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ABSTRACT- This paper investigates, both experimentally and analytically, the heat and fluid
flow around the trailing edge of a film cooled gas turbine blade. In the analysis, steady state,
two dimensional, incompressible, recirculating turbulent flow is considered. The moemehtum
and energy equations are derived and transformed to the generalized format of Gosman and
et al (2). The kinetic energy and dissipation term of turbulence {(i.e. the k-E, model) is con-
sidered in the turbulence cemputational programs. Simall number of empirical constants were
obtained from both the mathematical model and the conducted experimental work. These
mathematical constants provide the most realistic predictions of heat transfer coefficients,
when compared with the available experimental data.

The investigation considers varying Reynolds number in the range of 6.25 x IOQ to
1.29 x 10° . _

There is a satisfactory agreement between the present experimental and theeritecal
results, for the blowing parameter (M = Uc/Ug) in the range from zero to one.

NOMENCLATURE.
A Cross-Sectional area
a, b, c, Coefficients in f{inite difference equation for, (])p,
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Emprical constants ,

Diameter of the blade trailing cdge

Local heat transfer coefficient, HB; local heat transfer Coefficient in case with
blowing, HUB; local heat transfer coefficient in case with no blowing.

Designates the number of nodes in the x-direction from the origin in finite
difference work.

Designates the number of nodes in the Y-direction from the origin in finite
difference work.

Turbulence kingtic energy

Length scale of turbulence

Blowing ratio (U c/Us )}

Rate of heat transfer through area A

Absolute temperature

Time average velocity component in x-direction

Fluctuating component of velocity in x-direction

Time-average velocity in y-direction

Fluctuating component of velocity in y-direction

Cartesian coordinate, distance measured from the centerline of the trailing edge
of blade.

Cartesian coordinate, distance measured normal to the solid boundary.

Thermal diffusivity

Diffusivity of turbulant kinetic energy

The ratio of effective viscosity to effective diffusivity for tucbulence energy.
The ratio of effective viscosity to effective diffusivity for thermal energy.

The ratio of effective viscosity to effective diffusivity for dissipation term of
turbulence kinetic enecrgy.

Dissipation term of turbulence kinetic energy.

Dynamic viscosity

The effective viscosity

The turbulence viscosity

Kinematic viscosity

Density

The parameter stands forw,, T, K, §
Stream function

Vorticity

Temperature parameter (T - TC)/(T,,- TC)

Blade material thermal conductivity.
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INTRODUCTION

Recent developments of aircralts aerodynamic and_combustion,charpbers have requifed
acrodynaimnic  surfaces to withstand considerably high tempecrature envirenments. Cooling
is used to ipaintain the surface temperature below that at which severe oxidization occurs.
An alternative method, {ilin cooling, is to introduce a thin stream of coolant over these
surfaces. The cooling stream forms a thin layer of insulating film between hot gas stream
and surfaces.

The study of heat and fluid flow around the trailing edge of a filin cooled gas turbine
blade is necessary to design blades of long lile operation. To neutralize geomeuy effect
on the variation al Igcal heat transfer coefficient around the trailing edge of a film cocled
gas turbine blade, two working sets of experiments were conducted. The first was to evaluate
the Jocal heat transfer coefficient in the case of no cooling to the blade. While the second
set was carried out to investigate the influence of blowing parameter (UC;"U"} on the local
heattransfer coefficient.

Extensive experimental work was conducted by Eckert and Soehngen {8), who studied
the [low of air past heated cylinders at Reynolds number ranging from 20 to 500. They found
that the .highest heat transier rates occurs at the forward and backward stagnation points,

Kays {f}, solved the wedge problem and predicted the relationship between the local Reynolds
and Nusselt numbers in the two dimensional [low.

Over the last thirty years, a greal deal of research works have been carried out
to study the mechanics ~f {ilm cooling. Many theories have been formulated to explain the
behaviour of coalant (ilms, and in particular the (ilm cooling effectiveness. The experimental
results of these investigations were cxpressed in ewmpirical lonmula with targe number of
empirical constants. Detter formulation ol 1he exprimental results can be obtained with the
help of 1wo dimensional recirculating  turbulent Dow  with coolant injection through slot.
This approach gives botter insight to the physical problem and facilitates the correlations
of experinental data. l-lHadik et. al. (%) vsed this approach and calculated the local heat
transfer coellicient around the leading celge of a (ihn coeoled gas turbing blade, for blowing
local heat transier coefficient without blowing s as the following:

t . Increasing ol blowing ratic increases the local heat transter coefficients ratios.

ii . The highest value ol heat transler ratio occurs at the re-attachement point.

iil.. Dlowing ratios of less than 0.3 cause the blade cooling (i.e. HB/HWB < Unity).

iv . Blowwng ratios of higher than 0.3 give increase heat transfer ratic higher than unity
{1.e. HB/HWB > Unity).

v . Careful formulation of the boundary conditions around the domain of analytical solution
is ossential to obiain acceptable resuits,

The present work studies the heat transler and (luid flow around the trailing edge of
a film cooled gas turbine blade both theoritically and experimentally. The coclant is injected
through a slot located in the mid of the trailing edge of turbine blade, which is immersed
in a cross stream as shown in Fig. (1). Theoritecal , two-dimensional viscous, turbulent,
recirculating, and steady fiow is considered. The locdl velocity components (U & V) at the
boundaries of control voluime are measured by using a calibrated X-Y probe hot-wire anemag-
meter and leeded to the comnputer programmime for getting on an agreeable results. Finally
the local heat transfer coefficients ratios are calculated experimentally and also computed
by using {k-§&) turbulent model, The computer programmne was run at the Cairo University
Computer Center. Study of heat and [juid Tlow around the trailing edge of a {ilm cooled
gas turbine biade, includes the effect of blowing parameter and various Reynolds number.

