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Study on Advanced Internal
Cooling Technologies for the
Development of Next-Generation
Small-Class Aircraft Engines
An innovative internal cooling structure named multislot cooling has been invented for
high-pressure turbine (HPT) nozzles and blades. This cooling structure has been de-
signed to be simple and inexpensive and to exhibit good cooling performance. In order to
confirm the cooling performance of this structure, test pieces of dummy turbine nozzles
were manufactured. Three geometric parameters (width of slots, overall height of cooling
channel, and height of jet impingement) are associated with these test pieces. The cooling
performance tests were conducted by using these test pieces for several Reynolds num-
bers of the mainstream hot gas �2.2�105–3.4�105� and cooling airflow �3�103–1
�104�. Infrared images of the heated surfaces of the test pieces were captured for every
Reynolds number in the tests, and then the distributions of the cooling effectiveness were
obtained. Simultaneously, the pressure losses were measured. This paper describes the
hot gas flow tests performed to confirm the effects of the geometric parameters on the
cooling performance and pressure loss, and to obtain data of Nusselt number and pres-
sure loss coefficient for the design of turbine nozzles in the future by applying this new
cooling structure to next-generation small-class aircraft engines. Additionally a prelimi-
nary analysis of airfoil cooling was performed to evaluate both cooling performance of
conventional impingement cooling and multislot cooling when applied to a HPT nozzle.
As a result it was found that the multislot cooling is well applicable to cooling of HPT
airfoils. �DOI: 10.1115/1.3151602�
Introduction
In recent years, the operating temperatures of gas turbines have

ontinuously increased with improvements in their thermal effi-
iency. The turbine inlet temperatures of gas turbines reach up to
everal hundred degrees above 1000°C. Under these high-
emperature conditions, metallic turbine parts need to be cooled so
hat the materials do not exceed their service temperature limits.
ecause the high-pressure air generated by the compressor is used

or turbine cooling, the consumption of cooling air influences the
fficiency of the engine immediately.

Currently in Japan, the Research and Technology Development
n Japanese Environmentally Compatible Engine for Small Air-
raft Project �ECO project� was started in 2003 as a 7 year project
1,2�. One of objectives of this project is to establish advanced
echnology required for next-generation small aircraft. In the ECO
roject, an innovative internal cooling structure named multislot
ooling has been invented for application in high-pressure turbine
ozzles and blades. This cooling structure is similar to the 180 deg
urn of the serpentine cooling channel. The most significant dif-
erence between the two structures is that the cooling air flows
etween the pressure and suction sides in the multislot cooling
hannel �see Fig. 3�.

Serpentine cooling channels are widely applied to thermal
quipments and particularly to the cooling of turbine blades. Ac-
ordingly, several studies have been conducted on the 180 deg
urn of serpentine cooling channels. Metzger et al. �3,4� first stud-
ed the overall heat transfer properties and pressure loss in the 180
eg turns in smooth rectangular serpentine channels by varying
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the diverter location and the turn clearance at the turn. Chyu �5�
presented the heat transfer results in both the two- and three-pass
channels with 180 deg turns. They showed that the heat transfer
coefficient at the first turn attains thermally developed conditions.
Han et al. �6�, Ekkad et al. �7,8�, Wang et al. �9�, and Mochizuki
et al. �10� investigated the influence of the rib attached on the
channel wall. Nakayama et al. �11� measured the fluid flow in
stationary two-pass channels with a sharp 180 deg turn by using a
laser Doppler velocimeter �LDV� and investigated the influence of
the size of the turn clearance on the flow structure.

This paper describes the new internal cooling structure named
the “multislot cooling structure,” which has been newly developed
for application in high-pressure turbine nozzles of the three-
dimensional geometry, and the result of the cooling performance
test is described.

