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Numerical Investigation of Flow and Heat Transfer Characteristics in Plate with Multiple
Incline Stage Holes
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Abstract: In this paper, the effects of impingement and film composite cooling on the design of combustion chamber cooling structure are simulated by numerical simulation.
The focus of the investigation was on increased film cooling efficiency and enhanced heat transfer between the coolant and the hole wall. The five-stage shaped hole model
and one cylindrical hole design have the same equivalent flow area. The flow and heat transfer characteristics of cylindrical hole and stage-shaped hole were numerically
investigated under same blowing ratio, and compared at the same blowing ratio. The results showed the stage-shaped hole resulted in higher cooling effectiveness, especially
in rear part, and the mechanisms of which were studied in details. The consequences of the phase parameters in the flow have very clearly dependedt on the internal shape
of the corresponding hole. Stage-shaped holes formed impact inside the wall, tapped the coolant potential in cooling, and increased the heat transfer inside the solid wall.
Further, stage-shaped hole resulted in unstabilized flow inside hole, gave an enhancement of lateral spreading ability, and brought a significant increase of the film lateral
effectiveness. Further, the affection of area ratio and height ratio has been studied by five models. The results show that the increasing of area ratio leads to an increase in
cooling efficiency, which also indicates the increasing of height ratio showed slight affection.
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1 INTRODUCTION Experimental and numerical approaches have studied

With further development of aero engines, designing
the combustion, chamber is facing increasing challenges
from higher working temperature and heat capacity than
ever. The thermal effectiveness and the specific power of
the gas turbine systems depend strongly on turbine inlet
temperature [1-3].

The inlet temperature limited by the potential
structural failure of the engine components is mainly
attributable to high temperature. This undoubtedly leads to
a series of problems, such as the match between oil and air,
the control of temperature distribution of combustion and
the effective cooling of the combustor liner, and so on. In
order to improve the reliability of the combustor liner at
ever-increasing temperatures, a useful method is to devise
more efficient combustor liner cooling systems, to which
the effusion cooling system belongs. As alternative
solutions to the typical 2-Dslot combustor cooling systems,
the full coverage film cooling showed its high effective
layer of film cooling characteristics [4, 5]. Andreini [6]
compared the heat transfer characteristics of slot film and
effusion cooling systems, and found the later ones show a
significant increasing. Researchers have done many
investigations for full coverage film cooling, such as: Che
Sidik et al. [7], Ligrani et al. [8], Schulz [9], Kelly, and
Bogard [10]; these investigations demonstrate that
substantial improvement in cooling effectiveness is
achieved by increasing the number of holes and
simultaneously decreasing the diameter. Krewinkel [11]
indicates that two key factors, which alter film cooling
effectiveness, are inclination angle and spacing. Andrews
et al. [12] investigated the effects of various factors on full-
coverage film cooling and showed the strong influence of
the number of holes, of their length and injection angle.

Based on effusion cooling structure, impingement/
effusion cooling system was designed, which is composed
of effusion and impingement cooling plates. It raises the
cooling effectiveness to extent, and gets higher cooling
effectiveness by approximately 30%, with small coolant
magnitude [13-14].

the cooling effectiveness of impingement/ effusion cooling.
A large number of simulations, experiments, and
optimization techniques have focused on enhancing the
heat transfer and thermal performance of impingement jet
cooling and film cooling [15-16]. The heat transfer and
flow characteristics have been examined as functions of
various variables, including the Reynolds number, the
blowing ratio, height to diameter, number of holes,
arrangement, diameter, and angle of the holes [17].

However, its complicated structure brought great
difficulties to manufacture and the double wall brought
extra weight, so engine designers demanded reduced
weight and volume to make smaller and more effective
aircraft engines. It is necessary to develop a simple and
effective cooling structure.

A new scheme was developed simplified on the basis
of the original imp/eff structure by merging the two plates
into one, saving many connected components. It tries to
increase the heat transfer between coolant and wall by
forming impinging flat inside the film holes, and tap the
cooling potential of the coolant gas, which is to lower the
wall temperature not only through the film cooling.
Nevertheless, through so-called "heat sink effect", that is
the wall cooling due to the heat removed by the passage of
the coolant through the holes [8, 12]. Further, the structure
of stage holes can induce unestablished flow, enhancing
the lateral spreading of the film downstream.

