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Abstract

The accuracy of computer codes for turbo-machinery turbulent flow field
calculations relies strongly on the type and behavior of the turbulence moded used
in the computations. Analysis of different Reynolds Average Navier-Stokes
Equation (RANS) based turbulence models was applied to predict the flow field in
the linear first stage gas turbine cascade blade. The experimental investigation is
also introduced to validate the accuracy of turbulence models. This was done by
using five linear cascade blades tested in an open jet type low-speed subsonic wind
tunnel. The static pressure distribution was measured at the midspan of cascade
middle blade by using static pressure taps. The numerical results obtained from
different turbulence model simulations is individually reviewed for the correctness
of its predictions and compared with the experimental data in terms of integrated
flow parameters, such as static pressure coefficient distribution on both blade sides.
The results show that RNG k-e turbulence model gave the best prediction of
pressure distribution when compared with the experimental data. Prediction of
standard k-¢ and k-o turbulence models fail to predict accuratey the flow field
parameters in cascade passage. Prediction of (k-g) turbulence model overestimate
the turbulence kinetic energy values, especially in the regions of high velocity at
blade suction side, also not accurately predict the flow separation on the blade
suction side.
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1- Introduction

t is highly desirable to have a

powerful, generalized

turbulence model which
accurately models the full range of
turbulence effects across a wide
range of common turbomachinery
flows without substantial user
interaction. The most
computationally practical method
of dealing with turbulence is by
way of the Reynolds Averaged
Navier-Stokes (RANS) equations.
The goa of RANS turbulence
modeling is to prescribe the
correlation of the Reynolds stress
tensor. Physically, the correlation
is an artifact of Reynolds averaging
the Navier-Stokes equations. It
represents the time-averaged rate of
turbulent momentum transfer [1].
There are several mainstream
turbulence models of varying
degrees of complexity. They can be
classified by the number of extra
partial differential (or transport)
equations that must be solved (in
addition to the conservation
equations). Transport equations
allow non-local and flow history
effects to be included in the
description of the local turbulence.
The most simple turbulence models
are algebraic or
Zero-equation models; they require
no solution of differential
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Equations and therefore can
only use information from local
variables. There are also several
prominent one and two equation
turbulence models. The most
complex class of turbulence models
are Full Reynolds Stress Models
(FRSM)  with  which  each
independent component of the
Reynolds stress tensor is solved by
atransport equation.

Literatures show many
contributions in this field in which
[2] <Sudied a three-dimensional
Navior-Stokes analyzer based on a
control volume method developed
to simulate the complex flow field
within a turbomachinery. Turbulent
stresses were approximated by
modifying Baldwin-Lomax
algebraic, k-e, R k-e and RNG
k-e turbulence models. The
applications of the computational
modeling for the evaluation of
three-dimensional compressible
turbulent flow characteristics were
focused by [3]. The calculations
were performed with the use of
Reynolds averaged Navier-Stokes
(RANYS) equations based
turbulence models, namely the
standard k-e and k-o turbulence
models.

Comparison between the
experimental and CFD
(Computational Fluid Dynamics)
data in so called a verification test
were presented by [4]. The
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experimental part includes
measurements of static pressure
distribution, measured at mid span
of the blade. The flow regarded
incompressible  flow  (M<0.2).
Different turbulence models were
used in this study such as, SST k-
o, k-e, and RNG k-e. Also [9]

conducted 3D numerical
simulations of turbulent
incompressible  flows validated

against the experimental data from
linear low pressure turbine/outlet
guide vane cascade. Results from
three different turbulence models
as implemented in FLUENT, k-¢
Redlizable, SST k-0 and the
Reynolds Stress Models were
validated against detailed
measurements.

