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Abstract. The requirements for the flow leaving the combustion chamber to enter the turbine are tight to guarantee good
turbine operation. Temperature and pressure radial and circumferential distributions, as prescribed at design, cannot
vary much. Among the important parameters that influence significantly the turbine performance is the inflow level of
turbulence intensity. In this work, a in-house developed CFD software is used to calculate the flow parameters in the
turbine, a solution that involves the continuity, momentum and energy equations, together with a model for the turbulent
stress terms. Different values of turbulence intensity were used for the study of the design 3D flow in the axial turbine.
The Reynolds-Averaged Navier-Stokes and one-equation turbulence model were used for the calculations. The results are
presented for each blade row inlet and outlet, along the blade span and show that until 5% of turbulence intensity, in
the cases simulated, the influence on turbine mass-flow is slightly and the turbulent viscosity ratio distribution is quite
different for each turbulence intensity value mainly for flow separation regions.
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1. INTRODUCTION

The flow in turbomachines is recognized as one of the most complex in the field of fluid dynamics. Three-dimensional
flowfield calculation in turbomachines is usually a complex and costly task. Because the components, compressor or
turbine, have their particularities, different strategies are required to arrive at a converged and meaningful solution. A
recent work (Denton, 1990) describe the difficulties to simulate high pressure compressor due to the “numerical surge”
caused by the complexity for starting the CFD calculations due to the possibility of the blades operate near stall. The
calculation may fail as a result of the transient induced by the initial guess rather than because of a genuinely unstable
operating point.

Robust and accurate CFD codes are developed specially to solve specific problems (Adumitroaie et al., 1998) and
(Veuillot, 1985). They must account for very different requirements like internal or external flows, incompressible or
compressible, low or high Reynolds numbers, with or without chemical reactions and dissociations, porous-media, un-
steady or steady-state, to name a few. Each case requires specific theoretical modeling, numerical formulations and
computer implementation. Complex geometries and flows require great attention during the mesh generation, to provide
the quantity and position of the nodes to assure caption of the flow particulars.

The study of the flowfield in turbomachines is nowadays vastly made with CFD, mainly when aiming at optimization
of high performance components (Lapworth and Shahpar, 2004). For compressors and turbines some specific numerical
treatments are necessary because two frames of reference must be used: rotating and non-rotating. A rotor row is treated
within the rotating frame of reference and a stator row within the non-rotating (or stationary) frame of reference. A
comparison of the use of the CFD codes for the flow calculation using these two different reference frames, based on
absolute and relative velocities, can be found in open literature (Chen et al., 1997).

Recently, Denton published an interesting work (Denton, 2010) about several numerical and modeling issues, which
should be improved, and the limitations of CFD codes. Denton mentioned the importance of better understanding the
details of all physical phenomena involved in the complex flowfield within turbomachines to select the numerical meth-
ods and to develop the computer code. It is very important to mention that, before studying the flowfield behavior in
compressors and turbines, it is strongly advisable to understand the operation mechanisms and design issues of each
component.

In this work, the authors compare the results of the numerical simulation of a single stage-axial flow turbine, for
different turbine inlet turbulence intensity. The results were obtained using an in-house developed CFD code, written in
FORTRAN 95 language (Tomita, 2009). The software is a three-dimensional CFD code able to solve the full Navier-
Stokes equations, including turbulence effects. It was specially developed for the study of the flow in turbomachines. The
code is also capable of solving other flows, internal and external, like in nozzles, around wings and aerospace configura-
tions. The discretization used is cell-centered finite-volume, implemented for unstructured mesh. All details required for
the study of turbomachines present in a gas turbine are incorporated.

Several turbulence models were tested for different engineering problems and in the case of turbomachinery flow
calculation some of them were published including one and two equation turbulence models (Casey, 1984; Anderson
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et al., 2003). The results of flowfield calculation using Reynolds Stress Model (RSM) were compared with two equation
turbulence model results and the solution show that the standart k-w SST model offers the best trade-off between accuracy
and computational cost (Soghe et al., 2010).

