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characteristics of the integrated cooling device before applying it to
real turbines.
This paper deals with extensive numerical studies on heat transfer
characteristics and fluid dynamics inside several configurations of impingement cooling device combined with pins. As a numerical analysis tool, CFX-4.4, AEA Technology, was used. Before detailed numerical investigations, the validity of the numerical tool and grids
adopted in this study was checked through the comparison of the numerical results with the experimental counterparts obtained in the study
of Kudo [3]. Great attention was paid to turbulence model and its
screening inspection was executed to choose the turbulence model
from those available in the software which was able to reproduce the
experimental heat transfer characteristics best. Parametric studies are
then made to clarify effects of important dimensions, such as pin height,
pin pitch, upon local and averaged heat transfer characteristics as well
as pressure loss generated in the devices. Reynolds number effects
were also examined. To evaluate heat exchange performance of all
tested configurations of the cooling device, this study introduced an
index derived by the combination of the averaged heat transfer characteristics (Nusselt number) and the pressure loss coefficient.

ABSTRACT
This paper deals with extensive numerical studies on heat transfer
characteristics and fluid dynamics inside several impingement cooling devices combined with pins. As a numerical analysis tool, a commercial software CFX-4.4, AEA Technology, is used. The purpose of
this paper is two-fold. First the validity of the numerical tool and grids
adopted in this study is checked through the comparison of the numerical results with the experimental counterparts. Turbulence models available in the software are thoroughly tested so as to screen out a
turbulence model among them which can reproduce the experimental
heat transfer characteristics best. Consequently, k − ω turbulence
model is finally adopted as the turbulence model. Parametric studies,
where Reynolds number based on impingement hole diameter, pin
height-diameter ratio and pin pitch-diameter ratio vary from 5,000 to
25,000, from 0.75 to 4 and from 2 to 4, respectively, are then executed
to clarify effects of important dimensions, such as pin height, pin pitch,
upon local and averaged heat transfer characteristics as well as pressure loss generated in the devices.
INTRODUCTION
Continuous demand for efficient gas turbines has been stimulating the development of advanced turbine cooling methods, and the
state-of-the art cooling technologies like impingement cooling or film
cooling have achieved more than 1773K turbine inlet temperature
(TIT). However, the amount of cooling air consumed in the turbine
section has accordingly increased, and the thermal efficiency of the
gas turbines are heading for saturation, which is a downside of current
cooling technologies. Therefore it is strongly required for designers
of future air-cooled turbines to innovate turbine cooling technologies
so that the cooling air consumption can be drastically reduced while
maintaining or upgrading current level of turbine cooling performance.
To meet this goal, the present authors have been investigating heat
transfer characteristics of a cooling device that combines impingement cooling with pin-fin cooling as shown in Figure 1 (Funazaki et
al. [1][2]). In this case the pins were employed not only to disturb the
impingement jets on target plate so as to enhance the turbulence in the
flow but also to increase the internal surface area. These studies provided a clear idea on the heat transfer characteristics of the integrated
cooling device, revealing that the device was a promising choice for
ultra-high TIT turbine vanes and blades. However, those studies covered only very limited geometrical and flow conditions of the device,
and much information is needed about heat transfer and pressure loss

NOMENCLATURE
: wetted area
A
: diameter of impingement hole (same as that of pin)
d
: pressure loss coefficient
f
: pin height
H
: heat transfer coefficient
h
: area-averaged heat transfer coefficient
h
: heat exchange performance
K
: averaged Nusselt number
Nu
: distance from the wall (positive inward)
n
Prt
: turbulent Prandtl number
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Fig. 1 Impingement cooling system with pins
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Fig. 2 Schematic of the cooling device concerned
and calculation domain

Fig. 3 Three-dimensional expressions of the
computational domain and grid system

Px , Py : pin pitches in x and y directions (see Figure 2), respectively
: pressure loss
∆p
qw
: heat flux on the wall
: inlet Reynolds number (= U in d ν )
Re
: temperature
T
T in ,T w : inlet temperature, wall temperature
U in
: inlet velocity
uτ
: friction velocity
x, y, z : coordinate system
: normalized distance from the wall (= n uτ ν )
y+
∆x, ∆y : off-set distances of pin measured from the center of impingement hole in the x and y directions, respectively
: molecular kinematic viscosity
ν
νt
: eddy viscosity
: thermal conductivity of air
λ
ρ
: air density

