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Abstract

The objective of this study is to simulate the transonic gas turbine blade-to-blade compressible fluid flow. We are interested mainly in
the determination of the pressure distribution around the blade. The particular blade architecture makes these simulations more complex
due to the variety of phenomena induced by this flow.

Our study is based on the experiment performed by Giel and colleagues. Tests were conducted in a linear cascade at the NASA Glenn
Research Center. The test article was a turbine rotor with design flow turning of 136° and an axial chord of 12.7 cm.

Simulations were performed on an irregular quadratic structured grid with the FLUENT software package which solves the Navier—
Stokes equations by using finite volume methods. Two-dimensional stationary numerical simulations were made under turbulent con-
ditions allowing us to compare the characteristic flow effects of Reflecting Boundary Conditions (RBC) and Non-Reflecting Boundary
Conditions (NRBC) newly implemented in FLUENT 6.0. Many simulations were made to compare different turbulence models: a one
equation model (Spalart-Allmaras), several two-equation models (k—¢, RNG k—¢, Realizable k—¢, SST k—w), and a Reynolds-stress model
(RSM). Also examined were the effects of the inlet turbulence intensities (0.25% and 7%), the exit Mach numbers (1.0 and 1.3) and the

inlet Reynolds numbers (0.5 x 10° and 1 x 10%). The results obtained show a good correlation with the experiment.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For several decades, the gas turbines have been the sub-
ject of several works linked especially to the comprehension
and internal flow characterisation and identification in
order to make these machines more adapted for the envi-
ronment and more optimal. Transonic turbines constitute
particularly a very interesting study case because of the
complexity needed to model the internal flow which passes,
through the blades, from subsonic to supersonic conditions
with an eventual shock appearance.
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Many researchers [1-4,15] are particularly interested in
the experimental study in order to provide precise data
for CFD codes validations which are currently largely used
by industry.

With efficiency and power increases of modern gas tur-
bines, researchers tried continuously to increase the inlet
temperature to the maximum. This can be done only with
better blade cooling, great heat transfer comprehension
and three-dimensional distribution of the temperature
inside the turbine. To give a detailed cooling analysis as
well as a good thermal structure of blades, several research-
ers treated numerically the three-dimensional flow which
has very important effects, in particular the secondary
flows, for the heat transfer in a real turbine [5-7,12,15,19].
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Nomenclature

C, blade axial chord [m]

Rec Reynolds number based on C,
M; isentropic mach number

Tu turbulence intensity

P static pressure [P,]

Pt total pressure [P,]
Subscripts

in inlet freestream value
ex outlet freestream value

Many authors [6,7,10,11,16-18] invested their efforts in
the modelling and the two-dimensional flow compre-
hension. Indeed, seen the blade complex form, the flow is
characterized by regions with large continuous pressure
gradients causing strong accelerations and decelerations.
Maciejewski and Moffat [13] and Thole and Bogard [14]
showed that strongly turbulent flow coming from combus-
tor causes an early boundary layer transition and increased
heat transfer. Although Larsson et al. [11] developed meth-
ods for external heat transfer prediction in supersonic
turbines, the major part of this article deals with details
subsonic and transonic flow between blades.

As for modelling the flow, very good results were
obtained, especially for transition [11], by the Baldwin—
Lomax algebraic model for entrance turbulence intensities
Tu <0.2%. But to model the influence of the higher values
of Tu, only two equations models were used (Low—Re k—¢
and k—®). On the suction side, only the Launder-Sharma
model is able to capture laminar region. All other models
predict an almost immediate transition and a fully turbu-
lent boundary layer on the whole suction side. All models
used predicted too high turbulence levels around the lead-
ing edge. This excessive production of turbulence is caused
by the large normal strains in the stagnation region [11].
On the pressure side, all models give quite good results.
Concerning the trailing edge, all models give oscillations
at the separation point, thing which is very difficult to
avoid [7], this was confirmed by Giel et al. [1]. Many
researchers have previously used boundary layer and
Navier—Stokes solvers with algebraic turbulence models
with good results, but these methods break down and are
not good at predicting what happens at the leading edge,
and they often have difficulties at the trailing edge due to
separation. Furthermore, there are big problems with sep-
arated regions, shocks and high inlet turbulence levels.
With a transport models, this problems can be solved or,
at least, reduced. On the other hand, some authors have
successfully used the commercial code FLUENT to simu-
late the flow in turbomachineries.

