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Stage
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Abstract: This work has presented the first stage performance at design and off-design operating points of an axial
turbine, with two stages using a numerical simulation. Experimental methods of predicting the performance of axial
turbine is costly and time consuming compared to the computational fluid dynamics approach. Therefore, computational
techniques were adopted to determine the stage performance. This study analyzed the first stage performance of an
axial flow turbine, using a computational tool for simulating the steady state two/three-dimensional viscous flow. A
computational fluid dynamics software was used to solve the rans equations with the spalart-allmaras turbulence
model. The computational fluid dynamics results were compared with those obtained from the mean line loss model
code. The comparisons have been conducted to provide a pretest performance for the turbine first stage.
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and boundary conditions (Denton and Xu, 2002). Commonly
designers adopt this approach to investigate the fluid flow
and to choose experiments to be performed (Fortuna, 2000).
Computational techniques are less costly and time-consuming
if compared to the experimental approach to predict the
performance of the axial turbine (Fletcher, 1991).

Dorney (2003) conducted a pretest performance for a
two-stage supersonic turbine. The objective of the work
was to quantify the performance of the turbine at off- design
flow conditions, as well as to characterize changes in the
unsteadiness as a function of flow condition. The simula-
tions were performed using a three-dimensional unsteady
Navier-Stokes equation. The predicted results were
compared with solutions from a mean-line code. This code
uses a combination of the one-dimensional equations of
motion and empirical loss models to predict the flow and
performance quantities in the turbine. The results showed
reasonable agreement over a wide range of flow conditions,
and they were used to help determining the locations of the
transducers in the experiments.

Welch (2011) developed the three-dimensional (3D)
acrodesign and analyzed the relevant stage of an aeronauti-
cal turbine component at a level sufficient to verify that the
design and off-design performances of the 3D computational
results are consistent with the mean line analysis used in the
conceptual design of the turbine. The author reports that 3D
flow features associated with transport, due to radial accelera-
tion fields and cross-passage gradients, would lead to higher
losses than predicted by the mean line loss correlations and
two-dimensional (2D) CFD analyses. It was concluded that
the 3D computational results yield good agreement with the
predicted ones by the mean line analyses showed from effi-
ciency versus speed trends, supporting the design choice to
execute the turbine design at the cruise operating speed.

Saravanamutto (1992), in a work published at AGARD-
LS-183 report, explained that the steady state prediction of
performance must be done at the beginning of an engine
development program, in order to ensure that the engine can
satisfy all the operation requirements (design and off-design
points). Thus, the component characteristics must be estimated
and then updated as the program unfolds.

This study deals with steady state 2/3D viscous flow to
obtain information about the performance of a first-stage
axial turbine by simulating the flow through the blades. A
commercial software package was used to solve the RANS
equations with the Spalart-Allmaras turbulence model.
Despite of 2D CFD approach limitations, it is important to
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evaluate differences between 2D and 3D approach results.
The key objective of the present effort was to conduct
a pretest performance for a first-stage turbine at a level
sufficient to verify if the CFD results are consistent with
the classical loss model and mean line analysis. To achieve
the objective, it was constructed a performance map for the
whole range of operation of turbine. The CFD results were
compared with the mean line loss model code ones, which
account the losses by Denton loss model. Furthermore, it
will be presented the Mach number and total pressure from
hub to tip of stator blade and rotor blade in the region near
the leading and trailing edges. The comparison of these
parameters calculated by the 3D CFD simulations was made
against mean line loss model code results generated by the
manufacturer. The comparisons have been conducted to
verify if the 3D CFD results are consistent with the mean
line analysis used in the conceptual design of the turbine.

COMPUTATIONAL METHODOLOGY
Conservation equations

The flow field was modeled using the Reynolds Averaged
Navier-Stokes Equations (Tannehill et al., 1997), as can be
seen in Eq. 1 to 3.

