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Abstract: A new type of film cooling hole with micro groove structure is presented in this paper. Based on the

finite volume method and the Realizable k- model, the film cooling process of the hole in a flat plate structure is

simulated. The surface temperature distribution and film cooling effect of different film cooling holes were

analyzed. The effects of micro-groove structure on wall attachment and cooling efficiency of jet were discussed.

The results show that under the same conditions, the transverse coverage width and overall protective area of the

new micro-groove holes are larger than those of the ordinary cylindrical holes and special-shaped holes.

Compared with ordinary holes, the new micro-groove holes can better form the film covering on the surface and

enhance the overall film cooling efficiency of the wall. For example, when the blowing ratio M=1.5, the effective

coverage ratio of micro-groove holes is 1.5 times the dustpan holes and is 8 times the traditional cylindrical holes.

It provides reference data and experience rules for the optimization and selection of advanced cooling structure of

high performance aero-gas engine hot-end components.
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1. Introduction

The thrust and thermal efficiency of the aero gas
turbine engine increase with the increase of the inlet
temperature of turbine. In order to ensure the safe and
reliable operation of turbine blades in high temperature
gas environment, cooling and thermal protection
measures must be taken for the blades. Film cooling is a
widely used effective cooling protection technology.
Accurate prediction of film cooling effect plays an
important role in turbine blade design. Film cooling is the
interaction between internal cooling gas jet and high
temperature gas, forming a cooling protective film
between the external wall and high temperature gas. In
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the high temperature gas path, the discrete film cooling
geometry structure forms a continuous film protective
layer on the whole surface by applying efficient film
cooling technology. It can build a good defense line
under the violent impact of high heat flux gas, and
directly reduce the heat flux of convection into the wall.
In the first decades, film cooling technology was limited
to simple circular holes perpendicular to or at a certain
angle to the surface. Later, special-shaped holes and
combined cooling units were developed to achieve higher
adiabatic film cooling efficiency than circular film
cooling holes.

In the early 1970s, Goldstein et al. [1, 2] made a very
good overview of the early research on film cooling
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Nomenclature

A effective film coverage ratio

ar effective gas film coverage area/m’
ay cross section area of channel/m?

heat capacity at constant pressure/J-kg 'K

CP
D inlet diameter of the jet hole/m

Hy height of main channel/m

1 unit tensor

k heat conduction coefficient/W-m "K'
L length of jet channel/m

L

Ly

M

length of the cylindrical part of jet channel/m

length of main channel/m
blowing ratio M = p .U,./p, U,

P. pressure of jet flow/Pa

P, pressure of mainstream/Pa

P pressure/Pa

Sr viscous dissipation term

T temperature/K

Taw temperature of adiabatic wall/K

T. temperature of jet flow/K

T, temperature of mainstream/K

t time/s

U, velocity of jet flow/m's ™'

U, velocity of mainstream/m-s '

14 velocity vector field/m-s™

v velocity vectors in the x, y, z/ms '
Wy width of main channel/m

W, width of part of micro-groove/m
Greek symbols

a injection angle/®

o) lateral expansion angle/°

n film-cooling effectiveness

0 streamwise expansion angle/°

7 viscosity coefficient/N-s-m

p density/kg-m >

yoX density of jet flow/kg-m >

o density of mainstream/kg-m

related to basic film geometry. The film cooling
performance of the special shaped hole was first

demonstrated and its quantitative analysis was carried out.

