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ABSTRACT

Computations have been conducted on a flat, three-dimensional discrete-hole film cooling
geometries that included the mainflow, injection tubes, impingement chamber, and supply plenum
regions. The geometrical shapes of the vent of the cooling holes are cylindrical round, simple
angle (CYSA) -~ forward-diffused, simple angle (FDSA) and laterally diffused, simple angle (LDSA).
Diameter of different shape of cooling holes in entrance surface are 5.0mm and the injection angle
with the main stream in streamwise and spanwise are 35° and (° respectively.

The governing equation is the fully elliptic, three-dimensional Reynolds-averaged
Navier-Stoke’s equations. Four other two-equation turbulence models, i.e. standard k- £, low
Reynolds number k- £, RNG k- £, and low Reynolds number k-, have been tested. The
simulated streamwise distribution of spanwise-averaged film cooling effectiveness exhibited that
low Reynolds number k- £ model gives the best fit to the experimental data of the previous
investigators. Present study discovered that the geometrical shape of the cooling holes has great
effect to the adiabatic film cooling efficiency especially in the area near to the cooling holes.
When the blowing ratio is increased to 1.0 and 1.5, the LDSA has shown a better cooling
performance than other shapes. It is due to the structure of the FDSA and LDSA is capable of
reducing the momentum of the cooling flow at the vent of the cooling holes, thus reduced the
penetration of the main stream. Moreover, the structure of the LDSA can increase the lateral

spread of the cooling flow, thus improves the span wise average film cooled efficiency.

1 INTRODUCTION
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In pursue of higher thrust and heat efficiency of a turbo engine, the proper and effective
protection for the turbine blades working under a high temperature and pressure environment has
been an inevitable task. External film cooling was widely used to reduce the heat stress. The
working principle of the film cooling is to let the lower temperature passes through the holes on the
surface of the blades, in order to form an air film with lower temperature between the surface of the
blade and the main stream to protect the turbine blade Figure 1 [1] shows the diagram of the
internal cooling system for a turbine blade. The cooling stream flow will eject through the
impinging holes into the impinging chamber when it enters the blade and achieves the cooling
purpose by flowing through the film cooling holes to the surface of the blade.

Film cooling and impingement cooling are two of the main studies in this topic. Some of the
film cooling flat-plate studies with cylindrical holes are carried out by Ammari et al. [2], Goldstein
et al. [3] and Baldauf et al.[4,5]. While Loftus and Jones [6] as well as Ligrani et al. [7] has applied
various working fluid to the cooling flow in order to study the film cooling efficiency under
different density ratio.As the authors’ knowledge, one of the systematic researches that concerned
about the film-cooled problems with three-dimensional computational approach was accomplished
by Leylek and Zerkle [8] who used a flat-plat model with one row of five cylindrical holes to
analyze the effects of blowing ratio and hole length-to-diameter ratio on film cooling performance.
They have adopted the wall function of standard k-¢ turbulent model to treat the near-wall quantity
of turbulent profile. In spite of flow passage of mainstream, the computational domain also included
the cooling flow at the supplying plenum, and coolant pipes. The flow structure of the velocity
vectors on different streamwise planes normal to cross-stream is very complicated and they have
also concluded that there is also a pair of counter-rotating vortex which dominated the interaction of
individual coolant jet and cross mainstream. The local jetting effect occurred within the coolant
pipes will significantly affect the distributions of film cooling effectiveness on the near-hole field.
Later Hyams and Leylek [9] have focused on the detailed analysis in physics of film cooling
process for five kinds of shaped, streamwise-injected, inclined jets. This study suggested that the
crucial flow mechanisms downstream of discrete-cooling hole could be clarified from a vorticity
point of view. It can be observed from their results that the shape of the cooling holes has great
effect to the downstream film cooling performance.

Gritsch et al. [10] has used infrared thermal-photographic system to analyze the heat transfer
coefficients in the near-hole region of various shapes of the cooling hole with a flat-plate model.
The results show that fan type design with laterally expanded hole will have a lower heat transfer
coefficient distribution when the blowing ratio is higher.

