 profile geometry investigated by Duden (1999), Acton

(1998), and Stadtmüller (2002). The same airfoil has also been used in previous investigations

of the T106A-EIZ cascade with parallel endwalls by Ciorciari et al. (2014), where a new devel-

oping endwall boundary layer after the wake generator and upstream the cascade was identified

as the cause for the relatively weak secondary flows and the observed minor influence of the

periodically incoming wakes in the endwall region. The T106D-EIZ cascade is equipped with

straight divergent endwalls with an inclination of 15◦ with respect to the axial direction and an

inflow aspect ratio of 1.55 (c = 100 mm, H1 = 155 mm). Under constant exit flow conditions,

the flow in the T106Div-EIZ cascade induces a higher blade loading due to the divergent end-

walls with respect to the T106A-EIZ cascade with an aspect ratio of 1.7 (c = 100 mm, H = 170
mm) and parallel endwalls. Particularly the axial pressure distribution on the suction surface

of the airfoil is altered, with the T106Div-EIZ exhibiting a higher frontal loading. The higher

front-loading in conjunction with the divergent endwall geometry cause a different inlet end-

wall boundary layer development with the intention to produce more relevant secondary flows

in the cascade and allow a better analysis of the effect of the incoming wakes on the endwall

flow than in the parallel endwall case. Due to a constant exit Mach and Reynolds number in all

configurations, the ratio of the mass flow rate in the T106Div-EIZ to the T106A-EIZ cascade is

approximately 1.3.
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Figure 1: Geometry of the T106Div-EIZ inlet region and the modeled numerical domain

Conf. tb[mm] vb[m/s] φ[−] Sr[−] EXP CFD
Steady - - - - Kirik and Niehuis (2015) x

T80 20 80 20 5.5 0.23 - x

T40 20 40 20 5.5 0.45 Kirik and Niehuis (2015) x

Table 1: Investigated configurations for the T106Div-EIZ

In fig. 1 the geometry of the inlet region of the cascade is shown together with the mod-

eled numerical multi-block domain. The investigated exit flow conditions Ma2th = 0.59 and

Re2th = 2 · 105 are defined by setting the total pressure and total temperature at the inlet as

well as the static pressure downstream the cascade, using the same fluid properties and con-

stants as described in Ciorciari et al. (2015). Tab. 1 summarizes the investigated cases with and

without periodically unsteady inflow. The relatively high flow coefficients φ in the investigated

cases are due to the realistic high speed inflow conditions featured in the experiment. In the

experimental setup, the speed of the moving bars, which have a diameter of two millimeters, is

limited due to mechanical safety concerns. However, CFD can be used in this context to extend

the range of the investigated cases as published by Ciorciari et al. (2015). The unsteady T40 20

case is used for a comparison of the predicted results with the experimental data. Since the T80

20 case features a single bar wake in the computational domain, it is utilized for an analysis

regarding the interaction of the incoming wakes with the secondary flow inside the passage and

the axial loss development in the cascade. The inlet turbulence intensity value measured in the

experiment in the wind tunnel at measurement plane 1, without a mounted wake generator, was

of approximately 5%.
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CFD SET-UP

Flow solver and domain discretization

The flow solver TRACE (Turbomachinery Research Aerodynamics Computational Environ-

ment), developed by DLR Cologne (Institute of Propulsion Technology) in collaboration with

MTU Aero Engines, has been used for all simulations presented in the present work. The code

provides a numerical solution of the unsteady Reynolds Averaged Navier Stokes equations us-

ing a finite volume approach. A detailed description of the implemented numerical methods and

models can be found on the TRACE online portal by DLR (2016) and in Eulitz (2000), Yang

et al. (2002), Nürnberger (2004), Kügeler (2004), Yang et al. (2006) and Becker (2010). In

the present work, the RANS turbulent closure is modeled using the Wilcox k− ω two-equation

turbulence model, including the additional Kato and Launder pressure stagnation anomaly fix

(Kato and Launder (1993), Kozulovic et al. (2004)). The transition model used in this work is

the γ − Reθt transport equation model (Marciniak et al. (2010), Menter and Langtry, (2004)).