2 Cooling Structure of HPT Nozzle

2.1 Conventional Cooling Structure. HPT nozzles are lo-
cated upstream of HPT rotor blades and downstream of a combus-
tor. The function of the nozzles is to increase the speed of the
main combustion gas and to turn it toward an appropriate direc-
tion. Therefore, HPT nozzles must be cooled because they are
exposed to the high-temperature main gas flow. Figure 1 shows
the cross-sectional diagram of the conventional cooling nozzle
�12�. Impingement cooling is generally applied to conventional
HPT nozzles. This impingement cooling archives high heat trans-
fer by jet impingement on the inner wall of the turbine nozzles.
Impingement inserts, which have a large number of small cooling
holes, are assembled in the HPT nozzles. Bypass air from the exit
of the high-pressure compressor �HPC� is introduced into the in-
serts and passes through cooling holes; finally, the air jets impinge
on the inner wall of the turbine nozzles �impingement cooling�.

Figure 2 shows a schematic of the cooling flow in the conven-
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ional cooling nozzle. In addition, film cooling holes are formed
n the turbine wall; the cooling air used by impingement cooling
s discharged into the main high-temperature gas flow, and the
uter walls of the HPT nozzles are cooled. This prevents the direct
onduction of the heat of the high-temperature flow from the main
as flow to the nozzle wall.

This conventional cooling structure has several drawbacks. The
rst drawback is that this structure requires additional components
impingement inserts,” which are rather expensive. The second
ne is that the manufacturing of the turbine nozzles �the smaller
et engines�, in which impingement inserts are installed, is consid-
rably difficult or impossible. The third one is that a bowed
ozzle, whose profile along the radial direction is bowed, is effec-
ive in reducing the pressure loss in the main gas flow �see Fig.
�a��; however, impingement inserts cannot be applied to such
ozzles.

Despite these drawbacks, HPT nozzles with impingement in-
erts have been installed in many jet engines and industrial gas
urbines. This is because this cooling structure exhibits a consid-
rably high cooling performance and, moreover, its pressure loss
s significantly less. Because the cooling air is driven by the small
ifference in pressure between the exit of the HPC and the main
as flow inlet of the turbine, it is very important that the pressure
oss in the HPT nozzle cooling structure is low. Thus, impinge-

ent inserts are suitable for HPT turbine nozzle cooling.

ig. 1 Cross-sectional drawing of the conventional cooling
ozzle †12‡

ig. 2 Schematic of the cooling flow in the conventional cool-

ng nozzle
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2.2 Multislot Cooling Structure. As described previously,
the ECO engine project requires improvement with regard to en-
vironmental compatibility for future advanced engines and reduc-
tion in the direct operation costs �DOCs�; in other words, im-
provement in the engine efficiency and reduction in the
manufacturing costs are required.

We have started to develop a new cooling structure whose cool-
ing performance is almost equivalent to that of the impingement-
insert-type cooling structure; this structure also eliminates some of
the drawbacks mentioned previously.

The developmental targets of this new cooling structure are as
follows:

i. reduction in the manufacturing costs by avoiding addi-
tional parts, that is, impingement inserts

ii. cooling performance equivalent to that of the
impingement-insert-type cooling structure and reduction
in the pressure loss

iii. improvement in the engine efficiency by adopting the
bowed nozzle �reduction in the aerodynamic loss in the
main gas flow�

We invented a new cooling structure �multislot cooling� that
satisfies the abovementioned targets �see Fig. 3�. Basically, this
cooling structure has two cooling passages. In the first cooling
passage, the nozzle surface of the leading edge �LE� neighborhood
is cooled; in the second passage, the nozzle surface of the mid
chord and trailing edge �TE� neighborhood is cooled. Each cool-
ing passage has slots, which are formed by setting the ribs alter-
nately so that the cooling air efficiently cools on the wall of the
airfoil �see Fig. 3�b��.

Next, we present the cooling air flow lines in the cooling pas-
sage. First, the cooling air is introduced from the inlet at the tip or
hub. Although it is almost indifferent whether cooling air is intro-
duced from the tip or hub face, Fig. 3�a� shows that the cooling air
is introduced from only the inlet at the tip face. In this case, the
cooling air introduced at the inlet flows in a direction toward the
hub from the tip. A part of this cooling flow gradually diverges
through a slot, as described previously, and cools the wall of the
airfoil. This diverged cooling air flows into the next slot and then
cools on the wall. Finally, the cooling air used for cooling is
discharged into the main gas flow through film holes and then
used for film cooling.