At the present work the effect of
several turbulent models has been
used to predict the aerodynamics
characteristic of two-dimensional
turbulent flows through gas turbine
cascade. Numerical simulations
were performed on an irregular
quadratic structured grid with the
FLUENT (V6.3) software package
which solves the Navier—Stokes
equations by using finite volume
methods. Two-dimensional
stationary numerical simulations
were made under turbulent
conditions allow to compare the
effect of flow characteristics
through the cascade blade passage.
Processor step of the solution is
done by solving NAVIER-
STOKES equations (continuity and
momentum equations), and the
turbulence  flow model as
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implemented in FLUENT Cod. The
computational results were
examined with using five
turbulence models available in the
computational cod used to find the
correctness of the CFD code
prediction. These models are
standard  (k-¢), RNG (k-g),
realizable (k-¢) as R (k-¢), sandard
(k-w) as S (k-w) and SST (k-w)).
Each turbulence model was
individually reviewed.
Postprocessor sep was done by
reviewing the results of the
computational code.

Experimental and numerical data
were obtained at the cascade mid
blade and at blade midspan. The
predicted data is compared and
analyzed with the similar data
obtained from experimental work
for the identical cascade blade. In
experimental investigation test a
cascade is tested in an open jet low
gpeed wind tunnel. The blade
profile that is used in
measurements is of a first stage
rotor of the high pressure (HP)
turbine of the F-100-PW-220
military turbofan. The pressure
distribution around the cascade
blade midspan is measured. The
remarkable differences in the five
turbulence models used in the

present predictions of Cp are
discussed.
2-Experimental set-up

This was done by manufacturing
five linear cascade blades tested in
an open jet type low-speed
subsonic wind tunnel. The static
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pressure distribution at blade
midspan was measured by using
static pressure taps. The wind
tunnel designed and constructed for
purpose of the present experimental
investigation. The  operating
velocity at the test section, in
which the flow is incompressible,
can be adjusted from (4m/s) to
(35nVs). The flow velocity in the
cascade entrance can be controlled
by means of the electrical motor
rotation (AC drive motor) and a
double butterfly valve located at
the wind tunnel inlet. Pitot — gtatic
tube is used to measure the air
velocity inside the inlet cascade
section.  The Reynolds number
based on the mean velocity of the
wind tunnel test section and the
blade chord length at the present
investigation, the Reynolds number
fixed a (2x10°) for all the

experimental investigation.
The cascade is arow of linear two-
dimensional blades having the
same geometrically shape of real
gas turbine blades. The cascade
consisted of five blades each 135
mm of axial chord; the blade
geometry is the same of a first
stage rotor blade of the high
pressure (HP) gas turbine of (F-
100-PW-220 military turbofan}, in
which it used as a power plant of
the F-16 aircraft [6]. Figure (1)
manifests the cascade arrangement
of blade. All the dimensions and
angles for this blade cascade can be
found in table (1). The pressure
coefficient presented in thiswork is
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defined as.
(P—Bg)
P 1/20U%

(1)

WhereC, represent the dtatic

pressure coefficient, p is the blade
surface static pressure, P, is the

free upstream total pressure, p is
the air density, and U_. is the free

stream velocity measured just
upstream the cascade.

To edimate the static pressure
coefficient distributions, and in
order to be convenient with the
requirements of  experimental
accuracy, i.e. the effects of the
wind tunnel test section walls, the
middle blade in cascade is selected
to do the datic pressures
measurements on both blade sides.
Therefore, midspan region of the
midblade provided with thirteen
static pressure taps, first static
pressure tap is located at the blade
leading edge stagnation point,
seven static pressure taps on the
suction surface and five on the
pressure surface. The surface
pressure is transmitted through (0.7
mm) diameter that are molded
inside the blade, care being taken
to make the static holes flush to
surface and to insure that holes are
with right angles to surface to
minimize the reading errors.

The condition, under which a
model is tested in the test rig, is not
the same as those in free air. The
effects of the walls, the model
thickness, and wake are subjected
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to the solid and wake blocking. The
maximum ratio of model frontal
area to test cross-sectional area of
7.5 % should be probably used
according [7]. In the present
investigation, the cascade frontal
areato the test cross-section area is
less than 7.5 %. This means that
the blocking errors are very small
and may be neglected in which

3-Boundar condition and

ssumption

In order to develop an applicable
comprehensive computational
method, some assumptions were
made for the flow, and these are,
steady two-dimensional
incompressible fluid flow, the
entering flow is subsonic
everywhere, the fluid is Newtonian,
the flow is viscous, the flow is
isotropic and turbulent, the flow is
isothermal, and neglecting the body
forces. Pressure inlet boundary
conditions are used to define the
fluid pressure at flow inlet along
with all other scalar properties of
the flow. It's suitable for
incompressible flow calculations.
Pressure inlet boundary conditions
can be used when the inlet pressure
is known, but the flow rate and/or
velocity is not known. It is useful
to move the boundary as far from
the region of interest as possible
where the general flow is known.
Thetotal pressure for an
incompressible fluid is defined as:

)

1 =9
Pr: P5.+ ?plul‘
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Pressure  outlet  boundary
conditions require the specification
of a static (gauge) pressure at the
outlet boundary.

