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Abstract

Effusion cooling is an effective cooling technology which is considered as the
next logical step of the cooling technology for gas turbine blades. Additive
manufacturing technology makes it possible to fabricate effusion cooling structures in
gas turbine blades with the optimal parameters and a low cost. However, the sizes of
cooling holes were usually inhomogeneous owing to the limited accuracies of additive
manufacturing technology. This study investigated the influence of inhomogeneous
porosity on effusion cooling. The results showed that the inhomogeneous porosity
dramatically affected the cooling effects of the surface film and the internal holes.
However, the inhomogeneous porosity had a very slight effect on both global and local
effusion cooling efficiency (less than 1%) even when the non-uniformity reached 20%.
The intensive heat conduction inside the solid matrix played an important role for
eliminating the adverse influence of the inhomogeneous porosity. Higher thermal
conductivity, thicker thickness or narrower holes spacing both resulted in a smaller heat
resistance and hence enhanced the heat conduction effect. However, the inhomogeneous
porosity had a remarkable effect on effusion cooling efficiency when a low-thermal-
conductivity Thermal Barrier Coating (TBC) covered the surface. Decreasing the
thermal conductivity of TBC would further aggravate the inhomogeneous problem.
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1 Introduction

Increasing the turbine entry temperature (TET) of heavy-duty gas turbines or aero-
engines contributes to improve the power generation and thermal efficiency. The turbine
entry temperature has exceeded 2100 K which is in excess of the melting point of blade
material and is keeping growth. Therefore, effective cooling technologies are essential
to protect gas turbine blades for a higher efficiency and a longer lifetime [1]. Common
cooling methods mainly include internal cooling and film cooling in present commercial
applications. Film cooling has been proved to be a reliable and effective cooling method
in practical working. However, discrete film holes can’t provide a full-coverage film on
the blade surface which leads to an inhomogeneous cooling effect. The film cooling
efficiency will even decrease when injecting excessive amount of coolant due to the
detachment of film [2]. Effusion cooling has many rows of holes fully covered on the
surface compared with film cooling. Effusion cooling could be considered as a special
form of film cooling with full-coverage film holes. The film of effusion cooling fully
and closely covers on the hot surface. In addition, the convective cooling through the
internal holes is more intensive and sufficient owing to the large amount of holes.
Therefore, full-coverage effusion cooling is considered as the next logical step of gas
turbine blade cooling [3].

Effusion cooling was proposed in 1950s [4,5]. The fundamental researches of
effusion cooling mainly focus on geometric parameters of holes, coolant/hot gas
interaction and boundary layer development. A larger hole size leads to a higher cooling
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efficiency due to the reduced heat transfer coefficient of film [6]. Decreasing the hole
diameter and simultaneously increasing their amount can also result in a higher cooling
efficiency because of the less mixing effect [7]. Diffuser-shaped cooling hole gives a
better film coverage and a higher cooling efficiency [8]. Effusion cooling efficiency
increases with decreasing the spacing of holes because that the coolant jets merge
together[9]. The experimental investigation has indicated that effusion cooling has a
better cooling performance compared to film cooling [10]. However, manufacturing
technology and cost of effusion cooling structure prevented its further practical
applications [3]. The optimal parameters of effusion cooling structures have been
discovered but manufacturability hindered their practical applications.

Additive Manufacturing (AM) is an emerging manufacturing technology, which
has already brought new developing ideas to many fields. Additive manufacturing has
advantages of economical cost and fabricating complex geometries compared to
traditional subtractive manufacturing methods [11-13]. Additive manufacturing has
been widely applied to biomaterial [14-15], aerospace [16-18], building [19, 20] and so
on. Recently, additive manufacturing technology brought revolution in gas turbine
industry [21-23]. SIEMENS has finished its first full load engine tests for gas turbine
blades produced using Additive Manufacturing technology in the early of 2017 [24].
Additive manufacture technology enables complex and micro cooling structures for the
gas turbine blades. Min et al. [10] and Huang et al. [25] successfully utilized additive
manufacturing technology to fabricate metal samples with full-coverage micro-holes for
transpiration/effusion cooling. Different shapes and distributions of micro-holes were
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fabricated and investigated to achieve a higher cooling efficiency and mechanical
property. Blood-vessel-like [10] and tree-like [26] special-shaped cooling channels were
manufactured to reduce the coolant flow resistance, which were difficult to be
manufactured by the traditional manufacturing methods.

