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The inlet temperatures of gas turbines are generally increasing over time, so conventional cooling methods are likely to approach
their useful limits. It is therefore essential to investigate novel cooling methods. Based on the theory of heat transfer enhancement,
a novel film cooling method for gas turbine blades using a chemical heat sink is proposed. In this method, the endothermic reac-
tion of an NHj; cooling stream heated by the main gas stream takes place, reducing the convective heat transfer between the main-
stream and the blades. Therefore, film cooling effectiveness is improved. To test the feasibility of the proposed method, numerical
simulations were conducted, using the classical flat plate with a 30 degree angled cylindrical hole (diameter, D). Film cooling
effectiveness at different blowing ratios (M = 0.5, 1.0, and 1.5) were computed and compared with the results of conventional
cooling methods. The simulation results show that the proposed method can enhance film cooling effectiveness not only in the
stream-wise direction, but also in the span-wise direction. The span-averaged film effectiveness is improved in the presence of a
chemical heat sink, with the value of X/D (the ratio of downstream distance from the center of the film hole to the diameter of the
film hole) increasing downstream of the film hole. The novel film cooling approach showed the best performance at M = 0.5.
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Modern gas turbine engines are typically operated with high
inlet temperatures, which are far beyond the melting points
of metal components. This requirement necessitates the
design of highly efficient cooling techniques. In the past
few decades, film cooling technology has played a major
role in the advancement of gas turbines to higher firing
temperatures and longer life parts. Many investigations have
been performed by a broad spectrum of researchers to
understand the fundamental physics of film cooling. The
primary focus of most research has been on the use of
discrete film holes. Cylindrical holes are widely used
because of their ease of manufacture. Kercher [1] presented
an exhaustive list of film cooling literature that focused on
cylindrical holes. However, this type of cooling structure
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clearly shows jet lift-off behavior and therefore, many
methods are used to remedy this problem. Bunker [2]
provided an excellent overview of the literature involving
shaped film cooling holes and examined the origins of shaped
film cooling, summarizing the extant knowledge concerning
the performance of such film cooling holes. It was confirmed
that cooling effectiveness of shaped holes is better than that
of the cylindrical holes. However, they are limited by
technical difficulties during manufacture. Therefore,
Heidmann et al. [3-5] again considered cylindrical holes and
studied an anti-vortex arrangement in which one primary
cooling hole is accompanied by two small side holes. De-
tailed flow visualization showed that as expected, the design
counteracted the detrimental vorticity of the cylindrical hole
flow, allowing it to remain attaching to the surface. Com-
pared with the standard cylindrical hole, an improvement in
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film effectiveness of about 0.2 was demonstrated. At the
same time, many other film cooling designs have been
proposed over the years to improve film cooling
effectiveness. Graf et al. [6] incorporated span-wise rows of
holes which, by pair-wise combination, generated a
so-called anti-kidney-vortex. Na et al. [7] made the surface
just upstream of a row of film-cooling holes into a ramp
with a backward-facing step. Nasir et al. [8] investigated the
effect of discrete delta-shaped tabs with different orienta-
tions on the film cooling performance from a row of cylin-
drical holes. Ghorab et al. [9,10] studied the hybrid and the
louver schemes using a thermochromic liquid crystal tech-
nique. The results of the above methods all showed high
local and average film cooling effectiveness performances
and made significant contributions to cooling enhancements.
However, the increased benefits of such methods are about
to approach their limits [11]. As next-generation turbines
are required to burn alternate fuels, their operating
temperatures are expected to increase [12]. Furthermore,
cooling streams cannot be supplied without limits. There-
fore, the developments of advanced, high efficiency cooling
methods have become one of the main supporting technolo-
gies for high-performance aircraft engines and gas turbines.

Looking further into the mechanism of convective heat
transfer, Guo et al. [13] introduced a novel concept of heat
transfer enhancement through merging the energy equations
of heat conduction and convection. It can be concluded
from this concept that there are several ways to decrease the
overall strength of convective heat transfer over the thermal
boundary layer. One way is to reduce the value of the
integral of the internal heat source term (heat sink) over the
thermal boundary layer.