Its flow and heat transfer characteristics have been
numerically investigated and compared with the effusion
cooling structure. In addition, the effect of area ratio and
height ratio has been investigated.

2 COMPUTATION SCHEME

Fig. 1 showed the specific structures of two models.
Modell was an inclined cylindrical hole with fixed flowing
area, and Model 2 was composed of upstream hole and
downstream hole, marked as Dy, and Dgown separately,
which had variable flowing area inside the hole. Further,
Dy, was smaller than Dgown, 0 an impact plate was formed
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inside Model 2. The two holes of Model 2 had same
inclined angles a as 30°.

2> .

S

impact platform

(a) cylindrical ~ (b) stages (c) front views
Figure 1 Sketch of effusion and stages of effusion cooling structure
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Figure 2 Sketch of stage hole structures with different area and height ratio

In the paper, length ratio was defined as
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Thus, a sudden contraction was formed at the
interaction position of the hole A and hole B, and an impact
platform was formed in the junction of the two holes. The
cooling gas first formed impingement on the flat, enhanced
the convective heat transfer between coolant and the wall
of the stage hole. Finally, it flew out, formed a film-cooling
sheet on the wall surface.

The equivalent diameter was defined as Eq. (3).
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2.1 Geometrical of the Computational Model

The geometrical parameters of six models investigated
in the paper were listed in Tab. 1, which were all designed
with the same equivalent diameter as Model 1.

Models 1, 2, 3 are different in Dyp, Dgown and same in
holes length, which were designed for investigation of
different area ratio influence.

Models 2, 5, 6 are different in Hyy/Hgown, and the same
in hole diameter, and were designed for the investigation
of different height ratio influence. The geometrical
parameters of all the models were listed in Tab. 1.

Table 1 Geometrical parameters

Model Area ratio Dy (mm) | Dyown (mm) | Length ratio
Ml 1:1 0.6 0.6 1
M2 1.7:1 0.84 0.64 1
M3 3:1 1.09 0.63 1
M4 4:1 1.22 0.61 1
M5 1.7:1 0.84 0.64 0.5
M6 1.7:1 0.84 0.64 2

4  GRID GENERATION AND INDEPENDENCE

The software ANSYS ICEM-CFD has been used to
generate the computational grids. The domain meshes were
hexahedral ones including 4 layers close to the wall,
counting about 2.5 million elements in total (Seen in Fig.
3), which were realized with an increasing refinement
level in order to perform an assessment of the mesh
sensitivity. Fig. 4 presents the grid independency study,
carried out with Model 2.

Boundary layer mesh

\

Figure 3 Grid distributions of different parts
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Figure 4 Cooling effectiveness sensitivity in dependence of mesh

The analysis was conducted with element 500000,
900000, 1300000, 1700000, 2100000, 2500000, and
2600000, of the computational domain. When grids
increased to 2500000, the cooling effectiveness varied
little as we tried to increase the number of elements as
shown in Fig. 4, in which longitudinal coordinates
represented cooling effectiveness, while abscises were
presented as X/D, X was the axial distance, D was the
equivalent diameter Dy. Hence, in the different models, the
similar meshes were adopted.

5 COMPUTING DOMAIN AND BOUNDARY CONDITION

Fig. 5(a) showed the schematic structures of
computational domain. The domain covers two columns of
holes, the front and back sides were set to periodical
boundary, the up side was set as wall, the down side was
set as symmetrical, and the coolant and main flow inlets
and outlets were set as pressure boundary. Fig. 5(b) shows
the detail of hole configuration. The impact platform is
marked out and hole distance P, S and incline angle are
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marked on the sketch separately.
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Figure 5 Sketch of computational domain

ANSYS FLUENT was set to run with double precision
and density based solver is used. The working fluid for hot
gas and coolant stream was air and assumed as ideal gas.
The k-e realizable turbulence model with enhanced wall
function was used for solving turbulent quantities because
it had better coverage of the convective heat transfer
performance predictions [18]. Turbulence intensity of 3%
and 3.1% was used for coolant and mainstream
respectively. The static pressure was set at 1 atm, and the
reference to operating pressure of 0 Pa. The mainstream
condition was fixed at the entrance with a total pressure of
Pin = 32 MPa, temperature Ti, = 1950 K, coolant flow was
fixed at the temperature 7, = 860 K). The velocity of the
coolant flow UL, is calculated from respective BR (Blowing
Ratio) using Eq. (4), which equaled 1.5.