It was found that the special-shaped holes exhibited
excellent adhesion of jet to the wall. Kruse et al. [3]
found that the circular film cooling hole jet showed a
clear horseshoe curl vortex at the upstream interaction
point, and then wrapped around the jet. Immediate effects
occur after the outlet of the hole, i.e. the so-called
swirling pair, where two currents meet and rise to create
separation zones. The airflow interaction causes the high
temperature gas to move below the cooling jet, resulting
in the reduction of cooling efficiency. Haven et al. [4]
measured the development of jet flow structure in a
special-shaped film cooling hole by planar laser-induced
fluorescence. The so-called counter-vorticity pair
structure exists in the plane structure downstream of the
special-shaped hole, which is contrary to the
development of the vortices of the circular hole jet. The
results show that a larger inclination of the extended side
can make the coolant expand better on the surface and
reduce mixing with high temperature air flow. On the
basis of it, Bunker [5] studied hypersonic jet. The actual
heavy-duty gas turbine blades were used in the jet
experiment, and the film holes including coating were
processed by standard methods. The film cooling
efficiency of the basic data is very important for engine
design, especially for the analysis data of main
parameters affecting film cooling performance under
conditions similar to engine working environment. Lu et

al. [6] carried out experimental and numerical studies on
the cooling performance of film holes in six different
grooves. The results show that the cooling efficiency of
cylindrical film holes decreases with the increase of
blowing ratio, but the cooling efficiency of grooved film
holes does not change significantly. Lee and Kim [7]
improved the cooling effect by optimizing the ratio of
length to diameter of cylindrical holes and the incidence
angle of cooling air. Kim et al. [8] improved cooling
efficiency by optimizing the inlet shape of cylindrical
holes. The results show that compared with the simple
cylindrical hole, the optimized hole improves the film
cooling efficiency by 46.5%. Davidson et al. [9]
experimentally studied the effect of film cooling
geometry on the cooling performance of thermal
conductive turbine blades with thermal barrier coatings
(TBC). The results show that the coverage area of grooves
and improved grooves is larger than that of round holes.
However, the temperature improvement at the interface
of TBC and blade wall is not obvious. Zhang et al. [10]
numerically simulated film cooling of round-to-slot holes
on a plane. It is found that the diffusion from circular
hole to groove hole has a good effect on the enhancement
of film cooling near the film hole. However, at a certain
distance, the average film cooling effect of the flow
direction of the pore structure is not much different from
that of the straight circular hole. Zhang et al. [11] carried
out an experimental and numerical study on the heat
transfer and flow characteristics of a lateral outlet
channel. They found that a long low-speed vortex was
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formed in the lateral outlet passage and became smaller
with the rotation of the vortex.

So far, there are many institutions and related
literatures to study film cooling technology directly or
indirectly [12—19]. The main research issues are mainly
focused on exploring the hydrodynamics inside the film
hole, turbulent flow and vorticity, the entry mode of the
air flow at the front end of the hole entrance, the shape,
direction and spatial arrangement of the film hole, the
length-diameter ratio of the film hole, the density ratio,
blowing ratio and momentum ratio of the jet to the
mainstream gas, the turbulent intensity of the mainstream,
and the acceleration of the mainstream. The influence of
degree, external wall curve parameters and external wall
roughness on cooling efficiency is one of the factors
affecting the design. The possible changing conditions
make the design very difficult.

In this paper, a new type of micro-groove film cooling
hole is studied to improve the cooling effect of the film.
The Navier-Stokes equation was used to analyze the flow
and film cooling. Compared with traditional cylindrical
holes and special-shaped holes of dustpan, the effect of
micro-groove holes on film cooling performance was
determined.

2. Physical Model and Computational Conditions

2.1 Geometric model and mesh generation

The geometric structure is shown in Fig. 1. Flat film
cooling holes are used as geometric models; the main
channel is rectangular, and the jet channel is film cooling
holes. The length, width and height of main channel are
respectively Lq=60D, W:=10D, H;=4D. The distance of
film cooling holes outlet from the entrance of mainstream
computational domain is 5D. They are cylindrical hole,
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special-shaped hole of dustpan and special-shaped hole
of micro-groove structure respectively. The special-
shaped hole of dustpan is deformed on the basis of
cylindrical hole. The special-shaped hole of micro-
groove structure is composed of part of cylindrical hole
and part of micro-groove. The injection angle is a=30°,
and the channel of the jet is L/D=8. The flow expansion
angle forward of dustpan 6=10°, lateral expansion angle
0=15°, L,/L=0.4, the width of micro-groove is 5SW=10D.