Based on the theory of heat transfer enhancement, a novel
film cooling method using chemical heat sink is proposed.
First, a cooling stream NHj is ejected to the blades’ exterior
surfaces through discrete holes and is heated by the hot
mainstream. At the same time, an endothermic reaction takes
place inside the protective film boundary layer. The heat
absorbed in the reaction is equivalent to the internal heat
source term (heat sink) added to the energy equation for
convective heat transfer. According to the theory of heat
transfer enhancement, the overall strength of convective heat
transfer is decreased and film effectiveness is improved.

In the present study, a novel film cooling method using a
chemical reaction with NH; as the cooling stream is
simulated numerically on a flat plate with a single cylindri-
cal hole. The effects of the chemical heat sink on film
cooling effectiveness are investigated and the conventional
film cooling method is also simulated for comparison.

1 Physical model

1.1 Geometry for the simulation

Figure 1 shows a diagram of the computational domain,
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Figure 1 Diagram of the computational domain.

which includes the cooling stream supply channel, the cy-
lindrical cooling hole, and the mainstream channel. The
diameter of the cylindrical part of the cooling hole (D) was
12.7 mm with an inclination angle of 30° injecting into the
mainstream channel, and the ratio of the length of the cool-
ing hole to the diameter of the cooling hole was 4. This pa-
per is presented to confirm the feasibility of the proposed
method and it was not considered to adopt a complex ge-
ometry for the simulation. Therefore, there was only one
hole in the present study and the distance from the center of
the film hole to each border was 1.5D. The sizes of the
mainstream channel were 622.3 mm in length, 38.1 mm in
width and 127 mm in height, and the sizes of the cooling
tank were 100 mm in length, 38.1 mm in width and 50 mm
in height.

1.2 Boundary conditions

The properties of reactant, products and the mainstream
were the same as those of an ideal gas. The normal speed of
the mainstream was set at 20 m/s. According to the litera-
ture [14], under conditions of ordinary pressure and the ab-
sence of catalyst conditions, the resolution ratio of NH; at
1000 K is 1%. Therefore, for simulations of the film cooling
effect, the temperature of the mainstream was set at 1400 K,
and the temperature of the cooling stream was set at 700 K.
In addition, the turbulence intensity at the inlet boundary of
the mainstream was 2%. The same turbulence intensity was
set at the inlet boundary of the cooling stream. The velocity
of the cooling stream can be determined from the blowing
ratio [15], which is defined as

w2l

p gUg
where p and U are the fluid density and velocity, respec-
tively, and the subscripts g and c represent the mainstream
and the cooling streams, respectively.

In the simulations, adiabatic and no-slip boundary condi-
tions were used for the walls. In addition, periodic condi-
tions at the side-walls of the main channel were specified.
The pressure boundary condition was specified at the exit of
the mainstream flow channel. The wall-function method
was taken in the near wall region and the standard k-¢ mod-
el was used. The equations were discretized by adopting the
second order high-resolution method. The convergence cri-
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terion of the solutions was that the relative residual of the
physical quantities should be less than 107,

2 Grids dependency analysis

A preliminary grid dependency test for the geometry was
carried out. Three types of node number were tested to find
the optimal node number for the geometry shown in Figure
2. From the figure, it can be seen that the film effectiveness
of the three types of node number were almost the same, so
differences were neglected. Therefore, node number 787200
was selected. The main channel in this study comprised
200x60x55 nodes (x, y, and z directions), and 80x60x24
nodes and 30x20x30 nodes were used for the cooling tack
and round cooling hole, respectively.

3 Results and discussion

The objective of this study was to understand the usefulness
of the chemical heat sink of the NH; cooling stream in im-
proving film cooling adiabatic effectiveness. All cases sim-
ulated are summarized in Table 1.

