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This paper describes a numerical analysis of a heat transfer enhancement tech-
nique that introduces fractal-shaped design for impingement cooling. Based on the
gas turbine combustion chamber cooling, a fractal-shaped nozzle is designed for
the constant flow area in a single impingement cooling model. The incompressible
Reynolds-averaged Navier-Stokes equations are applied to the system using CFD
software. The numerical results are compared with the experiment results for array
impingement cooling.
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Introduction

As the development of high energy ratios and low emissions for the modern gas tur-
bines, the traditional film cooling is unable to meet their contemporary needs, and new technol-
ogies for the cooling the combustion chamber wall are required, see, for example, [1]. Because
of its high convection heat transfer coefficient and its simple cooling structure, impingement
cooling, which involves continuously adding a liquid or gas to a surface, is widely used in
various fields, including the electronics, industrial manufacturing, and gas turbines [2]. To im-
prove the cooling performance of the jet flow with the same coolant flow, the turbulence of the
mainstream (or the flow near the target wall surface) needs to be enhanced. It has been reported
that fractal design [3, 4] can produce higher intensity turbulence. For example, the fractal-shape
design can enhance the turbulent strain contribution in the opposed jet [5]. The fractal-shaped
orifices for the flow meters to enhance flow measuring techniques using the CFD method were
investigated in [6]. The simulation result showed that the fractal-shaped design could accelerate
flow recovery downstream. An experimental study of the heat transfer enhancement by apply-
ing a regular fractal grid to a single hole jet flow was carried out in [7]. The results showed that
the fractal grid led to a non-uniform curvature of the jet shear layer, which caused instabilities
near the nozzle exit and produced the vortices in the stream.
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In our research, a fractal-shaped design is introduced to impingement the cooling in
a gas turbine combustion chamber with the use of the CFD method. The fractal-shaped system
used in this work has a multiple-holes structure instead of a grid structure.

The CFD modeling

Fractal design for the single jet cooling model

In our tests, Re, = 10000 as all simulated conditions, and the ratio of the distances
between jet nozzle and target plate to the diameter of the hole of the combustion chamber, de-
noted by H/d, is 4 (the param-
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keep the coolant flow rate con-
stant, the inlet and outlet pressures were unchanged. The total area of all the holes for each
model changed a little from one model to the next.

Grid independent analysis and numerical verification

The CFD software FLUENT 16.2 was used to solve the steady time average equa-
tions, given by [8]:
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where P is the time averaged pressure of the fluid, 7 — the temperature of the fluid, U, — the
velocity of the fluid, u, — the fluctuation components of velocity, and 7" — the fluctuation com-
ponents of temperature.

The SST k-w turbulence model is used to close the transport equation. The PDE of the
turbulence kinetic energy (TKE), £, and the specific dissipation rate, w, are given by:
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where /7, and 7, are the effective diffusivity terms, G, and G, —the generation terms, Y, and
Y — the dissipation terms, and D, — the cross-diffusion term.

Numerical verification results

The total number of cells for the 1%-, 2"-, and 3"-iteration models is 1082720,
2323500, and 6190980, respectively. In order to verify the accuracy of the calculations, the ar-
ray impingement cooling experiment data, see [8], is adopted. The symmetry boundary is used
for the calculation, and the velocity inlet type is considered for the jet nozzle inlet. The number
of grids for the numerical verification model is in the range from 3-10° to 1.1-10”. The Nu of
the target wall is calculated directly. The conversion formula in [8] is used to obtain Sherwood
number. Figure 2 displays the results with the experimental values for the different values H/d
(changing from 1 to 10). This result is in a fairly good agreement with the experimental data.
The maximum error is about 8.21% for H/d =10 and 3.9% for H/d =4 . Thus, the mathemat-
ical models are reliable.