Domain definition and boundary conditions

Fig. 1 shows the spanwise symmetrical 3D numerical domain which is used for all simula-

tions of the T106Div-EIZ. A high boundary layer resolution is assured by a fine OC-Grid with

y+ ≤ 1 on the viscous blade walls. The entire domain includes a total number of around 4.7

million grid cells. For the temporal resolution in the unsteady simulations, the number of time

steps per moving domain period is set to 1200, which enables a resolution of the moving bar

vortex shedding frequency. Additional blocks are added at the domain inlet and outlet. The

non-divergent outlet block, which features an inviscid endwall, is implemented to assure an

adequate setting of the static outlet pressure as a non-reflecting boundary condition in a radial

equilibrium state. In the steady cascade investigations, the sensitivity of the variation of the

inlet flow angle β1steady has been evaluated starting from the design angle (β1design = 127.7◦).
A pressure-sided incidence angle of 1◦ resulted in an improved prediction of the experimen-

tal isentropic Mach number distribution at mid-span as seen in fig. 2 and is therefore used for

all unsteady calculations in the plane upstream the wake generator (β0 = β1steady = 128.7◦).
The predicted results of the T106A-EIZ are obtained using an inlet flow angle of β0 = 129.7◦

(Ciorciari et al. (2014)).

RESULTS

Comparison with measured data

On the left-hand side of fig. 2 the comparison between the predicted isentropic Mach num-

ber distributions at mid-span in the T106Div-EIZ at Ma2th = 0.59 and Re2th = 200k with

the measured data shows a good agreement. The larger extension of the separation bubble in

the prediction is attributed to a quicker turbulence decay in the numerical domain, resulting in

a lower free-stream turbulence intensity with respect to the experiment. The turbulence decay

and the propagation of flow properties throughout the computational domain are influenced by

the choice of turbulence model as well as the grid resolution in (U)RANS simulations. How-

ever, the laminar boundary layer on the suction surface upstream the separation bubble appears

well modeled using the turbulent length scale of the order of 1%, and the resulting profile losses

match well with the downstream measured values. On the right-hand side of fig. 2, the mea-

sured isobar distribution on the endwall shows a stronger distortion of the isobars at the inlet of

the passage with respect to the simulations. This appears to be caused by an earlier roll-up of

the inlet endwall boundary layer in the experiment. The difference with respect to the predicted
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Figure 2: Predicted Mais distribution at mid-span (left) and isobars near the endwall

(right) for three inflow angles at Ma2th = 0.59 and Re2th = 200k compared to measured

data by Kirik and Niehuis (2015).

Figure 3: Predicted spanwise distribution of the pitchwise averaged secondary outflow yaw

angle ∆β2sec and total pressure losses ζ2sec compared to the measured data by Kirik and

Niehuis (2015) in the measurement plane 2 downstream the cascade.
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values is related to uncertainties regarding the modeling of the inlet endwall boundary condi-

tions due to the mounted wake generator in the experimental setup and the upstream effect of

the endwall divergence. The earlier roll-up of the inlet boundary layer results in a more intense

passage vortex (PV) and causes higher total pressure loss values ζ2exp with respect to ζ2CFD in

the vortex interaction region near z/h = 0.4 shown on the bottom of fig. 3. The experimental

∆β2sec values at the top of fig. 3 confirm this observation, indicating a higher underturning with

respect to the predictions. Furthermore, the higher lift-off of the passage vortex in the exper-

iment is partially attributed to the earlier roll-up of the inlet endwall boundary layer. It also

appears that the more intense trailing edge wake vortex (TEWV) in the CFD (0.4 < z/h < 0.5)

is constraining the lift-off of the passage vortex. The higher intensity of the predicted TEWV is

attributed to the aforementioned longer separation bubble simulated on the suction side and the

lower free-stream turbulence intensity. Additionally, the linear eddy viscosity model used in all

simulations, in which the Boussinesq-approximation is adopted, works under the assumption

of isotropic turbulence. As observed by Michelassi et al. (2014) and Pichler et al. (2015) in

DNS studies of mid-span flow in the T106A Cascade, the linear stress-strain coupling is error-

inducing in regions where significant anisotropic stress is present. Considering that anisotropic

stress is highly relevant in the investigated secondary flow region with complex vortex inter-

action, the underlying limitations of the chosen turbulence model present an uncertainty in the

flow predictions and may contribute to the observed differences to the experimental data.