Table 1 Tested configurations of the cooling device
Configuration

Px/d

Py/d

Dx/d

Dy/d

H/d

Comments

1
2
3
4
5
6
7
8
9

2.5
2
3
3.5
4
2.5
2.5
2.5
2.5

2.5
2
3
3.5
4
3
3.5
3
3.5

1.25
1
1.5
1.75
2
1.25
1.25
1.25
1.25

1.25
1
1.5
1.75
2
1.5
1.75
1.25
1.25

0.75 - 4
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

Baseline

In the baseline case each of the impingement holes or discharging
holes was located at the center of the rectangular formed by 4 pin
centers, Px and Py equal 2.5d . This means that ∆x, ∆y , which were x
and y direction off-set distances of the pin from the center of the
impingement hole inside the computational domain, were both equal
to 1.25d .

suffix
ref
: reference configuration

Computational Domain and Grid System
Taking advantage of the symmetry of the flow field, the space
enclosed by bold solid lines in Figure 2 was used as computational
domain. Investigation done by Kudo [3] has revealed that the supposition of the symmetric flow field was verified to some extent by his
experiments as well as the numerical simulations without this supposition. Figure 3 shows an example of the computational domains used
in this study, with the indication of the boundary conditions imposed
on the boundaries, and its grid system also appears in Figure 3. The
domain could be divided into 5 blocks in the pin-spanwise ( z ) direction, that is, inlet block, outlet block, two near-wall blocks and middle
block. Each of the near-wall blocks with the thickness of 0.25d contained a fixed number of grid points that clustered the wall. The maximum grid spacing in the near-wall block was distanced by 0.05d .
+
The position of the nearest grid point was chosen so that y became
less than 2 even in the worst case. The size of this maximum spacing
was determined through the examination of grid dependency of averaged heat transfer coefficients, which was also done by Kudo [3]. The
same rule of grid point clustering was applied to the pin surface. The

NUMERICAL APPROACH
Solver
This study employed CFX-4.4, AEA Technology, as a solver of
governing equations of the flow. It is based on finite-volume method
that can deal with multi-block structured grid system. Incompressible
flow was assumed in this simulation. Air was working fluid in the
simulation as well as in the experiment.
Figure 2 shows a schematic of the cooling device of concern that
consisted of two plates, i.e., impingement plate and target plate, and
pins. The pins were equally-spaced in the x and y directions with the
pitches of Px and Py . The impingement plate had impingement holes
of x direction pitch Px and y direction pitch 2Py . Discharging holes
on the target plate, which could be regarded as film cooling holes or
effusion holes in actual applications, had the same pitches as those of
the impingement holes. The discharging holes were aligned with the
impingement holes in the x direction, while being staggered in the y
direction by Py . For simplicity, all diameters of the impingement hole,
discharging hole and pin were the same and equal d throughout this
study.
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As an indicator of heat exchange performance attained with each of
the tested configurations of the cooling device, the following parameter was derived,
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where A was an internal wetted area of the cooling device and given
by the following equation in the present study.
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Figure 4 Comparisons between the experiment and
the numerical results using five turbulence models
(Configuration : Case 1, H/d = 1, Re = 10,000 )
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This study adopted the baseline configuration (Case 1) as the reference one.

thickness of the middle block varied with the pin height, in which grid
points were equally spaced with the pitch of 0.05d . Total node number was then about 3 × 10 5 for the case 1 when H d = 1.

Turbulence Model
CFX 4.4 is implemented with several turbulence models, from
which this study picked up and tested the following models, that is,
the standard k − ε model [4], low-Reynolds number k − ε model [5],
RNG high-Reynolds number k − ε model [6], k − ω model [7] and
Algebraic Reynolds stress model [8]. Note that logarithmic boundary
layer assumption was invoked on the wall when applying highReynolds number models. As described later, all numerical results were
compared with the experimental counterparts in order to select one
turbulence model from the tested ones.

