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It is well known that turbine engine efficiency can be improved by increasing the
turbine inlet gas temperature. This causes an increase of heat load to the turbine
components. Current inlet temperature level in advanced gas turbine is far above
the melting point of the vane material. Therefore, along with high temperature ma-
terial development, sophisticated cooling scheme must be developed for continuous
safe operation of gas turbine with high performance. Gas turbine blades are cooled
internally and externally. Internal cooling is achieved by passing the coolant
through passages inside the blade and extracting the heat from outside of the blade.
This paper focuses on turbine vanes internal cooling. The effect of arrangement of
rib and parabolic fin turbulator in the internal cooling channel and numerical in-
vestigation of temperature distribution along the vane material has been presented.
The formulations for the internal cooling for the turbine vane have been done and
these formulated equations are solved by MacCormack’s technique.
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Introduction
The need for cooling

An increase in working temperature is a suitable solution for increasing the perfor-
mance of gas engine. It can be found from law of physics that an increase of the turbine entry
temperature (TET) would raise the net efficiency of the gas turbine. However, and increases in
temperature will increase the demands on the structures in the engine. High grade material, as
are found in e. g., the turbine blades or vanes, can with stand high load for infinite time at room
temperature. At elevated temperature, however, the materials become weaker and begin to
creep, which limits the time span for which the turbine blade can be used. There are generally
two different approaches to the problem of increasing the TET, and still achieving a sufficiently
long endurance of stressed parts. The materials are either changed to even higher strength mate-
rials, of cooling air is used to reduce the working temperature of the structure. While both these
solutions are normally employed, only the cooling idea will be addressed here.

There are several areas in a gas turbine which will need cooling owing to the high tem-
perature encountered. The combustor where the air and fuel is mixed and ignited will naturally
have a very high temperature. This mixed air/fuel gas then flows through the turbine before ex-
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isting at the back through the nozzle. These parts also work at elevated temperature of course,
even if they are not as high as in the combustor.

The focus of this paper is the internal cooling of the turbine vanes and investigation of
temperature distribution in the cooling channel with rib turbulator and parabolic fin with refer-
ence to the smooth cooling channel.

The turbine-cooling technique

The turbine stage is composed of an inlet guide vane followed by a turbine blade. The
stationary vane and the rotating blade are matched together and are known as a stage. A gas tur-
bine has normally several turbine stages. Due to the high working temperatures of the turbine, it
employs several different cooling techniques, both for the vane and the blade. In most cases the
cooling media is high-pressure air which is drawn from the compressor through ducts in the cen-
ter of the engine.

This air is then led up, through the inside of the blades and vanes in intricate ducts.
There will thus be two distinct gas flows around the turbine, the main gas flow with hot gases
from the combustor of the outside and the secondary air flow with cooling air from the compres-
sor on the inside. Figure 1 shows two different cooling techniques [1]: one in which the cooling
media is in contact with the hot gases on the outside of the blade and another in which the cool-
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Figure 1. Blade and vane cooling technique

Review of literature

Zhang et al. [1] investigated the effect of compound roughness on heat transfer and
pressure drop in rectangular channel for Reynolds number between 10,000 to 50,000. Tiwari et
al. [2] numerically investigated the flow and heat transfer in a rectangular channel with a
Build-circular tube. Han et al. [3] has discussed about the different turbine blade internal cool-
ing technique. Carlson et al. [4] in his paper, the diagonal Cartesian method is used to simulate
conjugate heat transfer involving complex geometries.

Metzger et al. [5] investigated the heat transfer associated with flow normal to arrays
of circular cylinder and developing heat transfer in rectangular ducts with staggered arrays of
short pin fins.
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Hann et al. [6] reported heat transfer enhancement in fully developed turbulent flows
in annuli, in circular tubes, and between parallel plates with periodic rib rougheners. The effects
of the rib height on the fully developed average heat transfer coefficient are well established.

