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withstand its high temperature by adding jet impingement cooling structure into
turbine blade. The purpose of this research is to investigate the effect of combination
two different stand-off distance ratio, Y/D towards the heat transfer coefficient of the
target plate by using Ansys FLUENT Computational Fluid Dynamics (CFD). Combination
of stand-off distance ratio, Y/D = 1.5&3.0 gave 2" highest heat transfer coefficient on
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coefficient of turbine blade that have relatively lower heat transfer coefficient and may
be detrimental to the performance of heat transfer coefficient that have a relatively
high heat transfer coefficient
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1. Introduction

Gas Turbines usually are used to generate power and for aircraft propulsion, and with the need
for increase of power require performance of the turbine to be improved. Simple gas turbines consist
of few components to operate that is compressor, combustion chamber, and turbine [1-6].

Performance of the gas turbine depends on the increasing of thermal efficiency and power
output. Gas turbines and aircraft propulsion follow Brayton Cycle showing that to increase the power
output, Turbine Inlet Temperature (TIT) need to be increased [7-12]. To supply the demand of power,
industries have been developing very efficient gas turbine used in power plant and propulsion system
with high Turbine Inlet Temperature (TIT) of 1970K or more, Funazaki [1] which exceed the allowable
temperature that are over the melting point of the blade itself. Thus, cooling technology is needed
so that it can ensure the lifetime of the turbine blade and safety of operation.

Latest cooling technology for the turbine blade is the thermal barrier coating and advanced
integrated impingement cooling. Thermal barrier coating is made from a low thermal conductivity
ceramic and act as an insulation to protect the outer layer of turbine blade by reducing the heat
transfer, Padture [7]. Integrated impingement cooling is the combination of the pin-fin cooling with
the film cooling so that the structure will be cooled from external and internal. This integrated cooling
structure can be employed as a cooling system for ultra-high Turbine Inlet Temperature (TIT) soon.
Extensive studies have been conducted by a lot of researcher to collect various data on the effect of
pin-fin (shape, size, distance) and the arrangement of impingement jet so that they can improve the
efficiency of Heat Transfer Coefficient (HTC) of the integrated cooling system [13-18].

In most of the cases study, distance between impingement jet and target plate was called a stand-
off distance with ratio of pin height to the diameter of the impingement hole, H/d. Funazaki [8]
conduct a study on heat transfer characteristic inside a cooling configuration for turbine nozzle with
stand-off distance as a variable. From this study, Funazaki [8] has found that jet impingement induced
high heat transfer on a target plate and since it has small distance from impingement and target
plate, it produces a ring like regions of the high heat transfer on the target plate. The low heat transfer
region emerged in the middle because of the jets were at the early stage of their transition to
turbulence. Besides that, a stripe-shape of high heat transfer region emerged by the interaction
between of two neighbouring which collide and impinge on one another. This study has been done
experimentally and numerically to check the validation of the data [19-21].

Stand-off distance also can be compared to pin height because they will have the same value
since it has the same distance from impingement hole to the target plate [22,23]. Cho [9] conducted
a study to simulate the impingement cooling and investigate the local heat transfer on inner surface
with the variation of gap distance, Reynold number and hole arrangement. Gap distance or stand-off
distance is one of the factors that can affect the heat transfer coefficient of the target plate. Result
from the study, Cho stated that overall heat transfer rate increases as the stand-off distance, H/d
decreases. In addition, jet impingement heat transfer by Han [10] with important parameters
relevant to gas turbine systems was discussed. In this paper, nozzle to plate spacing or stand-off
distance is label L/D. Based on the graph of Nusselt number against nozzle to plate spacing, it can be
concluded that this paper support statement from Cho that heat transfer rate increases as stand-off
distance decreases.

Garimella [11] also conducted an experiment to determine the effect of nozzle-geometry in jet
impingement heat transfer. Aspect ratio of L/D became the variable of testing of this experiment on
effect of nozzle-geometry. From the result, heat transfer coefficient drops sharply from L/D value of
1 till 4 and increase slightly up to L/D value 8 till 12. It seems that despite the immense importance
of stand-of distance in improving the heat transfer rate, almost all numerical and experimental
studies on multiple jet impingement heat transfer have been focused on constant stand-of distance
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ratio. The foregoing literature review found no reported studies of multiple jet impingement with
combined two different stand-of distance ratio. The significance of this study is by combining two
different stand-off distance ratios, the flow turbulent intensity will increase and in turn will increase
the heat transfer at the target surface. The effects of key parameters such as stand-off distance (Y/D)
and Reynolds Number (Re) are discussed in detail in terms of heat transfer coefficient distribution on
target plate and heat transfer coefficient value on line 1, line 2 and line 3 on target plate.

