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Abstract:

The aims with this rapport were to in a simple way
describe a new and advanced cooling technology.
The cooling technology described under the
introduction below is a combination of traditional
film-, impingement- and pin cooling.

The only parameter that has been considered is the
film cooling efficiency 77, and no concern to heat
transfer between the wall and surface has been
taken.

All studies have been carried out in the CFD
program Fluent 6.1 by [1], and only the final results
are present in this study.

Nomenclature:

p Pressure [bar]

T Temp [K]

P Density [kg/m3]
U Velocity [m/s]
m Mass flow [kg/s]
M

M e

Blowing ration between two
streams [-]. For example (i, )

Blowing ration at outlet of cavity,
compare to free stream

U,
[_] Mi — L
o0 : U o0
D, .
Dy, stands for the hydraulic
diameter at the outlet from the
cavity to the free stream [m]
0
—~ -0
OX. o T
! Non gradient in the direction i
Greek Symbols
Cp
4 Ration of specific heat — [-]
CV
n Film cooling efficiency [-],
n = M
T.-T,
Suffixes
0 Stagnation value
1,2,... reference planes
0 far away, “free stream”
i direction (x,y,z)



Introduction:

In the gas turbine hot air enters the nozzle at a high
speed and temperature. The reason for the need of a
high temperature is that it will increase the pressure
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adiabatic compression, and then also the
opportunity to create a high specific work output, as
the gas expands in the turbine. [2]

The thermal efficiency will as well increase with an
increase of the inlet temperature to the rotor. This
relationship between inlet temperature, specific
power and efficiency, have lead to great
engineering efforts in the attempt to push the
temperature to higher and higher levels. To day the
rotor inlet temperature "RIT”, have reach a level far
above the actually melting temperature of the
turbine blade materials. As is shown in Figure 1la
and 1b, the RIT can be about 1700K, as for the
Trent airplane engine. For military aircraft the
temperature can reach above 2000K when the need
for long life and low specific fuel consumption
aren’t that important, therefore more coolant air can
be bleed of from the compressor.

The same figure also show that the melting
temperature for the single crystal casting is just
above 1300K, so the temperature difference is
around 400K. [3],[4].

Filerv'
coremchicn At arced
[
azon |+ ~ \ 3} tinge
_ = o onystal
m_ & mllllr’
Corvpgiion - ity
[ b 5 R
irdat gan = A2
tempehan - S0 cong " Tirbina matesal
I mad lergaalaet
E
00 |-
| l [ |
[0
o 02 o4 e [T 18

T_-T
Coaling loctvanass (;"—Tﬁ)

="

Figure 1a: Shows the RIT [F] that can be used together whit
different cooling techniques. Also the cooling efficiency and
turbine blade melting temperature are shown. [5]
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Figure 1b: The RIT [K] vs. year. Also shown the improvements
for the material melting temperature and cooling technology. [5]

To be able to decrease the temperature of the blade
in an efficient way a combination of different
cooling technology is employed, see below. The
standard procedure are to bleed air from some stage
of the compressor, bypass the combustion chamber,
and inject it as cooling air in the turbine. Bout also
steam and water are used as coolant medium in
some special applications.

The cooling technology can be split into two
groups, internal and external cooling. The first one
includes the forced convection as the air flow in
multiple passages inside the blade. Some different
technologies are used here to increase the heat
transfer from turbine blade to the coolant air.

e Ribs: The idea behind ribs is to trip the
boundary layer directly after it have
attached and in that way increase
turbulence and then also increase heat
transfer. The variation of the geometry for
the ribs to achieve this is countless. The
can also be in a VV-format or combined in
a matrix. So a lot of study is needed for
achieve an optimum concerning
maximum heat transfer for minimum
pressure losses.

e Pin-fin and dimples cooling: Some other
technologies are to place pins in the
channel and at that way create a
recirculation zone behind and a high heat
transfer. The uses of dimples are to place
holes in the wall and in that way create
turbulence, and high heat transfer.



e Impingement cooling is when a
concentrated airflow is impinging on the
inner surface of the blade through some
small hole.

External cooling is when the air after being used for
internal cooling is ejected out through some holes
or slots to the external surface to create a protecting
surface “air film” acting as a barrier from the hot
combustion gases. *

An interesting new technology that combines pin,
impingement and film cooling in an attempt to
further increasing the RIT, is what this rapport will
be about.

In this text we will call it IFC, standing for
“Impingement/Film Cooling”.