Boundary Conditions and Test Conditions
Non-slip condition was specified on all the wall surfaces. Uniform velocity distribution ( U in ) was assumed over the inlet plane.
The previous study by Funazaki et al. [2] examined the validity of this
assumption, reaching a conclusion that the uniform inlet velocity distribution was an acceptable assumption, at least in their test case. Inlet
2 and initial dissipation
turbulence kinetic energy was set to be 0.01 U in
2
rate was k in
0.05d . Zero-gradient condition was used for all flow
variables at the outlet plane. The rest of the boundaries surrounding
the computational domain were considered symmetry boundary. This
study examined the flow field with inlet Reynolds number, based on
the impingement hole diameter and inlet velocity, from 5,000 to 25,000.
The inlet flow temperature T in was 323K and the wall temperature
T w were 303K, the latter of which was an averaged wall temperature
over the test surface typically observed in the experiment.
Table 1 shows all configurations of the cooling device tested. Case
1 was the baseline case in this study. From Case 2 to Case 5 the pitches
of Px and Py varied while keeping its aspect ratio the same as that of
Case 1. In these cases the off-set distances ∆x and ∆y were proportionally changed. Case 6 and 7 investigated the effects of Py and ∆y
on the heat transfer as well as the pressure loss of the cooling device
with Px and ∆x constant. Case 8 and 9 were similar studies to Case 6
and 7, whereas ∆y was the same as that of Case 1 so that the distance
between the two centers of the impingement hole and the pin was
unchanged.

Computational Environment
All simulations were executed by SGI Origin 3800 (48cpu, 32GB)
using one processor. One jobs usually converged in about 24 cpu hours.
RESULTS
Discussion on Turbulence Model
Figure 4 exhibits comparisons between the experimental heat transfer obtained for the cooling device configuration of Case 1 and H d
= 1 [2][3] and its numerical counterparts calculated using the abovementioned five turbulence models. Note that uncertainty of the experimental data was estimated to be about 6% [2]. The Nusselt number on the target plate and the pin, irrespective of experiment or calculation, were separately averaged to have averaged heat transfer coefficients denoted as T.P. (Target Plate) and Pin. These values were then
weight-averaged to obtain overall Nusselt number (“T.P. and Pin” in
Figure 4). Generally speaking, high-Reynolds number turbulence models overestimated the averaged heat transfer by more than 50% in comparison with the experiments. Algebra Reynolds stress model seemed
rather promising, although it still overestimated considerably. On the
other hand, low-Reynolds number k − ε as well as k − ω yielded
good agreement with the experimental data. These agreements are
rather surprising in consideration of several expected difficulties in
predicting the heat transfer by use of a conventional two-equation turbulence model because of the effect of “stagnation point anomaly” [9]
in addition to the complexity of the flow field.
Detailed inspection of the local heat transfer distributions revealed
that k − ω model exhibited much better predictive performance than
the low-Reynolds number k − ε model, particularly near stagnation
points. Therefore, k − ω turbulence model was finally adopted as turbulence model in the subsequent simulations.

Heat Transfer and Pressure Loss Coefficients
Heat transfer coefficient was calculated by

h = q w (T in − T w ) ,

(6)


c p ρν t  dT
(1) q w = − λ + Pr  dn , (2)

t 

where dT dn was a temperature gradient on the wall. Averaged Nusselt
number Nu was defined by

Nu = hd λ ,
(3)
where h was area-averaged heat transfer coefficient over the surface
concerned. Pressure loss ∆p was measured as the pressure difference
between the inlet and outlet planes, and it was normalized by the inlet
dynamic pressure so as to yield a pressure loss coefficient f as
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Figure 5 Heat transfer coefficient distributions obtained by the calculation (left) and the experiment (right)
(Configuration : Case 1, H/d = 1, Re = 10,000)
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Figure 6 Velocity vectors on two cutting planes in the flow field, with the velocity magnitude normalized with
inlet velocity
(Configuration : Case 1, H/d = 1, Re = 10,000)
gions were induced by the collision of the impingement jet flowing on
the target plate with the pin root section. Therefore the extreme high
heat transfer in the calculation could be attributed to large rate of strain
near the pin root section, resulting in excessive production rate of turbulence kinetic energy.