Before starting the thermal study, this work has as a
principal objective to contribute to master internal flows
by determining the pressure distribution around a rotor
blade. Different turbulence models (Spalart-Allmaras, k—
&, RNG k—¢, Realizable k—¢, SST, k—w, and RSM) are used
in order to find the most appropriate model to predict the
flow around such a complex geometry in particular in the
trailing and leading edges. Soon, the details of transitional

zone on the blade suction side will be presented in future
paper.

All simulations done in this work are for stationary and
two-dimensional flows. There were realized on an irregular
quadratic structured grid (generated by the preprocessor
GAMBIT) with the FLUENT software package which
solves the Navier—Stokes equations by using finite volume
methods. Turbulence models were used with inlet intensi-
ties (0.25% and 7%), exit Mach numbers (1.0 and 1.3)
and the inlet Reynolds numbers (0.5x 10° and 1 x 10%).
Also, we show the effects of Reflecting Boundary Condi-
tions (RBC) and Non-Reflecting Boundary Conditions
(NRBC), newly implemented in FLUENT 6.0, on the flow
characteristics. The objective in formulating non-reflecting
boundary conditions was to prevent spurious, non-physical
reflections at inflow and outflow boundaries, so that the
calculated flow field is independent of the location of the
far-field boundaries. This leads to a greater accuracy and
greater computational efficiency, since the computational
domain can be more compact [20]. All our calculations
were made on the midspan. The results validation is based
on the experimental data provided by Giel: Research Cen-
ter “Lewis Transonic Turbine Blade-NASA” Giel et al. [1].

2. Experimental data

The initial description of the facility was given by Ver-
hoff et al. [8]. Subsequently, the cascade inlet section was
analyzed and redesigned by Giel et al. [9]. Blade and cas-

Table 1
Blade and Cascade characteristics [1]
Geometric Value Flow Value
parameter parameter
Axial chord 12.7 cm (5.000 in) Inlet Rec 0.977 £ 0.028 x 10°
Pitch 13.00cm (5.119 in)  Exit Rec, 1.843 4+ 0.060 x 10°
Span 15.24 cm (6.000 in) Inlet Mg 0.383 £ 0.0006
True chord 18.42 cm (7.250 in) Exit Mg 1.321 4+ 0.003
Stagger angle 41.54° Inlet flow 63.6°
angle

Throat 3.358 cm (1.393 in)  Design flow  136°

diameter turning
Throat area:  53.94 cm? (8.360 in?)

1 passage
Leading edge  2.657 cm (1.046 in)

diameter
Trailing edge 0.518 cm (0.204 in)

diameter
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cade details Giel et al. [1,5] are given in Table 1 with repea-
tabilities based on 95% confidence limits.

3. Governing equations

The CFD-code FLUENT offers different approaches for
treating flows in turbomachines [24]. The equations used by
the finite volume solver to model the flow are the compress-
ible, Reynolds-averaged continuity, momentum and energy
equations discretized in algebraic form.

4. Numerical methods

The study domain consists of one passage with an inlet
zone located at 12.7 cm from the leading edge, it is limited
by intrados (pressure side) in the upper and extrados (suc-
tion side) in the lower. The blade profiles were obtained by
creating real edges from a given 143 points defining the
blade geometry [1,5]. GAMBIT forms the edges in the
shape of general NURBS curve of degree n which is a
piecewise rational polynomial function, wherein the
numerator and the denominator are non-periodic B-Splines
of degree n. By default, GAMBIT employs a value of n =3
(Fig. 1). (NURBS is a specific notation to Gambit it is
describes how to create real curve from existing points)
[24]. The irregular quadratic structured grid is generated
by the pre-processor GAMBIT. According to this complex
geometry, the grid is obtained using the PAVE scheme, the
total nodes number is 24900 (Fig. 2), not all of the near-
wall grid lines are shown in the figure for clarity. This grid,
which gave us a high satisfaction (speed convergence and
results qualities), was obtained after several attempting
improvements concerning upstream and downstream
zones.

We made use of “Coupled solution method” [24]. Using
this approach, the governing equations are solved simulta-
neously i.e. coupled together. Governing equations for

Pressure
Side

Suction
Side

Fig. 1. Study domain.