Velocity inlet
boundary conditions are used to
define the flow velocity along with
all relevant scalar properties of the

flow, at flow inlets.

Turbulence quantities, (), (K),

(&), and () used in the turbulent
models are normally not known,
but they must be estimated as given
by [8] as follows:

B

Vy= \}T Uypp, (3)

Where
(u4) isthe magnitude of

velocity at cascade inlet.

(I isthe turbulence intensity,
turbulence parameters, and its
value ranging between (0.01L £1 £
0.1), the correct values of (1) used
according to the information given
in[8].

(L) is the turbulence length scale,
turbulence parameters, and is taken
as (20% s), where (s) is the inlet
height (cascade pitch) [9].

The kinetic energy is set to:
3
k= — (wy)?
The dissipation is set to:

(4)

_ 3/4 ;'113"Fz
e.=C —_—
1 L Lc

(5)
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Where C,is an  empirical
constant specified in the turbulence
model, for standard k-e model ¢, =

0.09, and for
ENGk— ¢ I]"u:nt:h%lii?M = 0.0854

which is derived from the RNG
theory, and is very close to the

empirical value of k-e model 0.09.
The specific dissipation is set to:
1/2
W= ﬁ (6)
(I) and (L.) in equations (5) and
(6) ae cdled turbulence
parameters.

4- Near wall treatment

The k-¢ models are primarily
valid for turbulent core flows
(i.e., the flow in the regions
somewhat far from walls).
Therefore consideration needs to
be given as to how to make these
models suitable for wall-bounded
flows. The Spalart-Allmaras and
k-o models are designed to be
applied throughout the boundary
layer, provided that the near-wall
mesh resolution is sufficient. The
near wall region is theoretically
subdivided into three regions. The region
closest to the wall, where the viscous
forces dominate, and the flow is
dominated by the molecular viscosity is
caled as the viscous sublayer. In the
outermost  region, the momentum
dominates over viscosity, and hence the
turbulent viscosity dominates. In the
intermediate region, both the viscous
forces and turbulence are equaly
important. Generally, one approach is used
to model the near wall region, as given by
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[10], in which they gave standard wall
functions and have been most
widely used for industrial flows as
a special formula for evaluating the
effective exchange coefficient at
the wall. Also [11] gave the
expressions for the wall function
for different dependent variables
based on a dimensionless quantities
andThe implementation of wall
boundary conditions in turbulent
flows starts with the evaluation of:

A
y'= iE |IE (7)
b 14 )
v= £ ®)
"\Ill? =g (9)

In equations (7) and (8),

Where v is represent the
kinematic viscosity and u, the
friction or shear velocity.

Equation (37) becomes:

yt=2ru };u (10)
, Or
yt= PCy Sk Ty (12)

I

¥, is the distance of the near wall

node p to the solid surface. The
wall shear stress is assumed to be
entirely viscous in origin. If
¥*>11.63 according to [11], the

flow is turbulent, and the wall
function approach is used.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

. & Tech. Journal, Vol.29, No. 14, 201

Validation of Numerical computations and
Turbulence M odels Combinationsfor Gas
Turbine Cascade Blade Flow

The log-law of the wall for mean
velocity yields:

u*=2In(Ey*) (12)

In this formula, = is von

Karman’s constant and taken equal
to (0.4187) and E is an integration
constant that depends on the
roughness of the wall. For smooth
walls, E has a value of (9.793)
according to [12]. The node (p) is
considered to be in the log-law
region of a turbulent boundary
layer. In this region, the wall
function formulae associated with
the log-law are used to calculate
the shear stress[23].
5-Distribution of pressur

Coefficients
Experimental and numerical static
pressure coefficients distributions
were obtained at the cascade mid
blade and at blade midspan. These
results are presented in figure (2).