Baseline Configuration
Local heat transfer coefficient and velocity vectors for Re=10,000 Figure 5 shows local heat transfer distributions on the target plate for the
baseline configuration of the cooling device given by the present calculation and the experiment [3], where Re = 10,000 and H d = 1.
Velocity vectors in the flow field provides information on the flow
structure, as shown in Figure 6. Note that the velocity magnitude was
normalized by the inlet velocity U in . One can notice that the present
numerical simulations successfully reproduced some important features identified in the experiment. In fact, higher heat transfer regions
in the experiment denoted with “a”, “b”, “c”, “d” and “e” resembled
the numerical counterparts with the marks from “A” to “E” in terms
of their locations and shapes. However, quantitative inspection into
the data also revealed the notable difference between the experiment
and the calculation. For example, the region “D” in the calculation,
which appeared near the pin root section, had much higher heat transfer coefficients in comparison with those of the region “d”. The velocity vectors on the G-G section unveil that these high heat transfer re-

Effect of Pin Height Figure 7 displays heat transfer distributions on
the surfaces of four pins with different heights, including an explanatory picture of velocity vectors on the G-G section for H d = 2. The
increase in the pin height reduced peak value of the high heat transfer
region on the pin near the root section, presumably because of decreased jet velocity before reaching the target plate. The height-wise
extent of the high heat transfer region tended to saturate after H d =
2, indicating that the pin height with more than 2d does not have any
benefit in terms of the enlargement of effective wetted area in the
cooling device under consideration.
Figure 8 demonstrates variation of averaged Nusselt numbers and
pressure loss coefficients with the pin height. The averaged Nusselt
-4-
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(Configuration : Case 1,Re = 10,000)

number on the pin as well as the pressure loss decreased as the pin
height increased, whereas the Nusselt number on the target plate exhibited weak dependency to the pin height. This figure also shows
how the pin height affected the heat exchange performance. As mentioned above, the pin height more than 2 did not contribute to increasing effective wetted area and accordingly the averaged Nusselt number decreased with the increase in H d when H d was larger than 2,
as shown in the upper of Figure 7, therefore the heat exchange performance reached the maximum around H d = 2.5.
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Effect of Reynolds number Figure 9 shows effects of Reynolds number upon the averaged Nusselt numbers on the target plate and the pin
for three pin height cases. Generally speaking, the Reynolds number
enhanced the Nusselt numbers in a linear fashion. The Nusselt numbers on the target plate were almost independent of the pin height ,
while those of the pin became lower as the pin height elongated. The
enhancement rate of the heat transfer on the target plate with Re was
larger than that of the pin, in particular, for higher pin cases.
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Various Cooling Configurations
Effects of Pin Pitches Figures 10 and 11 depict local heat transfer
distributions on the target plate and the pin for the several cooling
configurations from Case 1 to Case 5, where H d = 1.25 and Re =
10,000. In Case 2, the smallest pitch case, the target plate was mostly
covered with the impingement jet and considerable high level of heat
transfer on the pin appeared near the target plate due to intense interaction of the jet with the pin. Consequently, the averaged Nusselt number on both surfaces became considerably large in this case, as shown
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Figure 9 Effect of Reynolds number on Nusselt
numbers on target plate and pin
(Configuration : Case 1)
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Figure 11 Effect of pin pitches in x and y directions
upon local heat transfer distributions on the pin
(H/d = 1.25, Re = 10,000)
Figure 10 Effect of pin pitches in x and y directions
upon local heat transfer distributions on the target
plate
(H/d = 1.25, Re = 10,000)
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in Figure 12. As the pitches of the pins increased and the surface area
to be cooled was enlarged, such interaction was weakened and the pin
tended to lose its contribution to the enhancement of the overall heat
transfer. Besides, Figure 12 shows that the heat exchange performance
linearly elevated with the pitches, followed by slowdown of its pace
after the pitch Px or Py exceeded 3.5.
Effects of Pin Pitch in the y direction With Px = 2.5d , Py was extended from the baseline value ( 2.5d ) to 3.5d , leading to the local
heat transfer distributions as shown in Figure 13. Note that the pin
center in each of these cases always stayed in the middle between the
impingement and the discharging hole centers along the y direction.
The increase in Py resulted in elongation of the distance between the
impingement hole and the pin, then in weakened interaction of the
impingement jet with the pin. Likewise in Figure 12, Figure 14 shows
that the averaged Nusselt number reduced as Py increased, with slower
decreasing rate than that in Figure 12 because of less area expansion.
However, the cases where Px and Py were enlarged at the same time
exhibited better heat exchange performance than Case 6 and Case 7.
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Figure 16 Effect of pin position off-set in y
directions upon the averaged Nusselt number and
heat exchange performance
(H/d = 1.25, Re = 10,000, Px = 2.5d)