Leading
Edge
it Trailing y
H Edge

Fig. 2. Computational grid.

additional scalars will be solved sequentially. A control-
volume-based technique is used that consists of:

¢ Division of the domain into discrete control volumes
using a computational grid.

e Integration of the governing equations on the individual
control volumes to construct algebraic equations for the
discrete dependent variables (unknowns) such as veloci-
ties, pressure, temperature, and conserved scalars.

e Linearization of the discretized equations and solution
of the resultant linear equation system to yield updated
values of the dependent variables.

The coupled approach is designed for high speed com-
pressible flows and gives very satisfactory results in turb-
omachines especially with the implicit coupled solver.
The second order upstream [24] scheme is used because a
higher-order accuracy is desired.

5. Boundary conditions

The boundary conditions are very important to obtain
an exact solution with a rapid convergence. According to
the theory of characteristics, flow angle, total pressure,
total temperature, and isentropic relations are used at the
subsonic inlet. The same relations are used to determine
the fluid properties at the supersonic outlet such as static
pressure, static temperature and the isentropic exit Mach
number.

o All the walls (pressure and suction sides) are considered
adiabatic with no slip condition.

e Since the periodic boundaries are satisfied, instead of
modelling the whole blades row of 11 passages of Giel
et al. [1,5], only one passage is used in order to limit
the computational time and costs.

e Total pressure, total temperature and the inlet flow
angle are specified as the input conditions.

e Outlet static pressure is specified. Indeed, in FLUENT,
one option in the numerical simulation is to set the static
pressure at the outlet boundary as an invariant given by
the input condition; the other option is to apply non-
reflection treatment on the outlet boundary as it has
been successfully applied on the far-field condition of
the flow computation. Both of these methods are used
in the present paper. Yao et al. [23] supported this by
numerical results.
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Pressure far-field conditions are used in FLUENT to
model a free-stream condition at infinity, with free-stream
Mach number and static conditions being specified (pres-
sure and temperature). The pressure far-field boundary
condition which is a NRBC is often called a characteristic
boundary condition, since it uses characteristic information
(Riemann invariants) to determine the flow variables at the
boundaries [24].

6. Numerical simulations

Many simulations were made to show the characteristic
flow effects of RBC and NRBCs compared with the exper-
imental results of Giel et al. [1,5]. Also, a comparison is
done with different turbulence models existing in FLUENT
with near wall treatment accuracy required in order to
determine which model must be able to account for all of
the key physics correctly. FLUENT provides a one equa-
tion turbulence model (Spalart-Allmaras), several two-
equation models (Standard k—¢, Renormalization-Group
RNG k-¢, Realizable k—¢, Standard k-, SST k-w), and
a Reynolds-stress model RSM.

For the transonic flow, we have seen that it is necessary
to simulate the inlet turbulence intensities (0.25% and 7%),
the exit Mach numbers (1.0 and 1.3) and the inlet Reynolds
effects (0.5 x 10° and 1 x 10°) in the goal to prove the FLU-
ENT software efficiency and approve the simulated results
while comparing them with the experimental data.

All our simulations are done on a PC Pentium IV
(2.8 GHz and 2 GB of RAM). The averaged convergence
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Fig. 3. Static pressure contours RBC.

time by simulation which depends on the turbulence model
is approximately 1 h 30 mn.

7. Results

All calculations made in this paper are for the midspan.
Results presented in Figs. 3-6 were obtained with RNG
k—e turbulent model (Re;, =1X% 10°, Tu=0.25% and
Mo =1.3).

As mentioned below the objective in formulating non-
reflecting boundary conditions was to prevent spurious,
non-physical reflections at boundaries [20]. First, the simu-
lation is done for an irregular quadratic structured grid of
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In comparing results with experiment (Fig. 5), we can
see that the reflection is nonexistent, so the emanating
stripe is spurious, which is also shown in (Fig. 4).

With a non-reflecting treatment applied to the outlet
boundary (pressure far-field) the results are better when
compared to experiments (Figs. 5 and 7). In (Fig. 8) in
which we can see the RBC and NRBC comparison of blade
loading distribution we can remark that the RBC results
are a better match when comparing them with the experi-
ment, but the NRBC results are closest to the previous 3-
D numerical ones (x/C, = 0.8 ~ 1). An erroneous pressure
oscillation is seen in the RBC results near the minimum
pressure location at x/C, ~ 0.85.

