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An air-kerosene thermal mass coupled turbine blade with kerosene micro-chan-
nels added to the traditional laminated structure turbine blade is proposed, and
numerical simulations are carried out. The enhanced heat transfer mechanism of
the air-kerosene thermal mass coupled turbine blade is studied, and the influence
of different kerosene temperatures, blowing ratios, and solid thermal conductivity
on the heat transfer of the laminated turbine blades is analyzed. The results show
that adding kerosene micro-channels can significantly reduce the blade tempera-
ture and change the cooling gas heat transfer direction inside the laminate cooling
structure. Compared with the traditional laminate cooling structure, adding ker-
osene micro-channels can significantly improve the heat transfer performance of
the blades, and the integrated cooling efficiency increases by 31.7%. Moreover,
when the kerosene temperature decreases from 400-300 K, the cooling efficiency
increases by 3.9%. Similar conclusions can be obtained by studying the increases
in the blowing ratio and the solid thermal conductivity, respectively.

Key words: turbine blade, aviation kerosene, thermal mass coupling,
flow heat transfer

Introduction

With the development of next-generation high thrust-to-weight ratio aero engines, the
challenges faced by high temperature components such as combustion chambers and turbines
within aero engines have become increasingly severe. With the limited amount of cooling gas,
it is necessary to ensure both the increase in turbine inlet temperature and the increase in engine
thrust-to-weight ratio. Therefore, it is particularly important to develop a more efficient turbine
blade cooling structure [1]. To achieve a more efficient turbine blade cooling scheme, there are
two ideas: one is to develop a new cooling structure, such as a laminated cooling configuration,
and the other is to introduce aviation kerosene, which is widely used in aero engines. Lami-
nate cooling is a composite cooling structure that integrates impingement, turbulence, and film
cooling. According to the early evaluation report, compared with the traditional cooling config-
uration, the overall cooling efficiency of the laminated cooling structure can reach 0.7 and the
use of cooling air can be reduced by about 40% [2, 3]. Due to its highly integrated structural
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characteristics, the laminate cooling structure involves very complex flow and heat transfer
processes. Therefore, the flow and heat transfer characteristics and structural optimization de-
sign of laminate cooling structures have become a common concern of researchers in recent
decades. Nakamata et al. [4] studied the laminated structure’s internal heat transfer and external
flow characteristics through experiments and numerical simulations, respectively. They believe
that the arrangement of the pin fin has an important impact on the internal heat transfer char-
acteristics and the external film cooling efficiency. Li et al. [5] numerically simulated the heat
transfer characteristics of laminate structures with different pin fin shapes and found that the
teardrop-shaped pin fin has better results. Liu et al. [6] investigated the overall cooling effect
of'a composite cooling structure with impingement and effusion and verified it with numerical
simulations. The results demonstrate the matching principle. Zhang et al. [7] have also carried
out relevant studies in the area of turbine blade cooling structures. In addition, the numerical
solution of conjugate heat transfer has also been explored [8-10]. In order to identify more ef-
ficient cooling structures or solution methods, these studies thoroughly examined the flow heat
transfer mechanisms in various laminar structures.

In addition adopting laminate cooling, the regenerative cooling technology that arrang-
es kerosene micro-channels on the outer surface of the engine to reduce the temperature of the
external surface of the engine is also one of the future research directions [11]. Aviation kerosene
has the advantages of a high heat sink, a strong heat absorption capacity per unit volume, and
easy availability in aviation engines. Take JP-8 as an example. The 1 kg of this aviation kerosene
is heated from 298-800 K, and the heat absorption is as high as about 1600 kJ, while the heat ab-
sorption of the same mass of air is only about 507 kJ for the same temperature increase [12, 13].
Jiang et al. [14] used numerical simulations to compare hydrocarbon fuels’ flow and heat transfer
characteristics in parallel channels with four different cross-sectional shapes at supercritical pres-
sure. Li et al. [15] also investigated the heat transfer enhancement and heat transfer deterioration
of hydrocarbon fuels in spiral and rectangular cooling channels at supercritical pressure.