In this cooling structure, the same cooling air is repeatedly used
for cooling; thus, high heat transfer coefficient is expected to be
achieved for small amounts of cooling air. In addition, because the
cross-sectional area of a slot is large, the pressure loss at a slot and
at the overall passage, including the slots, is expected to be very
low.

The largest manufacturing difficulty of airfoils with multislot
cooling is whether the ceramic core can be manufactured or not.
In 2006, we manufactured the ceramic cores and precision casting
nozzles with multislot cooling structures by way of try. As a re-
sult, we confirmed that there was no major problem in production
of the airfoils with multislot cooling. Furthermore, we confirmed
that the weight of nozzles with multislot cooling was slightly
heavier than those with conventional impingement cooling, but
there was almost no problem in the weight increase from a DOC
standpoint.

In this study, in order to confirm whether or not the newly-
invented cooling structure satisfies the performance requirements
�cooling effectiveness and pressure loss�, test pieces that simulate
the part, which is the midchord and TE neighborhood of the HPT
nozzle, were manufactured and tested in the hot gas flow �see Fig.
3�b��.

3 Cooling Performance Test

3.1 Test Facility and Rig. This test was conducted by using

the test facility and rig in the Japan Aerospace Exploration
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gency �JAXA�. The schematic of the test facility is shown in
ig. 4, and the schematic of the test rig is shown in Fig. 5. Two
ow piping systems exist in this test rig. The first system is the
ain gas flow system that passes through the inlet orifice flow
eter, combustor, inlet contraction duct, and test section. The

ther system is the cooling air flow system that passes through the
ass flow meter, cooling air duct, and test piece. The cooling air
ow discharges from the test piece through round holes and then

nto the main gas flow. The main gas flow heats the test piece,
hich is then cooled by the cooling air flow.
Temperature probes are installed at the inlet of the test section

ig. 3 Image of a turbine nozzle to which the multislot cooling
tructure can be applied: „a… overall view of a turbine nozzle
nd „b… cut model of turbine nozzle
Fig. 4 Schematic of the test facility for

ournal of Turbomachinery
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in order to measure the inlet gas temperature. The inlet static
pressure is measured. Nine thermocouples �TCs� are installed in
the cooling duct in order to measure the cooling air temperature.
The static pressure is measured in the cooling duct. An infrared
�IR� camera �NEC Sanei TH9100 series, two-dimensional micro
bolometer� is set facing the heated surface of the test piece
through the observation window in order to measure its tempera-
ture field. In addition, the black paint is applied on the heated
surfaces of the test pieces, and two thermocouples are placed on
the heated surface of the test piece to calibrate its IR temperature
field by using these TC temperatures.

3.2 Test Piece. The test pieces were manufactured not only to
confirm whether or not this new cooling structure can exhibit
sufficient performance required for HPT cooling nozzles but also
to obtain data for the cooling design �see Fig. 6�. As previously
mentioned, test pieces simulate the nozzle surface of the midchord
and TE neighborhood.

The most significant difference between this test piece and the
actual turbine nozzle is that one side of the test piece is heated, the
other side is not heated; on the other hand, in the case of HPT
nozzles the both sides are heated. The test pieces have three geo-
metric parameters: slot width �W�, impingement height �H�, and
overall height of passage �Z�. The scale of the test piece is twice

Fig. 5 Schematic of the test rig for the basic cooling perfor-
mance test
the basic cooling performance test

JULY 2010, Vol. 132 / 031019-3
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hat of the HPT nozzles of a baseline engine.
In addition, the static pressure is measured at the adjacent pas-

age of the inlet and exit of the cooling air in the test piece. These
ressure data are utilized to estimate the pressure loss of the cool-
ng passage in the test piece.