PcU.
pCX)uOO

BR = 4)

where p. and p represent densities of the main free stream
and coolant, respectively. In addition, wu. and
u» represented velocities of the main free stream and
coolant, respectively.

Mathematically, film cooling effectiveness (1) was
defined as:

(7,-1,)
ﬂ—m (5)

where T, represented the main free stream temperature,
T, represented the wall temperature and 7 represented the
coolant temperature from hole.

The entrance of the mainstream and coolant was set to
pressure inlet while mainstream outlet was set to pressure
outlet. All the solid walls have been assumed as no-slip
condition. Both sides of the boundary face were set to
periodical condition.

6 NUMERICAL ANALYSIS

6.1 Comparison between Cylindrical Incline and Stage
Incline Holes

6.1.1 Contribution of Temperature

Fig. 6 reports the overall temperature maps for the two
cooling structures conditions, listed in Tab.1 as Model 1
and Model 2, and in Model 1 Line I going between the two
adjacent columns and Line II going right through the hole
center were marked separately. The temperature decreased
along axial direction, reported the increase of effectiveness
[1]. In the upstream region of Model 1, the temperature

showed a relative high value, resulting from a poorer
previously mentioned effect due to an insufficient coverage
of coolant film. However, in the downstream region, the
temperature showed a downward trend and irregular
distribution. Model 2 had a similar distribution as Model 1,
and showed an extension of low temperature region, which
was caused by the increasing effect of heat conduction in
the steel-made effusion plate.
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Figure 6 Temperature comparison of Model1 and Model2
6.1.2 Contribution of Cooling Effectiveness on Hot Wall

Fig. 7 shows the distribution of comprehensive cooling
effectiveness of Model 1 and Model 2 in Line I and Line II
(In Model 1, marked as M1-I, and M1-II, and M2-I, and
M2-II in Model 2). The cooling effectiveness increased
monotonically and presented a rapid increasing trend in
upstream regions, which slowed down in downstream. A
faster increasing trending appeared in rear part, which led
to superior cooling effectiveness after X/D = 65, and the
results of compound effect had significant film lateral
spreading and enhancement convective heat transfer inside
the plate.

Fig. 7 shows the cooling effectiveness of Line I on the
wall among holes (line M1-II, and M2-I1). It decreased first
for the film decaying, then increased due to the convective
heat transfer of the downstream holes. Model 1 had higher
effectiveness in the front part, while Model 2 gradually
presents an advantage in the rear.
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Fig. 8 shows the comprehensive cooling effectiveness
on the hole exits on line I. The effectiveness of Modell and
Model 2 showed the same trends, with great fluctuation,
which was repeated on each film hole exit. The
effectiveness of Model 2 was a little lower than of Model
1, which resulted in the higher temperature on the coolant
in Model 2. The stage-hole cooling structure tapped the
cooling potential of the coolant to some extent by
increasing coolant temperature, obtained superior heat
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transfer between coolant and impact platforms on stage-
hole walls.
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Figure 8 Cooling effectiveness in part of Line Il (on the hole exits)

6.1.3 Contribution of Flow and Mixing

The cross sections X = 2D, 4D, 8D and 16D
downstream the hole A, were marked as I, II, III, IV
separately, which were shown in Fig.9.

Fig.10(a) and 10(b) showed the maps of temperature
in different cross sections (2D, 4D, 8D and 16D), and
streamlines (colored by temperature) from hole A in
Modell and in Model2, the coolant jets flew towards
downstream, lifted gradually, and the temperature
increased, too.

Hole A I I mn v

002 (m)

(a) modell

002 (m)

(b) model2

Figure 10 Temperature distributions of downstream cross sections
(A) Flow development downstream the hole

The distribution of velocity vectors, and local
distributions of the temperature (section I) for Model 1 are
shown in Fig. 11. The lift off effect caused by the
momentum of the coolant led to the kidney vortexes, and

the hot gas was induced to flow into the gap between the
coolant and the cooling surface by the pressure gradient.
Therefore, the lateral spreading of the coolant becomes
limiting, which degraded the film-cooling effectiveness,
and resulted in a gap between the two vortexes, as shown
in circle.