In summary, the aforementioned studies focus on the effect of different laminate
structures on the flow characteristics and the heat transfer mechanism. Or the flow heat transfer
behavior of hydrocarbon fuels. Few existing studies have considered kerosene micro-channels
and the laminate cooling structure together. Therefore, based on conventional cooling struc-
tures, it is particularly important to develop new cooling structures by taking advantage of the
high heat sink characteristics of aviation kerosene. This paper proposes an air kerosene thermal-
ly mass-coupled turbine blade with kerosene micro-channels. A numerical simulation method
is also used to investigate the flow heat transfer characteristics of the air kerosene thermal mass
coupled turbine blade. The effects of different kerosene temperatures, blowing ratios, and solid
thermal conductivity on their heat transfer performance was also analyzed, thus providing a
new idea for designing future turbine blade cooling structures.

Numerical methods
Physical model

The physical model studied in this paper is shown in fig. 1, and a cooling channel in
the middle region of the turbine blade chord length is selected. The inlet and outlet of this lami-
nate structure are one row of impingement holes and three rows of film holes, respectively, and
three rows of pin fins in the cavity. The impingement holes, the pin fins, and the film holes are
arranged in a row. Due to the small curvature of individual cooling units, the model is simplified
to a laminate model. Also, considering its structure’s periodicity and flow similarity, the red
region shown in fig. 1 was selected as the study object.
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Figure 1. Air-kerosene thermal mass coupled heat transfer turbine blade structure

Boundary conditions
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where 1, =216 m/s, T, = 1666 K . The coolant  pigure 2. Computation model boundary
inlet parameters are calculated from the blow-  condition setting
ing ratio.

For the kerosene channel, 7z, = 3 g/s in a single channel. The symmetric boundary
conditions are used on both sides of the main and secondary flow channels and on the upper
side of the main flow channel. The rest of the surfaces are set to no-slip adiabatic boundary
conditions.

Mesh and validation

The software FLUENT MESHING was used to mesh the computational model, as
shown in fig. 3, and the mesh was locally encrypted near the laminate structure. A bound-
ary-layer was set in the near-wall region of the fluid-solid contact, with the first mesh height set
to 0.001 mm and the growth rate to 1.1 for 15 layers. Before performing formal calculations,
grid-independence verification was performed. The computational domain was solved using
FLUENT software. The turbulence model and the detailed settings are discussed in detail in
section Model validation. The average temperature on the gas film side, the average tempera-
ture inside the laminate, and the average temperature at the kerosene outlet were investigated
as a relationship with the number of grids, as shown in fig. 4. As can be seen from the figure,
when the number of grids reaches 5.52 million, the impact of continuously increasing the num-
ber of grids on the evaluation index gradually decreases, and the change rate is less than 1%.
Therefore, to balance computational resources and accuracy, 5.52 million grids were selected
for all subsequent studies.
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Figure 3. Computational domain mesh Figure 4. Grid independence verification

Model validation

These geometric parameters and boundary conditions, according to the experimental
model of Jung et al. [16], were studied to verify the turbulence model. From fig. 5(a), the nu-
merical calculation of the SST k- turbulence model is closest to the experimental value. The
maximum error is less than 5%, much smaller than the other models. From fig. 5(b), the SST
k- turbulence model has high computational accuracy at different Biot numbers based on the
mainstream gas. Furthermore, Dees et al. [17], Mensch et al. [18], Gomatam and Shih [19],
Zhou et al. [20], and Dyson et al. [21] demonstrated that the SST k- turbulence model can ac-
curately predict the flow and heat transfer of the laminate cooling structure. As a result, the SST
k- turbulence model is used to simulate all of the calculation models in this paper numerically,
and the wall function is chosen as the enhanced wall function. The second-order upwind format
solves the problem of turbulent kinetic energy, momentum, density, turbulent dissipation rate,
and energy. The residuals of each solution are set as 107°.
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Figure 5. Numerical model validation; (a) local comprehensive cooling efficiency (y/d = 1.5)
and (b) local comprehensive cooling efficiency for different Biot numbers (y/d = 1.5)

Results and discussions
Parameter definition

— Comprehensive cooling efficiency
The comprehensive cooling efficiency is a dimensionless parameter to reflect the tem-
perature distribution on the coupling wall of the blade film side:
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where T, and T, are the temperatures of the mainstream and secondary flow gases, respectively,
and 7, is the temperature on the coupling wall of the blade film side.
— The blowing ratio:

pCuC
M= (5)
p gug
where M is the blowing ratio, p. and u, are the density and velocity of the secondary stream cold
gas, and p, and u, — the density and velocity of the mainstream gas, respectively.
— Nusselt number:

hd
= ©)

where / is the convective heat transfer coefficient and ¢ and 4 are the equivalent diameter and
thermal conductivity, respectively.