able 1 Test condition „a… Main gas flow conditions, „b… cool-
ng air flow conditions, and „c… other conditions

a� Test condition �main gas flow� No. 1 No. 2

ass flow rate wg �kg/s� 0.3 0.45
ean velocity Vg �m/s� 100 120

nlet temperature Tg �°C� 350
nlet pressure Pg �MPa� 0.13 0.16
eynolds number Reg 2.2�105 3.4�105

b� Test condition �cooling air� Minimum Maximum

ass flow rate wc �kg/s� 0.003 – 0.01
nlet temperature Tc �°C� 10 – 20
nlet pressure Pc �MPa� 0.14 – 0.3
eynolds number RecW 3.0�103 – 1.0�104

c� Test condition �other conditions� Minimum Maximum

emperature ratio Tg /Tc 2.1 – 2.2
iot number Bi 0.12 – 0.22

ig. 6 Schematic of a test piece for the basic cooling perfor-
ance test: „a… side view of a test piece and „b… top view of a

est piece „a part of stainless steel…
31019-4 / Vol. 132, JULY 2010
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3.3 Test Condition. Table 1 shows the test conditions, that is,
the main gas flow, cooling air flow and other conditions. The main
gas flow conditions have two levels, Nos. 1 and 2.

Table 2 shows the geometric parameters the in tests: slot width
�W�, impingement height �H�, and overall height of passage �Z�.

For the recent small and middle class aircraft engines, the main
gas flow Reynolds number at the turbine inlet is approximately
1�105–5�105, which at the turbine exit is the order of 106, the
cooling airflow Reynolds number of the turbine nozzle RecW is
approximately 5�103–1�104. Regarding other conditions, the
temperature ratio Tg /Tc is approximately 2.0–2.2, and the Biot
number Bi is approximately 0.1–0.4. The dimensional ratio of
slots is W /H=1.

According to above parameters of the test and real engines
conditions, the cooling airflow conditions of the tests cover those
of the real engines. The hot gas flow conditions of the tests are
included in those of the real engines. Therefore both the main gas
flow and cooling airflow conditions of the tests are almost equiva-
lent to those of the real engines.

3.4 Uncertainty. In our previous study �13�, the average un-
certainty in the measured cooling effectiveness was estimated to
be �5.4% for a confidence of 95%. The results in this study retain
the same level of accuracy.

Furthermore the metal temperature on the uncooled surround-
ing areas of the test piece is high; hence, it should be considered
that the heat flux from these areas is not negligible, and heat
conduction error must be estimated to obtain the accurate cooling
effectiveness. The local cooling effectiveness is calculated at the
center �%x=45%, %y=50%� of the test pieces in the next section
4.1. The conduction bias of the local cooling effectiveness at the
center of the test pieces is estimated to be about �8.6% at the
maximum by heat transfer analyses and this is relatively low. For
reference, that at the edge of the test pieces is estimated about
�34% at the maximum. This is very high, therefore not negli-
gible.

4 Test Results and Discussion
As mentioned previously, the cooling performance tests were

conducted to confirm the basic cooling performance of the newly-
invented cooling structure, multislot cooling. The results of these
tests are given as follows.

4.1 IR Images and Cooling Effectiveness. In this test, IR
images of the heated surfaces of the test pieces were captured.
These IR images were correlated by using the temperatures of two
thermocouples on the heated surface in order to obtain more pre-
cise temperature fields on the heated surfaces. Figure 7 shows an
example of the temperature field captured by the IR camera under
typical conditions. As mentioned previously, the metal tempera-
ture on the uncooled surrounding areas of the test piece is high
and the heat flux from these areas is not negligible at the edge of
the test pieces. In order to obtain the heat transfer coefficient on
the test pieces, back analyses of the heat transfer are required, as
shown in Sec. 4.3.