In order to improve the heat transfer in the advance turbine blade, the cooling stream is being
cooled twice where the cooling stream will complete the internal cooling inside the impingement
chamber before blowing out from the cooling pipes beneath the surfaces of the blade to perform the
external film cooling. Behbahani and Goldstein {11], Huang et al.[12], and Azad et al.[13] have
literatures on the study of heat transfer of the impingement cooling in the turbine blade. Downs
and James [14] has suggested that the factors that affect the heat and mass transfer of the
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impingement cooling are: geometrical structure, temperature, the interaction between the cooling
stream and the lateral stream, strength of the turbulent and the structure of the hole of the cooling jet.
Viskanta and Huber [15] also pointed out that the factors that affect the performance of the
impingement cooling are: interaction between of the jet and wall, separation distance, distance
between the adjacent jets, diameter of the hole of the jet, characteristic of the main stream and the
surface topology of target plat. All the above studies focus on the heat transfer of a physical flat
plat impingement cooling with several effusion holes

One of the major conclusions in a review article of Schiele and Wittig [16] is that there is very
close relationship between the supply type of the cooling flow and the film cooling performance
due to the variation of discharge coefficient and local jetting effect within coolant pipes. However,
most of the studies nowadays still focus in experimental simulations, and there is no literature so far
has systematically investigated both the internal impingement cooling and external film cooling
together with numerical approach. Therefore, the main features of this study are: (1) Realistic,
dual function of internal impingement cooling and external film cooling geometries have been used
that included the mainstream, two rows of staggered injection coolant pipes, impingement
pipe-plate, and the supply plenum regions, (2) the effects of shape of hole and blowing ratio on film
cooling effectiveness have been studied, and (3) the underlying reasons for these effects have been
discussed using velocity contours and velocity vectors at centerline of each of coolant pipes and at
several cross-stream planes downstream of holes.

2 NUMERICAL MODEL

Figure 2 shows the numerical model of the impingement cooling and film cooling flat plate
used in this paper. The path can be separated into the rectangle shaped path for the upper
mainstream and the path for the lower cooling stream from the two rows of staggered cooling holes,
while an impingement region is set in the path of the cooling stream. That is, a three dimensional
computational domain is formed by the rectangle mainstream, the collocated cooling holes and the
supplying path of the cooling stream, while an impingement chamber with array of holes is setup in
the cooling flow supplying path located beneath twice the diameter of the cooling hole from the
entrance of the cooling holes to simulate the internal impingement cooling effect. The size of the
path of the mainstream is 100mm x 100mm x 800mm (width x height x long), while the size of
the path of the cooling stream is 45mm x 90mm x 185mm (width x height x long). The area
with an “A” mark in Figure 2 included the impingement cooling holes array, impingement chamber
and the two rows of film cooling holes array.

The close view of the area can be seen in Figure 3. There are two rows of film cooling holes
where the first row from the upper stream has five holes order in equal distance, and the second row
will have four holes. The two rows are staggered with each other. The streamwise angle
between the axis of each cooling hole and the main stream is 35°, and the spanwise angle between
the axis and the crossflow direction is 0°. The diameter of the entrance of the cooling hole (D) is
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5mm, where the ratio between the diameter of the entrance of the cooling hole and the length of the
cooing hole is 3.5, and is 3.0 with the distance to the center of the next parallel row as well as the
longitudinal row. Where the impingement hole arrays are nine holes in three row or 8 holes in 2
rows, with a total of 43 impinging holes, where the nine holes are arranged interlace with the eight
holes. The diameter (D;) and the length of the impingement holes are Smm and 10mm respectively,
and the distance between holes is 2xD;, while the impingement distance (distance from the exit of
the impingement hole and entrance of the cooling hole) is also 2xD;.
We have studied three kinds of geometrical shapes of hole in this paper, which are:
(1) Cylindrical round, simple angle hole (CYSA), as shown in figure 4(a)
(2) Forward-diffused, simple angle hole (FDSA), where a taper angle of 15° is applied to the
trail edge of exit, as shown in figure 4(b)
(3) Lateral diffused, simple angle hole (LDSA), where a taper angle of 15° is applied to both
lateral sides of exit, as shown in figure 4(c).