» Continuity equation:

op 0

—+ —(pii;) = 0. 1
ac t oy, (P1) =0 M
*  Momentum equation:

J _ Ja .__
E(p”i)"' a—x/(pu,'uj)

ap d S 2)
= - o + _8xj (77 - py; uj).
* Energy equation:
9 o)+ (i 71s i - 12T
J— R . + _ R
5, \P o \PY Py, ox,
dp 0 ,_ _ .
= E-‘- a_.x{].(ui‘rij + ui‘[ij) . (3)
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TURBULENCE MODEL

The choice of turbulence model is a factor that influences
the numerical simulation accuracy of the flow through turbine
blades (Pecnik et al., 2005). The Spalart-Allmaras turbulence
model was adopted in this study, because it was developed
primarily for aerodynamic flow (Javaherchi, 2010), and it pres-
ents good performance in adverse pressure gradient regions
(Menter, 2003). The model requires moderate computational
cost to solve the viscous sub-layer (Eulitz and Engel, 1997).

Spalart and Allmaras (1992) proposed to close the
system of equations, introducing eight closure coefficients
and three closure functions. The model is written in terms of
modified eddy viscosity () (Wilcox, 1993). The equations
of the Spalart-Allmaras turbulence model are expressed by
Eq. 4 to 10:

» Kinematic Eddy viscosity:

2 Ve VTV 4
» Eddy viscosity equation:
oV G DAY
ot +U/ ox. CbISV - cn]fu(d)
’ (5)
o 0x, ox | o ox ox,
* Closure coefficients:
=0,1355 ~0,622, ¢ =71, o=2/ (6)
Chi > > G T Ubes € o O 3
1+
Ca= d+e) ac“)» ¢,=03, ¢,=2, k=04l (7)
» Auxiliary relations:
e RIS SR (AL
vl X3+Ci1 v2 1 +Xf“,1 w g g6+c‘6,\;’§
X=%r g=r+c, -7, r= S’k‘;dz )
§= S+k+;izfvz, S = \29ijQij (10)
oU, U . .
The tensor Qij= > (g-ax—’) is the rotation tensor and d
J 1

is the distance from the closest surface.
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BOUNDARY CONDITIONS

The 2D simulation was made at mean line of the first stage
channel. The total conditions of pressure and temperature at
inlet were considered. At the outlet, the static pressure was
fixed. Periodicity regions were considered at the interblade
positions. At the spaces between consecutive rows, frozen
rotor approach was adopted. The periodicity of stator-rotor
blades is solved by a domain scale, as discussed by Murari
et al. (2011) and Toussaint et al. (1997), which results in five
stator blade rows and eight rotor blade rows. The stationary
conditions to the absolute reference frame were applied to the
stator blades. The rotor blades have translational velocity of
367 m/s on the design point.

The 3D simulation was made at only one blade passage.
This was possible because the mixing plane averages were
adopted at the space between consecutive rows. Using the
frozen rotor approach for 3D model excessively increases the
computational cost, due to the numbers of blade rows neces-
sary to satisfy the periodicity of stator-rotor blades. For this
reason, it was chosen the mixing plane approach in the stage
interfaces for 3D model. Total pressure and total temperature
at inlet were considered. At outlet, the static pressure was
fixed. Periodicity regions were considered at the interblade
positions. The stationary condition to the absolute reference
frame was applied to the stator blade. The rotor blade has
rotational velocity of 22,600 rpm on design point. Tip leakage
was not considered.

The boundary conditions used in the inlet and outlet of 2D
and 3D models in the design point are presented in Table 1.

Table 1. Inlet and outlet boundary conditions.

Total pressure inlet 587,745.8 Pa
Total temperature inlet 1,100 K
Static pressure outlet 229,449 Pa
Turbulent intensity inlet 5%

The walls for 2D and 3D approaches are adiabatic and
non-slip conditions were adopted. To solve the flow near
the wall, the solver applies the law of the wall developed by
Launder e Spalding (ANSYS, 2009a, b). This method is not
utilized when the values of y+ are smaller than six for the
Spalart-Allmaras turbulence model (ANSY'S, 2009a). The law
of the wall is applied appropriately to the turbulent boundary
layer, when y+ values are between 20 and 300 (Menter, 2003;
ANSYS, 2009a, b).
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NUMERICAL METHODS

The 2D approach was simulated by ANSYS Fluent
software, version 13.0, which uses the finite-volume
discretization method (ANSYS, 2009a). The solver adopted
is coupled, implicit, with a time marching to reach the steady
state condition, and taking into account the turbulence effects
by Spalart-Allmaras one-equation turbulence model.