EXPERIMENTAL STUDY:

Aim ol the cxperitment is to ineasure the surface temperatures of the rrailing edge
of a {ilm cooled gas turbine blade. A heated model ol the trailing edge surface was made
from five electrically conducting feils. Each foil has a rectapguiar shape of 240 mm Iengtg,
4 wmm width and 0.3 mm thickness. The elecirical resistivity of foils metal is 47 ohm/ Cm~.
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The foils were glued to a prespex rectangular sheet having 292 mm length, 60 mm height
and 6 mm thickness. To blow the air, a slot of 210 mm length and 0.25 mm width has_been
machined in the middle of prespex sheet. The foils were connected in series of formlng_ a
two dimensional plane as shown in Fig.(2). A thermocuple was soft soldered at undersice
surface of each foil and at the midpoint of its length. Finally the surface grooves resulted
from the assembly of the heater were filled with plastic filler compound and the surface
sandpapered smooth. The manufactured model was then allocated downstream the flow close
to the working section exit of a wind tunnel. Experiment rig was constructed as showen
in Fig.(3) at the university of El-Mansoura, mechaincal engineering department in heat transfer
laboratory. In the operation of the wind tunnel the main air stream was drawn by an electric
driven centrifugal fan to the wind tunnel through a wire mesh and bell mouth inlet. The
driven fan is followed by a graduated throttle valve to regulate the air flow, The main stream
velocity was measured by using a mid channel pitot-tube and wall static tappings. The blowing
air was provided by an electric driven air compressor. Its flow rate was measured by using
a float-meter. The blowing air was heated upto 77 °C by a thermostatic electrical heater,
while the main stream temperature was recorded at 27 °C. The current passing through the
strips was adjusted to give a convenient range of temperatures across the surface, typically
20 °C above ambient temperature.

After a steady state condition was reached, the local temperatures measured by
each thermocuple were recorded and called wall temperatures (Tw). Also, the local adiabatic
wall temperatures (Taw), were measured when no heating is applied to the strips. These
adiabatic wall temperatures, arc not only a function of the geometry and primary and secon-
dary flow fields, but also a function of the temperatures of the two gas streams.

Corrections were made to account for the losses by radiation and transverse conduction
and for temperature readings to allow for the temperature drop across the wall.

Finally, the local heat transfer coefficients ratios were calculated by using the obtained
data at various Reynolds numbers and blowing parameter ratios.

ANALYTICAL SOLUTION:

An analytical study of heat and fluid flow around the trailing edge of a film cooled
gas turbine blade in the region close to the point of coolant injection is considered in this
study. Effect of blowing parameter is focussed in this study. The problem to be considered
is illustrated diagrammatically in Fig.(1-b). To cancel the effect of geometry, two sets of
analysis were conducted, one to determine the local heat transfer around the trailing edge
of a blade with no cooling, while the second is to calculate the local heat transfer coefficient
when cooling is considered for the same conditions. Cooling of the trailing edge of a blade
is effected by the injection of air through a slot located in the stagnation area of the trailing
edge. In the {low downstream the slot as indicated in Fig. {1-b), therc is a separation, recircula-
tion and reattachment in the immediate vicinity of the point of injection. In general, the
flow can be considered, two dimensional, viscous, and turbulent. In case of blade cooling
two computer programs were used to determine the local heat transfer coefficient. The
first one is used to compute the local adiabatic wall temperature, while the second is used
to calculate the local heat transferred between the blade surface and gas stream. In com-
putation, the basic conservation equations are used to find the domain of integration and
the boundary conditions for the problem.

The basic conservation equations, continuity, momentum, and energy in two dimensional
=5 well as the equations and terms for vorticity, streams function, turbulence energy, and
turbulence energy dissipation rate are given as follows:

T dx T dy ()
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The turbulence viscosity is related to the turbulence energy and its dissipation
rate term by the following relationship:

Jy; 2
= 10)
T c/uk fg_) {

Also, the turbulence dissipation rate can be shown by dimensional analysis, equal to:

X 3/2
& = cp k7PN ()

Where, CD is constant, and may be considered in this problem equal to 0.22, while

L is a turbulence length scale.