The idea behind IFC is that instead of as for
normally film cooling, where the fluid is ejected

directly out to the surface and free stream airU _,

instead letting it pass a sophisticated flow passage,
see figure 2 and “figure 7 in appendix”. The flow
through the passage can be split into a numbers of
steps as below.

1. After that the air has been used for internal
cooling it is impingement through a row of
small holes into a cavity. This will give a
high heat transfer from the inside surface
of the outer wall, closest to the
surrounding hot gas stream, to the cooling
air stream inside the cavity. In that way it’s
cooling a larger part of the upstream blade,
compare to a normal film cooling.

2. The air is now driven by the pressure
gradient out from the cavity in the
direction towards the free stream. It passes
a row of pins that will create a separation
of the flow and a recirculation zone to
increases the turbulence and heat transfer
rate even more.

3. Finally the airflow is passage through a
duct and out on the suction surface of the
blade, to act as a protecting film barrier.

The efficiency is depending on the geometry,
number of pins 1-3, the turbulent intensity
“T1”, mass flow “m ”, velocity “U” and
injection angle to the free stream.

1 For the hole introduction down to this point,
references [2],[3],[4] has been used together to get a
fundamental understanding of the problem, and will
not be specified specific for every text line.

These parameters can be chosen accurate to
optimize the efficiency of the cooling
mechanism.

The effects for the cooling efficiency,
downstream flow velocity and wall
temperature when a number of parameter are
altered will be studied in the following text.
The studies were done by simulation in CFD

by [1].
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Figure 2: A schematically view of the IFC arrangement. From
the side plane and also top view A-A. Here the impingement
hole, pin-fins and filmcooling can be seen.

CFD modelling and boundary conditions:?

The modelling was done in the CFD program
Fluent 6.1. Below some of the most important
assumption and geometry will be explained but for
a more comprehensive description see [1].

Figure 2 and figure 7 in appendix shows the
geometry. The simulations have been made for four
different geometries, see table 1.

Name Impingement holes Pins-fins
NOV1-4p 3 4
NOV1-2p 3 2
NOV1-0p 3 0
NOV2-4p 1 4

Table 1: The four different geometries of the cavity. Viewing
the differences in impingement holes and pin-fins

The size of the computational domain was 21Dy,
upstream, 32 Dy, downstream and 26Dy, above the
injection surface.

The free stream temperature and cooling air
temperature were hold constant at 1300K
respectively 750K.

The U were varied between 1-6 m/s, while the
coolant inlet velocity were maintained at 3 m/s,

% The present results, figure and calculations from
hair and down to the headline “Number of
impingement hole” below is from Immarigeon A
and Hassan I, ref [1].



corresponding to a variation of the blowing rate
M; between 0.87-5.22. At the boundary of the

solution domain it’s assumed that there will be no
change anymore, so the outlet boundary condition

is v = 0, where x; is the three dimension (x,y,z).
X.

I

At the top surface a no slip condition were assumed
and, and the surface downstream of the injection
hole were assumed as adiabatic.

The modeling result:

To be able to draw any conclusions from the
experiments, efficiency 77 was used as a

measurement. The definition is:

T,-T,

Tc _Too

And Ty, is the average temperature in z-axis close to
the wall, y = 0%, T_ is the free stream (1300K),

T, is the cooling air (750K).

]7:

To have a reference to the new 77, and also find a

accurate turbulence model the CFD results for
different turbulence models with a normal film
cooling case was compared with measurements.
The result is shown in figure 3.
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Figur 3: Compare CFD against real experimental measurements.

The effect of blowing rate M

To study the effect of different blowing rates the
efficiency hade been plotted against a blowing rat
variation.

Definition of blowing rat and the range:

.U
———1 cavity inlet, range (0.87-5.22)
p.-U,

U
M, = Pe e , cavity outlet, range (0.44-1.77)
P U,

— Present Study, RNG model |

A problem with film cooling is that when the
cooling flow speed increases there is a great risk for
liftoff for the cooling jet so the hot free air stream
can breakthrough and directly heat the blade. A
decrees in 77 would in that case be seen close to the

jet inlet, before the jet might reattach and increase
the 77 again. The reason for this liftoff is simply due

to the high momentum in y-direction of the jet
compare to the free stream. With the normal
cylindrical injection hole this has bean shown to
normally occur around M =0.5, (but will differ a bit
for different shape and angle of the injection hole).
But for the IFC, there were now sign for any liftoff

evenatM; =5.22 = M, =1.77 ,ascanbe
seen in figure 4. The reason for this is probably that
due to the shape and diffusion in the cavity the
momentum is reduced.