The 3D approach was simulated by ANSYS CFX soft-
ware, version 13.0, which employs the finite element-based
volume method (ANSYS, 2009b). It was adopted the ANSYS
CFX software for the 3D simulation, because the software
provides a good pre-processing for solving 3D flow in axial
turbomachinery. The solver adopted is coupled, implicit, uses
time marching to reach the steady state condition, and solves
the turbulence effects by Spalart-Allmaras one-equation
turbulence model.

The simulation of compressible flow was smoothly started
to avoid numerical instability due to aggressive behavior of
this kind of flow inside the turbomachinery. Therefore, it was
used a dissipative method by first-order upwind discretization
for the convections terms. This method avoids numerical
instability due to shock waves.

The flow is not aligned with the mesh (i.e., when it crosses
the mesh lines obliquely); however, first-order convective
discretization increases the numerical discretization error
(numerical diffusion). Therefore, it was used the second-order
discretization to obtain more accurate results.

The algebraic multigrid was employed to accelerate the
convergence.

MESH GENERATION

The mesh was constructed for two sub-domains, one for
stator blade part and other for rotor blade domain.

In the 2D model, the mesh is composed by quadrilaterals
elements near to the blade region, in order to capture high
gradients normal to the wall. Triangular elements were gener-
ated in the rest of the domain. The mesh contains 546,846
elements. The 2D model allows adopting a higher degree of
refinement, because it does not increase the computational
cost, when comparison is made with the 3D models. The soft-
ware adopted to construct the mesh demonstrated by Fig. 1 is
called Gambit, version 2.4.6.

Figure 1 represents the mesh of all computational domains
(left side) and the rotor leading edge (right side).
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Figure 1. Two-dimensional mesh composed by quadrilateral and

triangular elements.

The mesh constructed in the 3D model is composed by
tetrahedral in all computational domains. The mesh contains
2,173,242 elements. In the 3D model, the refinement of the mesh
increases the computational cost. Therefore, the refinement was
made in regions where there are high gradients normal to the
wall, such as near the blade walls. Figure 2 shows the 3D mesh
constructed using ANSYS ICEM software, version 13.0.

Figure 2.

Three-dimensional mesh composed by tetrahedral

elements.

MEAN LINE LOSS MODEL CODE

The mean line loss model code uses a combination of the
one-dimensional equations of motion in the mean line and
empirical loss models to predict the flow and performance
quantities in the turbine. Free vortex design techniques and
radial equilibrium (Saravanamuttoo et al., 2001) were adopted
to find parameters, such as Mach number and total pressure,
from hub to tip in regions near the leading and trailing edges
of the stator and rotor blades. These parameters were used to
verify if the 3D CFD results are consistent with the mean line
analysis used by the manufacturer in the conceptual design of
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the turbine. The performance quantities, such as the first-stage
efficiency of the turbine, were predicted only on design point
by the manufacturer using the Kacker-Okapuu loss model.
These results will be mentioned in this work as design data.

The performance maps constructed by CFD simulation
were verified against results generated by the mean line loss
model code, which was developed by Hess (2006), and that
adopted Denton loss model. This model is based on results of
a large number of cascade tests with specified values of inlet
and outlet blade angles, for a given pitch/chord ratio, which
results in curves of energy loss coefficients.

Denton (1993) considered that the physical origin of the
losses is defined in terms of entropy increase, due to viscous
effects in boundary layer, shock waves, heat transfer across
temperature differences, and viscous effects in mixing process.

The loss model is established by means of applying
boundary layer theories, basic thermodynamic equations, and
simplified equation of conservation of mass, momentum and
energy on each specific loss condition. Some empirical param-
eters are also needed for the predictions. In some cases, for
instance, attached blade boundary layers, the loss mechanisms
are understood, but even so the loss can seldom be predicted
with great accuracy. In many other cases, e.g., end-wall loss,
the loss mechanisms are still not clearly understood and
prediction methods remain very dependent on correlations.

