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ARTICLE DETAILS ABSTRACT

Article History: For aero-engines, stator blade is a key component, which is important to increase thermal cycle efficiency. In this
paper, a calculation model using conjugate heat transfer (CHT) method was established for an aircraft engine first-

Received 26 June 2018 level turbine stator blade with air cooling, and 3D heat transfer simulation considering the radiative influence was

Accepted 2 July 2018 accomplished, which caused the computed results to be more reasonable and accurate. The first-level turbine stator

Available online 1 August 2018 blade channel's flow field temperature distribution and the stator blade surface's temperature distribution were

obtained in three different working states: the max-power state, the cruise state and the idle-power state. On this
basis, the research to the cooling performance of the turbine air-cooled stator blade was conducted. The results
provided the basis for material feasibility analysis of the turbine stator blade, and the calculation method was of high
value on engineering application.
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1. INTRODUCTION

An important way to improve aircraft engine performance is to increase 1) Improve the heat resistance of the material, such as developing high

* fi heat resistant alloy, facturi ingl tal blades [6];
thermal cycle efficiency by improving the turbine inlet temperature T3 performance heat resistant alloy, manufacturing single crystal blades [6]

and the total compression ratio 77} [1-2]. According to the calculation, the 2) Apply advanced cooling technology, consume a small amount of cooling

air to achieve a good cooling performance [7-10].

engine thrust will increase by about 10% with T3 improving 55K in the
It is generally considered that the material improvement accounts for

case of the same engine size. Nowadays the usual aviation gas turbine’ s about 40%, and cooling technology accounts for 60% or so. Therefore,

inlet temperature has been as high as 2000K, which goes far beyond the how to improve the cooling efficiency and obtain greater cooling effect
heat-resistant limit (about 1600K) of the turbine blade material, as shown with less cooling air has always been one of the important issues that aero-
in Figure 1 [3-4]. Thus, adapting some cooling ways to reduce the blade engine designers focus on, especially when the design of the turbine blades
surface temperature is essential. becomes more and more sophisticated and needs more detailed range of
reference. Therefore, understanding the blade flow field temperature
K A distribution and the blade surface temperature distribution is very

2000 turbine inlet important.

temperature
In this paper, the calculation with conjugate heat transfer (CHT) method

1500 aimed at an aircraft engine turbine stator blade was conducted. The flow
field of turbine blade channel, temperature distribution and blade surface
and internal temperature distribution were obtained in three different

1000 heat-resistant limit working states: the max-power state, the cruise state and the idle-power

state. On this basis, the cooling performance of the air-cooled stator blade
> was analyzed.
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2. OBJECTIVE

A certain type of aero-engine first-level turbine stator blade is the internal
Figure 1: Trend-line of Turbine Inlet Temperature air-cooled blade, considering the characteristics of the turbine internal

The turbine blade is a typical complex hot-side structure with high cooling blade, the computational domain was abstracted into the graphics

temperature and high load, its performance and reliability are directly
related to engine performance, durability, reliability, and life [5]. To make
the turbine blade withstand the higher inlet temperature, now the main
ways are as follows:

of Figure 2, in which fluid domain I can be seen as the flow field of the
mainstream channel, fluid domain II can be seen as internal cold flow field
of blade, and solid domain can be seen as a hollow turbine blade with air-
cooling [11-12].
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Figure 2: Sketch of Computational Domain

The entire computational domain consists of fluid domain I, fluid domain
II and solid domain. I'1 is the interface of the outflow and solid domain, and
I'z is the interface of the influx and solid domain. The high-temperature
fluid from the outflow channel (Fluid Domain I) transfers heat to solid
through I'1, and solid transfers heat to influx (Fluid Domain II) through Iz.
In this paper, the flow field distribution of the outflow channel (Fluid
Domain I) and the blade (solid domain) temperature distribution were
obtained through conjugate heat transfer numerical simulation method.

