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EFFECT OF FREE STREAM TURBULENCE ON ENERGY
LOSSES OF TURBINE BLADE CASCADE

NADVORNIK Michal, STRAKA Petr, PRIHODA Jaromir

The contribution deals with the numerical simulation of 2D com-
pressible flow through a linear turbine blade cascade including the
laminar/turbulent transition. Predictions accomplished by several
transition models for various free-stream turbulence and Reynolds
numbers. Calculated values of the loss coefficient and the outlet flow
angle were compared with experimental data obtained for the turbine
blade cascade VS33 with smooth blades and the relative pitch t/c=0.7.
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Introduction

Flow in turbomachinery especially through blade cascades is influenced by many factors,
mainly by the pressure gradient, free stream turbulence, often by the wall roughness. The flow
field and consequently energy losses resulting from the numerical simulation of the compres-
sible flow through turbine blade cascades are to a large degree influenced not only by the used
turbulence model, but also by the model of the laminar/turbulent transition and by the model of
turbulent heat transfer.

At present, the transition models are based either on the algebraic and/or transport equation for
the development of the intermittency coefficient in the transition region or on so called three-
equation model with the equation for the energy of laminar fluctuations. All models based on
the algebraic and/or transport equations for the intermittency coefficient can not do without
empirical correlations for the onset and the length of the transition region. The application of so
called local variables is necessary for prediction of transitional flows in complex geometries by
means of non-structured grids.

The contribution deals with the numerical simulation of 2D compressible flow through a linear
turbine blade cascade including the laminar/turbulent transition. Predictions were carried out
partly by the in-home numerical code based on the EARSM turbulence model with the algebraic
transition model and partly by the commercial software ANSYS Fluent by means of the three-
equation k-k_-® model. Numerical simulations following up to Nadvornik et al. [1] were
accomplished for various inlet free-stream turbulence levels and Reynolds numbers. Results
were compared with experimental data obtained for the turbine blade cascade VS33 with
smooth blades and the relative pitch t/c=0.7.

2. Mathematical model

The model of compressible turbulent flow described by the continuity equation, the Favre-
averaged Navier-Stokes equations, the energy equation, and by the constitutive relations was
used for numerical simulations of flow through the turbine blade cascade. The governing
equations were closed by the turbulence model and by the transition model. Predictions were
carried out partly by the in-home numerical code based on the explicit algebraic Reynolds-stress
model according to Hellsten [2] with the algebraic transition model proposed by Straka and
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Piihoda [3] and partly by the commercial software ANSYS Fluent by means of three-equation
k-k_-& model of Walters and Cokljat [4].

The algebraic model was implemented into the in-house numerical code. The code is based on
the finite volume method of the cell-centered type with the Osher's-Solomon's approximation of
the Riemann solver and a two-dimensional linear reconstruction with the Van Albada's limiter.
The governing equations are discretized using a multi-block quadrilateral structured grid with a
block overlapping implementation.

2.1 Algebraic transition model

The algebraic transition model is connected with the explicit algebraic Reynolds-stress
turbulence model (EARSM) proposed by Hellsten [2]. The Reynolds stress is given by the

anisotropy tensor defined by the relation
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The non-dimensional strain-rate and vorticity tensors are defined by relations
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The time scale 7 is given by the relation
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where the viscous time scale is used near the wall with constants B~ = 0.09 and C. = 6.
Coefficients B in Eq.(2) are functions of invariants lls = SySi, o = QQuk, s = SSimSmk, and
IV =5,QimQmk. The transport equations for the turbulent energy k and the specific dissipation
rate o are given by equations

ot axj

These equations are used in the two-layer form with two sets of model coefficients and with the
blending function similarly as the BSL and/or SST models proposed by Menter [5]. The detailed
description of the EARSM model is given by Hellsten [2]. For the prediction of the transitional
flows, the production and destruction terms in the k-equation are multiplied by the intermittency
coefficient v.
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The algebraic transition model is based on the concept of different values of the intermittency
coefficient in the boundary layer y; and in the free stream y.. The intermittency coefficient in the
boundary layer is given by the relation

v, =1- exp[—ﬁc( Re, —Re,, )ZJ (7
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proposed by Narasimha [6]. The transition onset is given according to Straka et al. [7] by the
empirical correlation for the momentum Reynolds number Reg, = f(Tu, A;) where Tu is the free-
stream turbulence level and X is the pressure-gradient parameter. The length of the transition
region given by the spot generation rate n and the spot propagation rate ¢ is expressed using the
parameter N introduced by Narasimha [8]. The effect of the free-stream turbulence and the
pressure gradient on the parameter N is correlated by an empirical relation N=f(Tu, A;) proposed
for the attached flow by Solomon et al. [9]. The onset and length of transition in separated flow
is given by correlations proposed by Mayle [10]. To avoid the application of local variables, the
maximum of the vorticity Reynolds number Re,m.x iS used instead of the momentum Reynolds
number Req. The vorticity Reynolds number is given for complex flows by the relation

Re, =y*|Q)|/v 8)
where y is the distance from the wall and Q=(ZQ"-Q“-)1’2 is the absolute value of the vorticity

tensor. This link is expressed by the relation Reg = Re,ma/C Where the parameter C depends on
the pressure gradient. The algebraic transition model is described in detail by Straka at al. [7].