3 GRID SYSTEM

A lot of studies, Schiele and Wittig [16], have stated that the performance of the film cooling for
the surface of the sample is highly related to the flow physics of distinct jet within the cooling pipe
and the feed path of the supplying cooling stream. In order to present the characteristic of the heat
flow field by the dual effects ~ internal impingement cooling and the external film cooling, we have
included the supplying area of cooling stream, impingement-pipes plate, impingement chamber,
cooling pipe array and the main stream as the computational areas.

Because of the geometrical complexity of impingement cooling/film cooling problems, the
physical model and structured multi-block grid system will be generated by the HEXA module in
software package ICEM/CFD. Grid sensitivity studies study that with the low Reynolds number
k-€ turbulence model using wall function, grid-independent results can be obtained with 87x47x117
nodes in x-, y- and z-directions. The nodes were considered refined in the near-wall regions of
tested plate and in the vicinity of the injection hole. The y" value in the first cell adjacent to the
sample walls was set always below 1 with respect to the criteria required for the individual
near-wall treatment. Figure 5 shows the grids system of the exit of the LDSA cooling holes and
region near the surface of the sample plate. The multi-block topology and high quantity of grid
system can be clearly observed.

4 GOVERNING EQUATIONS

The numerical solver is a package of software, CFX-4.4, which was developed by AEA to solve
the conservation governing equations, i.e. three-dimensional Reynolds-averaged Navier-Stoke’s
equations. While the scalar advection-diffusion in conservative form is written as:

%(/XD)+V-(pU<D—I“V(I>)=S €Y

The continuous equation, momentum equations and the energy equation can be expressed as below:
Continuous equation:
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% 4 v.(p0)=0 @)
ot
Momentum equation:
opU ot +V - (pU®U)=B+V o 3)
where o is the stress tensor, stated as below:
o=-pS+((-3ipVeUs+u(VU+(VU)) (4)
Energy equation:
dpH 10t +V - (pUH) =V -(ANT)=dp/ ot (5)
where H is total enthalpy defined as below:

H=h+(1/2)0% (6)

where 4 is static enthalpy, p is the density of the fluid, U =(U,V,W)is the velocity, P is the

pressure, T is the temperature, t is the time, B is the body force, 4 is the dynamic viscosity, and ¢ 'is
the bulk viscosity.

Numerically, the transport equation will be discretized with the conservative finite volume
method. The advection term will be approximated with the Hybrid difference scheme, while all

others will use the Central difference scheme. The coupler between the velocity and the pressure
will use the SIMPLEC algorithm.

5 TURBULENCE MODEL

Since the characteristic of the thermal-flow field downstream of cooling holes is strongly
affected by the interaction between the cross mainstream and the two rows of inclined cooling jet,
the accuracy of simulated results by different turbulence models should be validated in advance.
Present study started with a simpler model in Ai et al.[17], and used the one row of round
discrete-hole flat-plate model from their experiment for the numerical simulation. Four runs with
each of turbulence models, i.e. k- £[18], Low Reynolds number - £[19], RNG k- £{20], and Low
Reynolds number k- @[21], are conducted in order to come out with the most suitable turbulence
model for the present grid system and numerical methods of this kind of heat flow field.
Generally, some of the above turbulence models for the viscous laminar sublayer within the
developing boundary layer flow can be process by introduced the logarithmic wall function. The
complete mathematical theory and the associated boundary conditions for solving of turbulent
kinetic energy and rate of dissipation energy can be referenced to [21].