There is no general turbulence model, there is a good turbulence modeling depending on the problem to be solved (wall
bounded flow, free-shear flow, aerodynamics, reactive flow, high separated flow and so on). The one-equation turbulence
model developed by Spalart and Allmaras (Spalart and Allmaras, 1992) to use in aerodynamics flow calculation was cho-
sen for this work, based on the recommendations of the literature associated to turbomachines including high performance
transonic rotors (Grosvenor, 2007; Fidalgo et al., 2010) and studies involving engine hot gas ingestion in military aircraft
(Richardson et al., 2006). The hybrid Large Eddy Simulation (LES) tool specifically developed for turbomachinery flows
also use the one-equation turbulence model based on the modified eddy viscosity transport. Unsteady Reynolds-Averaged
Navier-Stokes (RANS) solvers for high loading cascades with active control in the stator blades also show the applica-
bility of the Spalart and Allmaras model (Gmelin et al., 2010) for flow analysis involving secondary flow at walls due
to the actuation system. Studies involving canned CFD software to calculate the flow in mainstream gas ingestion into
inter-rows cavity also use the turbulence model above mentioned (Dunn et al., 2010). Some turbulence models have been
developed to study the flow transition point mainly for drag decreasing as nacelle, fuselage among others, but this is not
the scope of present work.

The methodologies adopted for the design of the turbine is not the objective of this work. Instead, it is only mentioned
that a meanline technique and a loss model was employed.

Accordingly, the flow in a single-stage axial flow turbine is calculated and the results and numerical issues are dis-
cussed.

2. Continuity, Momentum and Energy Equations

Using the Einstein notation, the equations are defined by

e Mass:
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e Momentum:

0 0 8p (97'7;]'

+¥; =0, 2

e Energy:
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The fluid is considered newtonian and the viscous stresses are considered linear and proportional to the rate of strain,
hence:
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where p is the molecular dynamic viscosity and A is the second coefficient of viscosity. Admitting the validity of the
Stokes hypothesis, hence A = —2/3p;. Variable ¥ represents the terms related to the rotation of the fluid flow in the
rotating channels (Coriolis and centrifugal forces), that is U7 = [O, pwrz + 2pwW,, pw?y — 2pwW,, 0, O] and w is the
angular velocity.

Analyzing the magnitudes of the variables involved in the above equations it is seen that they differ by several order
of magnitudes. Bearing in mind their numerical solution, it is possible to avoid the numerical errors related to those
differences in numerical values by normalizing the variables.
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where the Reynolds number is calculated by Reg = poaglo/ o for the internal flow computations and Reg = po W|lg /o
for the external. The Mach number is calculated by M., = |W|/ ag, where the subscripts 0 and co mean referential

properties from the stagnation conditions and freestream conditions, respectively. These new defined parameters are
called
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e [y = characteristic lenght,

e p =dimensionless density,

e 7 = dimensionless coordinate of a specific point, the same rule is valid for y and z coordinates,
° WZ = dimensionless velocity,

e T' = dimensionless temperature,

[ ]
>

= dimensionless total energy,

= dimensionless molecular dynamic viscosity,

[ ]
=

e [ = dimensionless thermal conductivity,

e { = dimensionless time,

e )\ = dimensionless second viscosity coefficient,
e P =dimensionless pressure,

e Rep = Reynolds number calculated using dimensionless variables.

Turbulence, as usually understood today, allows that the flow properties may be represented as the sum of the mean
value of the property and a fluctuation of that property:

A=A+ A, (5)
A=A+ 4 (6)

where the overbar and tilde stand for mean; the prime and double prime stand for fluctuation of the property A.
Among the different ways to extract the averages, in this work the Reynolds and Favre averages were selected. They
are defined by, respectively,

_ 1 t+T
AReynolds = Th—{noo T /t AdTa (7)
- 1 1 t+T
AFavre == Th—rgéo T /t pAdT’7 (8)

where p is the Reynolds average of p (density) and 7' is a time interval.
The averaging procedures use the definitions

W= W4 0,
H=H+H",
e=¢e¢+e’,
T=T+T", ©)
4% =aq+q,
p=p+r,
p=P+p,

Applying the averages above indicated to the non-dimensionalized equations, the following equations were obtained:
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Equations 10, 11 and 12 are similar to equations 1, 2 and 3 except for the following terms associated with the turbu-
lence, where:
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After the non-dimensionalization and collection of the appropriate terms, it is possible to write this ”turbulent” system

of partial differential equations in matricial form
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where () is the vector of conserved variables, F/, F' and G the flux vectors and U the source terms.
In equation 13 the over hat stands for non-dimensional variables and the overbar for the averages (RANS or Favre) as

indicated by equations 7 and 8.