Fig. 11 presents the temperature contour maps and X-,
Z- components velocity on section I in Model 1 and Model
2. Both models showed similar distribution, while Model2
showed wider lateral spreading of the coolant, caused a
reduction of high temperature region between two vortexes.

(a) Model2 (b) Model1
Figure 11 Kidney and ant kidney vortices in Section |

(a) Model2 (b) Model1
Figure 12 Kidney and ant kidney vortices in Section Il

Y

%

(a) Model2
Figure 13 Kidney and ant kidney vortices in section IlI

(b) Modell

(a) Model2 (b) Model1
Figure 14 Kidney and ant kidney vortices in section IV

Figs. 12, 13 and 14 present the temperature contour

maps and X-component, Z-component velocity on section
IL, IIT and IV in Model 1 and Model 2 separately.

In downstream sections, the staged hole model showed
up the advantage gradually. In Fig. 13 and Fig. 14, the
kidney vortexes were still there, while the stronger mixing
and spreading caused by staged holes in Model 2 resulted
in a lower temperature among the vortexes.

Fig. 15 presented the cooling effectiveness distribution
of the intersection lines of hot wall and sections I, II, II, IV
of Model 1 and Model 2. There appeared two effectiveness
peaks in section I (M1-I, M2-II), right downstream the
holes both in Modell and Model 2, and M1-I showed a
higher effectiveness. With the increase of distance, in
different sections downstream, the regularities distribution
was similar, while values increased gradually. It is to be
mentioned that the difference between the two models
gradually showed a reversal. The effectiveness of Model 2
grew higher than that of Model 1 in section III, and became
even larger in downstream section IV, which was
consistent of that shown in Fig. 7.
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Figure 15 Effectiveness along the span wise direction in different cross-sections

(B) Flow inside holes

Fig. 16 shows five cross sections inside the hole,
marked as I’, II’, III’, IV’, and presenting temperature
maps and streamlines on different sections.

|2 Ik I’ v’
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I’ " n’ v’
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Figure 16 Temperatures and streamlines on different sections inside hole
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Figure 17 Distribution of eddy and velocity

Fig. 17 shows the distribution of eddy, Y- component,
and Z-component velocity in different sections inside hole.
In Model 1, the vortices on section I’ are small, and the
value is larger in the vicinity of the hole wall, the vortices
grow larger, then decrease gradually. In the right side, fluid
particles rotate counter clockwise while in the left side they
rotate in clockwise direction. In Model 2, compared with
Model 1, fluid particles show stronger rotation speed in
section I’, while the distribution did not show any regular
pattern in section II’ and III’, which was caused by the
impingement on the platform. In section IV’, the
distribution was restored to be regular, and the vortices

were even larger, especially in the vicinity of the hole wall,
meaning stronger rotating speed, which induced the
stronger span spreading downstream.

Fig. 18 shows the distribution of turbulent kinetic
energy in different sections. It could be seen that the fluid
obtained larger turbulent kinetic energy near the hole wall
in section I’, caused by the larger impingement speed. In
addition, the energy gradually dissipated towards the
center, resulting in a lower value region, which meant the
fluid restored to be regular gradually. In section II’, the
turbulent kinetic energy became larger gradually in the
lower region, and indicated a certain gradient, while it
became smaller in the upper region. With distance
increased, the turbulent kinetic energy distribution tended
to be uniform, and the gradient decreased gradually. In
section I'V’, the distribution was like that of section I’, and
the value increased first and then decreased gradually in the
hole, meaning that the flow was disordered and then

gradually stabilized.
v’

. l‘ -I
. . e—
I’ I n’

Figure 18 Distribution of turbulent kidney energy

In Fig. 18, the turbulent kinetic energy of Model 2
showed a different distribution from Model 1. In section I’,
the low turbulent kinetic energy region of Model 2 was on
the upper region. Further, the high turbulent kinetic energy
region was divided into two regions in section II” in Model
2, which was caused by the effect of the platform barrier.
Finally, in section IV’, the Model 2 obtained higher value
on both sides near the hole wall than Modell, meaning
strong flow speed near both sides.