Jang et al. [7], presented numerical predictions of three dimensional flow and heat
transfer for a two-pass square channel with and without 60 degree angled parallel ribs.

Heat transfer enhancement in fully developed turbulent flows in annuli, in circular
tubes, and between parallel plates with periodic rib rougheners has been reported in [8, 9].

Prakash et al. [10] presented the numerical prediction of turbulent flow and heat trans-
ferin a 2:1 aspect ratio rectangular duct with ribs on the two shorter sides. The ribs are of square
cross-section, staggered and aligned normal to the main flow direction.

Governing equation

The governing equation is:

2 2
o' + o°r :lﬂ (Heat equation) (1)
ox2 0y? «a Ot
The following assumption employed: unsteady-state, constant fluid property, and
thermal conductivity of vane material is constant.

Physics of the problem

The heat transfer in a turbine blade under operating conditions is a three-step process:

— heat transfer from the hot gas (external to the vane) to the vane by convection and conduction
in the fluid,

— heat transfer within the vane material by conduction, and
— heat transfer from the vane to the coolant (inside the blade cavity).

In order to accurately predict the temperature in the vane material, particularly on the
hot surface of the blade, one need to simultaneously compute all three domains, i. e., the external
gas flow, blade heat conduction, and internal coolant flow.

Methodology-CFD approach

The objective of computational fluid dynamic is to calculate an entire flow field either
around a turbine vane or through a rectangular channel with rib and parabolic fin turbulator. The
flow is unsteady, two-dimensional, compressible, and turbulent. The equations to describe this
task are the Navier-Stokes equation, the energy equation, and continuity equation.

The important steps of computational fluid dynamics (CFD) are formulating the gov-
erning equation, developing the appropriate numerical solution for these equations, developing
code using the C program, and then going through all trials, finally analysis of results.

Finite difference method

Finite difference method is one of the important methods for developing the numerical
solution of the governing equation. The numerical solution enables determination of the temper-
ature at any discrete points in the medium. The first step in any numerical analysis must there-
fore to be these points. This is done by subdividing the medium of interest into a number of small
regions and assigning to each a reference point.
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The reference point is frequently termed as nodal network, grid or mesh. The nodal
points are designated by a numbering scheme. The numerical accuracy of the calculation de-
pends strongly on the number of designated nodal point. If this number is large (a fine mesh), ex-
treme accurate solution can be obtained.

Finite difference solution

Once the nodal network has been established and an appropriate finite difference equa-
tion has been developed for each node, the temperature distribution may be determined.
MacCormack’s Technique is employed to iterate the transient equation [11]. Matrix inversion
method is employed to find temperature at different node after attaining steady-state temperature.

Assumption and boundary conditions
Assumption

The following assumptions are made for investigating temperature distribution in tur-

bine vane:
— two-dimensional conduction in turbine vane cooling channel,
— unsteady state of conduction,
— constant properties for gas and vane material,
— symmetric adiabatic condition for channel flow, and
— fully developed Compressible fluid flow.

Figure 2 shows the schematic diagram of turbine vane and the section under consideration
for analysis. Figure 3 shows the arrangement of rib turbulator and parabolic fin in the cooling
channel.

- 21717 cm — Rib turbulator
L=22cm )
e=0.0914cm 7
Cooling air 1.0897 cm
Hot gas Channel
Smooth channel Channel with rib
turbulator
/=0.183 cm!
){, Parabolic fin
Y . . .
Section under consideration Channiel with
X parabolic fin
Figure 2. Schematic diagram for gas turbine vane Figure 3. Dimensions of different type
of channel

Main dimensions and parameters are: breadth of the channel »=2.1717 cm, width of the
channel a = 1.0897 cm, pitch p = 0.9144 cm, thickness of rib e = 0.0914 cm, cooling air tempera-
ture 7,,; =200 °C, hot gas temperature 7, ,= 1300 °C, height of the vane A =110 cm, chord
length L =22 cm, length of parabolic fin/=0.183 cm, Nusselt number for hot gas (= A, L/k )=
= 14.0, Nusselt number for cooling air (= h;, L/k) = 4.7, and thermal conductivity of the vane mate-
rial (nickel and cobalt based super alloy) £ = 17.7 W/mK.

