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Resume

This paper concentrates on temperature distribution in the gas turbine
blade equipped by the cooling holes system on transient heat transfer. The
present study requires the specification of internal and external boundary
conditions. The calculations had been done using both Crank-Nicolson
algorithm, explicit and implicit methods, in which different heat transfer
coefficients on internal cooling surfaces of the holes were applied. The value
of coefficients has a direct and crucial impact on the final result. The heat
transfer coefficient of cooling the working surface of the of heat pipes was
1600 W/(m2K). It was found that there were no significant differences of
temperature distribution in comparison of results from explicit method
in the Ansys analysis, Crank-Nicolson algorithm and implicit method in
Matlab. The simulation is based on Finite Element Method, which uses the
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1 Introduction

Development of materials and technology, used
in the construction of turbine blades and cooling
systems, contributed to an increase of combustion
temperature of the fuel. Therefore, the first (and often
the second) turbine stage is cooled by the air extracted
from the compressor. The high compression ratios
cause a significant increase in the temperature of the
compressed air, which is approximately 1200 °F (649
°C). That causes the thermal stresses on cooperating
elements - mainly gas turbine blades. To minimize the
risk of premature material wear, solutions are used
to reduce the temperature of the vanes in the form of
cooling channels. The following section shows the main
types of direct cooling:

Convection cooling,

Impingement cooling,

Film cooling,

Full-coverage film cooling,

Transpiration cooling.

An increase of the working medium temperature
by 100 °F (566 °C) contributes to the increase of the
power output by 8-13% and the increase of the overall
efficiency 2-4 % for a single system. The internal single-
flow cooling used in the 1960’s allowed the flue gas
temperature to reach ~ 850 °C. Further development in
the form of membrane cooling, combined with one-cycle
air flow (1970’s), increased the temperature resistance
to over 1000 °C. This type of cooling works on the
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principle of radial air flow through the profiled channels
of turbine blades and vanes. The radial flow through the
channels provides multiple meandering air movement
that removes the heat from the walls. This is currently
the most widespread idea of cooling. The middle section
is cooled by the forced convection, the air flows around
the ribs that give off heat. The leading edge is also
cooled by exhaust nozzles. The circulating air leaves the
inner surface through the outlets at the trailing edge.
Jet cooling is a part of the above solution. This is a type
of high-efficiency convection cooling. The cooling air is
directed, at a high speed, to the inner part - the front
part of the blade. The high speed of the medium causes
an increase in the heat transfer coefficient and thus
a greater amount of heat is taken from the material
[1-3].

Han et al. [4] performed an experimental
investigation to study the effects of the hole pitch and
the blowing ratio on the leading edge region film cooling
performance of a twist turbine blade with three rows of
film holes under rotating conditions.

Mishra and Sanjay [5] studied the radiative heat
transfer of turbine blade cooling model and provided the
unique performance maps for power utility designers.

Kamal-Omar et al. [6] undertook studies about the
performance of a gas turbine, which depends on the air
temperature and proved that the cooling systems are
necessary to reduce the heat rate, as well as to increase
the turbine’s power output.

The major goal of Kim et al. [7] was to redesign

© 2021 UNIVERSITY OF ZILINA

COMMUNICATIONS 23 (3) B227-B23¢6



B228

JAKUBEK

17.188 mm
15.182 mm

0.75 mm

[1D12 0.4 mm v 14.854 mm
0.4 mm Cva1 13.077 mm
04 mm C1v34 10.289 mm
0.4 mm Cve 19362 mm

0.4 mm
0.4 mm
0.4 mm
1.2 mm
0.9 mm
27.606 mm
31.059 mm
9.52 mm
35,099 mm
39.434 mm
44,112 mm
48.755 mm

21175 mm

8

12 vie v
1 3 )

V34
]

53.349 mm
14.211 mm
23.185 mm
20.634 mm
19.873 mm
18.676 mm

1

4609
Ve 'Lt

7.500

A

y

T

1(x,.0,)

15,000

50600 frrm

22500
Figure 1 The geometry model of the turbine blade used in simulation including all dimensions
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Figure 2 The linear triangular element with three nodes [4]

the internal cooling passage to reduce the pressure
loss so that it does not demand increased coolant
feed pressure. The high-fidelity numerical simulations
predict improvement and, as a result, reducing the
temperature of the turbine blade.