2.2 k-k, - model

The three-equation model with transport equations for the turbulent kinetic energy ks, the
laminar Kkinetic energy k_ and the specific dissipation rate ® was proposed by Walters and
Cokljat [4]. The model is based on the assumption that velocity fluctuation in the region before
the transition can be divided into two parts - partly on small vortices contributing to the
turbulence production, and partly on large mainly longitudinal vortices near the wall
contributing to the production of non-turbulent fluctuations. The transport equations for the
turbulent Kinetic energy kr, laminar kinetic energy k. and the specific dissipation rate o are
given by
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These equations contain as the standard turbulence model terms representing the advection,
production, diffusion, and destruction. The transition process is express by the energy transfer
from the energy of non-turbulent mostly longitudinal fluctuations k. to the turbulent energy kr
representing the three-dimensional turbulent fluctuations of various length and time scales. The
laminar energy k, is caused by the interaction of non-turbulent velocity fluctuations with the
shear flow in the region before the transition region where the turbulent fluctuations are
damped. After the transition onset, this damping is restricted to the viscous sublayer. The model

is in detail described by Walters and Cokljat [4].

3. Results

The described transition models were applied for the simulation of 2D compressible flow
through the turbine blade cascade VS-33 with the relative spacing t/c = 0.7 and the inlet angle
oy = 0°% The predictions were carried out for the Reynolds numbers Re,;s in the range from
2x10° to 1x10" and for the Mach numbers My = 0.5, 0.7, and 0.9. Numerical results were
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compared with experimental data of Benetka and Kladrubsky [11], Benetka et al. [12] and
Kladrubsky [13].

The computational domain with the inlet in the distance 0.04 m upstream the leading edge of the
blade is shown in Fig.1 including the prescription of boundary conditions. For the subsonic
flow, the total pressure, the total temperature and inlet turbulence parameters were given. At the
outlet boundary the constant static pressure determined according to the outlet isentropic Mach
number was prescribed.

The preliminary predictions published by Nadvornik et al. [1] were carried out for the estimated
inlet free stream turbulence Tu = 2% and the viscosity ratio pu/u ~ 10. Uruba et al. [14]
measured turbulence characteristics using the CTA anemometer with the rotating slanted hot-
wire in the inlet channel of the blade-cascade wind tunnel. Measurements were carried out in the
channel axis for two unit Reynolds numbers Re = 1.3x10° and 5.4x10° with the maximal inlet
Mach number M; ~ 0.22. The turbulence intensity Tu ~ 4.8% and the viscosity ratio pu/u ~ 100
were chosen at the distance x = -0.04 m from the blade leading edge for turbulence models with
the turbulence viscosity defined by the relation p; = pk/o.

The multi-block quadrilateral structured grid with a block overlapping implementation was used
for the prediction by means of the in-house code. This grid allows the application of structured
grids for complex geometries as well. The prediction by means of the commercial software
Fluent was realised for the same computational domain with the structured grid near the blade
surface combined with a non-structured triangular grid.

Numerical simulations were focused mainly on
the effect of the inlet free stream turbulence
and the Reynolds number on the compressible
flow through the blade cascade. Calculations
were realised for several Mach numbers but the
majority was carried out for the isentropic
Mach number M,;s = 0.7 in a wide range of the
Reynolds number. The effect of the Mach
number was investigated according to experi-
mental data for the isentropic Reynolds
number Rey;s = 8.5x10°.

The velocity distribution along the blade is

shown in Fig.2. The relative mean velocity is

expressed by the isentropic Laval number

given by the ratio of the free stream velocity

and the critical velocity of sound in the form
k-1

\ o et 1_[p_WJ h (12)
v b k-1 Po1

\ The coordinate s is measured along the blade
\ from the leading edge. Numerical results
obtained by the EARSM model with the
Fig.1: Scheme of the computational domain algebraic transition model are compared for
a-inlet; b - outlet; ¢ - symmetry; d - adiabatic wall  Re, =8.5x10° and Ma;, =0.7 with experiments
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10 of Kladrubsky [13]. For the attached
2 suction side pressure side flow, the velocity distribution is
08 practically not influenced neither by
the used turbulence model nor the
0.6 used transition model.
Experiments of Benetka and Klad-
0.4 rubsky [11] were carried out with the
stagger angle of blades y = 41°, while
0.2 the angle y = 41.9° was used in measu-
rements of Benetka et al. [12] and
o.o10 T Kladrubsky [13] and in numerical

simulations. This change can lead to

Fig.2: Distribution of mean velocity along the blade small differences between calculated
(EARSM model + algebraic transition model) and measured data.

a) EARSM model + algebraic transition model b) k-k_-o model
Fig.3: Field of Mach number isolines for Re,;s = 8.5x10° and My = 0.7

The flow field is shown by means of Mach number isolines in Fig.3 for values Re,;s = 8.5x10°,
Mais = 0.7 and inlet free stream turbulence Tu = 4.8% obtained by the EARSM model with the
algebraic transition model and by the k-k - model. The agreement of both flow fields is quite
good as the flow is attached.