Figure 8 shows the distributions of the cooling effectiveness at
%y=20%, 50%, and 80% of the temperature field shown in Fig. 7.
As mentioned previously, because heat flows from uncooled sur-
rounding areas into the test region, the cooling effectiveness at

Table 2 Geometric parameter of the test pieces

Geometric Parameter Small Base Large

Width of slots W �mm� 1 2 3
Overall height of cooling channel Z �mm� 6 10 14
Height of jet impingement H �mm� 1 2 4
small values of %x is low, and it is the highest around %x
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50%. The cooling effectiveness at %x=60–80% is lower than
hat at %x=50%. This is because the larger the value of %x is, the
igher the temperature of cooling air becomes in the cooling pas-
age due to the heat transfer from the metal to the cooling air.

According to a previous study �visualization of computational
uid dynamics �CFD� and particle image velocimetry �PIV�� �14�,

n areas A and B in Fig. 7, the cooling airflow is insufficiently
rovided; thus, it was expected that the metal surfaces on areas A
nd B were insufficiently cooled, and their temperatures were
igher than those of the other areas. However, the surface tem-
erature on area A was high, as predicted. However, the tempera-
ure on area B was not as high as predicted.

4.2 Cooling Performance Dependency on Geometric
arameters. Several tests were conducted under various geomet-

ic parameters �see Table 2�. IR images of the heated surfaces of
he test pieces were captured, and the pressure losses in them were

easured for every test. The local cooling effectiveness at the
enter �%x=45%, %y=50%� of the test pieces was calculated,
nd the pressure loss coefficients of the entire cooling passage
ere obtained in order to confirm the dependence of the geometric
arameters on the cooling performance and pressure loss. For cal-
ulating the local cooling effectiveness, the air temperature in the
ooling duct �Tc� was used as the cooling air temperature along

ig. 7 Example of the temperature field captured by the IR
amera under typical conditions

ig. 8 Example of the cooling effectiveness distribution on a

est piece
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with the local heated surface temperature �Twg�.
For comparison of the dependence on each geometric param-

eter, one parameter was changed under the base values of the
other two parameters.

4.2.1 Dependence on Overall Height of the Cooling Passage
�Z�. The cooling effectiveness does not depend on the ratio of the
overall cooling passage height Z /Zbase for all the Reynolds num-
bers of the cooling airflow �refer to Fig. 9�a��. The pressure loss
coefficient at Z /Zbase=0.6 is almost as high as that at Z /Zbase=1.
On the other hand, the pressure loss coefficient at Z /Zbase=1.4 is
higher than that at Z /Zbase=1 and 0.6 by approximately 20% �re-
fer to Fig. 9�b��. Regarding pressure loss, it appears that the pres-
sure loss at Z /Zbase=1.4 is high because the length of the entire
cooling passage, that is, the total friction loss becomes larger than
that in the other cases. The parameter Z corresponds to the dis-
tance between the pressure and suction surface of the airfoil,
which is varied with the chordwise location of the airfoil. Thus the
pressure loss of the multislot cooling is the difference in accor-
dance with the chordwise location of the airfoil.

4.2.2 Dependence on the Impingement Height �H�. Because
cost reduction in the tests is required to be reduced, and the cool-
ing effectiveness does not depend on Z /Zbase, the parts of the test
piece were shared, and the impingement height H /Hbase was
changed only by replacing the spacers. Refer to Fig. 6�a�. There-
fore, Z /Zbase=0.9 when H /Hbase=0.5 and Z /Zbase=1.2, when
H /Hbase=2. Z /Zbase of these cases are sufficiently close to 1.

When the ratio of the jet impingement height H /Hbase becomes
0.5 �2.0�, the cooling effectiveness is increased �decreased� by

Fig. 9 Dependence on the overall height of the cooling pas-
sage „Z…: „a… local cooling effectiveness at the center of the test
piece and „b… pressure loss coefficient of the entire cooling
passage
0.02 through 0.03 for all the Reynolds numbers of the cooling
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irflow �refer to Fig. 10�a��. When the ratio of the jet impingement
eight H /Hbase becomes 0.5, the pressure loss coefficient is in-
reased to twice as much as that of H /Hbase=1, and when H /Hbase
ecomes 2.0, its coefficient is decreased by approximately 10%
ver though Z /Zbase becomes slightly large �refer to Fig. 10�b��.
he variation in cooling effectiveness with respect to pressure loss

s shown in Fig. 10�c�. Pressure loss was nondimensionalized by
he highest pressure loss among all cases. Considering both the
ooling effectiveness and the pressure loss, the cooling structure
f the geometric parameter H /Hbase=1 and 2 appears to be rea-
onable when W /Wbase=1 and Z /Zbase=1.