6 BOUNDARY CONDITIONS AND STUDY MATRIX
The normal speed of the mainstream is uniform set as 10 m/s, therefore the corresponding
Reynolds numbers with the diameter of the cooling holes at entrance surface as the characteristic
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length is 3400. For simulation of film cooling effect, the temperature of the mainstream is
maintained as 333K, and temperature of the cooling stream is lower as 293K. In addition, the
turbulence intensity and dissipation length at the inlet boundary of mainstream are 4% and 15 % of
hydrodynamic diameter, respectively. The same turbulence intensity is set at inlet boundary of
coolant but the dissipation length is changed to D, value. The mass flow rate of coolant will be
determined by the tested flow parameter, which is blowing ratio defined as below:

B, = Pclc M
" Pmim

Where p and u are the density and speed respectively, the subscript ¢ and m are the coolant flow and
mainstream respectively. The blowing ratios being used in this paper are 0.5, 1.0 and 1.5 with the
density ratio of 1.14. The surface boundary condition of the solid walls are all defined to be
non-slip and adiabatic. Pressure boundary condition is specified at the exit of mainstream flow
passage. The study matrix is listed in Table 1, including of information on applied blowing ratio
and shapes of the cooling hole.

In spite of the velocity contours and velocity vectors shown at different cross planes, the
computational results are displayed and compared by introducing an important non-dimensional
quantity- local adiabatic film cooling effectiveness, defined as:

= Taw_Tm
= ®)

Where T is the absolute temperature, the subscript aw is the adiabatic wall, c is the cooling stream,
and m is the main stream.

7 RESULTS AND DISCUSSIONS
7.1 Turbulence Model Selection

Since there is a lack of experimental data to validate the computational results when using
film-cooled flat plate models with internal impingement cooling chamber, a prior numerical study
with a simpler geometrical model was achieved. In literatures, a lot of studies investigation on
effects of flow several parameters on thermal-flow structure and film cooling performance of
one-row of discrete-hole cooling plate to reference. Figure 6 shows the simulated streamwsie
distributions of spanwise-averaged film cooling effectiveness results with different turbulence
models as the turbulence enclosure. The blowing ratio is 0.5. The experimental result conducted by
Ai et al. [17] is also included in Figure 6 for comparison. It should be noted that present simulated
geometrical model and the proper boundary conditions are set as the same as those of Ai et al. [17].

Figure 6 shows that the numerical results from laminar, standard k-¢ and RNG k-¢ have a
greater deviation with the experimental result of Ai et al. [17], while the results from the Low
Reynolds number k-¢ and Low Reynolds number k-o are all closer to the experimental data. Owing
to the restrictions of study period and computer memory, this study will adopt the Low Reynolds
number k-¢ turbulence model to deal with all the Reynolds stress items in further runs.
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7.2 Sensitivity test of the grids system

One of the aims of present study is to setup a complex flow domain for simulation, where the
computational areas include the supplying tank for the cooling stream, impinging holes array,
impinging chamber, film cooling holes array and the main stream. Three sample grid systems being
used are named M1, M2 and M3, where total numbers of grids are 772068, 966614 and 1040604
respectively.  Since the total computational area is very complicated and the main issue being
considered is the distribution of the film cooling effectiveness for different blowing ratios, the major
difference among the three grid systems would be the number of nodes close to intersection regions
of coolant pipes and mainstream duct. Moreover, the thickness of the grid system M2 and M3 at
the first layer of cell above the sample surface is ensured the Y value less than 1. When the
blowing ratio is set to 1.5, the distribution curve for the spanwise-averaged adiabatic film cooling
effectiveness is shown in Figure 7.  Grid sensitivity tests using M2 and M3 grid systems show that
the deviation in 77 results is minor for most portions of tested sample. Consider the time cost

and efficiency for computing; the M2 grid system is selected for all further runs.