The computational model uses unstructured hybrid
grids. The main channel adopts hexahedral structure
mesh, and the jet channel adopts tetrahedral unstructured
mesh. The boundary layer is near the wall, and the mesh
is encrypted in the mixed region. The key areas are
refined by grid, and the irregularity of the hole is fused
by interface to plan the grid distribution of the whole
calculation area reasonably. Among them, the number of
meshes in the film hole is more than 2x10°; the total
number of meshes is more than 4x10°, and the y" on the
exit surface of the film hole is less than 5, which meets
the calculation requirements.

The fluid medium in this paper is ideal gas. The main
inlet boundary is the normal velocity inlet and the
mainstream temperature is given. At the entrance of the
cooling air jet-flow, the normal velocity entrance is also
given. Its size is determined by the blowing ratio (M =
0.5, 1.0 and 1.5), and the temperature of the cooling air is
a fixed value. The boundary condition at the outlet of
main channel is pressure outlet, and the relative pressure
is 0. Non-slip adiabatic wall boundary conditions are
adopted on the walls of holes and channel. Because some
film holes are calculated in this paper, periodic boundary
conditions are applied on both sides of the main channel.
In addition, the turbulence intensity at the mainstream
entrance is 3%.
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Fig. 1 Geometry of film cooling holes and computational domain: (a) cylindrical hole, (b) special-shaped hole of dustpan and (c)

special-shaped hole of micro-groove structure
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2.2 The turbulence model for film cooling process

In the process of high-speed film flow, the flow is
turbulent. The continuous equation, momentum equation
and energy equation in Reynolds average N-S equation
are used to describe the flow process. The expressions
are as follows:
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where ¢, p, p and T represent time, density, static pressure
and temperature; Vv represents the velocity vectors in
three directions x, y and z respectively. And 4, c,, k, St
and [ represent viscosity coefficient, heat capacity at
constant pressure ratio, heat conduction coefficient,
viscous dissipation term and unit tensor. The velocity
vector field in Cartesian coordinates is V =ui+vj+wk,

\% =ii+j£+ki. The above 7, j and & denote x, y, z
ox "oy oz

direction unit vectors, respectively.

The RNG model (renormalization model) is used as
the turbulence viscosity model. Compared with other
models, the model takes into account the effects of
high-speed shear and eddy currents in the basin, and also
the viscous effect at low Reynolds number. Combining
with the wall function, the model can solve the flow
problems in the fully developed turbulent region and the
near wall region more accurately and reliably. The
transport equation of the RNG model is similar to that of
the standard model. Its expression is as follows:
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Here, G, is the turbulent flow energy; it is the main
difference between the RNG model and the standard
model. C,=0.0845, 7,=4.38, /=0.012, oy=ex,~1.393, are
the inverse Prandtl constant in turbulent and dissipative
equations, respectively.
initial

2.3 Numerical calculation method and

condition

In this paper, Reynolds averaged numerical simulation
(RANS) and Realizable k-¢ turbulence model is adopted
based on the finite volume method. The fluid pressure-
velocity coupling is adopted in the solving process, and
the two-order upwind difference scheme is used to solve
the general governing equations based on the SIMPLE
algorithm. The high temperature primary temperature of
the wall covering is a local value, but in some cases, it is
assumed to be a constant, or assumed to be equal to the
total temperature of the gas. Coolant temperature is
generally set to the temperature at which coolant enters
the main outlet point, but for the compression stream,
coolant temperature is more suitable set to covering
temperature, or overall temperature. The adiabatic wall
temperature is the temperature of the local mixed fluid,
which flows from the gas to the wall, or from the wall to
the gas. The parameters of film cooling structure include
blowing ratio, momentum flow ratio, velocity ratio,
density ratio, temperature ratio, surface curve, edge
thickness, freestream Mach number and free stream
turbulence intensity. These parameters and their
interactions determine the initial film cooling efficiency
at the incident point, and the attenuation of the cooling
efficiency of the downstream gas film.