4.2.3 Dependence on the Impingement Slot Width �W�. When
/Wbase=0.5, the cooling effectiveness is considerably higher

ig. 10 Dependence on the impingement height „H…. „a… Local
ooling effectiveness at the center of the test piece. „b… Pres-
ure loss coefficient of the entire cooling passage. „c… Cooling
ffectiveness versus nondimensional pressure loss.
han that at W /Wbase=1 by 0.05–0.06 for all the Reynolds num-

31019-6 / Vol. 132, JULY 2010
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bers of the cooling airflow �refer to Fig. 11�a��. This is because the
velocity of the impingement jet is twice that at W /Wbase=1 owing
to the half width of the slots, and the test piece is cooled very
effectively by impingement cooling; however, the amount of cool-
ing air cannot be reduced by half for the same cooling effective-
ness. The cooling effectiveness at W /Wbase=1.5 is slightly lower
than that at W /Wbase=1. The pressure loss coefficient at
W /Wbase=0.5 is almost similar to that at W /Wbase=1. The pres-
sure loss coefficient at W /Wbase=1.5 is almost twice that at
W /Wbase=1 �refer to Fig. 11�b��. The variation in cooling effec-
tiveness with respect to pressure loss is shown in Fig. 11�c�. Pres-
sure loss was nondimensionalized by the highest pressure loss
among all cases. The pressure loss at W /Wbase=0.5 is approxi-

Fig. 11 Dependence on the impingement slot width „W…. „a…
Local cooling effectiveness at the center of the test piece. „b…
Pressure loss coefficient of the entire cooling passage. „c…
Cooling effectiveness versus nondimensional pressure loss.
mately thrice that at W /Wbase=1. The pressure loss at W /Wbase

Transactions of the ASME
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1.5 is lower than that at W /Wbase=1 by approximately 10%.
onsidering both the cooling effectiveness and pressure loss, the
ooling structure for the geometric parameter at W /Wbase=1 and
.5 appears to be reasonable when H /Hbase=1 and Z /Zbase=1.

4.3 Averaged Nusselt Number of the Multislot Cooling
tructure. A back analysis of the heat transfer was carried out to
btain the averaged Nusselt number of the multislot cooling struc-
ure whose geometric parameters were the width of slots W
2 mm, overall height of cooling channel Z=10 mm, and height
f jet impingement H=2 mm. These parameters are the typical
nes.

First, the averaged Nusselt number on the heated surface was
btained by the back analysis by using the basic impingement
ooling test piece. The characteristic length of Reynolds number
s the flow-wise length of the test pieces L, 84 mm. The heat
ransfer coefficient on its cooled surface was obtained by using the
orrelation formula �15�. The averaged Nusselt number on the
eated surface of the test pieces is shown in Fig. 12. For refer-
nce, averaged Nusselt number correlation of turbulent flow on
he flat plate, Nug=0.037�Reg

0.8�Prg
�2/3� is plotted in Fig. 12.

econd, the averaged Nusselt number on the cooled surface of the
ultislot cooling test piece was obtained by back analysis by us-

ng the heat transfer coefficient on the heated surface that was

ig. 12 Averaged Nusselt number of the heated surfaces of
he test pieces Nug versus Reynolds number Reg

ig. 13 Averaged Nusselt number of the multislot cooling

ucW versus Reynolds number RecW

ournal of Turbomachinery
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previously obtained by the back analysis. The variation in the
averaged Nusselt number of the multislot cooling structure with
respect to the Reynolds number RecW is shown in Fig. 13.