Denton classifies the loss in various forms, such as: trailing
edge loss ({,), tip leakage loss (Cn.p), end-wall boundary layer
loss (¢},,), shock loss (¢, ), and profile loss (é; ). The sums of all
individual losses are accounted as total loss, given by Eq. 11:

(=6

¢= Cp + CTe + CTip + CEb + Cshock : (11)
The creation of entropy by irreversible effects will always
reduce the efficiency of a turbine. Hence, the loss of efficiency

can be related to the entropy created via eq. 12:

(AH+T,As)
PERFORMANCE MAP

To evaluate the performance of the first-stage turbine,
performance maps were constructed, which are the most
accurate way for predicting off-design performance (Haglind
and Elmergaard, 2009).
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However, the off-design performance of an axial turbine is
evaluated by performance maps (Saravanamuttoo ef al., 2001),
which are presented by relations between total efficiency (»,),
pressure ratio (rp), corrected mass flow (m_, ), and corrected
speed (N_ ), given by Egs. 13 to 16:

corr

n, = I—[in - Hout (13)
]—Iin - Hout
_ Poin 14
P = Doout ( )
o T (15)
corr TO in
N N (16)

Discussions about the performance map developed in this
study will be presented in the next section.

RESULTS AND DISCUSSION

The y+ values reach the maximum values of four for stator
and rotor blades in the 2D simulation, which imply that the law of
the wall is not being applied to solve the viscous sub-layer. In the
3D simulation, the mean values of y+ reach 58 for stator blade
and 38 for the rotor blade, which implies that the law of the wall
is being appropriately applied to the turbulence boundary layer.

It will be presented, at the design point operation, the
Mach number and total pressure distribution. The comparison
of these parameters calculated by 3D CFD approach was
made against design data.

The mean line analysis represents a good comparison tool
to verify the CFD results, as discussed by Dorney (2003) and
Welch (2011). It can be noted that all curves (Figs. 3 to 6)
present the same general tendency.

The major differences between design data and 3D CFD
results can be noted by the behavior of the parameters along the
blade span. 3D CFD results presented sharp curves, while the
design data have almost linear distribution. These differences
can be attributed to the fact that the design data do not take
account boundary layers effects, secondary flow, shock waves,
and other flow patterns that influence the behavior of the curve.

The presence of secondary flow in the rotor trailing edge
causes large variations in the total pressure and Mach number
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Figure 3. Total pressure distribution at stator blade.

distribution along the blade span, as mentioned by Tomita and
Barbosa (2011). These variations can be viewed by 3D CFD
results showed by Figs. 4 and 6.

The boundary layer effects, in the hub and tip of the blade, are
shown by the 3D CFD results curves. This behavior can be noted
by sharp curves below 10% and above 90% of the blade span.

Table 2 presents a comparison of design data against 2D
and 3D CFD results for design point operation.

Table 2. Comparison between mass-flow, pressure ratio, and efficiency.

Design 2D CFD Difference 3D CFD Difference

Descriptions data results (%) results (%)
Mass-flow (kg/s) ~ 7.12 - - 6.82 421
Pressure ratio  2.56 221 13.67 235 8.20
Efficiency (%) 86.37 94.25 8.36 85.96 0.47

100%
Design data \
90% 3D CFD results ’
80%
70% A
£ 60%
;i,
2 50% 1
= 40% -
30% 1
20% A
10% A
0% T T T

300,000 400,000 500,000 600,000 700,000
Total pressure (Pa)

Leading edge

Design data
90% A 3D CFD results

0% r T T

210,000 230,000 250,000 270,000
Total pressure (Pa)
Trailing edge

Figure 4. Total pressure distribution at rotor blade.

The mass-flow was not presented to 2D CFD results
because the simulation was made in the 2D plane on the 50%
of the blade span.

The difference between CFD results and design data is
mainly due to one-dimensional characteristic of the mean
line analysis, which is not able to capture all flow field details.
Similar conclusion can be obtained when comparing 2D and 3D
CFD results. The 2D model neglects 3D source-losses due to
intrinsic limitations of the model. Some 3D source losses can be
explained by the development of boundary layer in the end-wall,
and secondary flow in the hub and tip of the blade. The limita-
tions described justify the overestimated efficiency obtained by
the 2D CFD results. The design data account 3D source losses
by empirical correlations (Kacker-Okapuu loss model), which
justifies the good agreement with the 3D CFD results.
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Figure 5. Absolute Mach number distribution at stator blade.