However, the accuracy of metal Additive manufacturing technology is still a
limitation for precisely fabricating small cooling hole structures. Slice thickness, build
orientation, material, and process parameters directly affect the manufacturing accuracy
[27]. Metal additive manufacturing technology is based on melting metal powers by the
focused laser beam. The diameter of the laser focus is about 0.1 mm, which is close to
the size of small effusion cooling holes. Unexpected metal particles will also be melted
due to the heat diffusion effect around the laser focus. A large amount of tiny metal
particles randomly adhered to the internal walls of cooling holes, which induced the
random error of the small hole sizes [25]. In addition, impurities in coolant and
combustion gas could partially block the small cooling hole during gas turbine working
[5, 28], which finally changed the effective hole diameters. Therefore, the hole sizes
would be inhomogeneous due to manufacturing error and impurity blockage as shown
in Fig.1. However, previous studies of effusion cooling mainly based on ideal
homogeneous porosity. There is little literature investigated the influence of
inhomogeneous porosity on the flow and heat transfer in effusion cooling, which is

important for practical applications but the interaction is still unclear.



(a) Ideal designed porous sample with homogeneous porosity

(b) Actual additive manufactured porous sample with inhomogeneous porosity
Figure 1. Caparison of ideal and actual additive manufactured porous sample with
cooling holes

Here, we investigated the influence of inhomogeneous porosity on effusion cooling
effect. Different non-uniformities and random distribution ways of cooling holes were
modeled and simulated. This study also investigated the effects of solid thermal
conductivity, plate thickness, spacing of holes and Thermal Barrier Coatings (TBC) on

effusion cooling efficiency with an inhomogeneous porosity.

2. Numerical method
This study investigated the effusion cooling for porous plates with inhomogeneous
porosities. The geometry parameters of the porous plates were defined as shown in Fig.
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2. H is the thickness in z direction, W is the width in y direction, L is the length in x
direction. The mainstream flows along the x positive direction upon the porous surface.
Effusion cooling holes fully distributed in the porous plate with the same spacing of A.
Each hole was marked by the customized coordinate system of i and j. D;; is the diameter

of a certain hole.

Figure 2. Porous plate with inhomogeneous porosity

As shown in Fig. 1, the actual hole diameters, D;j, always deviated from the
designed ideal value, Do, due to additive manufacturing error. The relationship of D;j
and Do was defined as:

D; ; € Random([Dy(1 —8),Dp(1 +68)]), A1 <i< Ny, 1<j<N,) (1)
For an extreme instance, the diameters of holes are homogeneous when 6=0%. ¢ is
named as non-uniformity hereinafter in this paper. Ny and Ny are the numbers of rows in
the x and y directions. In order to simulate the random situations in practical applications,
the detail values of D;; were generated by the function of random number generation in
MATLAB within the range of Eq. (1). In this study, we defined and simulated over ten
models with different geometric parameters to investigate the effects of non-uniformity,

thickness, spacing of holes and TBC. The detail values of the geometric parameters
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would be declared in hereinafter corresponding sections.

Figure 3 shows the 3D physical model of effusion cooling simulated in this study.
The porous plate zone was conjugated with the coolant zone and hot mainstream zone.
The hot air , acted as the mainstream, blew in parallel with the porous plate surface in x
positive direction. The cold coolant air flowed through the effusion holes and then
injected into the mainstream. The height of the mainstream is 30 mm and its width was
the same with the porous plate. The physical properties of the solid were defined as the
same as Inconel 718, which was a common material of additive manufacturing. The
mainstream temperature was 1000 K and its velocity was 100 m/s. The coolant
temperature was 300 K and the mass flow rate was calculated according to the coolant

injection ratio F, which was defined as [29-31]:
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Figure 3. Physical model of effusion cooling
The mainstream and coolant are compressible flow. The steady Reynolds-averaged

Navier—Stokes equations and energy equations were solved using ANASYS FLUENT



19.2 solver:
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where E is the total energy, E= h+u?/2-P/p. The “density based” model was applied to
solve the non-linear governing equations with the “ideal gas model” for the fluid.
Standard k-¢ turbulence model was used for the turbulence. The previous study showed
that the Standard k-¢ model gives good simulation results for transpiration/effusion
cooling in the subsonic flow [25]. The mainstream inlet was set as “\elocity inlet” and
the coolant inlet was set as “mass flow inlet”. The two sides of the model were set as
periodic boundary.