Steady numerical analysis

The previous results highlight the influence of the inlet endwall boundary layer development

on the secondary flows in and downstream the passage. The development of the inlet boundary

layer in turn is directly related to the pressure field upstream of the cascade. In the T106Div-

EIZ, the presence of the endwall divergence induces a spanwise pressure gradient and different

diffusion properties with respect to the parallel endwall case. A comparison of the velocity

v/v1 and total pressure pt/pt0 profiles perpendicular to the endwall upstream the T106Div-EIZ

for two pitchwise positions, in fig. 4, is useful to gain a better understanding of the inlet end-

wall boundary layer development considering its three-dimensional characteristics. The strings

Figure 4: Boundary layer development on the divergent endwall at two pitchwise positions
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of perpendicular lines are defined starting at the two pitchwise positions at xw = −0.06 and

respectively following a theoretical streamline with the given design inflow angle. The first

streamline shown at the top of fig. 4 passes through the center of the passage and the second

streamline is designed to impinge near the leading edge of the blade. After the EIZ gap, a

new boundary layer is developing and overlapping with the spanwise non-uniformly acceler-

ated flow near the beginning of the endwall divergence, which is evident at xw = −0.06 and

xw = −0.036. The local acceleration is a result of the flow following the endwall curvature,

which induces a spanwise pressure gradient in a radial equilibrium state. At these axial positions

the v/v1 and pt/pt0 profiles at the both pitchwise positions are very similar, indicating that the

potential effect of the downstream airfoils is negligible at that distance. At the axial positions

xw = −0.027 and xw = −0.017, the potential effect of the airfoil on the incoming endwall flow

is visible considering the differences shown in the v/v1 profiles in the two pitchwise positions.

However, the pt/pt0 profiles are similar at both pitchwise positions.

The mass flow averaged overall axial total pressure loss ∆p(t1−tx)/q2th developments through-

out the T106Div-EIZ and the T106A-EIZ in fig. 5 confirm an alteration of the endwall boundary

layer loss development at around x/cax = −0.6, not related to the increased frontal loading, but

rather to the start of endwall divergence. In front of the leading edge (x/cax = 0), the endwall

boundary layer losses in the T106Div-EIZ are higher than those in the T106A-EIZ, however, at

mid-span, no significant free stream losses are produced in both cases.Approaching the leading

edge, the mid-span profile losses are higher in the T106Div-EIZ with respect to the T106A-EIZ

considering the higher front-loading, inflow velocity, and shear stress. Due to the higher frontal

loading, the position of the separation/transition region on the suction side in the T106Div-EIZ

is located further upstream than in the T106A-EIZ. An apparent convergence of the values oc-

curs near the trailing edge before the T106Div-EIZ finally produces higher profile losses down-

stream the trailing edge (x/cax > 1). The differences in mid-span total loss production in the

two cascades are relatively small compared to the differences observed in the secondary flow re-

gion in fig. 5. The different development of the inlet endwall boundary layer effectively causes

a stronger endwall boundary layer vorticity at the inlet of the cascade in case of the T106Div-

EIZ. The higher endwall losses observed in the T106Div-EIZ are mainly attributed to the higher

momentum deficiency in the incoming endwall boundary layer, but also partially to the longer

wetted shear surface due to the divergence and the stronger front-loading of the cascade with

respect to the T106A-EIZ. In a front-loaded cascade, high transverse pressure gradients act on

the relatively thick boundary layer in the front section of the passage, resulting in a stronger

passage vortex. The dissipation of the kinetic energy of the vortex motion causes higher end-

wall losses in the aft section and downstream of the passage. On the contrary, the maximum

pressure gradient in the aft-loaded T106A-EIZ does not occur until further downstream, where

the endwall boundary layer is much thinner and weaker secondary flow ensues. Aside from the

different overall loss levels, the loss developments far downstream the trailing edge in fig. 5

show a similar behavior in both cascades. following the mixing loss region, which extends to

approximately x/cax = 1.3, there is a quasi linear loss increase as a result of the endwall flow

in this region. This observation is consistent with the findings published by Muth and Niehuis

(2013), which showed an rapid increase in mixing losses near the trailing edge, especially at

low Reynolds numbers, followed by a decreased loss gradient once the flow is mixed out.
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Figure 5: Comparison of mid-span (MS) and overall losses for the T106A-EIZ and