3. MATHEMATICAL MODEL

In this paper, the computational domain contains both fluid and solid
domains, thus it is essential to establish the control equations respectively
in the fluid and solid domains. The fluid domain consists of two parts (the
mainstream and the secondary flow), which are described by the three-
dimensional flow. The mainstream is the gas, and the secondary flow is the
air flow. Their properties are different, but they are considered as air in a
unified way for the convenience. In particular, the following assumptions
are considered:

a) The fluid is Newtonian fluid;

b)  The fluid is isotropic fluid;

) The fluid gravity (body force) is neglected.

31 Control Equation

The fluid three-dimensional unsteady compressible control equations are
shown as follows:

The continuity equation

ap , olpu;)
ot OX.

=0 (1)

The momentum equation
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The energy equation

a(pT)+6(pu‘T):div LVT +S; (3)

ot OX: C
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Where, k is the thermal conductivity of the fluid; ¢, is the specific heat of
the fluid; Sris source term, Sr=Sy+®, Si is internal heat source, @ is the
dissipation function.

ou. Ou; ou.
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ox, o, oX.

Where, u is the fluid dynamic viscosity; A is the second viscosity coefficient,

2 0,i#]j
by the Stokes assumption, ﬂ,:——/u; i = 1i ]
1=

1

Ti = | H

is the

Kronecker symbol.

Considering the coupled heat transfer problem of the blade with the gas
flow and cooling airflow, the computational domain is divided into two
parts: the fluid region and the coupled heat conduction solid region. In the
fluid region, the above control equations are applied to solve the fluid
parameters such as pressure, velocity, temperature, etc; while the
temperature distribution is only obtained by solving the heat conduction
equations in the coupled heat conduction solid region.

The heat conduction equation for the solid domain

apeT)_ 0 (| T, ©
ot ox. | ° ox T
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Where, c is the solid specific heat; Ks is the solid thermal conductivity; St
is the solid internal energy heat source.

3.2 Radiation Model

With the improvement of the turbine inlet temperature, the radiation heat
flux has become the heat source that increasingly cannot be neglected. In
this paper, the influence of the radiation heat flux was considered when
the turbine blade temperature was calculated. The P-1 radiation model
was applied to conduct radiation heat flow calculation, which is the simple
type of the P-N model. The P-N model is to expand the radiation intensity
to the orthogonal spherical harmonics, and the P-1 model only takes the
first four terms of the orthogonal spherical harmonics. The radiation heat

flux {, is shown as follows.

1
=— AG
"~ 3(a+o,)-Co, (“

S

Where, G is the incident radiation; c is linear anisotropic phase function

Coefficient; a is the absorption coefficient; O'S is the scattering coefficient.

4. CFD METHODOLOGY
4.1 Model Establishment

As mentioned in the objective, the numerical model includes two parts: the
fluid domain and the solid domain, in which the fluid domain is divided
into the external gas channel and internal cooling flow channel. The
domain is shown in Figure 3.
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Figure 3: Schematic of the External Fluid Domain

Figure 3(a) shows the boundary of the external fluid domain, figure 3(b)
describes the main area parameters in the gas flow direction. Here, L is the
distance from blade leading edge to channel inlet face, and also is the
distance from blade trailing edge to channel outlet face ; X is the
projection length of the blade chord in the engine axis. In accordance with
the experience of the impeller machine modeling, L is generally 1~2 times
X in the length, this article takes 1.5 times.

4.2 Computational Meshes

As can be seen, the turbine guide vane is an irregular space-form of
complex shape, non-structured mesh has good adaptability, so this article
adopts non-structured mesh to partition the model. To ensure that the first
layer of the meshes is in the bottom of the boundary layer, we especially
appropriately increase the boundary layer mesh. At the meantime, some
main heat-exchange areas are increased, such as blade leading edge,
turbulence ribs, turbulence column, gas film hole and etc. For this design,
the full three-dimensional model had 6.75 million meshes.