The effusion cooling efficiency, #, was defined as [29]:

_Too _TW
T T (6)
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The meshes of the calculation model were created by ANASYS ICEM. This study
investigated ten models with different geometric parameters. These ten models then
produced corresponding ten sets of meshes. A same method of meshing was used for all
these twenty sets of meshes. The grid independence investigations were then conducted.
For instance, Fig. 4 shows the meshes of the calculation model with H=5 mm, Do=1
mm, 6=20%, and A=4 mm. The left of Fig.4 is the global view, while the right one is the

local section view of the porous plate zone. The elements concentrated near the plate
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surfaces, holes walls, mainstream walls. Grid independence was investigated as shown
in Fig. 5. The initial grid had about 0.58 million hexahedral elements. The mesh was
then refined to 1.42 million and 3.22 million by densifying the mesh near the holes,
porous plates and mainstream wall, where had significant gradients of temperature or
velocity. Figure 5 shows the lateral average temperature distributions on the porous
surfaces for these three different grids. The grid with 1.43 million hexahedral elements
was finally chosen for the simulation to balance calculation accuracy and calculation

cost. y* on the plate wall was around 1.
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Figure 4. Meshes of the calculation model
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Figure 5. Grid independence investigation

The reliability of the numerical method has been validated by comparing with the
experimental data of effusion cooling [25] as shown in Fig. 6. The boundary conditions,
physical properties of, geometric parameters were kept the same with those of the
experiment. The numerical results corresponded well with the experimental results
which considered experiment error. The heat conduction between the porous plate and
the wind tunnel wall was ignored in the current numerical model, thus the simulated
cooling efficiencies in the leading and trailing boundaries of porous plate inevitably
slightly deviated from the experimental data. But overall, this numerical model
accurately predicted the effusion cooling efficiency distributions. The average cooling
efficiency of the simulation was 56.0%, which was close to the experimental result of
55.8%. The above numerical model was then reliably used to simulate effusion cooling

in this study.
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Figure 6. Comparison of the simulation and experiment result
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3. Results and analysis
3.1 The cooling efficiencies with different non-uniformities

Figure 7 shows the effusion cooling efficiency distributions for three different non-
uniformity 0=0%, 20% and 50%. The coolant injection ratio was F=1%. The blowing
ratio was 0.20 for 6=0% when the injection ratio was 1% according to the hole area and
the definitions described in detail by Min et al. [10].The case of 6=0% shows the cooling
efficiency with an ideal homogeneous porosity. The hot mainstream flows from left to
right. The coolant film covered on the porous surface and then accumulated to be thicker
and thicker along the mainstream direction. Thus, the cooling efficiencies gradually
increased along the mainstream direction. The cooling efficiency periodically
distributed along the y direction when 6=0%. However, the porous plate with 6=20%
suffered inhomogeneous cooling efficiency distributions. A larger hole resulted in a
higher cooling efficiency nearby. This inhomogeneous phenomenon became more
significant when the non-uniformity increased from 20% to 50%. The cooling efficiency
distributions for 6=50% more clearly shows a positive correlation between the hole size

and its surrounding cooling efficiency.
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Figure 7. Cooling efficiency distributions for different non-uniformities

The average cooling efficiencies on the whole porous surfaces for 6=0%, 20% and
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50% were 7=43.09%, 43.23% and 42.52% respectively. The numerical results showed
that the inhomogeneous porosity had a slight influence on average cooling efficiency
when 0=20%. The absolute difference of average cooling efficiency between 6=0% and
20% was only An =0.14%. The inhomogeneous porosity had a more significant
influence on cooling efficiency when 6=50%. However, the difference of average
cooling efficiency was also only An=0.57% when 6=50%. The inhomogeneous
porosity had a very slight influence on average effusion cooling efficiency even when
the non-uniformity reached 50%.
Figure 8 shows the local difference distributions of the cooling efficiency Az,
which was defined as:
An =i, 1| (7)
Since the geometries for 0=0%, 20%, and 50% were not strictly the same, null
values received surround the smaller holes when locally subtracting. The smaller holes
of 6=20% and 50% were marked with red dotted circles as shown in Fig.8, while the
rest unmarked holes were the bigger ones. The maximum local absolute different values
between 6=20% and 0% was only Anmax=0.81%, while the maximum local absolute
different values between 6=50% and 0% increased t0 Anmax=2.43%. The
inhomogeneous porosity had a slight effect on local cooling efficiency when the non-
uniformity was 20%. However, the inhomogeneous porosity had a more significant