T106Div-EIZ

Steady and unsteady comparison

In order to obtain a better understanding of the loss production mechanisms due to periodi-

cally incoming wakes and their interaction with the secondary flows, the overall entropy genera-

tion in the T106Div-EIZ is presented in fig. 6. Considering the relatively weak secondary flows

in the T106A-EIZ as well as the relatively minor effects due to the incoming wakes, only the

T106Div-EIZ is analyzed. As mentioned before, the unsteady simulations were conducted us-

ing a high temporal and spatial resolution. Therefore, the change over time in the computational

domain shows two main signals, the periodical inflow disturbance as well as the superimposed

fluctuations of the vortex shedding in the bar wakes featuring distinctly different frequencies

and amplitudes. The periodical inflow disturbance appears to be well reproduced in the nu-

merical simulations of the investigated cases, whereas the amplitude of the vortex shedding

is afflicted with numerical uncertainties considering the limitations of the (U)RANS approach

and the linear eddy viscosity model. Resolving the vortex shedding in the numerical simulation

leads to an energy separation phenomenon as observed by Adami et al. (2004), which implies

that in this region both total pressure and total temperature variations have to be considered

collectively in order to evaluate overall losses in the domain. The predicted non-dimensional

entropy generation ∆s / (v22th/Tt0) for the undisturbed, the T80 20 and the T40 20 cases were

calculated by

∆s(x)

v22th/Tt0
=

cv ln
pt(x)
pt,0

+ cp ln
ρt(x)
ρt,0

v22th/Tt0
. (1)

The reference total temperature and total pressure values as well as the fluid properties are

defined by the inlet conditions of the calculation. For the evaluation of the axial entropy de-

velopment the local values are interpolated from the numerical grid onto a defined structured

grid utilizing inverse distance weighting at each respective axial position. Subsequently, the

mass flow weighted average is calculated. The structured uniform grid for the interpolation

was defined in three regions, x/cax < 0, 0 < x/cax < 1, and x/cax > 1 featuring different

resolutions, 90 × 100, 100 × 100 and 200 × 200 node elements respectively. These grid reso-

lutions are obtained through a grid sensitivity analysis and are also used for the evaluation of
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∆p(t1−tx)/q2th in the T106Div-EIZ in fig. 5. The ratio of grid nodes of the interpolation grid to

the non-uniform numerical grid is approximately 1.1 in the domain section of the blade passage

(0 < x/cax < 1). For the T106A-EIZ configuration, a smaller resolution (100 × 100) is suffi-

cient in the region x/cax > 1 downstream the trailing edge considering the constant span height

in this case.

The overall corrected entropy value ∆scorr / (v
2
2th/Tt0) = [∆s(x) − ∆s(xref)] / (v

2
2th/Tt0) is

defined in order to filter the incoming wake losses at the cascade inlet in fig. 6 and thus allow

a separate analysis of the effect of the incoming wakes on the entropy development through-

out the cascade (x/cax > xref/cax = −0.6), with x/cax = 0 at the airfoil leading edge. In

front the leading edge the differences in ∆scorr / (v
2
2th/Tt0) between the undisturbed and the

two unsteady cases appear to be negligible with respect to the values inside and downstream

the passage. Entering the blade passage 0 < x/cax < 1, a relevant divergence of the entropy

generation lines is apparent, where a stronger entropy increase is observed in the cases of dis-

turbed inflow with respect to the steady case. At the trailing edge and downstream, the entropy

generation lines are converging again, which will be explained with the help of fig. 7 in the next

paragraph. The overall higher losses produced in the passage in the two cases with incoming

wakes are attributed to the bar wake interaction with the endwall flow and with the airfoil bound-

ary layer. The bar wake mixing losses, however, are considered to be negligible in the passage

region with respect to the aforementioned factors. In fig. 7 the comparison of time-averaged

entropy values in different axial slices illustrates the effect of the incoming wakes in the T80 20

case with respect to the steady case. The time-averaged values result from an arithmetic averag-

ing of 120 flow solutions out of the overall 1200 time-steps calculated in one bar passing period

of the unsteady simulation. The roll-up of the passage vortex and the pressure driven transport

towards the suction surface is delayed by the interaction with the incoming wakes, causing a less

distinct system of secondary vortices with respect to the undisturbed case in this front-loaded