Baakeem, Orfi and Al-Ansary [8] achieved the
optimum value of the cooled air temperature and
presented the comparative study of widely used cooling
methods by using mass and energy balance including
mechanical vapor compression.

The research undertaken by Zhou et al. in [9]
shows that film cooling effectiveness descends with the
increasing blowing ratio. Numerical simulation proved
that the blade middle-spane area has the thickest film
cooling coverage.

He et al. [10] studied the cooling performances of
three kinds of film holes (standard cylindrical film holes,
transverse trenched and segmented trenched film holes).
The research was undertaken with numerical method.

The film transfer cooling hole location and their

dimension affect to film cooling system. It is proved by
Zhou, Wang and Li [11] due to numerical investigation.

The major subject of Liu et al. paper [12] was
modeling the film cooling flow of the turbine blade and
compared results with developed method by adding end
wall cooling part.

Wei et al. [13] performed the numerical simulation
of effusion cooling mechanism by using different sizes
of internal holes. During the modeling the inclination
angle and the expansion angle were changing.

2 Numerical analysis
2.1 Problem formulation

The geometry of the turbine blade with cooling holes
was created by using the Ansys software, the subject

of this studies concentrates on the heat conduction
by using the Finite Element Method application. The
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Figure 3 The geometry model after discretization process [15]

model considers the gas turbine blade with the cooling
system. It had been managed by seven holes (Figure
1) through which the flowing air provides a decrease
of temperature. All the dimensions and geometry are
shown Figure 1.

The analysis considers the turbine blade cooled
by the air passing through ten holes. The first three
holes are marked as D1, D4 and D7, their dimensions
are respectively 0.75mm, 1.2mm and 0.9mm. The
remaining holes have the same dimension - 0.4 mm.

The triangular method, used in the present analysis,
consists of three nodes, therefore the temperature in
the particular finite element was computed by using
the temperatures in three nodes and shape function
estimated in x, y coordinates. The example triangular
element is shown in Figure 2.

The temperature within the triangular element Q¢
has been calculated by the function [14]:

T°(x,y) = ai + asx + a5y . 1)

The nodal coefficients (af) are obtained by solving
the three linear equations, each one is corresponding
with individual node in triangular finite element. The
temperature changes in the x and y directions, therefore,
in each equation the individual nodal coordinates are
used. After calculations, one obtains the following three
equations [15]:

ai = ﬁ[(xzys — x3v2) TY + (x331 — x1v3) T - @)

{21y — 2201) T3],

as = ﬁ[(yz — ) TS+ (s —y) T (v — ) T3], (3)

a5 = el — ) T + (0 — 1) T (2 — x) TEL. @

Ac is considered as an area of a triangular element.
As a result of substitution of coefficients into the

Equation (1), on obtains the shape functions for the
three nodes of a finite element.

1

N Iw(af"‘bfx‘i‘cfy), 5)
Ny = ige(as + bx + ), ®)
Ny = heas + bx + ). )

2.2 Finite element model

To obtain the discrete model, the Ansys - Workbench
software was used. The geometry model after
discretisation is shown in Figure 3. The whole structure
has been divided into the finite elements by the mapped
face meshing method. That feature automatically
determines a suitable amount of divisions on the edges.
However, the automatic method generates the high
density of nodes around the circularly shaped cooling
holes, therefore, for the better nodes arrangement on
the whole surface the upper and lower edge were divided
by applying the solid number of divisions (120 - for the
upper and lower edge of the blade). In this analysis, the
triangular method was applied, hence the number of
nodes and elements are respectively 960 and 1 633.