Nu

Analysis of enhanced heat transfer mechanism

The effect of kerosene micro-channels on the heat transfer characteristics of the lami-
nate cooling structure was investigated under working conditions of a blowing ratio of 1, a solid
thermal conductivity of 23.2 W/mK, and a kerosene inlet temperature of 300 K.

In the laminate cooling structure, the temperature of the cooling gas is very important.
On the one hand, increasing the cooling gas temperature reduces its internal cooling efficiency.
On the other hand, a higher film outlet temperature tends to reduce the efficiency of film cool-
ing on the gas side. Figure 6 compares the cooling gas temperatures for the laminate cooling
structure with and without kerosene micro-channels. As shown in fig. 6(a), the temperature of
the cooling gas inside the laminate cooling structure is highly uneven due to the heating of the
high temperature heat flow from the gas side, as well as the convection and impact cooling
effects of the cooling gas in the interior. It is mainly reflected in the relatively low temperature
near the impingement hole, and the temperature gradually increases as the cooling gas progress-
es downstream and the absorbed heat increases. A large area of a high temperature region is
formed near the third film hole. On the cooling side, the cooling air will form a local high tem-
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Figure 6. Comparison of cooling gas temperature of laminate cooling structure
with and without kerosene micro-channels; (a) without kerosene microchannel and
(b) with kerosene microchannel
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perature zone at the trailing edge due to the influence of the trailing edge vortex and solid heat
conduction. The presence of the high temperature areas will reduce the heat exchange at the
blade’s trailing edge, resulting in high temperatures. It is clear from fig. 6(b) that all of the high
temperature regions in the structure’s interior and the trailing edge part of the cooling gas side
have greatly improved. In particular, above each film hole and at the trailing edge of the cold air
side, the maximum cooling gas temperature reduction reaches about 300 K. This indicates that
the addition of kerosene micro-channels in the laminate cooling structure can significantly re-
duce the cooling air temperature and realize the transition from a gradual temperature increase
to a temperature decrease during the cooling air downstream.

Figure 7 compares the solid domain temperature of the laminate cooling structure.
It can be found that the temperature of the solid domain decreases significantly after the ad-
dition of the kerosene micro-channel. The maximum temperature of the solids on the gas side
decreases by about 230 K . It reaches a minimum of about 750 K. The maximum temperature
of the solids on the cooling gas side decreases by about 510 K. It reaches a minimum of about
390 K. In the laminate cooling structure without kerosene micro-channels, the temperature of
the cooling air side and gas side of the blade is higher than the temperature of the cold air inlet.
Hence, the cooling gas absorbs heat from both sides, as shown in fig. 8. In the laminate cooling
structure with kerosene micro-channels, the temperature of the cooling side of the blade will be
greatly reduced because the kerosene absorbs part of the heat.
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Figure 7. Comparison of the solid domain Figure 8. Schematic diagram of temperature
temperature with and without kerosene transfer of cooling gas inside the laminate
micro-channels cooling structure

The Nusselt number distribution inside the laminate cooling structure with and with-
out kerosene micro-channels is given in fig. 9. The Nusselt number is calculated with the inlet
temperature of kerosene at 300 K as the reference. After introducing kerosene micro-channels,
the surface Nusselt number of the first row of pins decreases along the cooling gas-flow direc-
tion. However, those of the second and third rows of pins increase significantly. The increase in
the solid wall Nusselt number allows the metal solid to carry away more heat from the cooling
air, which is one of the important reasons why the addition of kerosene micro-channels can
reduce the cooling air above each film hole extremely significantly. As noted in tab. 1, adding
kerosene micro-channels enhanced the heat transfer of the laminate cooling structure by about
14%. It is worth mentioning that the heat exchange is improved by 274.89% on the cooling gas
side wall. This change substantially improves the heat exchange of the cooling gas side wall to
reach or surpass that of the gas side wall, which also makes full use of the huge heat exchange
area of the cooling gas side wall. By comparing the changes in heat transfer in the walls of the
three rows of pin fins and film holes, it can be found that the heat transfer in the walls of the
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second and third rows of pin fins and film holes has increased in different magnitudes due to
the decrease in cooling gas temperature, which also indicates that the decrease in cooling gas
temperature significantly increases the heat transfer inside the laminate cooling structure.