configuration. This mechanism is correlated to a premature loss production as seen at about

x/cax = 0.1 in fig. 6. Furthermore, a smaller lift-off of the passage vortex and a homogenizing

effect in terms of under- and overturning is apparent in the predicted results, which is consistent

with the experimental data presented by Kirik and Niehuis (2015). The weaker passage vortex

is transported downstream with lower streamwise vorticity, which results in smaller secondary

loss production near the trailing edge and mixing losses in the downstream flow field, causing

the aforementioned convergence of the entropy generation lines in fig. 6. In the investigated

case at Re2th = 2 · 105, the profile losses in the unsteady cases are augmented with respect to

the steady case due to the interaction of the incoming wakes with the profile boundary layer.

More precisely, the periodically incoming wakes cause the transition/separation region to move

further upstream on the suction surface, resulting in a longer reattached turbulent boundary

layer and therefore higher profile losses. The contribution of the profile losses appears to be a

relevant cause of the higher ∆scorr / (v
2
2th/Tt0) values observed downstream the cascade in the

unsteady cases. The first divergence of the entropy generation lines near the leading edge in

conjunction with the convergence near the trailing edge in fig. 6 confirm the redistribution of

the loss components in the passage due to the incoming wakes. The incoming wakes reduce the

intensity of the secondary flows in and downstream the passage, but the reduction appears to be

insufficient to compensate the augmented profile losses.
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Figure 6: Comparison of the axial entropy development in the steady and the two investi-

gated unsteady cases (T80 20 and T40 20)

Figure 7: Comparison of entropy distribution at different axial positions in the T106Div-

EIZ in the steady and the unsteady T80 20 cases.

CONCLUSIONS

Steady and unsteady numerical analyzes were conducted in order to investigate the effect

of periodically incoming wakes on the axial loss development throughout the T106Div-EIZ

turbine cascade. The comparison with experimental data at mid-span, near the endwall, and

downstream the cascade provides a verification of the predicted results. Some differences with

respect to the measured data are attributed to uncertainties related to the inlet flow conditions of

the investigated cascade and to the turbulence/transition modeling of the (U)RANS approach.

Nevertheless, the main flow phenomena are well reproduced and allow an analysis of the ef-

fect of the incoming wakes on the flow in and downstream the passage. The comparison of

the T106Div-EIZ to the T106A-EIZ with parallel endwalls under the same exit flow conditions

indicates that the T106Div-EIZ produces more intense secondary flows in the passage. This is
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caused not only by the higher front-loading, but also by the endwall geometry, which influence

the roll-up of the incoming endwall boundary layer and the axial loss development in front of

the cascade. The overall loss development indicates that the increased values in the case with

divergent endwalls are mainly related to the endwall flow. The comparison of the steady and un-

steady cases at Ma2th = 0.59 and Re2th = 2 · 105 shows a redistribution of the loss generation

components due to the incoming bar wakes. In the front-loaded T106Div-EIZ, the incoming

wakes cause a premature endwall loss production in the front part of the passage resulting in

a lower intensity of the secondary flow downstream the trailing edge and smaller secondary

mixing losses. Nevertheless, in the investigated cases, the profile losses are augmented by an

earlier transition/separation and a longer reattached turbulent boundary layer due to the incom-

ing wakes, causing an increased overall entropy generation with respect to the undisturbed case.
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Wakelam, C. T., Höger, M., Niehuis, R., (2013), “A Comparison of Three Low Pressure

Turbine Designs”, J. Turbomach. 135.
Weiss, A. P., Fottner, L., (2013), “The Influence of Load Distribution on Secondary Flow

in Straight Turbine Cascades”, J. Turbomach. 117.
Yang, H., Kügeler, E., Weber, A., (2002), “Conservative Zonal Approach with Appli-

cations to Unsteady Turbomachinery Flows”, DGLR Jahrestagung (DGLR-JT2002-073),
Stuttgart, Germany.

Yang, H., Nürnberger, D., Kersken, H.-P., (2006), “Toward Excellence in Turboma-

chinery Computational Fluid Dynamics: A Hybrid Structured-Unstructured Reynolds-Averaged

Navier-Stokes Solver”, J. Turbomach. 128(2).

13


	ETC2017_335_Ciorciari_Schubert
	ETC2017_Rebuttal