The general average heat transfer coefficient ' [12]

= jh% (2)
4, 4,
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where A4, is the true heat transfer area [cm?], A, — the projected base area [em?],;h,,, — the heat
transfer coefﬁc1ent of hot gas [W/m?K], and hmt the heat transfer coefficient of cooling air in
smooth channel [W/m?K].

Area for square rib turbulator:

A, =ap + 2ea 3)
A, =ap “4)

Area for parabolic fin turbulator [12]:

t_al‘/1+ +—1n +‘/1+ (5)

4, = (6)

Boundary conditions

The following boundary conditions were imposed. No inlet and exit conditions are re-
quired for a periodically fully developed analysis. Figures 4, 5, and 6 shows the boundary condi-
tion for smooth channel, channel with rib turbulator, and channel with parabolic fin.

At the wall (x =0, x = a/2, y = 0), adiabatic boundary condition:

oT oT oT .
—| =0, — =0, — =0 respectively.
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Figure 4. Smooth channel oo Symmetrc
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At the outer surface of the vane and inner channel, the boundary condition of third kind
corresponds to the existence of convection heating or cooling at the surface and is obtained from
the surface energy balance (convection surface condition):
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where 7'is the temperature [°C], A;, . — the heat transfer coefficient of cooling air in channel with
rib turbulator [W/m?K], and 4, , — the heat transfer coefficient of cooling air in channel with

int p
parabolic fin [W/m?K],
Results and discussion

Figure 7 shows the typical results of transient temperature variation for the smooth
channel, channel with rib turbulator, and channel with parabolic fins. Without cooling arrange-
ment in vane difference between the vane surface and fluid temperature must decay exponen-
tially to zero as time approaches infinity.

But presence of internal cooling arrangement in the vane always makes temperature
difference between vane surface and the hot gases. Hence the curve will not approach zero as the
time approaches infinity. It implies that the surface temperature of vane is less than the hot gas
temperature even the turbine runs at infinite times. In fig. 8 it can be seen that the temperature
difference between the outer surface of the vane and hot gas is more for the channel with para-
bolic fins when compare to that of channel with rib and smooth channel after attaining the
steady-state temperature.
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Figure 7. Fourier number vs. non-dimensional Figure 8. Variation of temperature with
temperature time

Figures 9, 10, and 11 shows the temperature field represented in the form of checker
board plot (plotted in MATLAB) for smooth channel, channel with rib turbulator, and a para-
bolic fin, respectively. As expected the maximum temperature exists at the location far-off from
the coolant, which corresponds to outer surface to the vane.

The heat transfer coefficient is more in the descending order for parabolic fin, channel
with rib turbulator and smooth channel because of flow separation an flow reattachment in para-
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Figure 9. Temperature [°C] distribution for smooth Figure 10. Temperature [°C] distribution for
channel (color image see on our web site) channel with rib turbulator (color image see on
our web site)

1100 bolic fin and rib turbulator. Also, heat trans-
1000  fer coefficient is high for parabolic fin when
compare to rib turbulator because of high
heat transfer area.

800 It can be seen that higher heat transfer
700  coefficient and best heat transfer perfor-
soo  mance can be obtained in the channel with
parabolic fins.

Furthermore, from the turbine cooling
400 design point of view, it is very important to
300  know the detailed distribution of tempera-
ture in the blade vane for fully developed
fluid flow inside the channel.