2.3 Boundary conditions

Applied boundary conditions are shown in Figure 4.
The following analysis is considered as a heat transfer
in two dimensions. The convective surface boundary
conditions are defined in locations in yellow and red.
The outer blade’s surface is divided into two segments
“out 1”7 and “out 2”. The inner surface is divided into
ten sections “in 1” - “in 10” The material parameters
and meticulous description of values and their units are
shown in Table 1. It contains the thermal conductivity

VOLUME 23

COMMUNICATIONS 3/2021



B230 JAKUBEK
ing -
in
ing i
in9
0,000 12,000 20000y 10
5000 15,000 out 2
Figure 4 Finite element method of the turbine blade with applied boundary conditions
Table 1 Parameters of the transient heat transfer in the present case
parameter units value
.. w
thermal conductivity (k) XK 6.92
. kg
density (p) e 4540
. J
specific heat (c) kg X K 460
heat transfer coefficient in surfaces of turbine blade (h,, h ) mZVI): K 400 - 5000/ 1600
temperature on turbine blade surfaces (t,, t ) °C 280 / 500
time step (61) s from 1x 10 “to 1x 10 ®*1x 10 s
initial temperature (t ) °C 22

of the blade (k); specific heat of material used in analysis
(c), convective heat transfer coefficients h, , 2 ,, volume
of temperatures T',,T , time step (A1).

The high temperature in the compressor stages in
aero engines is determined using titanium as a major
component of material, which can withstand difficult
conditions. The material used in simulation (Ti-6AL-
2Sn-4Zr-2Mo) is characterized by superior stability in
the long term application at temperature over 540 °C,
therefore it is one of the most suitable material for
compressor turbine blades, especially common in US in
the jet engine applications [16-20].

out’

2.4 Crank Nicolson method

The Crank-Nicolson method is used to solve
calculations in numerical simulations related to the
subject of the heat flow. The main second order partial
differential equation (PDE) takes the following form:

2

2 2
9 u D=0,

ox9y +C

2
A% +B (8)

where A, B and, C are independent variables of x, v,
while D can be a function of x, y, u. Equation (8) is

called a parabolic partial differential equation, when
the quadratic equation B2-4AC = 0. Below is a diagram
describing the principle of operation of the discussed
method. The calculation attempt was made to conduct
the heat through the one-dimensional element. The
general form of the equation takes the form [20-22]:

oT

*T _
ax at -

o 9)

The method is based on the following differential
scheme:

*T

~L[ Tl —2Ti+ T,
ax* i,j~ 2 (Ax?) (10)
LT =T + Tfi%]

(Ax?) ’

The right part of the Equation (10) is the result of
the arithmetic mean of the second degree derivative for
position x at time j + 1 and j. Its main advantage is the
more accurate result compared to the implicit method.
This is due to the error of estimating the top for this
method is O (At>+ Ax?).

T 1]

oT
KB AT S
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Figure 5 Temperature distribution in the turbine blade for the heat transfer coefficient 400 W /(m?K)
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Figure 6 The result of the transient thermal analysis for the model parameters given in Table 1 in Ansys software.
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The following equation is a linear equation, thanks
to which one can calculate the temperature in all the
nodes (except boundary conditions) at a given time.

— AT + 21+ AT = AT, = 1%
AT +2(1 — A)Ti+ AT .

The Crank Nicolson method is an efficient technique
of computing ordinary differential equations, which is
based on the trapezoidal approximation to determine the

temperature in nodes at time. Regarding the matrices
and vectors, the formula is used:

a-ol gL+

+6{%}n+1

{ry={r}+ AT,

(14)

{T}" - temperature vector at n time level,

{T}+! - temperature vector at n+1 time level,
{dT}" - temperature derivative at n time level,
{dT}"! - temperature derivative at n+1 time level.

The equation which was used to determine nodal
temperatures by using global matrices [M] and [K] and
vector of nodes [f] is (14).

3 Results

After the meshing procedure and applying all the
boundary conditions, the temperature of the turbine
blade was calculated in twenty-four different heat
transfer coefficient. In the next step, the same geometry
and all the conditions were used in the simulation
to obtain the results in the Ansys-Workbench and
Matlab software. The results are presented in plots
below.

3.1 Transient thermal analysis

The plots and visualizations of the transient thermal
analysis of the turbine blade in the Ansys software for
parameters given in Table 1 are shown below.

The transient thermal analysis (Figures 5 and 6) for
the step controls: maximum time step: 0.001 s; minimum
time step: 0.0001 s, the heat transfer coefficient was 400
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Figure 7 The result of the transient thermal analysis for the model parameters given in Table 1 in Ansys software.
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Figure 8The visualization of transient thermal analysis for heat transfer coeficient 5000 W /(m?K), model in Ansys-
Workbench software

W/(m?K), the minimum and maximum temperature at
the beginning of the calculation are respectively: 22.0
°C and 44.4 °C, at the last second of computing the
minimum and maximum temperatures are respectively:
470.7 °C and 499.87 °C.