The flux vectors are decomposed of non-viscous, viscous and turbulent components, as indicated by equations 14, 15

and 16
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The convective terms are represented by the subscript e. The viscous terms are represented by the subscript v. The
components containing the fluctuations terms are represented by subscript ¢. The matricial representation of the terms are,

therefore
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The variables that have already appeared have the same meaning (but non-dimensionalized). During the non-dimensionalization
and averaging of the variables, other definition came out:

= g+ fi, (22)

where 1 is the effective coefficient of viscosity, p; is the molecular coefficient of viscosity, y; is the turbulent coefficient
of viscosity, Pr; is the laminar Prandtl number, Pr; is the turbulent Prandtl number, assumed here equal to 0.9, v is the
ratio of specific heats and all terms containing fluctuation are calculated using turbulence modeling.

3. The One-Equation Spalart and Allmaras Turbulence Model

The model is valid for aerodynamics problems with high Reynolds number. It is an equation developed for the eddy
viscosity transport v. For the sake of space only the specific treatment of the model will be described. All details,
constants values and the development of all terms and its calibration are presented in (Spalart and Allmaras, 1992). The
non-dimensional form of Spalart and Allmaras turbulence model is:

Dv Sz A AR 2
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272
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All other variables are dimensionless by definition. Applying the definition of material derivative
D() _o0)
= 25
o = ar tYO), (25)

and assuming that on the near wall region the velocity is small, the density variation can be neglected. The non-
conservative form of Eq. 23 becomes

87? = [l — ft2]§l:/ [V (0 + D7) VD) + (VD) } Rleo +

~fewfu — 2 fo] [2] 2~ VW) + fu AU Rey, 26)

The identity W.V () = V.(W¥) — .V was used to obtain Eq. 26.

In the equations above, subscript ¢ stands for transition points, so that the corresponding terms are set to zero outside
the transition region.

The Spalart and Allmaras turbulence model can be written in the following form:

‘3: = C(5) + D(9) + Prod(5) + Dest(i) + T, 27)
where the convection term is

C(H) = —V.(W)?, (28)
the diffusion term is

zxm::%{V~«ﬁ+ihvﬁy+%ﬂvﬁﬁ], (29)

the production term is

Prod(ﬁ) =cp [l — ft2}§§7 (30)
the destruction term is
12
2 Cp1 1%
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and the transition term is

T = fulU>. (32)
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4. The Second-Order Centered Spatial Discretization of Convective Terms

The centered discretization (Jameson et al., 1981) of flux balance for each —th control volume is based on information
from the current volume and its neighbors. The flux is calculated by summation of the fluxes at all faces of the ¢ — th
control volume. The vectors E, F' and G are divided in two terms, one for the convective and other for the viscous terms,

nfaces

CONV(Q:i) = Y (Be(Qr)i+ Fo(Qi)j + Ge(Qr)k)-Sk. (33)
k=1

The discretization is based on the arithmetical averages in a current ¢ — th control volume and its neighbors nei at
k — th face. The fluxes for each face can be written as

CONV(Qi) = 5(Qk + Que)-Si. (34)

where nei stands for the neighbor volume. The vectors E, F' and G are written as functions of the vector of conserved
variables Q).

The non-linear artificial dissipation model used in this work is a blend of second and fourth differences. The difference
between the linear and the non-linear model is that the latter is dependent on the local pressure gradient. For regions with
severe pressure gradients, this requires treatment and formulation different from other regions of potential flow. Two
modified procedures have been implemented.

The first is based on the work of Jameson (Jameson et al., 1981). Considering the directions in the computational
coordinates 7, j and k for ¢ — th control volume,

DISS(Q;) = DISS(Qi); + DISS(Q;); + DISS(Q;)k. (35)

For each direction of ¢ — th control volume, the neighbors ¢ — 1, ¢ 4+ 1 for ¢ direction, j — 1, 7 + 1 for j direction and
k — 1, k + 1 for k direction are used for the calculations:

DISS(Qi)i = DISS(Qi)iy1 — DISS(Qi)i-1, (36)
DISS(Qi); = DISS(Qi)j+1 — DISS(Qi)j-1, (37)
DISS(Qi)r = DISS(Q)kr1 — DISS(Q)i—1.
(38)
Hence, DISS(Q;)i+1 is calculated by
DISS(@)isr = R [ (Quinr — (@i — 21 (@i — 3@ +3(Q0): — (@00)] (39)

where, V; is the volume of the ¢ — th control volume. The coefficients £(2) and £(*) depend on the flow behavior, and are
calculated using a pressure sensor. For the direction ¢

55?1 = k(2)ma$[(§i)i+1a (Ci)i]’ o
gl(i)l = maz[0, (k%) — 61(3»)1)]7 “v
where
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The constants k(?) and k(%) assume the values k(*) = 1/4 and k(*) = 1/256. The term £(?) is second-order accurate
and the term £(* first-order. In regions with high gradients, the term £(?) reduces the accuracy to first-order and the term
e with fourth differences, tend to induce overshoots during the numerical iterations, being turned-off.