Different self-adaptive sensors are applied in the grid
refinement procedure for efficiently detecting the positions
of the shock wave and the wake [21]. According to this, the
shock wave is much sharper after the grid refinement; this
is clearly seen in Figs. 9-12 which are obtained after refine-
ment of the grid (24,000 nodes). This is also proved in com-
paring the Figs. 8 and 13.

Fig. 14 shows the blade loading distribution with a com-
parison of different turbulence models. We can see the
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excellent prediction of pressure distribution on the pressure
side for all models which coincides perfectly with experi-
mental values.

On the suction side, some differences appears especially
in the zone (x/C, = 0.05-0.45) where the pressure gradients
are important. Two equation eddy diffusivity models
(EDMs) such as k—¢, k—w and SST are the most widely used
and the main reasons for this popularity are simplicity and
robustness and although they do not account for some
physics, they still provide useful insights [22].

Due to NASA blade shape [1], there is little margin for
mistakes as we can see for the same zone k—¢ and SST mod-
els predicts less the flow. The additional terms to the
length-scale equation (¢ or w) make RNG and Realizable
k—e models account in a much better way for the influence
of extra strain rates. The one equation model Spalart—
Allmaras, designed especially for aerospace applications
(boundary layers with adverse pressure gradients and
turbomachinery), also gives good results the same as the
RSM. model which has high potential for accurately pre-
dicting complex flows. The same comparisons can be made
for the zone (x/C, = 0.8 — 1) at the trailing edge and this is
confirmed by the isentropic Mach number distribution
(Fig. 15).



S. Djouimaa et al. | Applied Thermal Engineering 27 (2007) 779-787 785

1.72e+00

1.64e+00

1.56e+00

1.47e+00

1.39e+00

1.30e+00 /—’ T

1.22e+00 / \

1.13e+00

1.05e+00

9.66e-01

8.82e-01 _
l 7.97e-01

7.13e-01

6.29e-01

5.440-01

4.60e-01

3.76e-01

2.91e-01

2.07e-01

1.23e-01

3.85e-02

Fig. 12. Isentropic mach numbers contours RBC.

P/Ptin

@) P.W.Giel: exp

——F— N.RB.C.Num.
—A—— R.B.C.Num.

0 0.25 0.5 0.75 1
x/C,

Fig. 13. Blade loading distribution. RBC and NRBC comparison (24,900
nodes).

0.9
0.8
0.7
0.6
B
% 0.5
~ )
0.4 . P.W.Giel: exp
—H— k&
03 —— R.NG.k€
: —A—— Realk-€
—F—— Spalart-A.
0.2 — < Sstk®
0.1
0 [
0 0.25 0.5 0.75 1
x/C,

Fig. 14. Blade loading distribution. NRBC with different turbulence
models comparison.

(@) P.W.Giel: exp
—H— k€
—+—— R.N.G. k€
+ Real k-€
——FH—— Spalart.A.
— St k®
+ R.SM.

x/C,

Fig. 15. Isentropic mach number distribution. NRBC with different
turbulence models comparison.

The differences seen in experimental results with varying
Tu (0.25% and 0.7%) (Fig. 16) are the same ones with com-
putational results which prove the good precision of our
simulations. Fig. 17 shows the Mach number contour
(Rejn = 1 x 10%, Tu=0.25% and M., = 1.0). In order to
see the effects of decreasing exit Mach number, we can also
see (Fig. 18) that it affects only the portion downstream the
blade (x/C,=0.7 — 1.0). This is observed experimentally
by Giel et al. [1].

To be noticed from Fig. 19 is that the Reynolds number
has almost no effect on the pressure distribution and this
was also confirmed by Giel et al. [1].
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boundary conditions only the RNG model is selected, also
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this model with NRBCs formulation is used to see the
effects of the inlet turbulence intensities the exit Mach num-
bers and the Inlet Reynolds numbers. The results are clos-
est to experiment. All the validations of results were made
with those measured by Giel et al. [1].

Finally, we showed the capacity of “FLUENT” soft-
ware package to predict the complex flow in a transonic
turbine blade cascade. In spite of a long time to learn it,
this software is equipped with very powerful pre-processing
and post-processing modules.
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