Initial condition parameters are approximated by a set
of actual data provided by a Turbine Research Institute.
The working environment pressure is P=2.5x10° Pa.
Mainstream, the velocity and temperature were
respectively set to U,=300 m's ! and T,,=1900 K; Jet
flow cooling air temperature 7,=900 K. The jet velocity
is given according to different blowing ratios.

3. Analysis and Discussion of Results

3.1 The basic indicators for evaluating cooling
effectiveness

The following 3 indexes are used to evaluate the
cooling effect of gas film on blade metal.
(1) Blowing ratio M
The blow ratio is defined as [20]:
M = chc (7)
PolUs
where p. and p,, are the density of jet and mainstream; U,

and U, are jet flow and mainstream flow velocity,
respectively. The blowing ratio is essentially the ratio of
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the mass flow rate of the jet to that of the mainstream.
The larger the blowing ratio, the larger the mass flow rate
of the jet.
(2) Film cooling efficiency 7
The film cooling efficiency is defined as:
_ Too — Taw
T, o Tc
where T, T,y and T, are the mainstream gas temperature,
adiabatic wall temperature and jet flow temperature,
respectively. 77 is an important parameter for measuring
film cooling characteristics. The higher the 7 value, the
closer the temperature of the two streams to the
temperature near the wall.
(3) Effective film coverage ratio A¢
In film cooling, gas film is generally required to be
uniform and widely distributed on the cooling wall.
Therefore, the effective film coverage area becomes an
important factor to evaluate the film cooling quality. The
effective film coverage ratio is defined as 4¢[21].

A== ©)

a
ay
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where ar and a;, are the effective gas film coverage area
and cross section area of refrigerant conveying channel,
m% In view of the thermal properties and inflow
temperature of turbine blades provided by a research
institute [21], it is considered that the effective coverage
of gas film is the area of 7>0.3, that is the area of surface
temperature 7,,<1600 K. By calculating the effective
film coverage ratio of A4, the film cooling performance

can be better estimated.

3.2 Cooling characteristics of film cooling hole with
micro-groove structure

Firstly, the characteristics of velocity field,
temperature field and cooling efficiency during film hole
cooling with micro-groove structure are analyzed when
M=1.0. Fig. 2 shows the velocity distribution of the
central plane in the micro-groove of the film hole with
micro-groove structure. Fig. 2(a) shows that eddy
currents are generated at the interval of the jet holes at
the initial stage in the microchannel. After a certain
distance, the air flow develops and diffuses in the groove,
which can fill the whole groove. This can also be seen
from the velocity curve in Fig. 2(b). The velocity varies
obviously in the affected and non-affected regions of the
jet flow in the micro-groove, and fluctuates sharply when
the airflow just enters the micro-groove from the micro
holes (x/D=5). With the full development of air flow in
the micro-groove, the gap between the two becomes
smaller and smaller (x/D=7). It is also the reason that the
film cooling surface has a larger coverage area at the
direction vertical to the flow.
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Fig. 2 Velocity at central plane for micro-groove: (a) Velocity
vectors and (b) Velocity curves vertical to the flow
direction at different entrance distances

Fig. 3 shows the temperature distribution on the film
cooling surface. From the temperature distribution cloud
chart, it can be seen that a fully covered film can be
formed on the cooling surface. The temperature in the jet
region of the film hole is lower and the temperature in
the interval region is higher. However, with the full
development of the flow field, the gap between the two is
gradually reduced. It can also be seen from the figure that
the maximum temperature is about 1600 K at x/D=30
from the outlet.
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Fig. 3 Temperature distribution on film cooling surface

Fig. 4 shows the cooling efficiency variation curve of
film cooling surface at different positions. Fig. 4(a)
shows the cooling efficiency variation curve vertical to
the flow direction at different distances from outlet.
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Fig. 4(b) shows the cooling efficiency variation curve
along the flow direction. Line y=0 denotes the central
position of the jet hole and line y=0.5 denotes the interval
position of two jet holes. In Fig. 4(a), it can be seen that
near the outlet of the micro-groove, the cooling
efficiency of the cooling surface is higher, and the size
fluctuation is obvious. With the distance increasing, the
cooling efficiency becomes lower and the size is close.
The cooling efficiency is about 0.4 at x/D=15. In Fig.
4(b), it can be seen that at the initial stage, the cooling
efficiency at Y=0 is higher than that at y=0.5, but the two
approaches gradually along the flow direction. But even
at the interval (y=0.5) between the two holes, the cooling
efficiency is quite high. At x/D=30, the cooling efficiency
is still effective (7720.3).