The computational results were presented and compared
by introducing the non-dimensional parameter-local
adiabatic film cooling effectiveness [16], defined as
_T,-T,

T,-T°
in which, T, is the (constant) mainstream gas temperature,
and T, is the cooling stream temperature, which typically
equals the coolant exit bulk temperature at the injection
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Figure 2 The grid dependency test.

Table 1 Simulation cases

Case Method Reaction formulas Reaction heat
1 Conventional None None
2 Present 2NH;—>N,+3H, 46.2 kJ/mol
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point into the mainstream, and 7, is the adiabatic wall tem-
perature.

3.1 Validation

The span-averaged film effectiveness of the cylindrical film
hole for Case 1 can be compared with previously published
data to validate the current CFD model. The cylindrical
geometry was selected since it is the most commonly used
baseline geometry in previous studies. The results in Figure
3 show an agreement of more than 90% of the span-
averaged film effectiveness with published data by Waye et
al. [17], and Cuong et al. [18]. However, there are some
differences between the results obtained in the current study
and published data by Dhungel et al. [4]. These discrepan-
cies are expected to result from the high temperature used in
the present study. In general, the present numerical results
agreed closely with the data reported in the literatures,
which demonstrates that the model used in the present study
was reliable.

3.2 Contours of film effectiveness on the bottom sur-
face

Detailed film cooling effectiveness distributions for the
conventional and novel methods are presented in Figure 4.
From the figure, it can be clearly seen that Case 2 displays
not only a much higher film effectiveness but also a broader
jet area than Case 1 at various blowing ratios. This superior
performance may be attributed to the chemical heat sink
caused by the endothermic reaction of the NHj cooling
stream. As a result of the chemical heat sink, the convective
heat transfer is weakened between the mainstream and the
bottom surface, and the film effectiveness is improved.
Because of the decomposition reaction of the NHj cooling
stream, the pressure in the film layer is increased, this leads
to the expansion of the film along the lateral direction, so
Case 2 has a broader jet area downstream of the film hole.
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Figure 3 Comparison of span-averaged film effectiveness with reported
literature values.
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Figure 4 Film effectiveness on the bottom surface at M = 0.5, 1.0, and
1.5. (a) Case 1; (b) Case 2.

At the same time, the increase in material quality could
improve the static pressure of the film layer and play the
role of rejection and rebound of the mainstream, which can
also enhance film effectiveness.

3.3 Distributions of film effectiveness on the centerline

Figure 5 shows a plot of centerline film effectiveness values
downstream of the film hole for two cases. X/D is defined as
the ratio of downstream distance from the center of the film
hole to the diameter of the film hole. From the figure, it can
be seen that there is little difference in film effectiveness
between the two cases in the region X/D < 4. This is be-
cause the conventional method has a very high film effec-
tiveness in this region and therefore the effect of the chemi-
cal heat sink on the improvements in film effectiveness for
Case 2 is not marked. In the region X/D > 4, at M = 0.5 and
1.0, film effectiveness decreases gradually for Case 2, be-
cause of the presence of the chemical heat sink. This is in
contrast to the behavior in Case 1 at various blowing ratios,
where film effectiveness is markedly decreased downstream
of the film hole. The film effectiveness is improved by
283.92% and 152.3% at the location X/D = 30. At M = 1.5,
because of the high momentum of the cooling stream, sig-
nificant amounts of NH; have little time to take part in the
chemical reaction. Therefore, the film cooling effectiveness
is markedly decreased downstream but increased by about
0.3 over a wide range of stream-wise directions compared
with the conventional case.

3.4 Distributions of span-wise film effectiveness

Figure 6 shows the comparison of span-wise film effective-
ness for two cases when the blowing ratio is 0.5. From the
figure, it can be seen that Case 2 shows a higher film effec
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Figure 5 Centerline film effectiveness at different blowing ratios. (a) M
=05 (b)M=1.0;(c) M=1.5.

tiveness in the span-wise direction. The differences between
the two cases in film effectiveness increased with X/D. It
also can be seen that there were some regions where the
cooling stream could not reach for Case 1, so film cooling
did not work in these regions. For Case 2, between the loca-
tion of X/D = 10 and 20 downstream of the film hole, there
was a location where the cooling stream began to cover the
whole bottom surface, therefore, improving the film effec-
tiveness close to the borders, compared with Case 1. There
is no doubt that the improvement was the effect of the
chemical heat sink caused by the NH; cooling stream.
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Figure 6 Span-wise film effectiveness at different locations. (a) X/D = 5; (b) X/D = 10; (c) X/D = 20; (d) X/D = 30.