7.3 Distribution of the local film cooling efficiency

Figure 8 shows the top view of the exit of the cooling-pipes array, where the main stream is
flowing to the right. The cooling holes at the left side are marked as the first row, where the
cooling holes at the right side are marked as the second row. The first row contains five cooling
holes marked as H1~HS, while the second row have four cooling holes marked as H6~H9. The first
and second rows are arranged staggered. The location of the central of the first row of the cooling
holes of the main stream is defined as Z/D.=0, while the location of the central of the second row of
the cooling holes of the main stream is referred as Z/D.=3. The contours of the local adiabatic
film cooling effectiveness for different shapes of cooling holes when the blowing ratio is 0.5, 1.0
and 1.5 respectively are shown in Figures 9(a)~(c). Different shapes of cooling holes will result in a
remarkably difference on laterally spreading of higher local adiabatic film cooling effectiveness
under same blowing ratio especially at the area near the exit of the cooling stream. Basically, the
area covered by the cooling stream for all tested three kinds of shapes of hole is larger with
increasing of the blowing ratio.

Figure 9(a) shows that only downstream regime that next to the exit of the cooling hole has a
higher 7 value. Further downstream, because of the jetting effect within path of cooling pipes and
the strong turbulence shear flow structure as meeting with the cross mainstream, the visible
protection region which is relating to the streamwise movement of discrete-hole ejected coolant
stream will obviously diminish and present as a triangular-like shrink profile in 7 distribution. In
area of adjacent holes for each row, simulated results displayed that periodic lower 7 value would
cover the mainly section, which indicates that the CYSA structure is not able to provide a cooling
effect at the lateral direction. The distribution of 7 for FDSA cooling holes can be seen in Figure
9(b). The main difference between Figure 9(a) and Figure 9(b) is the longer distance of high
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value distributed at the downstream trailing edge of the FDSA cooling holes. The taper anger of
15° at the trailing edge has successfully reduce the momentum of the cooling stream at the exit of
the cooling hole and reduce the penetration effect into the main stream, thus would provide a better
cooling performance at the surface of the sample.

Figure 9(c) is the distribution of 7 value for the LDSA cooling hole structure at various blowing
ratios. LDSA cooling hole has a remarkably wider area of surface of the sample that is being
protected by the cooling stream compare to both FDSA and CYSA at the same blowing ratio. This
is due to the extended 15° taper angle consideration at both lateral sides of the exit of the cooling
hole will increase the flow area of the cooling stream, therefore a reducing in momentum ratio for
prevention of penetration effect and weakly the strength of shear flow at high blowing ratios.
Figure 9(c) also shows that a remarkably reduce of low 7 region between two LDSA cooling holes
compared to CYSA and FDSA cooling holes structure due to the lateral flow spreading effect.
Generally, the lateral spreading effect of the cooling jet in LDSA has a relatively even cooling
protection effect on the surface of the sample.

7.4 Characteristic of the flow field

Walters and Leylek [22] stated that the distribution of the film cooling effectiveness on the
surface is controlled by two primary mechanisms. The first is concerned with the jetting flow
structure within the film hole itself. The second mechanism is due to the interaction of individual
coolant jet and the cross mainstream. Pairs of counter-rotating vortex dominate the developing of
thermal-flow structure over the surface of discrete-hole film cooling plate. When the blowing ratio
is equal to 1.5, Figures 10 shows the velocity contour plot of H3 at centerline cross plane for CYSA,
FDSA and LDSA types of holes. When the cooling streams pass through the impingement pipes
and flow into the cooling pipe, inspection on Figures 10 reveals that part of cooling streams may
encounter a larger turning angle near the leeward side of cooling hole in lower section. Moreover,
the cooling stream would pass more smoothly into the windward side of cooling hole. A major
feature of “jetting flow” which is caused by the non-uniform velocity distribution at the entrance of
cooling hole can be observed from present numerical results.