effect on local cooling efficiency when increasing the non-uniformity.
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Figure 8. Local absolute difference distributions of cooling efficiency

Figure 9 shows the cooling efficiency distributions of 6=20% and 50% with three
different random distribution ways. The effusion cooling with different random
distribution ways of inhomogeneous porosity were simulated to investigate the sensitive
of the random distribution ways. The porous plates for 611, 1> and d1-3 had the same
non-uniformity of 20% but had different random distribution ways for holes. The porous
plates for 2.1, d2-2 and d.-3 had the same non-uniformity of 50%. Table 1 shows the
relative change of the opening area (hole area) A4, the average cooling efficiencies 1,
the differences of average cooling efficiencies A#n, and the maximum differences of
local cooling efficiency Anmax between inhomogeneous and homogeneous porous plates
for the different random distribution ways. Figure 9 and Table 1 show that the
inhomogeneous porosity had a very slight effect on global average cooling efficiency
for different random distribution ways. The average cooling efficiencies of d1.1, d1-2, d1-
3, 02-1, 02-2 and d2-3 were both close to that of 6o and their absolute differences An were
less than 1%. The inhomogeneous porosity had a slight effect on local cooling efficiency
when the non-uniformity was 20% while the maximum absolute local differences A#max
were also both less than 1%. The non-uniformity had a random influence on the opening

area of the sample. The blowing ratio changed with different non-uniformities owing to
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the changes of the total opening areas.

The numerical results already showed that the inhomogeneous porosity had a very
slight influence on effusion cooling when the inhomogeneity was 20%. The
inhomogeneity would definitely have a less influence if the inhomogeneity was less than
20%, so this study didn’t further investigate the case with an inhomogeneity less than
20%. The current commercial additive manufacturing machines (Arcam®, Concept
laser®, EOS®, SLM Solutions®) have an overall precision below 0.14 mm [32]. The
geometrical accuracies of the 3D-printed holes in this study would be controlled less
than 20% by current commercial additive manufacturing machines, so we didn’t further
investigate the inhomogeneity between 20% and 50% in this study. The next sections of
this study put more efforts on revealing the mechanism and the influences of thermal

conductivity and TBC based on the case of 6=20%.
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Figure 9. Cooling efficiency distributions for different random distribution ways of

inhomogeneous porosity
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Table 1. AA4n, 7, A, and Anmax for different random distribution ways

Non- AAn Injection  Blowing n Aan ANmax
uniformity ratio ratio

00 0% 0% 1% 0.20 43.09% - -
011 20% 5.91% 1% 0.19 43.23%  0.14% 0.81%
012 20% -1.66% 1% 0.21 43.05%  0.04% 0.87%
013 20% 5.39% 1% 0.19 43.24%  0.15% 0.76%
021 50% 20.81% 1% 0.16 42.52%  0.57% 2.43%
02-2 50% 0.05% 1% 0.20 42.20%  0.89% 3.55%
02-3 50% 16.68% 1% 0.17 42.31%  0.78% 2.91%

3.2 The mechanism of the effect of non-uniformity on cooling efficiency

The inhomogeneous porosity had a direct influence on the coolant mass flux
distributions in holes. The inhomogeneous coolant mass flux distributions then affected
the cooling efficiency. Figure 10 shows mass flux ratio distributions in each holes and
cooling efficiency distributions along the lines near the holes. The detail lines positions
and their corresponding numbers were showed in Fig. 10 (6). The gaps between the

curves represented the holes. The coolant mass flux ratio, M, was defined as:

Mii=m ®)