A second non-linear artificial dissipation model based on the reference (Mavriplis, 1990) was extended to three-
dimensional space. In this model the artificial dissipation terms are divided by one undivided first-order accurate Laplacian
operator, used only in the regions with strong gradients to avoid numerical oscillations, and one undivided third-order
accurate biharmonic operator:

DISS(QZ) = DISS(Qi)Laplacian + DISS(Qi)biharmonic- (43)

Calculation starts with

nneigh

D)= Y (Qm—Qu), (44)

m=1
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where, nneigh is the number of neighbors of ¢ — th control volume. The biharmonic operator is calculated by:

nneigh A — A
DISS(Qi)biharmonic = 5(2) Z [D(Qm) - D(Qz)] (le) ) (45)
m=1
with
nfaces . . .
A = [[(W2)kSk + (Wy)kSk + (W) Sk| + arAreay), (46)
k=1

where ay, is the speed of sound, based on the mean values at ¢ — th control volume and its neighbor at face k; Areay, is
the area at face k belonging to the ¢ — th control volume and its neighbor.

The Laplacian operator is calculated replacing the quantities D(Q),,) and D(Q;) in Eq. 45 by the quantities Q,, and
Q; and replacing the constant £(®) by £(1):

nneigh A _ A
DISS(Qi)Laplacian = 5(1) Z [Qm - Qz] (m21) . (47)

m=1
The value of (V) is calculated using the pressure sensor

nfaces

| Z (P — i)

) = k=1 (48)

nfaces

Z (P — i)

k=1

For this model, typical values are ¢(2) = 1 /2 and 1/256 < e <3 /256, as indicated by Mavriplis (Mavriplis, 1990).
The values used in this work are: £(?) = 1/2 and e = 3/256.

The artificial dissipation scheme used in this work use the formulation of the first non-linear model presented, but
replacing the term V; /At in Eq. 39 by the term (A,, — A;)/2 calculated in Eq. 46. During the development of the CFD
code, this modification resulted in a less dissipative behavior and provided a conservative dissipation using the averages
given by the terms A,,, and A;.

5. Mesh Generation

The unstructured mesh is based on hexahedral elements. The code was developed to support unstructured mesh to
improve the capability to add new features for complex geometries. A mesh of 523,422 nodes was used with the CFD
solver. The mesh size was a result of the mesh dependence study and the requirements of the y™ requirements for the
turbulence model.

Firstly, with the design geometric parameters calculated, the corresponding solid was generated in a CAD software,
from which the mesh was generated using the ICEM-CFD software and the nodes coordinates determined using another
specially develop interpreter. In the sequence, the control volume properties were obtained (element volume, element face
area, normal outward vectors, connectivity table, boundary and ghost elements, etc). The corresponding 3D view of the
axial turbine is shown in Fig. 1 including the details of the mesh at the turbine rotor casing. The turbine tip speed is 380
m/s.
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Figure 1. 3D view and the mesh at rotor casing of the single-stage axial-flow turbine

Seven control volumes were placed across the tip clearance. The nodes near the blade tip and near the casing are
5 - 10~ 5m apart from the walls. This value was forced with basis on estimates for a flat-plate yT.
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6. Boundary Conditions and Numerical Issues

The boundary conditions were set at turbine inlet (stagnation properties); turbine outlet (static pressure with radial
equilibrium from hub to tip); periodic conditions at mid-channel; and circumferentially averaged conserved variables
mixing-plane at a positions enclosing the rotor. For subsonic flows, non-reflecting condition was implemented at inlet and
outlet boundaries, based on the work of (Holmes, 1989), which uses the outgoing Riemann invariant methodology.

The viscous terms were discretized with a centered scheme and are computed only in the first step of time-integration
procedure. The convective terms are computed for all time-integration steps and the artificial dissipation or the limiter
functions are computed in alternate stages to save time.