(a)

Figure 9. Nusselt number distribution within the laminate cooling structure with
and without kerosene micro-channels; (a) without kerosene microchannel and
(b) with kerosene microchannel

Table 1. Comparison of heat exchange between the internal surface of the
laminate cooling structure with and without kerosene micro-channel

aea | Mibouteane | Wibfert | Change i
Impingement hole 0.86 1.17 36.26
Cooling side wall surface 2.97 11.13 274.89
Gas side wall surface 12.51 9.28 -25.83
First row of pin fins 2.69 0.27 —89.96
Second row of pin fins 1.41 1.54 9.34
Third row of pin fins 1.08 1.71 58.32
First row of film hole 2.03 1.49 —26.46
Second row of film hole 0.84 1.08 28.02
Third row of film hole 1.04 1.31 26.27
Total 25.42 28.98 14.00

Figure 10 compares the integrated cooling efficiency of the laminate cooling structure
and without kerosene micro-channels. The kerosene micro-channel structure can substantially
improve the integrated cooling efficiency of the blade surface. Figure 11 compares the average
combined cooling efficiency of the two along the blade surface in the flow direction. The struc-
ture with kerosene micro-channels has a greater increase in the combined cooling efficiency
behind the film holes. In the vicinity of the blade leading edge impingement hole, the integrated
cooling efficiency of the blade surface is improved by about 15-20%, while the integrated cool-
ing efficiency of the blade surface behind the blade film hole is improved by about 30-40%.
Compared to the average integrated cooling efficiency of the two structures, the structure with-
out kerosene micro-channels had a cooling efficiency of only 0.6305. In contrast, the average
integrated cooling efficiency of the structure’s surface with kerosene micro-channels reached
0.8275, an improvement of 31.2%.
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Figure 10. Comparison of the integrated
cooling efficiency of the laminate cooling
structure with and without kerosene micro-
channels; (a) without kerosene microchannel
and (b) with kerosene microchannel

Figure 11. Average integrated cooling
efficiency of flow direction of the
laminate cooling structure with and
without kerosene micro-channels

Effect of kerosene temperature on integrated cooling efficiency

Figure 12 compares the integrated cooling efficiency distribution at different kero-
sene temperatures. It can be seen that the change in the integrated cooling efficiency on the
blade surface is small when the kerosene temperature is reduced from 400-300 K. The change
is slightly larger behind each film hole. The average integrated cooling efficiency at different
kerosene temperatures is shown in fig. 13. The average integrated cooling efficiency will in-
crease by 3.9% when the kerosene temperature reduces by 25%. Therefore, it can be seen that
the effect of kerosene temperature variation on the integrated cooling efficiency of the blade
surface is small, which also indicates that the addition of kerosene channels does not aggravate
the temperature inhomogeneity of the blade surface in the actual blade.
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Figure 12. Distribution of integrated
cooling efficiency at different kerosene
temperatures; (a) 7, = 400 K and

(b) T, =350 K, (¢) T, =300 K

Figure 13. Comparison of average
integrated cooling efficiency of flow
direction at different kerosene
temperatures
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Effect of blowing ratio on integrated cooling efficiency