7 DISTRIBUTION OF VELOCITY IN HOLE EXIT

Fig. 19 shows the pressure and X-component and Y-
component velocity distribution in hole exit planes. In
Model 1, the velocity formed a clockwise vortex on the left
and a clock vortex on the right above center axis, marked
as I and II, and under center axis there were also two
vortexes, marked as III and IV. Both the vortexes under
center axis rotated in the opposite direction of the vortexes
above. However, Model 2 also induced four similar
vortexes (I, II’, III’, IV’) in corresponding places, and
resulted in a bigger effecting area and higher intensity of
the vortexes.

The complicated flow characteristics inside hole led to
complex flow distribution of the exit, enhanced the vortex
intensity, and strengthened the film span wise spreading.

To get a view as complete as possible of the specific
effects of varying hole shapes inside and hence an
enhanced understanding of the dominating mechanisms, a
variation of the hole geometry was imperative, and the area
ratios and height ratios of holes were considered to be the
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most important geometric parameters. The effect of
changing of exactly these parameters on the film cooling
performance will be analyzed.

X Y Component

10

Axis

Figure 19 Distribution of X and Y component velocity
7.1 Influence of the Different Area Ratio

The investigations on the effect of different area ratios
have been conducted. Fig. 20 shows the temperature
contour maps of the Model 2, 3, 4, with increasing arca
ratios (Tab. 1). Those had similar temperature contour
maps, especially in the front of the plates, while in the rear
of the plates, the temperature decreased in turn because of
the increasing of convective heat transfer inside the plate.
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0 20 40 60 80 100 120 140 160 180 200 220
X/D
Figure 21 Distribution of cooling effectiveness on Line |

Fig. 21 shows the distribution of comprehensive
cooling effectiveness on line I (seen in Fig. 6). The models
show similar increasing trends as Model 2, and the value
increased with the area ratios, while the difference enlarged
towards downstream.

Fig. 22 shows the temperature contour maps and X-
and Z-components velocity in section I, II, and III. The
spreading ability of Model 2, 3, 4 decreased in turn, and the
difference among the three models increased gradually in
cross section I, section II, and section III. The flow kinetic
energy dissipated in impinging process on the stage flats,
which grew even larger inside models with large area ratio.

The impinging cooling ability grown larger resulted in high
cooling effectiveness and strengthened unsterilized flow.
Those led to wonderful lateral spreading, and minimized
the gap between two vortexes.

Model2 Model3 Model4
Figure 22 Distribution of temperature and velocity vectors

7.2 Influence of the Different Height Ratio

The investigations on influence of different height
ratios have been conducted. Fig. 23 shows the temperature
contour maps of the Model 2, 5, 6, with increasing height
ratios (Tab. 1). The three models had nearly the same
temperature maps those proved height ratio had little affect
on heat transfer.

Fig. 24 shows the distribution of comprehensive
cooling effectiveness on Line I, and the models show
almost the same trends as Model 2. It could be further
concluded that height ratio effected slightly.

[ e
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Figure 23 Distribution of temperature contour maps on hot side of the models
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Figure 24 Distribution of cooling effectiveness on Line |
8 CONCLUSIONS

In this paper, the flow and heat transfer characteristics
of the stage orifice plate have been numerically studied and
compared with the equivalent flow area cylindrical orifice
plate at the same flow ratio. In addition, the effects of area
ratio and height ratio have been studied.

(1) The impact platform induced into the effusion wall
gave a raise of the intensity of secondary flow, resulting in
an increase in the complexity of its distribution. Those
resulted in superior heat transfer in holes, and strengthened
lateral spreading in downstream of the hole exits.
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(2) Stage hole effusion plates induced an increasing of
cooling effectiveness, especially in the rear part. Further,
that led to an improvement of lateral uniformity of
temperature, which proved to be caused by superior
impingement inside the wall and stronger film lateral
spreading on the surface.

(3) Inducing the stage holes, stage hole showed a
convective heat transfer enhancement between the solid
wall and coolant gas, then induced an increasing of coolant
temperature, and made a tap of the cooling potential of the
coolant to some extent.

(4) The area ratio has a great influence on the flow and
heat transfer characteristics, and the high area ratio always
causes efficient cooling, while the height has a slight
influence on the cooling effect.
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