Turbulence models are often
judged for accuracy based on the
comparison of their predictions
with the experimentally observed
values. The numerical pressure
coefficient distributions showed
scattered  values  upon  the
experimental results. The standard
k- € model and the standard k-
model  predict slightly  high
pressure coefficients values when
compared  with  experimental
values, but the difference between
them is that the standard k-
predicts high pressure coefficient at
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the nose and along the suction side,
while it predicts low values for the
residual part of pressure side. The
SST k-o model predicts the most
negative pressure coefficients. The,
S k-e RNG k-e and R k-g
predictions are very close to each
other for both suction and pressure
sides. RNG k-e model gave the

most closeness prediction of
pressure distribution when
compared with the experimental
data.

6-Distribution  of  turbulent
Kinetic energy
The accuracy of turbulence

models is often associated with the
estimation of turbulent kinetic
energy in the flow. With known
turbulent kinetic energy, k and
dissipation rate g, the turbulent
viscosity is calculated as:
kz

Uy = p Cpi s (13)
The production of k is an important
parameter that affects the pressure
distribution. High values of k are
predictced near high velocity
gradients,  because of the
production term in the transport
equation for k which increases with
increasing velocity gradients, and
hence increasing shear in the flow.
The turbulent Kkinetic energy
distribution is presented as
contours for different turbulence
models, as shown in figure (3).
Also, k digtributions for these
models on lower and upper sides of
the blade are shown in figures (4, a,
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& b). The standard k- model and
the standard k- & model predict
relatively high values of turbulent
kinetic energy; the standard k-o
shows interestingly high values of
turbulent kinetic energy at the nose
region. The RNG k- & model
distributions of k agree well with
those of the R k- € model. The SST
k- o predicts considerably low k
values for both the suction and
pressure sides due to the Slow
growth of shear stresses as shown
infigures (5, a & b). Asa matter of
fact, the production of turbulent
kinetic energy dominates in the
regions of high shear and high
velocity gradients. The turbulent
kinetic energy is transferred from
large eddies to small eddies in the
turbulent flow. Eventualy, the
small eddies dissipate the energy
received.

7-Distribution of the turbulence
disspationrate

The dissipation of energy is an
important mechanism of
conservation of energy in the
turbulent flow. The rate of
disspation of this energy is
measured in  terms of the
turbulence dissipation rate in the
two-equation turbulence models.

The general trend turbulence
dissipation rate of distribution is
smilar to the distribution of
turbulent kinetic energy (k). The
equilibrium between the production
and dissipation of k is the feature of
the RANS based turbulence
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models. The
realizable k-¢ model [14] does not
have a production term in the
transport ¢ equation, unlike other
two k- € models [9]. But, it predicts
large dissipation rate similar to the
RNG k- ¢ model. The RNG k-=

model [15] involves an extra term

in the transport equation for the

turbulence dissipation rate. The
term R isgiven by:

_ [ ()

62

p_

— (19

=

Where
_ sk —
=7 T~

438, and [ =0.012

(15)
This term compared with the
term C, ,.:é in equation (13), takes

into account the effects of rapid
strain in complex turbulent flows.
i.e, when n<m, the R_ term is
positive, and it adds to the €, term
resulting in similar predictions as
that of standard k-=. But, for highly
strained flows where #n >n,, the R,

term is negative and decreases the
effective contribution from p=?/k,
thus predicting lower effective
viscosity than the standard k-e
model, as shown in figures (6, a &
b) while SST k-0 model [16]
predicts low dissipation when
compared with other models.
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While the k- models did not have
a production term in the transport
equation for dissipation rate. The
balance between the production
and dissipation of k affects the
turbulent  viscosity, which is
dominant in the diffuson term.
8-Distribution  of  turbulent
viscosity

The turbulent viscosity o, is

directly related to the Reynolds
stresses, and hence its model is a
vital part of any RANS based
turbulence model. The turbulent
viscosity signifies the resistance
offered to the flow due to turbulent
mixing. The standard k-o model
given by [17] shows interestingly
highest values of u, at the leading
edge region. These results are the
turbulent mixing process taking
place in these regions, thus having
increased diffusion. The realizable
k- € model produces a maximum
turbulent viscosity for both suction
and upper sides as compared to
other models, while SST k-o
model predicts the minimum
values of ., as shown in figures

(7, a& b).