4.3 Boundary Conditions

The boundary conditions are shown in Figure 4. The inlet face of the
external fluid channel is pressure boundary, static temperature and
direction are given ; and the outlet face is mass flow boundary, the mass
flow is defined by gas flow and cooling air. The inlet of the internal cooling
channel is mass flow boundary, the cooling air mass flow and static
temperature are given. While, the left and right surfaces of the external

fluid channel are modeled as periodic; the upper and lower surface of the
external flow channel are modeled as walls, we assume that it is adiabatic
and no-slip.
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Figure 4: Schematic of Boundary Conditions
5.RESULTS
5.1 Temperature Distribution of the External Fluid Channel

The lower limit of temperature under the max-power state is setat 1150°C
under the max-power state, 920°C under the cruise state and 700°C
under the idle-power state. The temperature distributions of external fluid

channel under three working-states are considered and shown in Figure
5.

(a) 10% of the blade height (b) 50% of the blade height
A the max-power state

(a) 10% of the blade height

(b) 50% of the blade height

(c) 90% of the blade height

o I
(c) 90% of the blade height

B the cruise state
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(a) 10% of the blade height (b) 50% of the blade height

(c) 90% of the blade height

C the idle-power state

Figure 5: The Temperature Distributions of External Fluid Channel

Based on the simulation results, it can be seen that the maximum
temperature appears in the max-power state, and the temperature
distributions of the three working-states are similar, they have some
common features. The temperature gradually reduces from inlet to outlet,
there exists the maximum gradient near the throat. The temperature
around the blade is lower, that is mainly due to the film cooling holes

which are distributed in the blade basin and the blade dorsal. The cooling
air discharged from those cooling holes separates the blade form the high-
temperature burning gas, thus protects the blades. At the trailing edge of
the blade, there exists a long and narrow lower temperature area, which
is mainly caused by cooling air discharge from the trailing edge seam.

(a) 10% of the blade height

(b) 50% of the blade height

(c) 90% of the blade height

Figure 6: The Partial Enlargement of the Blade Leading Edge

Fig.6 shows the partial enlargement of the blade leading edge under the
max-power state. The temperature of a little piece of blade is higher near
the leading-edge position. This is mainly because of the high-pressure
burning gas, its pressure is higher than the cooling air in the internal
cooling channel, this situation may cause the burning gas conversely flow
into the cooling air channel, then the cooling effect might be bad in the
leading edge of the blade.

5.2 Cooling Effectiveness

Contrasting the temperature distribution of the channel with the vane
surface, we can get the engine cooling effect in each state as shown in the
following table. In this table, the cooling effectiveness, which shows the
temperature reduction, is the difference between the gas inlet
temperature and the blade average temperature.

Tablel: Cooling Effectiveness of the Stator Blade(°C)

temperature
|Working state Blade surface Cooling
Gas inlet |Gas outlet Effectiveness
[vane
. Ivane dorsal max
basin
The max-power state (1460 1380 1130 1120 1234 |26
The cruise state 1100 1040 365 945  |155
The idle-power state [880 830 685 760  |120

From the table, we can see that the solid blade temperature of blade basin
and blade dorsal are similar, that is because the blade dorsal adapted more
film cooling holes, so the cooling effect of blade dorsal is better. The
cooling effect under the max-power working condition is best, for the
temperature decreases the most.

6. CONCLUSIONS

1) This article concentrates on the cooling effectiveness simulation of the
air-cooled turbine stator blade, which has a remarkable impact on the
engine performance. The radiation influence was accomplished, which
causes the computed results to be more reasonable and accurate.

2) Through the analysis of the external fluid channel temperature
distribution, we can find the temperature of the external fluid channel

reduces 50°C~80 °Caveragely, due to the cooling air from film cooling
holes. The temperature reduction under max-power working state is the
most appearance.

3) Comparing the gas inlet temperature and the blade average
temperature, the cooling effectiveness under three different working-
conditions are calculated and contrasted. The max temperature reduction
reaches 226°C, 155°C, 120°C respectively.
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