The analysis (Figures 7 and 8) for the step controls:
maximum time step: 0.001 s; minimum time step: 0.0001
s, the heat transfer coefficient was 5000 W/(m?K), the
minimum and maximum temperature at the beginning
of the calculation are respectively: 22.0 °C and 45.4
°C, at the last second of computing the minimum and
maximum temperature are respectively: 363.0 °C and
499.87 °C.

3.2 Crank-Nicolson method

The Crank-Nicolson soulutions for the model
parameters given in Table 1, for the time step 0.001s,
are shown in the plots below (Figures 9 and 10).

The heat transfer coefficients, applied in simulations,
are 400 W/(m?K) and 5000 W/(m?K), respectively.
Results of calculations are the minimum and maximum
temperatures of the turbine blade. At the beginning
of the analysis, the temperatures are 20.8 °C and 26.2
°C, in both cases. At the last second of computing
the minimum temperatures are 470.5 °C for 400 W/
(m?K) and 362.8 °C for 5000 W/(m?K). The maximum
temperature for both plots is 499.9 °C.

3.3 Implicit method

The implicit solutions for the model parameters
given in Table 1, for the time step 0.001s, are shown in
the plots below (Figures 11 and 12). The heat transfer
coefficients, applied in simulations, are 400 W/(m?K) and
5000 W/(m?K), respectively. At the beginning of analysis
the temperatures are 21.8 °C and 26.2 °C in both
cases. At the last second of computing the minimum
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Figure 9 The Crank-Nicolson solution for the model parameters given in Table 1, the heat transfer
coefficient was 400 W/ (m*K)
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Figure 10 The Crank-Nicolson solution for the model parameters given in Table 1, the heat transfer
coefficient was 5000 W /(m?K)
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Figure 11 The implicit calculation for the model parameters given in Table 1, the heat transfer
coefficient was 400 W /(m?K)
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Figure 12 The implicit calculation for the model parameters given in Table 1, the heat transfer
coefficient was 5000 W /(m?K)
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Figure 13 The influence of the heat transfer coefficient on the final temperature based on the three calculation methods

temperatures are 475.8 °C for 400 W/(m?K) and 362.9 °C
for 5000 W/(m?K). The maximum temperature is
499.9 °C in both cases.

4 Conclusions

The mathematical model of the turbine blade heat
exchange was prepared by the three different methods.
The optimal time step of calculation for Explicit and
Implicit, Crank-Nicolson method were selected which
gives convergent results, what is shown in the plot below
(Figure 13).

e As the heat transfer coefficient increases the
efficiency of the cooling holes rises as well, therefore

the temperature of the turbine blade wall has been
reduced.

* The smaller value of the heat transfer coefficient,
the poorer cooling efficiency has occurred. The
maximum temperature calculated in the hottest
part of the blade was 499.9 °C, as a consequence the
differences between the lowest and the highest point
of temperature was only 30 °C.

* In the highest value of heat transfer coefficient,
efficiency of the cooling holes is the most significant.
The difference between the lowest and the highest
point of temperature was 136 °C
The presented solution provides an effective way to

reduce the temperature of the front part turbine blade

(cooling area).
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Annex - Nomenclature

nomenclature meaning

Roman symbols

A area, m?

C specific heat capacity, J/(kg-K)

h heat transfer coefficient, W/(m?K)

h enhanced heat transfer coefficient based on outer tube surface A , W/(m?K)
k thermal conductivity, W/(mK)

N, finite element shape function refferd to i-th node
T temperature, °C

T, initial temperature, °C

X,y Cartesian coordinates, m

T temperature as a function of place, x and time t
-0 thermal diffusivity obtained by equation o = pLC
-k thermal conductivity

-C specific heat

Matrices and vectors

{f} vector of nodal loads

{K} stiffness matrix

{T} vector of nodal temperatures

Greek symbols

a line search parameter; temperature coefficient

T time, s

p density, kg.m?
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