9-Digtribution of srain rate
Strain rate is the second invariant
of the strain rate tensor, relates the
shear stress with viscosity. The
turbulent sresses are found to
increase as the mean rate of
deformation or  strain  rate
increases. Thus, the strain rate
tensor is one of the important
components of the turbulence
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model, especially the models based

on Boussinesg approximation. The

strain rate S as given by [18] is
defined by:

)(6)

The distribution of strain rates
are shown in figures (7, a & b). All
models estimate high strain rate at
the leading and tralling regions.
The SST k-0 model predicts high
strain rates on the upper side when
compared with other models.

1 fBuj - ETh
= e
J 2 \dxi :EE':J(:_‘l

10-Turbulencemodels  analysis
Based on the analysis of the
numerical results compared with
the experimenta measurements,
the general observation about the
accuracy of different turbulence
examined.

In the original form of the Spalart-
Allmaras model, it is effectively a
low-Reynolds-number model,
requiring the viscous-affected
region of the boundary layer to be
properly resolved. This might be
why make the model less sensitive
to numerical error when non-
layered meshes are used near the
walls [19]. However, this model
shows good C; distributions close

to the experimental measurements.
The k-¢ model does not accurately
predict the pressure coefficients
distribution. The turbulence kinetic
energy and the dissipation rate
were quite high The RNG k-
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e model is the modified form
derived from the standard k-¢
model using the satistical
technique called a renormalization
group theory. It has an additional
term in the transport equation for ¢,
which reportedly improves the
accuracy of the model for highly
strained and swirling flows. This
required a suitable treatment near
wall region._Orzag [15] one of the
originators of the RNG model,
stated that the reduction in the
value of the constants in the RNG
theory reduced the rate production
of k and dissipation. Thus, as
reported by [20], the model
actually predicts lower effective
viscosity. This is evident from the
results obtained in this study as the
RNG k-¢ model estimates low
values of k, ¢, and u., as shown in
figures ((4, 5, 6, 7 and 8). One of
the important features of the RNG
k-¢ model is the strain dependant
term presents in the transport
equation for &. This term tweaks
the dissipation rate in highly
strained regions of the flow and
reduces it in low strained regions.
One more variant of the k- € model
is the realizable k- ¢ model. It
festures a formulation of the
turbulent viscosity and a transport
equation for ¢, derived from an
exact equation for the transport of
the mean-square vortices
fluctuation. This model s
consistent the physics of the
turbulent flows, satisfying some
constraints on the Reynolds
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stresses, and thus called realizable.
With these modifications, the
realizable k- ¢ performs better Cp

distributions when compared with
standard k- ¢ model and shows
very close RNG k- & GC;

distributions, as shown in figure
(2). The distribution of k for this
model is similar to that of RNG k-
¢ model, with the same trend for
the dissipation rate, as shown in
figures (6). In terms of the values
of strain rates, this model falls
among the other models for most
regions, as shown in figures (8).
This model predicts high turbulent
viscosities when compared with
other models, as shown in figures
(7).

Similar to the k- € model, the
standard k-o model is a two-
equation model based on the
isotropic eddy viscosity concept.
Instead of wusing the transport
equation for the turbulence
dissipation rate ¢, this model solves
the transport equation for the
specific dissipation rate . Unlike
the standard k-e model, this model
has not been tested extensively for
applicability to the boundary layer
flows around the turbine blade.

At the present,
this model predicts highest values
of k, &, u,, and S a the leading
edge region when compared with
the other models, as shown in
figures ((4, 5, & 6). This model is
not succeeded to be accurate with
respect to Cpvalues.
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The blend of capability of the
standard k- model to handle low-
Reynolds number effects and the
far-field performance of the k- ¢
model is the SST k-o model. In
transforming the k- ¢ model in the
formulation of k-o model, this
model  multiplies  both  the
formulations with a blending
function which "activates' the k-o
model in the near wall region and
uses the k- € model in the far field
region. It involves a modified
definition of the turbulent viscosity
in order to account for the transport
of the turbulent shear stresses.