2. Methodology
2.1 Reynolds Number (Re)

Reynolds number is a dimensionless quantity that help to predict the fluid flow.
Re = pUD/u

where,

p = Density of air (kg/m?)

U = Velocity of air flow (m/s)

D = Impingement hole diameter (m)
1 = Dynamic viscosity of air (kg/ms)

2.2 Modelling

The based model stand-off distance with ratio Y/D 1.5 was designed with height of 30mm. The
impingement hole and film hole have a diameter, D of 20mm. Diameter of pin is 12.5mm while the
distance between from one jet to another jet is 5D and the distance from jet to pin is 2.5D. There
were 2 pin sandwiched position in between the impingement plate and the target plate. Combination
of multiple stand-off distance in test model as in Figure 1 for increasing in height starting from the
ratio Y/D 1.5. The model with decreasing Y/D and schematic of Model 1 with line reference are shown
in Figure 2 and Figure 3, respectively.

Model 1,Y/D=1.5 Model 2, Y/D = 1.5&2.0 Model 3, Y/D = 1.5&2.5 Model 4, Y/D = 1.5&3.0
Fig. 1. Model with increasing Y/D

Model 5, Y/D =3.0 Model 6, Y/D = 3.0&2.5 Model 7, Y/D = 3.0&2.0 Model 8, Y/D = 3.0&1.5
Fig. 2. Model with decreasing Y/D
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Fig. 3. Schematic of Model 1 with line reference

2.3 Meshing

Meshing used in this study was validated using the test model in numerical study by Funazaki [1]
for the STAG2 model. Grid independence test was conducted to get the correct mesh size while using
the multizone. The grid independence test was conducted by reducing the size of element step by
step. Inlet velocity for the validation used BR=0.6 while for case study model used flow at Reynolds
number 4500, 6000, 8000, 10000 to run the simulation. Presented in Figure 4, element size at 0.85

mm was chosen as it has the optimum result.
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Fig. 4. Valiation of STAG2 by Funazaki [1]

2.4 Governing Equations

The flow was assumed 3-dimensional, steady state and fully developed with negligible
gravitational effect. The Reynolds-Averaged Navier-Stokes equations (RANS) as following were solved

Continuity equation

du ov ow 0
Jox 0y az

Xx-momentum equation

d(pu)
at

_ 6_p dtxx . dtyx . 0tzx
+ V.(puV) = Tt 3y + = + pfx

(1)

(2)
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y-momentum equation

d(pv) _ _6_p dtxy | Otyy , Otzy
0 + V.(pvV) = 6y+ o T 3y +— +pfy (3)

y-momentum equation

9(pw)
at

d d 0 d
+V.(pwV)=—£+ ;iz+ ;iz+ Zz+pfz (4)

The applicability of shear stress transport k-w (SST k- w) was verified during the validation
process. In present work, all the setting used during the meshing and setup was the same as during
the validation process since this study does not have an experimental setup. Thus, the validation only
can be done by re-calculating the model from other study that is almost similar to present study case
to prove that the setting and boundary condition used is suitable for it.

2.5 Boundary Conditions

Table 1 shows the boundary operating condition used for this simulation. At the solid wall, the
velocity is zero due to non-slip condition. The inlet velocity, U was calculated at Re = 4500, 6000,
8000, and 10000. This corresponded to the turbulent intensity, | of 5.0%. At the outlet boundary, the
pressure was set at the atmospheric pressure (0 gage pressure). The working fluid was air at 45°C
with p = 1.109 kg/m3 and p = 1.941 x 10-5 kg/m:s.