In addition, for the film holes of the micro-groove
structure, the cooling efficiencies at different blowing
ratios and different cooling air temperature were
compared. Fig. 5 shows effect of blowing ratio on
cooling efficiency at central of film cooling surface. Fig.
6 shows effect of jet flow temperature on cooling
efficiency at central of film cooling surface. As can be
seen from the figure, with the increase of blowing ratio,
the surface cooling efficiency increases gradually, which
indirectly illustrates the good film surface adherence of
the micro-groove structure film hole. When M=0.5 the
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Fig. 4 Film cooling efficiency on film cooling surface (a)
Vertical to the flow direction at different distances
from outlet (b) Different positions at the flow direction
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Fig. 6 Effect of jet flow temperature on cooling efficiency at
central of film cooling surface

effective cooling distance on the surface is about x/D=13,
and when M=1.0, this value is x/D=30. When M=1.5, the
cooling efficiency of the whole length direction of the
surface is effective. From Fig. 6, it can be seen that the
influence of cooling air temperature on the cooling
efficiency of film cooling surface is not obvious. This is
because the amount of cooling gas flow is less than that
of high-temperature gas flow. After heat exchange
between high and low-temperature gases, the influence of
cooling gas temperature is not significant.

Fig. 7 shows a comparison of film cooling efficiencies
downstream of the film hole along the flow direction at
M=1.0. In the figure, the cooling efficiency of cylindrical
hole film studied by Lu et al. [6] is compared. In their
research, the inclination angle of cylindrical hole is 30°,
and the spacing of cylindrical hole is three times the
diameter of hole, which are similar to the research in this
paper, so it has certain comparability. As can be seen
from the figure, there are some differences between the
two cylindrical holes, which is due to the different
velocity and temperature values of the cooling flow. But
the cooling efficiency of the micro-groove structure hole
proposed in this paper is obviously higher than that of the
cylindrical hole.
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Fig. 7 The comparison of film cooling efficiencies

downstream of the film hole along the flow
direction at M=1.0

3.3 Comparison of cooling characteristics with
traditional film hole

In view of the film cooling characteristics of the
micro-groove structure, a comparison is made between
the traditional cylindrical hole and the special-shaped
hole of the dustpan. Fig. 8 shows (M=1.0) the
temperature distribution on the cooling surface under
film cooling with different film holes. From the
temperature distribution cloud chart, it can be seen that
the influence area of film on the cooling surface of
cylindrical holes is small, and that in some areas where
holes exist, the temperature affected by film is lower,
while in the area between holes, the temperature is higher.
The maximum temperature is over 1600 K at x/D=20
downstream of the hole. The influence area of film on
cooling surface of special-shaped hole of dustpan is
obviously higher than that of cylindrical hole. The
maximum temperature can reach more than 1600 K only
at x/D=35 downstream of the hole. But at the direction of
width, the influence area of cylindrical hole and dustpan
shaped hole is very limited, only limited to the width of
hole. The microgroove structure has an effect on the
whole surface, and the temperature in the long direction
is also lower than the former.