11- Accuracy of  solution
As seen from the predicted results,
when the CFD code predicts the
flow separation, the problem
became so complicated, so that it
leads to increase the number of
iterations to convergence.
According to this concept and with
regards to the number of iterations
to convergence, the model RNG k-
¢ exhibits minimum number of
iterations to convergence (371), i.e.
CFD code early predict the flow
separation, while SST k-o exhibits
maximum number of iterations to
convergence (928).

12-Conclusions
Using k-¢ turbulence model in
the computations overestimate the
turbulence kinetic energies,
especially in the regions of high
velocity at suction side and not
accurately predict the flow
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separation on the blade suction
side.

RNG k-e turbulence model gave
the closes prediction of pressure
distribution when compared with
the experimental data and exhibits
minimum number of iterations to
convergence of (371).

R k- ¢ turbulence model predicts
acceptable closeness to the
experimental pressure distribution.

Prediction of standard k-¢ (S k-€)
and standard k- (Sw-e) turbulence
models variants are not in a good
agreement with the experimental
data, in which the percentage
disagreement between (S k-e)
maximum predicted values of C,
on blade suction side a (x/c) =
0.45 and the experimental values of
Cy was 13.8%, while for (S w-e) it
showed a maximum values of
19.4% at the same (x/c) on suction
side. Thus these two turbulence
models fail to predict accurately C,,

distribution. One of the reasons for
this discrepancy may be due to use
the isotropic eddy viscosity
concept, which leads to predict
highly anisotropic flow properties
encountered in these situations.

The SST k-o turbulence model
predicts high strain rates on the
suction side when compared with
other models, minimum values
of u., low dissipation when

compared with other models, and
considerably low k values for both
the suction and pressure blade sides
due to the slow growth of shear
stresses. The SST k-o turbulence
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model aso predicts the most
negative pressure coefficients and
exhibits maximum number of
iterations to convergence of (928).
List of symbols

C,: Coefficient of pressure

C,: Constants in two-equation
turbulence models

I:  Turbulenceintensity

k: Turbulent kinetic energy, m?/s2
L-: Characteristic length, m

S. Cascade pitch, m

S. Rate of strain tensor, 1/ s

R.: Extratermfor turbulence
dissipation rate in RNG k-£ model

u: Velocity component in x-
directions m/s

X & y; Coordinate direction
B; Coefficientsin k-o models

e: Dissipation rate of turbulent
kinetic energy, m?/s2

u,= Turbulent viscosity, N/m?s

u_: Turbulent eddy viscosity, N/m?*s

17 Working variable for the
turbulence modd ,m?/s

P: Density ,m?/s

Q: Specific dissipation rate, 1/s
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[4] A.

1 & 7_: constants in RNG k-£ model
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Table (1)
Number of blades

Chord
Axial chord

Blade stagger angle
Pitch
Span

Inlet flow angle

Bladeinlet and outlet angles respectively

Solidity

Figure (1) cascade blade inthe wind tunnel test section.
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Figure (2) Comparison of €, distributions between the experimental and CFD

results
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Figure (3) Distribution of turbulent kinetic energy contours around turbine blade
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Figure (4) Turbulent kinetic energy distributions along blade pressure and suction sides
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Figure (5) Wall shear stressdistributions along blade pressure and suction sides
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Figure (6) Dissipation rate distributions along blade pressure and suction
sides suction side

Sk-¢g
110
RNG k-¢
100
R k-¢
90 0.0025
Sk-o
80
‘ 0002
70 4|
Turbu(l:;x:csny 00015 |

k (m2/s2)

0.001

0.0005

0

0 001 0.02 0.03 0.04 0.05 006 0.07 0.08 0.09 0.1 0.11 012 0.13
Cx (m)

0 001 002 003 004 005 006 007 008 009 01 011 012 013
Ccx (m)

(a)Pressure side (b) Suction side

Figure (7) Turbulent viscosity distributions along blade pressure and suction
sides suction side
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Figure (8) Strain rate distributions along blade pressure and suction sides
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