3.5 Span-averaged film effectiveness

Figure 7 shows the comparison of span-averaged film effect
tiveness for the conventional and the novel methods on the
flat plate. When the blowing ratio was above 1.0, in the re-
gion 0<X/D<2.5, there was not little differences in span-
averaged film effectiveness between the two cases. However,
in the region X/D>2.5, larger amounts of NH; absorb heat and
join the reaction downstream of the film hole, so the
span-averaged film effectiveness for Case 2 improved gradu-
ally with X/D. This is in contrast to the behavior in Case 1 at
various blowing ratios, where effectiveness slowly decreased
downstream of the film hole. When the blowing ratio was 0.5,
the momentum of the NHj cooling stream was so low that
there was enough time to take part in the chemical reaction.
Therefore, the span-averaged film effectiveness for Case 2 is
always higher than that for Case 1. From the figure, it can be
seen that the differences between the two cases were reduced
as blowing ratio increased. The span-averaged film effective-
ness was improved by 333.78%, 131.19%, and 73.78% at the
location X/D = 30 for M = 0.5, 1.0, and 1.5, respectively.

3.6 Film effectiveness for Case 2

Figure 8 shows the centerline film effectiveness and

span-averaged film effectiveness on the bottom surface for
Case 2. Y/D is defined as the ratio of lateral diatance meas-
ured from the axis of the film hole to the diameter of the
film hole. From the figure, it can be concluded that regard-
less of the centerline film effectiveness or the span-averaged
film effectiveness, both decreased with increasing blowing
ratio and Case 2 presented the best performance at M = 0.5.
A reason for this can be found in Figures 9 and 10. Figure 9
shows the mass fraction of NH; at X/D = 3 and Figure 10
shows the mass fraction of NH; at ¥/D = 0. The fluid dy-
namic behavior of the NH; cooling stream is rather complex,
which differs from that of the cooling air in the convention-
al method. On one hand, the velocity of NHj is higher than
that of cooling air at the same blowing ratio, because of it
having a different density. On the other hand, an endother-
mic reaction takes place in the protective film layer. As
shown in Figure 9, the well-known counter-rotating vortex
pair causes the cooling stream to separate from the bottom
surface at M = 1.0 and M = 1.5. This vorticity significantly
reduces the cooling effectiveness. Figure 10(b) and (c) also
demonstrates that the cooling stream is more severely sepa-
rated from the bottom surface with increasing blowing ratio
and X/D. However, when the blowing ratio was 0.5, the
velocity of the cooling stream was not sufficient to produce
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Figure 10 Mass fraction of NH; on the X-Z plane at different blowing ratios. (a) M = 0.5; (b) M = 1.0; (c) M = 1.5.

simulated on a flat plate with a cylindrical hole. The results
show that this novel method has better performance at a low
blowing ratio, because the fluid dynamic behavior of the
NHj; cooling stream is somewhat complicated, and the ve-
locity of the cooling stream is not sufficient to produce the
counter-rotating vortex pair. Therefore, the cooling stream
remains attached to the bottom surface. The results also
show that film effectiveness is enhanced with increasing
X/D at various blowing ratios, which is in contrast to the
behavior in the conventional method, where film effective-
ness is markedly decreased downstream of the film hole.
Compared with the conventional film cooling method, this
novel appoach can even enhance the film effectiveness of
the regions close to the borders. All of the improvements
described above can be attributed to the effect of the chem-
ical heat sink caused by the decomposition reaction of the
NHj cooling stream.
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