Fig. 9 shows the cooling efficiency comparison of
three kinds film cooling holes at the flow direction when
M=1.0. Fig. 9(a) shows the cooling efficiency compa-
rison at central of film cooling surface. The results show
that the cooling efficiency near the outlet of the
microchannel is higher and decreases gradually along the
flow direction. Moreover, the cooling efficiency of the
micro-groove structure hole and the special-shaped hole
of dustpan is obviously higher than that of the cylindrical
hole. The results also show that the film cooling
efficiency of the special-shaped hole of dustpan and the
cylindrical hole have been below 0.3 at x/D=25
downstream of the hole. However, when x/D=40, the
cooling efficiency of the micro-groove structure hole is
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Fig. 8 Comparison of temperature distribution on film cooling
surface of three kinds film cooling holes: cylindrical
hole (a), dustpan hole (b), and groove hole (c) (M=1.0)
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Fig. 10 Cooling efficiency comparison of three kinds film cooling holes at different positions vertical to the flow direction (M=1.0)

less than 0.3. Fig. 9(b) shows the cooling efficiency
comparison at the middle of the interval. It can be seen
the cooling efficiency of the special-shaped hole of
dustpan and the cylindrical hole are less than 0.3, which
is invalid. The cooling efficiency of the micro-groove
structure hole is effective until x/D=35.

Fig. 10 shows the cooling efficiency comparison of
three kinds film cooling holes at different positions
vertical to the flow direction when M=1.0. It can be seen
from the figure, the cooling efficiency at the outlet
position varies greatly in the hole-affected zone and the
non-affected zone. With the development of flow, the
change of micro-groove structure hole decreases
gradually. At x/D = 15, the cooling efficiency of the two
regions is almost the same. Moreover, the cooling
efficiency is greater than 0.3, which is considered to be
effective. It can also be seen from the figure that the
cooling efficiency of the special-shaped hole of dustpan
and the cylindrical hole in the interval area is very poor.

Fig. 11 shows the effective film coverage ratio
comparison of three kinds of film cooling holes at
different blowing ratios. The effective film coverage ratio
of three kinds film cooling holes when M=0.5 are closed
between each structure. With the increase of blowing

120 El Cylindrical hole
I Dustpan hole

Hof I Groove hole

100

0.5 1.0 1.5
M

Fig. 11 Effective film coverage ratio comparison of three
kinds film cooling holes at different blowing ratios

ratio, the effective coverage ratio of the micro-groove
structure hole and the special-shaped hole of dustpan
increases, while that of cylindrical holes decreases. This
is because the adherence of the first two kinds of holes is
better than the cylindrical holes. From Fig. 11, it can also
be seen that the effective coverage ratio of the
micro-groove holes is higher than the dustpan holes. For
example, when M=1.5 the effective coverage ratio of
micro-groove holes is 1.5 times the dustpan holes.
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4. Conclusion

Film cooling technology is an effective method to
improve engine cooling efficiency. In this paper, the
cooling characteristics of film holes with micro-groove
structure are studied by numerical simulation, and
compared with traditional cylindrical holes and special-
shaped holes of dustpan, the following conclusions can
be drawn:

(1) Because the velocity at the outlet of the hole is
affected by the vertical component of the inlet jet, the
phenomenon of “jet” appears. The momentum component
of the jet perpendicular to the mainstream penetrates the
mainstream boundary layer, and the protective effect of
cooling air on the wall becomes worse. Therefore, the
cooling efficiency of cylindrical holes is the worst. With
the increase of the cross-section area of the dustpan outlet,
the airflow decelerates, and the ability of the jet to
penetrate the mainstream decreases, so the coverage is
better than that of the cylindrical hole. Because of the
effect of transverse groove, cooling air first flows out of
the groove and diffuses in the groove, which reduces the
momentum of the jet and further weakens the ability of
the jet to penetrate the mainstream. Therefore, the film
cooling effect is better than that of cylindrical hole and
dustpan hole.

(2) The blowing ratio has a great influence on the
cooling efficiency of film holes with different structures.
The results show that with the increase of blowing ratio,
the film cooling efficiency of cylindrical holes decreases
significantly, and the effective film coverage ratio
decreases. With the increase of blowing ratio, the
momentum of jet increases. For dustpan holes and micro-
groove holes, due to the good film attachment effect, the
cooling efficiency increases. At the same time, the
injection range perpendicular to the flow direction is
larger, and the effective film coverage ratio becomes
larger.
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