The main aim of the numerical simulation was the comparison of calculated values of the loss

coefficient € and the outlet angle o, with experimental data for two inlet free stream turbulence
in a wide range of the Reynolds number Re,i. These parameters were estimated in the distance
15 mm behind the outlet plane of the cascade. The loss coefficient ¢ is defined as follows

2
_ | Y2
=1 (UZJ (13)



NADVORNIK Michal, STRAKA Petr, PRIHODA Jaromir

where U, is the mean outlet velocity and U, is the mean outlet isentropic velocity. The
variation of the loss coefficient with the isentropic Mach number for the inlet free stream
turbulence Tu = 4.8% is shown in Fig.4a. Numerical results obtained by the EARSM model
with the transition model and by the k-k -o model are compared with experimental data. The
loss coefficient in the subsonic region slowly decreases with the increasing Mach number.
While the EARSM model with the transition model gives a quite adequate agreement with
experiments, the results obtained by the k-k, - model are somewhat lower.

0.06 - 0.06
® Benetka, Kladrubsky (1994) ® Benetka aj. (2003)
g o Kladrubsky (2011) > ¢ o Kladrubsky (2011)
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Fig.4: Variation of the loss coefficient
a) Effect of the isentropic Mach number M,;s b) Effect of the isentropic Reynolds number Re,iq

The dependence of the loss coefficient on the Reynolds number is shown in Fig.4b for the
EARSM and k-o models with the transition model. Results obtained by the EARSM model
correspond acceptably to experiments. The numerical results are to a large degree dependent on
inlet turbulence characteristics, i.e. on the free stream turbulence and the dissipation rate and/or
on the ratio p/p respectively.

The turbulence model alone does not describe accurately the development of shear layers on
blades and energy losses in the wide range of Reynolds numbers. For relatively low Reynolds
numbers where the separation-induced transition can occur, the loss coefficient for the
transitional flow approaches to values for fully turbulent flow. With the increasing Reynolds
number, the transition onset on the suction side moves upstream and moreover the transition
occurs on the pressure side as well. So the loss coefficient gradually approaches to values for
the fully turbulent flow.

90
o (°) ® Benetka, Kladrubsky (1994)
2 o Kladrubsky (2011)
85
EARSM + alg.transition model
8or Ol
o e e == e
SRR R e o =
75 | k-k - model 8y
Re,, = 8.5x10°
70 1 1 1
0.4 0.6 0.8 1.0 1.2

Fig.5: Variation of the outlet flow angle with the isentropic Mach number M;s

The dependence of the outlet flow angle on the isentropic Mach number is shown in Fig.5. The
value of the outlet flow angle is not practically influenced by the used transition model. The
differences are caused by the different stagger angle.
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Fig.6: Distribution of the loss coefficient behind the blade cascade

The distribution of the loss coefficient behind the blade cascade is shown in Fig.6. Experimental
results obtained by Kladrubsky [13] at the distance x = 15 mm behind the outlet cascade plane
are compared with numerical results for the algebraic transition model connected partly with the
k-0 model of Kok [15] and partly with the EARSM model. The agreement of numerical
simulations by the EARSM model with experimental data is quite good for both inlet free
stream turbulence while the wake predicted by the two-equation k-« model is too narrow.

Conclusion

The main aim of the contribution is the comparison of numerical results obtained by means of
several turbulence and transition models with accessible experimental data for compressible
subsonic flow through the turbine blade cascade at various flow conditions, especially inlet free
stream turbulence Tu, the isentropic Reynolds number Reys and the isentropic Mach number
Ma;s. It follows from numerical results that it is necessary to include the bypass-transition model
into the mathematical model of flow through the turbine blade cascade. The prediction can be as
well influenced by the used model of turbulent heat transfer, especially at higher values of the
Mach number. Nevertheless, numerical results depend not only on used turbulence and
transition models but also on the used computational grid especially near the surface. The
differences between various turbulence models can be seen clearly in the wake region behind
blades.

Results of numerical simulations show the effect of inlet free stream turbulence on the flow
through the blade cascade. This effect appears as the shift of the transition onset upstream and
therefore leads to the increasing energy losses in attached flows. On the other hand, the higher
inlet free stream turbulence leads to reduction of flow separation and so to reduction of energy
losses.
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