Generally, the structure of the flow field at the lower part of the cooling pipe is basically
displayed with uneven fork in the curl region, which shows a higher momentum at the leeward
slope but shows a lower momentum at the windward slope at tested range of blowing ratio. That is,
the four parts of jetting flow, i.e. the separated/back flow area near the cooling hole entrance, the
re-attachment area, developing area and the area at the tail end downstream near the cooling hole
which affected by the main stream can be demonstrated from the velocity contours. In addition, a
highly shear layer downstream of jet exit produced by the cooling stream penetrating into the
mainstream can be observed which will cause the local film cooling effectiveness to be reduced
rapidly at the near-field of jet-crossflow intersection (Figure 10(a)). Figures 10(b), and 10(c) are
the results from FDSA and LDSA types of hole, respectively. The forward-expanded hole
structure can effectively moderates the degree of lift-off phenomena occurs in a high momentum

8
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cooling stream. When the structure of the hole is to be replaced by a LDSA type of hole, the
lateral expanded hole will increase the cross section of the exit and perform a lateral spreading
effect. Thus characteristics of the flow fields for CYSA and FDSA are quite different. Figures
10(c) has clearly show the location that show a high momentum cooling stream is focus on the half
way to the exit of the pipe instead of the region closer to the exit of the hole, where each cooling
streams are interacting evenly with the mainstream and given a highest local film cooling
effectiveness.

Downstream of two rows of staggered holes at cross-stream plane Z/Dc=6, Figure 11{a)~(c)
show the velocity vector for CYSA, FDSA and LDSA respectively when the blowing ratio is equal
to 1.5. The counter rotator vortex pairs generate by the cooling stream ejected from the second
row of cooling holes H6~H9 can be observed clearly from Figures 11(a) and 11(b). The
expanding angle at the exit of FDSA has resulted in a closer attach of the vortex to the wall of the
sample. This also indicates that the expanding angle can effectively reduce the lift-off of the jet
from a cylindrical hole under high blowing ratio. Figure 11(c) shows a lateral expanded angle of
the LDSA type of hole that can avoid CRVP. Since the high temperature mainstream will impact
on the wall due to the downwash effect of CRVP and breakup the complete and equilibrate

development of the cooling film, LDSA shows the best performance in high blowing ratio (Figure
12(c)).

7.5 Distribution of the Spanwise-Averaged Film Cooling Effectiveness

The effect of different types of cooling holes can be observed from Figure 12(a) under fixed
blowing ratio of B,=0.5. In the near-field jet-crossflow region of Z/D. < 6, a visible difference in
spanwise-averaged film cooling effectiveness for different shape of hole is existed. At Z/D.=1 and

4, 16! 162atéé next to the downstream of the cooling hole, FDSA gives the highest value of 7, then
'CYSA, while LDSA type of hole shows the lowest value. At Z/D=2, FDSA still gives the highest
value of 77, then LDSA, and CYSA type of hole shows the lowest value. The distribution of 77
for the three types of holes are very close to each other between Z/D =6 to 25. The FDSA structure
still exhibits the highest spanwise-averaged film cooling effectiveness when the blowing ratio is 1.0,
shown in Figure 12(b). The 77 value for LDSA is higher than that of CYSA downstream of cooling
holes. When the blowing ratio further increases to 1.5, Figure 12(c) shows that the 7 value of
LDSA structure in region of 0<Z/D <12 is the highest among the three types of holes, while CYSA
shows the lowest value of all. We can also discover that the 77 values do not change much for
FDSA and CYSA near the cooling hole by comparing Figures 12(b) and 12(c), however, still
maintain a higher 7 value farther at the downstream. Figure 12(c) also shows that, in between
Z/D¢=20~25, the 77 value of LDSA is slightly lower than CYSA and FDSA, which is due to part

of the cooling stream produce a stronger lateral spreading effect by LDSA structure.

8 CONCLUSION

This paper has performed a systematic numerical simulations on the characteristic of the 3-D
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thermal-flow field of a impinging cooling/film cooing dual effect sample flat plate with different
kinds of hole shapes under three blowing ratios (B, = 0.5, 1.0, and 1.5). The cooling holes are
distributed in two rows that interlace between each other in pitch of three times of diameter of hole.
The types of holes being used in the study are: cylindrical round, simple angle hole (CYSA),
forward diffused, simple angle hole (FDSA) and lateral diffused, simple angle hole (LDSA).
Some major conclusions are drawn out from the numerical results and listed as below:

(1) The present paper accomplished a realistic cooling study on turbine blade with numerical

approach. The tested sample is a film-cooled flat plate with internal impingement cooling
chamber. Using ICEM/CFD as the preprocessor, the multi-block and body-fitted computational
grid system that includes the mainstream duct, two-rows of cooling pipes, impingement
chamber, and supply plenum regions is successfully constructed.