For explicit time-marching, the time-integration of the turbulence equation is included in the Runge-Kutta steps,
coupled to the continuity, momentum and energy equations. To avoid numerical instabilities and small Courant number
based on CFL stability condition, the convection term of turbulence model was calculated implicitly as follows: all terms
are calculated at the time n except the turbulence model convective term that is calculated at the time n + 1 using the
Euler scheme.

This procedure run very well compared with a full explicit scheme for turbulent flows calculation. Although the
Thomas algorithm can be directly used with structured grid, because it is possible to know the location of the zeros out of
the dominant diagonal (tridiagonal, pentadiagonal or hexadiagonal), it unstructured mesh, the Thomas algorithm cannot
be used directly, because the locations of the non-zeroes are unknown, resulting in a sparse matrix. In order to take
advantage of the large number of zeroes in the matrix, it is also required special storage algorithms. In this work, the
conjugated gradient is used.

The turbulence model was computed at every 3 Runge-Kutta iterations (this number can be set by the user). All
transition terms are turned-off and the flow is considered completely turbulent.

The fluid model implemented in the CFD code considers the fluid as semi-perfect gas, with specific heats (c,,) and (c,)
varying with temperature. Hence, the specific heat ratio, the laminar Prandtl number and thermal conductivity are vary
with temperature, requiring calculation for every control volume.

For turbulent flow simulations it is necessary to supply to the CFD solver the value of vr at boundary. For external
flow v must be given at farfield. For internal flow v must be given at inlet. The Spalart and Allmaras turbulence model
calculates the variable v presented in Equation 26. The turbulent kinematic viscosity coefficient is used to calculate the
turbulent dynamic viscosity coefficient necessary to calculate the terms of energy equation. For initial condition the value
of U can be estimated by »/10. Other option is to estimate the & value using the turbulence intensity.

7= \/gv”vn, (49)

where I is the turbulent intensity and [ is the turbulent length scale. The turbulent intensity can be estimated by the user
or calculated using the following equation

I=0.16(R.)4°, (50)
where the Reynolds number is calculated based on the hydraulic diameter defined by
D2 _ D2
Dy=—-t_—h 51
T D+ Dy (51)

where Dr is the tip diameter and Dy is the hub diameter. In the case of turboamachinery, this values are know from the
design. The length scale can be estimated by

1 =0.07Dg, (52)
for fully-developed duct flow. In the case of wall-bounded flows
I = 0.409, (53)

where dgg is the boundary-layer thickness.

For turbulent flow simulations the viscous sublayer has to be resolved in an appropriate way to represent the physics
correctly. It is required to have at least one mesh point inside the laminar sublayer. To calculate the distance between the
first node on the wall and wall surface (y,), the assumption of flat-plate turbulent flow is made. Equation 54 present the
formulation used to calculate the y,, value based on y ™,

+ _ PUrYp (54)
I
where wu, is the skin friction velocity and it is calculated with
ur =2 (55)

p
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7. Results from CFD Simulations

The numerical iterations were monitored by means of the decayment of the residue of the conserved variables as
shown if Fig. 2. The Courant number was increased in two steps (0.10, 0.12 and 0.17) as shown by the overshoots (5000
and 7000 iterations) in Fig. 2.

Table 1 shows the results of mass-flow and pressure ratio for each turbulence intesity value. Note that, the pressure
ratio obtained from CFD calculations is different of design data obtained from meanline calculations using empirical loss
models. The results from CFD solver show that the blade geometry should be changed to avoid high internal losses.
Strictily speaking, the turbomachinery preliminary design based on meanline loss models is not capable to show all flow
details due to the one-dimensional characteristic.

Numerical Residual

(RHS of Governing Equations)
300

250
—Density

200
——Momentum x
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150 ——Momentum y
100 —Momentum z
——Total energy

Residual of each conserved
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0 5000 10000 15000 20000 25000
Iterations

Figure 2. Monitoring of continuity, momentum and energy equations

0

Table 1. Comparison between mass-flow and pressure ratio

Description Design Data | I=05% | I=1.0% | I=15% | 1=2.0% | =2.5% | 1=5.0%
Mass-flow [kg/s] 19.83 20.27 20.50 20.33 20.34 20.51 20.23
Pressure ratio 1.83 1.66 1.67 1.67 1.67 1.67 1.67

Highly separated flow at rotor blade suction side will certainly decrease the pressure ratio across the turbine. Figure 3
shows the streamlines associated to the secondary flow in the rotor blade, where the flow properties were mass-averaged.