We could find the coolant allocation situation in the inhomogeneous holes
according to the distributions of M. Figure 10 reveals the interaction between non-
uniformities of the porosity, the coolant mass flux and the cooling efficiency. The
coolant mass flux ratio distributions with inhomogeneous porosities (6=20% or 50%)
were significantly different from that with homogeneous porosity (0=0%). The
deviation of hole size resulted in a deviation of coolant mass flux ratio. The larger hole
usually had a higher mass flux ratio, and vice versa. The pressure in the mainstream
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zone decreased along the flow direction due to the pressure drop in the mainstream

channel. Thus, the coolant mass flux ratio of the effusion hole in the downstream zone

is always higher than the upstream zone even though the hole sizes are the same when

0=0% as shown in Fig. 10. Thus, although the second hole in line 1 is slightly smaller

than the first hole when 6=20% and 50%, the coolant mass flux ratio of the second hole

was still slightly higher than the first hole as shown in Fig. 10-(1). Similar phenomenon

was also observed in the second and third holes in line 4 when 6=20% and 50% as shown

in Fig. 10-(4). The deviation of coolant mass flux ratio became more significant when

the non-uniformity increased from 20% to 50%, which then resulted in a more

significant deviation of cooling efficiency.
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Figure 10. Mass flux ratio distributions and cooling efficiency distributions along the
horizontal lines passed holes
The inhomogeneous porosity led to inhomogeneous coolant mass flux
distributions. The inhomogeneous coolant mass flux then affected the effusion cooling
efficiency by two ways: (1) Affecting the film cooling effect on the porous surface; (2)
Affecting the internal convection cooling in the holes.

The adiabatic cooling effect was applied to evaluate the cooling effect of the film
on the porous surface [33]. The solid zone in the numerical model was deleted to erase
the heat conduction and heat convection in the porous sample. The porous sample was
cooled only by the film on the porous surface. The adiabatic cooling efficiency was
defined as [33]:

S

9)
In this condition, there is no heat conduction, no heat flux and no heat convection in the
porous plate. Thus, the adiabatic cooling efficiency only presents the cooling effect of

the film layer. Figure 11 shows the adiabatic cooling efficiency distributions for 6=0%

and 20%. A wider film layer formed beyond a larger hole, which then resulted in a better
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cooling effect. The average adiabatic cooling efficiency was only about 17%. The
maximum local difference of adiabatic cooling efficiency between 6=0% and 6=20%
reached as high as Aymax=41.5 %. The zones with significant local cooling differences
had shapes of paired wings as shown in the right picture in Fig. 11. The inhomogeneous

porosity had a dramatically influence on the local film cooling effect.
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Figure 11. Adiabatic cooling efficiency distributions

The internal cooling in the holes also played an important role for the effusion
cooling. Wu and Little [34] put forward the empirical correlations of heat convection in
the micro-channel:

Nu = 0.00222 Pr®* Re"® (10)

Equation (10) shows that the internal convection cooling intensity was
approximately linear to the Reynold number. Thus, the convection cooling intensity in
the holes was positive to the coolant mass flow rate and hole size. The internal
convection cooling intensity in a hole would markedly decrease with decreasing the
Reynold number. We could approximately calculate the difference of convection
cooling intensity in holes between 6=20% and 0% according to Eq. (10).

Table 2 lists the maximum difference percentage of the hole sizes ADmax, mass flow
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ratios AMmax, film cooling efficiency Axaw max, and internal convection cooling intensity
in holes ANU max for 6=20% compared to the ideal homogeneous sample 6=0%. The
inhomogeneous porosity 6=20% had considerable influences on film cooling effect and
internal cooling intensity, while the maximum local differences of surface film cooling
and internal cooling intensity reached 41.5% and 34.5% respectively. However, the
maximum differences of local and average effusion cooling efficiency were only 0.81%

and 0.14% respectively.

Table 2. The ADmax, AMmax, Affaw_max, and ANU max between 6=20% and 0%

ADmax AMpmax A7’]aw_max ANU max Ai’]max Aﬁ
0=20% VS. 6=0% 19.6% 45.5% 41.5% 34.5% 0.81% 0.14%

Heat conduction inside the solid played an important role to reduce the influence of
inhomogeneous porosity. Although the inhomogeneous porosity made the film cooling
effect and internal cooling intensity significantly inhomogeneous, the heat conduction
between the holes largely homogenize the cooling efficiency. The heat tended to flow
from high temperature to low temperature through the heat conduction, which gave a
more uniform distributions of temperature and cooling efficiency. Thus, the
inhomogeneous porosity finally had a very slight influence on cooling efficiency when