The mass flow rate of design data is 4% greater than that
predicted by the 3D CFD results. This result is consistent,
as suggested by Dorney (2003). The factor that influenced
the mass flow in the design data is the model limitation that
uses one-dimensional equations of motion to predict the flow
quantities in the turbine. While the factor that influenced the
mass flow in the 3D CFD results is attributed to the fillets
consideration that reduces the flow passage area.

As can be shown by Fig. 7, there is flow separation in the
suction side of the rotor blade, which reduces the pressure
ratio across the turbine (Tomita and Barbosa (2011). This
behavior can justify the difference between pressure ratios of
the 3D CFD results and the design data in Table 2.
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Figure 6. Relative Mach number distribution at rotor blade.

The present study also focused on the performance maps
of the first-stage axial turbine. These maps were constructed at
design rotational speed (22,600 rpm).

The curves shown in Fig. 8 present similar overall tendency,
but 3D CFD results are in better agreement with Denton loss
model when compared with 2D CFD ones. It can be observed that
the turbine efficiency is plotted against different operating points
and the curves are shifted due to the limitations of each method.

It is also noted that turbine efficiency is nearly constant over a
wide range of pressure ratio (up to 1.75 for Denton loss model, e.g.).
This happens because the accelerating nature of the flow allows the
blade to operate over a large range of incidence flow angles, without
increasing the loss, as discussed by Saravanamuttoo et al. (2001).
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Figure 7.  Streamlines of the secondary flow.
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Figure 8. First stage turbine performance map of efficiency as a

function of the pressure ratio.

Figure 9 presents values for the corrected mass flow at
each operation condition. The 2D CFD corrected mass-flow
was not presented because the simulation was evaluated at
stage middle surface.

Besides, Fig. 9 shows that the corrected speed lines tend to
horizontal ones. This condition is reached at higher pressure
ratios, which produce chocking conditions at some point in
the turbine stage. Depending on the design, chocking may
occur in the nozzle throats or in the annulus outlet from the
turbine. Figure 10 shows chocked regions in the stator blades,
indicated by yellow isosurfaces.

Chocking conditions happen when the pressure ratio is
increased at a given rotational speed. The flow field develops
supersonic velocities, which usually form shock waves in the
nozzle throats, resulting in shock wave losses.
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4.0E-04 -

3.5E-04 -

o

3.0E-04 A
corr
2.5E-04 A
2.0E-04 -
1.5E-04 A
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5.0E-05 A —#— 3D CFD results
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w

Figure 9. First stage turbine performance map of corrected mass

flow as a function of the pressure ratio.

Figure 10. Yellow isosurfaces of mach >1 at stator blades.
CONCLUSIONS

A series of computational simulations have been conducted
to provide pretest performance for the first-stage axial turbine.
The flow and performance quantities predicted using the mean
line loss model code and 2/3 D Navier-Stokes equations adopted
in the numerical simulation showed reasonable agreement.

The results provided by the comparison of the flow param-
eters, such as Mach number and total pressure, showed good
agreement observed by the general tendency of the curves. This
concludes that the 3D CFD results are consistent with mean line
analysis used in the conceptual design of the turbine in study.

The agreement between performance maps curves generated
by the CFD simulation and mean line loss model using Denton
loss model, showed that the numerical simulation, which solves
the conservations equations and turbulence model, is consistent
with loss model adopted. The disposition of curves generated by
2D and 3D simulations showed the degree of fidelity that each
model depicts the losses. As would be expected, the 3D CFD
results are in better agreement with Denton loss model when
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compared with 2D CFD ones. This happens because the 3D CFD
results and Denton loss model account 3D flow patterns in perfor-
mance quantities, which are not accounted in the 2D simulation.

The advantage of using the CFD simulation, when compar-
ison is made against mean line loss model code, is the large
number of analysis that the CFD tool is capable of providing,
such as flow visualization showed by Figs. 7 and 10.
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