Figure 14 gives a comparison of the integrated cooling efficiency distribution for
different blowing ratios. When the blowing ratio increases from 0.5-1.5, the integrated cooling
efficiency of the blade surface increases significantly, especially in the area behind the lead-
ing edge of the blade and each film hole. Figure 15 compares the average integrated cooling
efficiency of the flow direction of the laminate cooling structure with and without kerosene
micro-channels for different blowing ratios. In both structures, the average integrated cooling
efficiency of the blade surface flow shows a tendency to increase with the blowing ratio. It
is worth mentioning that in the structure with kerosene micro-channels at a blowing ratio of
0.5, the integrated cooling efficiency has surpassed the structure’s integrated cooling efficiency
without kerosene micro-channels at a blowing ratio of 1.5. The advantage is that the laminate
cooling structure with kerosene micro-channels can achieve the required cooling efficiency
in actual engine operation with less cooling gas, thus further increasing the engine thrust-to-
weight ratio. When the blowing ratio increases from 0.5-1.5, the area average integrated cooling
efficiency increases by 16.22%.
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Figure 14. Distribution of integrated Figure 15. Comparison of the average
cooling efficiency; (a) M = 0.5, (b) M = 1.0, integrated cooling efficiency
and (c) M=1.5

Effect of thermal conductivity of solid domain
on integrated cooling efficiency

Figure 16 shows the integrated cooling efficiency distribution under different thermal
conductivity coefficients. The integrated cooling efficiency is relatively small when the thermal
conductivity is 1.7 W/mK. Only a localized high efficiency area appears at the rear position of
the three exhaust film holes, resulting in a very uneven distribution of comprehensive cooling
efficiency. When the thermal conductivity rises to 23.2 W/mK, the integrated cooling efficiency
and the unevenness decrease, the integrated cooling efficiency of the blade surface is region-
ally consistent, and all remain at a high level when the thermal conductivity is increased to
298 W/mK. The average integrated cooling efficiency in the flow direction for different thermal
conductivities is compared in fig. 17. The integrated cooling efficiency of the blade surface is
only 0.1 at the blade’s leading edge when the thermal conductivity is 1.7 W/mK. At the same
time, the integrated cooling efficiency of the blade surface decreases abruptly after each film
hole. When the thermal conductivity reaches 298 W/mK, the integrated cooling efficiency of
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the blade surface from the leading edge to the trailing edge exceeds 1.0 and reaches 1.21 at the
highest. The cooling efficiency has changed by 119.64%.
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Figure 16. Distribution of integrated cooling Figure 17. Comparison of average
efficiency under different heat conductivity; integrated cooling efficiency of flow
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Conclusions

In this paper, an air-kerosene thermal mass coupled turbine blade with kerosene mi-

cro-channels arranged on the conventional laminate cooling structure turbine blade is proposed,
and its enhanced heat transfer mechanism is investigated. The effects of different kerosene
temperatures, blowing ratios, and solid thermal conductivity on its heat transfer performance
are also analyzed, and the specific conclusions are as follows.

The addition of kerosene micro-channels has a great influence on the heat transfer char-
acteristics of the traditional turbine blade laminate cooling structure. Compared with the
structure without kerosene micro-channels, introducing kerosene micro-channels can sig-
nificantly improve the integrated cooling efficiency behind the air film pores on the blade
surface and increase the average integrated cooling efficiency of the blade surface area by
31.7%.

As the kerosene temperature increases, the average integrated cooling efficiency of the
blade area decreases. When the kerosene temperature increased from 300-400 °C, the aver-
age integrated cooling efficiency decreased by 3.9%.

As the blowing ratio decreases, the average integrated cooling efficiency of the blade area
increases. When the blowing ratio increased from 0.5-1.5, the average integrated cooling
efficiency increased by 16.22%.

As the blade’s thermal conductivity increases, the average cooling efficiency of the blade
increases. The increase in thermal conductivity can improve the problem of non-uniformi-
ty in cooling efficiency distribution. When the solid thermal conductivity increased from
1.7-298 W/mK, the area average integrated cooling efficiency increased by 119.64%.
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Nomenclature

d — equivalent diameter, [m] Greek symbols

h — convezctivle heat transfer coefficient, N  — integrated cooling efficiency
[Wm. K] . A — thermal conductivity, [ Wm K]

M - blowing ratio p — density, [kgm ]

m — mass-flow rate, [kgs™]

Nu  — Nusselt number Subscripts

T — temperature, [K] c ~ cooling gas

u - velocity, [ms™] g  —mainstream gas

k — kerosene
wg - coupling wall of the blade
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