(2) The simulated velocity contours clearly displayed that the structure of the flow field within

cooling hole tube can be separated as the windward high momentum area at the entrance, the
contrariwise low momentum at split of the curl, central developing area and the exit region that
directly affected by the main stream. The structure of jetting flow is under the influence of both
geometrical shape of hole and blowing ratio. Further, CRVP are observed clearly in both
shapes of CYSA and FDSA. Simulated results also exhibits that CRVP no longer exist for

LDSA hole, especially for high blowing ratios. Thus, LDSA will provide better protection on
sample surface.

(3) The geometrical shape of cooling hole plays a significant effect to the adiabatic film cooling

effectiveness. Near field of jet-crossflow intersection, LDSA hole would give a better later
coverage of the cooling stream on the surface of the sample flat plate. Far downstream, CYSA
and FDSA are able to provide a longer cooling distance for the film cooling effect.

(4) The FDSA shape has shown a higher value in distribution of spanwise-averaged film cooling

effectiveness when B=0.5. However, as blowing ratio is increased to 1.0 and 1.5, the LDSA
has shown a better cooling performance than other shapes. It is due to the structure of the
FDSA and LDSA can reduce the momentum of the cooling flow at trailing edge of cooling
holes, thus reduced the penetration of the main stream. Moreover, the structure of the LDSA

can increase the lateral spread of the cooling flow, thus improves the spanwise-averaged film
cooling effectiveness.
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NOMENCLATURES

body force, kg

blowing ratio

diameter of the impinging hole, m
diameter of the film cooling hole, m
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H total enthalpy

h static enthalpy

k kinetic turbulence

L thickness of the sample

P pressure, Pa

S source

Tow adiabatic temperature of the wall, K

T, temperature of the cooling stream, K

Tm temperature of the main stream, K

t time, S

U velocity vector of x, v, z direction

U,V,W  velocity of x, y, z direction, m/s

Uc velocity of the cooling stream, m/s

Um velocity of the mainstream, m/s

X,Y,Z coordinates

Greeks

r diffusion coefficient

£ dissipation rate

n adiabatic film cooling efficiency
Oc density of the cooing stream, kg/m’
Om density of the main stream, kg/m3
g stress tensor, N/m?

) dependent variable
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TABLES AND FIGURES

Table 1 ~ Study Matrix

Numerical Model Blowing Ratio Turbulence Model
(Rggia?;: SESO’:;D 05 k-& Low Re k- & RNG k- £ Low Re k-
Two row CYSA 0.5,1.0,1.5 LoRek-¢
Two row FDSA 0.5,1.0,1.5 LoRek-¢
Two row LDSA 0.5,1.0,1.5 LoRek-¢
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Trailing sape
Coolant jection

Coolant Flows

Fig. 2-The geometry of the film-cooled flat plate with internal impingement chamber, unit: mm

Coolant jet Impingement Cooling Hole-pipe

Hole-pipe

Fig. 3-The close view of two-rows of cooling tubes and internal impingement regions
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Fig. 5-The grid features on both of inner surface and the surface perpendicular to the axial of LDSA cooling hole
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Fig. 6-The distribution of spanwise-averaged adiabatic film cooling effectiveness over film-cooled plate with one row
of discrete-holes

——a—— M1(772068)
——a—— M2(966614)
—o— M3{1040604)

510 5 26 25

Fig. 7-The distribution of spanwise-averages film cooling effectiveness at three grid system
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Fig. 8-Top view around cooling hole exit area
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(2)CYSA, B=0.5

(c)LDSA, B=0.5 B=1.0 B~=1.5
Fig. 9-Contour plots of local film cooling effectiveness for different shapes of hole

(a)CYSA
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