Before proceeding to numerical solution, the number of differential equations to
be solved were reduced by intreducing the stream function-~w, and vorticity w, into these
equations, (4,5,6,7 & 8). Also the pressure term was eliminated as a variable by differentiating
the x and y momentum equations (4 & 3) with respect to y and x respectively and substracting.
By this way a closed set of five equations have been derived and their simultaneous solution
gives prediction of momentum transport in a general turbulent flow. it may be noted that
five constants wece introduced in the development of the (k -&) turbulent model. Approximate
values have been assigned to these constants by a combination of physical arrangement
consideration of simple flow, and by comparing the theoritical with experimental predictions.
A computer program was written to find these constants by comparing the results obtained
by the use of the constants and the experimental results to most agreeable values. The obtamed
values are as follows:

cC

1.66; C 2045 C, = 0.09 6, 4 6= 1.3 67=055 (12

2 " A T

Finally, the five equations were solved numerically in cartesian ¢oordinats appropriate
to the film cooling problem. [t is noticed that the equations possess much similarity in form,
a fact which was helpful in programming the numerical solution procedure.

1 =
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The general form of the governing equations may be casted as the following:

d dovy d ds¥ d d (c %) d dic ¥p)
al a‘;((cpp ‘a"y)-a‘;’(cppa‘;)] - >‘[b(- """" Py "‘)]'a"y[b( ------ 4" }]

+d=0
Comparison of the [inally five developed consecvation turbulent flow eguations

of a film cooled trailing edge of the gas turbine blade, with the generalized equations gives
the functions of (])p, a, b. ¢, and a asgiven in the following table:

(bp 3 b c d {source term)
w L [ ) 0
"+ 0 | | —w
T | VeV GE) 1 0
K { U+ (Uelor) ! -{G+4)
2
g | Y+ welcE) | - ()G, + b I

The variables to be obtained numerically from the solution, are w,, T, K and §.

The vaiuves of these variables at the boundary conditions are required to carry out the numeri-
cal solution. Reliable values at the boundary condition shall form the input to the computer
programs. Some of these values were found experimentally. For example, the components
velocities were measured by using x-y hotwire anemometer probes. For the purpose of calcula-
tions, two sets of wall temperature boundary conditions were considered. To calculate the
local temperature of adiabatic wall, the i1emperature gradient normal to the blade surface
should be equal zero. When the local heat transfer between the wall and stream is to computed
at the trailing edge surface a wall temperature was assumed.

The used boundary conditions values are plotted in Figs. (#-a, and %-b).

Finally the computer programms which are attached and of this paper were written
in FORTRAN and run at [BM computer centre of Catro University. Each run has been taken
682 seconds, and 2500 iteration number.

RESULTS AND DISCUSSION

The present work is concerned with an investigation of fluid flow and heat transfer
around the trailing edge cf a film cooled gas turbine blade. Of special interest is the influence
of injection of cooled air from a slot tecated in neighbouring the stagnation point of the
trailing edge of blade, and therefore attention is focussed on the determination of the variation
of local heat transfer coefficient in this region.

Also an experimental study on film cooling trailing edge gas turbine blade has been
carried out with injection of hot secondary air through a slot (210 x 0.25 mms) located in
the stagnation point of that trailing edge.

Figure {5) shows a typical theoritical distribution of stream function and non-dimen-
sional temperature, § , cbtained using the numerical procedure. An interesting feature of
the flow filed at relativeiy large blowing rates is the recirculation zone with reattachment
downstream of the injection point.

The shape of the isotherms in Fig.(5) is consistent with this pattern, the colder
main stream fluid being drawn towards the surface and circulations appears behind the blade.
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The influence of blowing is examined more conveniently if the ratio of the heat
transfer coefficients in cases with and without blowing is used. Figure (8) shows this ratio
for various positions according to experiment and the prediction using the (k - &) model.
it will be observed that both theory and experiment exhibit a maximum point in the vigcinity
of reattachment and that blowing may produce local inCrease in, HWB/HB upto 80 per cent.

For small blowing rates, it is to be noticed that the heat transfer coelficient may
decreases because of a decrease in velocity along the surface.

Further comparison between theory and experiment is made in' Figs. (6-a), (6-b),
(6-c), (6-d} at diiferent Reynolds numbers. The programme of work involved other aspects
of the problem, including for example the predection of kinetic energy. These additional
topics are covered fully in reference (5), where the whole problem is dealt within much
greater detail in regard to both experimental and theoretical aspects of the investigation
in case of leading edge.

6- CONCLUSIONS AND RECOMMENDATIONS.

Fm cooling and hcat transfer has been investigated with particular reference to
the influence of fluid injection on the heat transfer coelficient in the vicinity of the trailing
edge of a gas turbine blade. New experimental data have been obtained and compared with
the results of a numerical prediction for turbulent recirculating {low,

It has been established that over the range of variables studied and for the particular
geometry.

I. Injection may have a significant influence on the flow.
ii. For large blowing rates an increase of upto 40 per cent may occur in the value of local
heat transfer coefficrent.
it « A maximum value of the heat transfer coeificient occurs in the vicintiy of the reattach-
ment point.

iv . Small blowing rates may produce a decrease 1n the heat transier coefficient.

In view of the importance of this field of study, geometry using inclined discrete holes
and variable property flows should be studied, and three dimensional flow rmay be considered.
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