0=20%. The total heat conduction between two adjacent holes was:
aﬂ’A\Z(Tl _Tz) _ aTl _Tz
A R

Where T; and T, are the temperatures around two adjacent holes. R is the heat resistant,

Q= (11)

which was a key parameter affecting heat conduction between holes:
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A
A (12)

R
Theoretically, a smaller value of R would lead to a more uniform temperature and
cooling efficiency distributions owing to the more intensive heat conduction. The next
sections will focus on the effects of thermal conductivity, spacing distance and crossing
section area, which are related to R.
3.2 Effect of thermal conductivity, spacing distance and crossing section area

The current materials for additive manufactured gas turbine blades are mainly
high-temperature alloy. The most common alloy material of additive manufacturing for
gas turbine is Inconel 718 [35] with a thermal conductivity around 11 W/(m-K) [36]. In
recent years, NASA carried out a research on applying ceramic materials to fabricate
gas turbine by additive manufacturing method [37]. Ceramic materials were light-
weight, high-temperature-resistant and also had a much lower thermal conductivity
compared to metal materials. The effect of thermal conductivity on cooling efficiency
with inhomogeneous porosity was studied in this section.

Figure 12 shows cooling efficiency distributions for ;=1 W/(m-K), 1,=11 W/(m-K)
and /13=50 W/(m-K). The cooling efficiency of 6=20% was then compared to 6=0%. The
local absolute cooling efficiency differences were also showed in Fig. 13. The thermal
conductivity had a significant influence on effusion cooling. The cooling efficiency
distributions became more homogeneous when increasing the thermal conductivity. The
difference of cooling efficiency between the front part and the tail part also reduced with

increasing the thermal conductivity. The average cooling efficiency significant

decreased with decreasing the thermal conductivity. The cooling efficiency reduced
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from 43% at 43=50 W/(m-K) to 38% at A;=1 W/(m-K). The local high cooling efficiency
zone mainly concentrated near the holes when ;=1 W/(m-K). The coolant could not be
fully utilized owing to the large heat resistance, which result in a lower cooling
efficiency when 1;=1 W/(m-K). The local absolute difference became more significant
when decreasing the thermal conductivity as shown in the bottom-row pictures of Fig.12.
The maximum local absolute difference of cooling efficiency reached 5.6 % when A=1
W/(m-K), while only 0.24% when 1=50 W/(m-K). The large heat resistance
significantly restrained the heat conduction between the holes. Thus, the deviation of
cooling efficiency caused by the inhomogeneous porosity were more difficult to be
homogenized when the thermal conductivity was small.
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Figure 12. Cooling efficiency distributions for different thermal conductivities
Figure 13 shows coolant mass flux ratio distributions and cooling efficiency

distributions along the middle line for different thermal conductivities. The thermal
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conductivity had slight influence on coolant mass flux distributions. The coolant mass

flux ratios in each holes nearly had no change when increasing the thermal conductivity

form 1 W/(m-K) to 50 W/(m-K). The cooling efficiency distributed extreme

inhomogeneous when A=1 W/(m-K). The cooling efficiency behind the holes

significantly higher than other parts. The cooling efficiency curves of 6=0% and 6=20%

nearly coincided with each other when 2=50 W/(m-K) as shown in Fig.13 (3). The high

thermal conductivity benefitted for reducing the influence of inhomogeneous porosity

on cooling effect. We should be careful for the inhomogeneous problem when using the

low-thermal-conductivity ceramic materials for fabricating gas turbine blades. Applying

material with a high thermal conductivity is benefit for eliminating the bad influence of

the inhomogeneous porosity on cooling efficiency.
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(3) 2=50 W/(m-K)

Figure 13. Coolant mass flux ratio distributions and cooling efficiency distributions
along the middle line for different thermal conductivity