Effects of Pin Position Off-set Figure 15 shows the local heat transfer
distributions for Case 8 and Case 9 with the baseline data Case 1. The
distance between the two centers of the impingement hole and pin
was constant through these cases. Therefore the interaction of the jet
with pin was not expected to change, and the averaged Nusselt numbers on the pin, as shown in Figure 16 indicated that this was the case.
In addition, the Nusselt numbers on the target plate decreased with Py
less than those for Case 6 and Case 7 did. This means that the existence of the pin surely had a favorable effect on the enhancement of
the heat transfer. Moreover, it can be stated from this finding that the
relative pin position to the impingement hole plays a very important
role in getting higher heat exchange performance.

FUTURE WORK
Despite several important findings through this study, further efforts are still required to search out more efficient cooling configurations. For this purpose, an attempt is made by one of the present authors and his colleague taking a full advantage of recent optimizing
tools like GA [10]. Although it is yet premature, such an approach
seems promising in future turbine cooling designing.
Besides, the numerical approach adopted in this study needs improvement and validation, and some attempts are now under way. As
for the computational model like that of Figure 3, additional blocks
are now being attached to the backside of the impingement plate to
emulate a plenum chamber from which the impingement cooling air
is injected. This modification surely will eliminate rather unrealistic
assumption using uniform velocity profile on the inlet boundary. Re-7-

placement of the multi-block structured grid system with unstructured
grid system is another action to take, which is beneficial for economizing computational resources as well as for avoiding unfavorable
discontinuity of the numerical results that might be observed at each
of the block interfaces.
Selection or development of suitable turbulence model, which itself must be everlasting problem so that some engineering compromise is needed, is the most challenging and urgent task for making
numerical simulations more reliable. Very recently, the software vendor has reported [11] that the SST model [12], which was not implemented in the code used in this study, is a promising model for more
accurate heat transfer prediction. Extensive numerical studies using
the SST model, combined with measurements of the flow field, is also
within the scope of the future work.
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CONCLUSIONS
This paper dealt with numerical parametric studies on heat transfer characteristics and fluid dynamics inside the impingement cooling
devices combined with pins. These studies have successfully quantified several important effects of geometrical and aerodynamical factors upon local and averaged heat transfer characteristics as well as
pressure loss of the cooling device.
Findings in this paper can be summarized as follows;
(1) The adopted CFD solver with k − ω turbulence model reproduced
the experimental heat transfer to a satisfactory extent.
(2) For the baseline configuration, the averaged Nusselt number on
the pin as well as the pressure loss decreased with the pin height,
whereas the averaged Nusselt number on the target plate exhibited
very weak dependency to the pin height.
(3) The pin with the height of more than 2 times pin diameter did not
contribute to the increase in effective wetted area.
(4) The averaged Nusselt number increased with the Reynolds number
almost in a linear fashion on the target plate as well as the pin.
(5) The pin played a very important role in the enhancement of overall
heat transfer or heat exchange performance. In this sense relative
pin position to the impingement hole should be carefully selected
when applying this technology to actual turbines.
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