Figure 11. Temperature [°C] distribution for Therefore, a systematic an?S‘[l.ga‘[lF)l’l has
channel with parabolic fin turbulator (color image done to find the temperature distribution.
see on our web site) The temperature distribution on the
channel with rib turbulator and parabolic fin
has numerically investigated with reference to the smooth channel. It is concluded that the outer
surface temperature for parabolic fin is less when compared to that of remaining two cases. But
in the parabolic fin turbulator, fig. 11, the temperature distribution is uneven in the fin side of the
channel as shown. Even temperature distributions can be achieved using the rib turbulator.
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Conclusions

In this review, the numerical method for temperature distribution in turbine vane cooling
with rib and parabolic turbulator with reference to the smooth channel has been presented. Ex-
plicit finite difference technique (MacCormack’s technique) has been used successfully to pre-
dict the temperature distribution. As compared to other method, internal cooling with parabolic
fin turbulator is effective way to reduce the surface temperature of the turbine vane. However,
use of the parabolic fin is connecting with manufacturing problems, which require special con-
sideration.



THERMAL SCIENCE: Vol. 12 (2008), No. 3, pp. 65-73 73

References

(1]
(2]
(3]
(4]
(3]
(6]
(7]
(8]
(9]
[10]
(1]
[12]

Zhang, Y. M., Gu, W. Z., Han, J.-C., Heat Transfer and Friction in Rectangular Channel with Ribbed or
Ribbed-Grooved Walls, ASME Journal of Heat Transfer, 116 (1994), pp. 58-65

Tiwari, S., Diswas, G., Numerical Prediction of Flow and Heat Transfer In a Rectangular Channel with a
Build-In Circular Tube, ASME Journal of Heat Transfer, 125 (2003), pp. 413-421

Han, J.-C., Dutta, S., Recent Developments in Turbine Blade Internal Cooling, Texas A&M University,
College Station, Tex., USA

Carlson, K. D., Chen, C. J., Conjugate Heat Transfer on Complex Geometries with Diagonal Cartesian
Method, Part I: Methods, ASME Journal of Heat Transfer, 121 (1999), pp. 253-260

Metzger, D. E., Berry, R. A., Bronson., J. P., Developing Heat Transfer in Rectangular Ducts with Stag-
gered Arrays of Short Pin Fins, ASME Journal of Heat Transfer, 104 (1982), pp. 700-706

Han, J.-C., Park, J. S., Developing Heat Transfer in Rectangular Channel with Rib Turbulators, /nt. J. Heat
and Mass Transfer, 31 (1988), 1, pp. 183-195

Jang, Y.-J., Chen, H.-C., Han, J.-C., Computation of Flow and Heat Transfer in Two-Pass Channels with
60 deg Ribs, ASME Journal of Heat Transfer, 123 (2001), pp. 563-575

Gee, D. L., Webb, R. L., Forced Convection Heat Transfer in Helically Rib- Roughened Tubes, Int. J. Heat
and Mass Transfer, 23 (1980), 8, pp. 1127-1136

Sethumadhavan, R., Raja Rao, M., Turbulent Flow Heat Transfer and Fluid Friction in Heli-
cal-Wire-Coil-Inserted Tubes, Int. J. Heat and Mass Transfer, 26 (1983), 12, pp. 1833-1844

Prakash, C., Zerkle, R., Prediction of Turbulent Flow and Heat Transfer in a Ribbed Rectangular Duct with
and without Rotation, ASME J. of Turbomachinery, 177 (1995), 2, pp. 255-264

Anderson, Jr., D. J., Computational Fluid Dynamics: The Basics with Applications, International Edition
1995, McGraw-Hill Inc., New York, USA, p. 222

Incropera, P. F., Dewitt, P. D., Fundamental of Heat and Mass Transfer, John Wiley and Sons, 5" ed.,
1996, pp. 196-202

Authors” address:

T. M. P. Kumar, N. Alagumurthi, K. Palaniradja
Department of Mechanical Engineering

PEC — Pondicherry Engineering College
Pondicherry, 605 014 India

Corresponding author T. Micha Prem Kumar
E-mail: tmichamech@yahoo.co.in

Paper submitted: January 21, 2007
Paper revised: January 11, 2008
Paper accepted: March 5, 2008