Table 1

Boundary condition

Inlet Type : Velocity-inlet
Temperature (°C) :45
Velocity (m/s) :3.514, 4.68, 6.25, 7.8

Outlet Type : Pressure-Outlet
Pressure (Pa) : 0-gauge pressure

Pin/Target Plate Type s Wall
Temperature (°C) :25

Turbulence Model Type : k- (SST)

Wall Type : Smooth wall
Shear condition : No-slip

3. Result and Discussion
3.1 Analysis of Heat Transfer Coefficient at Target Plate

Analysis at the target plate with different multiple stand-off distance was conducted at condition
with flow that have 4500, 6000, 8000, and 10000 Reynolds number. The analysis would involve the
distribution of heat transfer coefficient, Line 1, Line 2, Line 3 and the average of heat transfer
coefficient. Line 1 is the centre line across horizontal of the target plate, Line 2 is a line also across
the horizontal of the target plate but with a little bit of deviation away from the centre, while Line 3
is the centre line across the target plate vertically.

Figure 5 to Figure 8 shows the distribution of heat transfer coefficient on target plate, it can be
observed that there was barely any change in the middle jet section except at the distribution of
decreasing stand-off distance where there is actually increasing contour representing that there were
increase in heat transfer coefficient. For the jet that impinging the plate underneath that was
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increasing its stand-off distance, the contour shows that the plate start to lose heat transfer
coefficient while for the jet that was decreasing its stand-off distance, the contour shows the plate
underneath the jet start to gain heat transfer coefficient. Figure 9 to Figure 20 show the value of local
heat transfer coefficient on target plate. Heat transfer coefficient at line 1 on the target plate for
every model and it seems the heat transfer rate across the middle line of horizontal shows that every
model has the approximately the same heat transfer coefficient. Model 1 and 2 shows a close value
of heat transfer coefficient at line 2, also the same case of model 3 which show close value with
model 4. Nevertheless, the line 2 plotted graph shows that there were in fact change of heat transfer
coefficient by the increasing in stand-off distance. Based on the graph, it can be said that roughly the
heat transfer coefficient is decreasing for the range that is near the jet with higher stand-off distance.
Heat transfer coefficient distribution at line 2 on the target plate for test model with combination of
ratio Y/D decreasing in height it can be observed that the heat transfer coefficient drop slightly from
model 5 to model 6 then increase from model 6 onwards till model 8. Model 5 and 6 shows a close
value of heat transfer coefficient at line 2, also the same case of model 7 which show close value with
model 8. Heat transfer coefficient at line 3 shows the same heat transfer coefficient at the vertical
center line proving that the line is not affected by the change in height for the neighboring jet even
on higher cases of Reynolds number. It can be summarized that the behavior of flow is approximately
the same.
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Looking at the which shows the average heat transfer coefficient distribution for model with
increasing stand-off distance in flow for Reynolds number = 6000, the combination of stand-off
distance and increase in stand-off distance cause the average heat transfer coefficient distribution to
drop from Model 1 that have ratio Y/D = 1.5 for every jet to Model 2 and start to increase a slightly
for Model 3 and 4 but still below the average heat transfer coefficient of the original model that is
have the same ratio Y/D = 1.5 for every jet.

Figure 21 presents the combination of different ratio Y/D with decrease in stand-off distance
cause a slight unnoticeable drop in average heat transfer coefficient from Model 5 that have the
original ratio Y/D = 3.0 for every jet to Model 6 but increase above the average heat transfer
coefficient for Model 7 and Model 8 comparing with Model 5.
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Fig. 21. Average heat transfer coefficient (HTC) at target plate

4. Conclusion

Numerical analysis of the model with combination of two stand-off distance Y/D shows that the
average heat transfer coefficient distribution for increasing in height was reduced slightly from Model
1 to Model 4 while for stand-off distance Y/D that decreasing in height shows increase in average
heat transfer coefficient distribution on the target plate from Model 5 to Model 6. Even though for
combination of Y/D in decreasing height shows an improvement in heat transfer coefficient
distribution when compared to combination of Y/D with increasing in height, but this is because of
the average heat transfer coefficient for Model 1 with Y/D = 1.5 is a lot higher that Model 5 with Y/D
=3.0 around 71.5 W/m”"2.K to 69.6 W/m”2.K. In conclusion, the combination of stand-off distance
may improve the performance of heat transfer coefficient of turbine blade that have relatively lower
heat transfer coefficient and may be detrimental to the performance of heat transfer coefficient that
have a relatively high heat transfer coefficient.
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