Figure 14 shows local absolute differences of cooling efficiencies for three groups
of porous samples. The cooling efficiencies for 6=0% and 6=20% were calculated and
then compared to get the local absolute differences in each groups as shown in Fig. 14.
The first group had a thickness of H=5 mm and a spacing of 4=4 mm. Based on the first
group, the second group kept the spacing of 4=4 mm but reduced the thickness to H=2
mm, while the third group kept the thickness of H=5 mm but reduced the spacing to
A=2 mm. Only quarter size was applied in the simulation in the third group for saving
the calculation. The mainstream condition and coolant injection ratio kept the same for
each groups. The local absolute differences increased with decreasing the thickness as
shown in Fig.14. The effective cross section area for horizontal heat conduction
decreased and the heat resistance increased with decreasing the thickness. Thus, the
maximum local absolute difference Anmax increased from 0.81% to 1.14% when
decreasing the thickness from H=5 mm to H=2 mm. The local absolute differences
decreased from 0.81% to 0.59% with decreasing the holes spacing from 4 mm to 2 mm
as shown in-Fig-26 Fig. 14. The narrower spacing was benefit for heat conduction

between holes.
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Figure 14. Local absolute differences of cooling efficiencies for different thickness
and spacing

Overall, increasing the thermal conductivity, increasing the thickness or decreasing
the holes spacing are both benefited for reducing the heat resistance, which resulted in
reducing the inhomogeneous effect. Although the inhomogeneous porosity originally
had significant influences on film cooling and internal convection cooling, the intensive

heat conduction effectively eliminated the bad influence of inhomogeneous porosity.

3.5 The influence of Thermal Barrier Coatings

TBC was a widely applied technology to protect blade surfaces from ablation,
which enables gas turbines operated in a higher entrance temperature. Min et al. [26]
have proposed a method to fabricate TBC on the surfaces of gas turbine blades by
additive manufacturing technology. Their experimental results demonstrated that
additive manufacturing has the capability to fabricate TBC for turbine airfoils.
Refractory-oxide ceramic was the most common material as TBC, such as Yttria
Stabilized Zirconia (YSZ), ZrO; and Al,O,. The thin TBC layer usually had a very low

thermal conductivity while the substrate alloy material had a much higher thermal
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conductivity. The heat transfer was complicate in this double layer structure with a great
difference of thermal conductivities.

Figure 15 showed the cooling efficiency distributions for the porous plates without
and with TBC. The cooling efficiency distributions presented in the Fig. 15 are above
the TBC layer when the porous surface covered with a TBC. The TBC was 0.2-mm-
thick with a thermal conductivity of 2 W/(m-K). The substrate was 5-mm-thick with a
thermal conductivity of 11 W/(m-K). The average cooling efficiencies for 6=0% and 20%
were 43.09% and 43.23% without the TBC, while 43.18% and 42.79% with a TBC layer.
The inhomogeneous porosity had a slight influence on average cooling efficiency when
a TBC covered on the surface. However, the maximum local difference of cooling
efficiency significantly increased from 0.81% without the TBC to 4.06% with the TBC.
The thin TBC layer led to a more significant local difference of cooling efficiency
between 6=0% and 20%. Table 3 shows the average and maximum local differences of
cooling efficiency when the thermal conductivity of TBC further decreased from 2
W/(m-K) to 0.5 W/(m-K). The inhomogeneous porosity had a slight influence on
average cooling efficiency with a difference of 0.38% when the thermal conductivity of
TBC decreased to 0.5 W/(m-K). However, the inhomogeneous porosity had a more
significant influence on local cooling efficiency when decreasing the thermal
conductivity of TBC. The maximum local difference of cooling efficiency increased
from 4.06% to 11.09% when the thermal conductivity of TBC decreased from 2 W/(m-K)

to 0.5 W/(m-K).
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Figure 15. Cooling efficiency distributions for the porous plates without and with a TBC

Table 3. 77, A7, and Aymax for different thermal conductivities of the TBC

TBC property 0 AAn n An Amax
No TBC 2000& 5.901% jggg?;; 0.14% 0.81%
T S N XM YO e
0.5 W/(m-K) 2000& 5.901% ﬁ;g?;; 0.38% 11.09%