Figure 3. Streamlines of secondary
flow

The Figs. 5 and 6 show the Mach number spanwise distribution for each turbulence intensity value. Note that, for
NGYV row all results are presented in the inertial reference frame (absolute values) and for rotor row in the non-inertial
referencial frame (relative values). The influence of turbulence intensity on the Mach number distribution along the NGV
is small, but in the rotor, where there is strong flow separation, the Mach number distribution is slightly different.

Figures 7 and 8 show the spanwise total pressure distribution for each turbulence intensity value. From the total
pressure analysis it is possible to observe high differences in its distribution in the region close to the NGV trailing edge.
At this region there is a reverse flow as shown in Fig. 4. The development of secondary flow in the rotor trailing edge
region, from hub to tip, causes problems in the total pressure distribution. It is possible to observe that in the rotor trailing
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Figure 5. Mach number distribution at NGV blade row
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Figure 6. Mach number distribution at rotor blade row

edge there is a slightly difference between the total pressure distribution for each turbulence intensity value after 50% of
rotor blade span.

The distribution of the velocity magnitude is shown in Figs. 9 and 10. The existence of high secondary flow at the
rotor trailing edge causes large velocity spanwise variation. Note that the velocity in the rotor tip clearance is not zero
because the velocity magnitude presented is the relative velocity and the boundary condition applied at the rotor casing
considers this surface as a fixed frame of reference. These velocity distribution is undesirable due to the high variation
(100 m/s - 350 m/s) from hub to tip. In the case of turbojet engine certainly these velocity profiles will affect the thrust.
The effect of turbulence intensity only displaced upward the velocity profiles.

High differences of the viscosity ratio (ratio of turbulent flow eddy viscosity and fluid laminar viscosity) for inlet and
outlet of each blade row can be observed in Figs. 11 and 12. In the rotor trailing edge, there are large spanwise differences
of the viscosity ratio due to the high influence of secondary and tip clearance flows. These figures show clearly the
magnitude of the viscosity ratio for different turbulence intensity.

Certainly, the tip clearance has a strong influence on turbulent flow in this region, what justifies the need to study
the tip leakage flow and its associated losses. Tip clearance loss is one of the most serious topics to be explored by the
turbine designer. The minimum gap is limited by manufacturing constraints and blade strain due to the thermal load and

aeroelasticity. High tip clearance will produce high secondary flow and consequently the losses will increase and the
turbine power output will decrease.
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Figure 7. Total pressure distribution at NGV blade row
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Figure 10. Velocity magnitude distribution at rotor blade row
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Figure 11. Viscosity ratio distribution at NGV blade row
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Figure 12. Viscosity ratio distribution at rotor blade row
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8. Discussion and Conclusion

The 3D CFD code was capable to calculate the turbulent flow inside an axial flow turbine and some interesting results
can be observed:

e The influence of turbulent intensity in the mass-flow and pressure ratio is less strong in the range of 0.5% - 5.0%;

e For high separation flow regions, the viscosity ratio distribution is quite different for different values of turbulence
intensity;

e The viscosity ratio tends to be more agressive near the rotor tip region due to the spanwise variation of the periph-
erical blade velocity;

e The tip clearance has high influence on secondary flow at the tip region, therefore requiring careful determined
during the design process;

e A more accurate study should be made to analyse the local and global drag coefficient at blade surfaces to better
understanding the effect of turbulence intensity;

e The turbulence intensity values used in this work are conservative in the sense of design procedure (design-point
calculation), but this values are dependent on the quality of the gas distribution delivered from combustion chamber;

The CFD mass-flow and pressure ratio calculation are in good agreement with the design-point values used for the
turbine design, but differences can be observed for pressure ratios. This may be due to the preliminary design tool, which
is not capable to determine some flow characteristics mainly with the presence of high separated flows. Generally, the
meanline design tools determine the flow properties at blade leading and trailing edges based on the Euler equations
combined with loss models. This is not sufficient to account for the tri-dimensional effects of turbulence and the behavior
of the flow in the blade annulus and blade-to-blade channel. CFD can be used as an important tool to check if the
design values were in agreement with the engine requirements, as well as to improve the blade geometries aiming at high
performance.
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