Figure 4 also shows that 77 decreases at a slower

rate with %) as M, increases.
h

1 e

x/Dy,
Figur 4: The film cooling efficiency at different M. There is no
sight for any liftoff.

Figure 8 in appendix shows the distribution of the
1 inthe z direction as a function of % and M.
h

The conclusions that can be drawn direct from this
is that when M increases also 77 increases at all z

X X P
and /Dh . And also that when /Dh increases

Z
2,

The increase at

>1 increases.

Z
7,

of the cooling jet in the z-direction. This in turn is
due to the decrees in the jet momentum, when the
energy is dissipated in the boundary layer. That’s
given a lower velocity and due to continuity eqn the
area covered by cooling air in the z-direction is

nat

> 1 is due to the spreading




enlarged, therefore are also the cooling efficiency at
bigger z improved.

Consequence of pedestal number:

This section aim to investigate the difference of the
outgoing flow, with different number of pedestals
to disturb and increase the Tl in the cooling flow
outlet.

In figure 9in appendix a picture of the normalized
velocity at the cavity outlet shows that for example
if there is only two pedestals in the center, the
highest velocity is at the sides of the cavity. And if
there aren’t any pedestals at all the flow is more
uniform.

When comparing the efficiency for the centerling,
see figure 5, the configuration with two pedestals is
slightly higher. That’s primary due to the lower
mixing as a result from a lower centerline velocity.
Most turbulence and mixing in the z-direction occur
for the four pedestals, as can be seen in figure 10b
in appendix where the normalized velocity is
shown. Figure 10a also illustrate that the
penetration in the y-direction for the four pedestals
are about 20% lower, compared to the other two.
The consequence of this is a thinner cooling film in
the center, and lower centerline cooling efficiency.
But instead will the film cover a larger surface area
downstream and increase the efficiency at greater z-
direction as being shown in figure 5. The benefits
and disadvantage for each case is close to cancel
each other so that the mean cooling performance is
basically equal for the three configurations.
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Figur 5: Centerline cooling efficiency.

At low flow rate the two pedestal configuration is slightly higher
close to the injection and non significant difference further
downstream. When the flow rate is increased the highest
efficiency is for the two pedestals, and lowest for four pedestals.
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Number of impingement hole:

The effects of on the down stream cooling
efficiency were also studied for the NOV1-4P and
NOV2-4P, (three and one impingement holes). But
the effects for the inside blade surface cooling
wasn’t studied.

The centerline cooling will not differ much between
the two configurations, although there will be a
slightly higher penetration in the vertical axis for
one single impingement hole, NOV2-4P.

Meaning that for NOV1-4P the loss of laterally
momentum will be less, and the film will stay
closer to the surface as it enters the outside free

stream, U .

One impingement hole will cause a greater loss of
lateral momentum, as it expands in the z-plane to
fill the whole cavity.

Figure 6: Cooling efficiency in the “lateral” z-direction. There will be a slightly increase for NOV1-4P at large lateral position downstream.

Conclusions:

An important trend was that the use of a cavity
between the injection hole and free stream shown a
great improvement to prevent liftoff. This means
that when there is a capacity to use a higher mass
flow of cooling air, it can be done to achieve a
higher cooling efficiency, with the use of IFC.

The effects of different numbers of pedestals were
to effect the distribution of the cooling flow. For
four pedestals the greatest lateral cooling were
achieve, but with only two pedestals the highest
centerline cooling efficiency were obtained, due to
the lowest mixing with the mainstream.

Another very important question that hasn’t been
considered by [1] is if it’s possible to mold a that
highly advanced structure. Maybe it would be a
better idea to skip the pin-fins, to get a simplified
structure and more reliably turbine blade. Because
the turbine blade is a highly stressed structure. And
no internal stresses due to thermal gradient inside
the blade under operation both at standard case and
of design would be appreciated.
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Appendix:
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Figur 7: the modeling geometry. Dy, stands for the hydraulic
diameter of the inlet from the cavity to the free stream.
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Figure 8: Lateral cooling efficiency at different blowing rates,
M and downstream position, X/Dy.
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Figure 9: Shows contours of normalized velocity magnitude at
the cavity outlet plane, for three different pedestal combinations.
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