The results in the previous section declared that the heat conduction of the substrate
solid contributed to eliminate the adverse influence of inhomogeneous porosity.
However, the low-thermal-conductivity TBC significantly impeded the homogenizing
effect of heat conduction even though the TBC was extremely thin. Figure 17 16shows
the thermal resistance network between adjacent holes without and with a TBC. When
there is no TBC, the thermal resistance between the adjacent holes R; was small owing

to the high thermal conductivity of the metal material. When a TBC covered on the
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surface, significant additional thermal conductivity was brought into the structure. The
horizontal heat resistance R, was very large in the thin and low-thermal-conductivity
TBC layer according to Eq. (5). The heat preferred to vertically transfer through the
TBC into the substrate. Therefore, TBC introduced considerable additional thermal
resistances 2Rz, which blocked the heat transfer between adjacent holes. Thus, the
significant local difference of surface film cooling effect caused by inhomogeneous
porosity was more difficult to be homogenized when coating with a TBC layer. We
should be aware of that the non-uniform temperature distributions in TBC layer could

generate local thermal stress which probably led to cracking-off and abscission of TBC.

R,

T, %
I - -

TBC

Substrate

With TBC

Figure 3716. Thermal resistance network between adjacent holes without and with

TBC

4 Conclusions

This study numerically investigated the inhomogeneous problem on effusion
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cooling, which could occur in the additive manufactured gas turbine blades. The effects
of non-uniformity, thermal conductivity, thickness, holes spacing and TBC were
investigated. The main results are:

(1) The inhomogeneous porosity had significant influents on the cooling effects of
the surface film and internal holes. The local cooling efficiencies of the film and internal
holes maximally changed 41.5% and 34.5% respectively under the influence of the 20%
non-uniformity. However, the 20% non-uniformity had a very slight effect on both
global and local cooling efficiency owing to the heat conduction effect. The maximum
absolute differences of average and local cooling efficiency between 6=20% and 6=0%
were only 0.14% and 0.81% respectively. The influence of inhomogeneous porosity on
effusion cooling could be ignored if controlling the hole precision of additive
manufacturing less than 20%. The inhomogeneous porosity had a more significant
influence on cooling efficiency when the non-uniformity further increased to 50%.
However, the difference of average cooling efficiency was also only A7=0.57% even
when 6=50%.

(2) Heat conduction inside the solid played an important role to reduce the
influence of inhomogeneous porosity. Increasing the thermal conductivity, increasing
the thickness or decreasing the holes spacing both contributed to reduce the heat
resistance, which resulted in reducing the inhomogeneous effect. Increasing the thermal
conductivity had the most significant effect for eliminating the influence of
inhomogeneous porosity on cooling efficiency.

(3) The inhomogeneous porosity had a remarkable effect on effusion cooling
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efficiency when a low-thermal-conductivity Thermal Barrier Coating (TBC) covered on

the surface. The TBC introduced considerable additional thermal resistances even

though it was very thin. Decreasing the thermal conductivity of TBC would further

exacerbate the inhomogeneous problem.
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Nomenclature

A
An
Ac

Do

Surface area of the sample [m?]

Opening (holes) area of the sample [m?]

Cross section area for heat conduction between two holes
Ideal designed value of the hole diameter [mm]

Actual values of the hole diameters [mm]

Coolant injection ratio

Thickness [m]

Abscissas of a hole

Ordinates of a hole

29



Re

Taw
Te

Tw

Length [m]

Mass flow rate in a certain hole [kg/s]
Mass flow rate of the mainstream [kg/s]
Coolant mass flux ratio of a certain hole
Nusselt number

Number of rows of holes at the x direction
Number of rows of holes at the y direction
Pressure [Pa]

Prandtl number

Heat resistant [K/W]

Reynold number

Temperature [K]

Temperature of adiabatic wall [K]
Temperature of coolant [K]

Temperature of porous surface [K]
Temperature of mainstream [K]

Velocity [m/s]

Equivalent average velocity of the coolant on the porous surface
[m/s]

\elocity of the mainstream [m/s]

Width [m]
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Greek symbols

P

Ae

o

Haw

Reference

Correction factor of heat conduction between two holes
Spacing of holes [m]

Non-uniformity

Density [Kg/m?]

Density of the inlet coolant [Kg/m?]

Density of the mainstream [Kg/m®]

Porosity

The relative change of the porosity

Effusion cooling efficiency

Average cooling efficiency

Effusion cooling efficiency with a homogeneous porosity
Adiabatic cooling efficiency

Effusion cooling efficiency with a non-uniformity of ¢
Maximum local absolute difference of cooling efficiencies
Differences of average cooling efficiencies

Thermal conductivity of the solid matrix [W/(m-K)]
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