Results and discussion

When applying the fractal-shaped design for the single impingement cooling, we find
that the potential cone is changed. The velocity ratio (VR) is the ratio of the inlet velocity of
the model to the average inlet velocity of the first iteration model. The comparison of the VR of
the three models is given in fig. 3. Changing from the 1%-, 2M-, and 3"-iteration models, the po-
tential cone zone of each center hole becomes shorter in the jet direction. The VR of the center
hole in the 3"-iteration model is about 0.6.
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Figure 2. Numerical verification results  Figure 3. The surface of the VR (VR > 0.99) of
of the array impingement cooling at the three models
Re,=10000

The top wall side surface is a wall type for the gas turbine combustion chamber im-
pingement cooling. As the mainstream fluid jet moves toward the target plate, the surrounding
fluid moving into the jet at high velocity generates a secondary vortex.

As shown in fig. 4, the secondary vortex created in the mainstream is loop-like, and a
secondary vortex is found near the exit.

The local distribution of Nusselt number at the bottom line in the XY = 0° direction is
illustrated in fig. 5.

The local distribution of Nusselt number at the bottom line in the XY = 45° direction
is shown in fig. 6.

In our work, the heat transfer in some areas is enhanced by the fractal-shaped design,
especially in the XY = 45° direction. The mechanism of heat transfer enhancement can be suc-



Cai, L., et al.: Numerical Study of Heat Transfer Enhancement Due to the Use ...
S36 THERMAL SCIENCE: Year 2017, Vol. 21, Suppl. 1, pp. S33-S38

nd=0  nd=3  cessfully explained by TKE dis-
tribution. When r/d changes
from 0 to 10, the TKE contours
for the three models in the XY =0°
and XY = 45° directions were
given in fig. 7.
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Xy=0° directions were given in fig. 8.
The TKE contours for the
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XY = 45° directions are illustrated
in fig. 9.
When r/d changes from 1 to 3,
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XY = 0° the bar charts of Nu for the three
models is displayed in fig. 10.

When 7/d changes from 4 to 6,

XY = 45° the bar charts of Nu for the three
3iteration . models is displayed in fig. 11.

Figure 4. The streamline at XY = 0° and XY = 45° (left) and
vorticity magnitude at the jet nozzle and target plates (right)
(for color image see journal web site)
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Figure 5. Local distribution of Nu at the  Figure 6. Local distribution of Nu at the
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Figure 7. Local distribution of Nu at the Figure 8. Local distribution of Nu at the
bottom line in the XY = 45° direction bottom surface in the XY = 45° direction
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Figure 9. The TKE distributions of the three models in the XY = 0° and
XY = 45° directions
(for color image see journal web site)
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Conclusion

A fractal-shaped design for the impingement cooling of the gas turbine combustion
chambers is considered in the present work. The CFD method was used to investigate the flow
field at Re, =10000 and H/d =4 . The fractal-hole models were adopted instead of a network
structure. Making use of a constant flow under the same pressure drop, the total flow area of the
fractal holes for each model is unchanged. The obtained results show that the length of the po-
tential cone is reduced after introducing the fractal-shaped design. The fractal holes weaken the
vortex in the 0° direction, while enhancing it in the 45° direction. Analysis of the TKE in the 0°
and 45° directions showed that the TKE value in the stagnation zone increases with the change
from the three models. The fractal-shaped nozzles change the mixing process and the entrain-
ment effect of the main jets. The heat transfer in the stagnation zone is enhanced by the frac-
tal-shaped design because it is related to the backflow caused by the entrainment of the main
jets and the distribution of the TKE. It is shown that the effects of effusion holes and cross flow
should be considered to handle the actual cooling of combustion chambers. The jet interference
between array holes may bring new problems for the fractal-shaped design nozzles. Thus, it will
be open a new perspective for introducing the fractal-shaped design to the array impingement
or impingement/effusion cooling.
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Nomenclature

d — diameter of circular nozzle, [m] Re, — Reynolds number, [—]

H - height of nozzles, [m] r  — radius distance, [m]

Nu — Nusselt number, [—] XY - axis of Cartesian co-ordinates, [m]

Nu — average Nusselt nubmer, [—]
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