In order to compare our test results with the experimental re-
sults presented by Metzger et al. �3,4�, the graphs of the Nusselt
number and pressure loss coefficient were replotted by using the
hydraulic diameter Dh as the characteristic length of the Reynolds
number. There are some differences between the two cooling pas-
sages. In this study, the aspect ratio �y0:W� of the multislot cool-
ing passage on the cross section is 25, which is very high, al-
though that of Metzger’s 180 deg turn of the serpentine passage is
0.4, which is very low. The flow diverter of Metzger’s passage is
thinner than that of the multislot passage in our study. The varia-
tion in the averaged Nusselt number of the multislot cooling struc-
ture with respect to the Reynolds number RecDh

is shown in Fig.
14. For reference, averaged Nusselt number correlation of the
fully developed turbulent flow in the circular duct �its diameter is
Dh�, NucDh

=0.023�RecDh

0.8�Prc
0.4 is plotted in Fig. 14. The

variation in the pressure loss coefficient per 180 deg turn of the
multislot cooling structure with respect to the Reynolds number
�RecDh

� is shown in Fig. 15.
The averaged Nusselt number of the multislot passage is better

than that of the 180 deg turn of Metzger’s serpentine passage,
although the pressure loss coefficient per 180 deg turn of the

Fig. 14 Averaged Nusselt number of multislot cooling NucDh
versus Reynolds number RecDh

Fig. 15 Pressure loss coefficient per 180 deg turn of multislot
cooling versus Reynolds number Re
cDh

JULY 2010, Vol. 132 / 031019-7
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ultislot passage is approximately thrice as low as that of
etzger’s serpentine passage. This is because the endwalls of
etzger’s cooling passage are close to each other; therefore, the

econdary flow loss develops further, and the pressure loss be-
omes large. On the other hand, the endwalls of the multislot
ooling structure are far apart from each other; therefore, the pres-
ure loss is very low when compared with its cooling perfor-
ance.

Preliminary Analysis of Airfoil Cooling
A preliminary analysis of airfoil cooling was performed to

valuate both cooling performance of conventional impingement

Table 3 Geometric pa

Case No.
Cooling
structure Geometry

1
Multislot
cooling

W=2 mm
H=2 mm
Z=10 mm2

3 Conventional
impingement

cooling

Hole diameter=2
Impingement height=
No. of holes �x-direc
No. of holes �y-direc

Z=10 mm4

ig. 16 Preliminary analysis models of airfoil cooling: „a…
verall view, „b… cross-sectional drawing of multislot cooling,
nd „c… cross-sectional drawing of conventional impingement
ooling
31019-8 / Vol. 132, JULY 2010
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cooling and multislot cooling in applying to a HPT nozzle. Pre-
liminary analysis models of airfoil cooling are shown in Fig. 16.

5.1 Condition of Analysis. In this preliminary analysis, both
of the upper and lower surfaces are exposed to the hot gas flow at
350°C, though only single surface was exposed to the hot gas
flow in our experiments. Other four side walls are adiabatic.

The heat transfer coefficient at the heated surfaces, which was
obtained at the hot gas flow test �Reg=2.2�105, see Fig. 12� is
used. The inlet cooling temperature is 20°C.

5.2 Geometric Parameter of Analysis Cases. All cases that
were analyzed are shown in Table 3. The wall thickness of all
surfaces is set to 2 mm. The cooling structures are built in the
region of the 64�50�10 mm3 box.

5.3 Results and Discussion. The averaged cooling effective-
ness �̄ of case 1–4 was calculated using the averaged temperature
of heated surfaces Twg, and their pressure losses were calculated
against overall cooling passage, except for the exit holes. The
variation in cooling effectiveness with respect to pressure loss is
shown in Fig. 17. Pressure loss was nondimensionalized by the
highest pressure loss of case 1.

Comparing case 1�multislot� to case 3�conventional impinge-
ment�, whose performance estimation regions in the flow direction
�xe� are 64 mm, the cooling effectiveness of case 1 is lower than
that of case 3. Especially at low pressure loss �small amount of
cooling airflow� region, the difference between the two cases is
large. The reason is that the same cooling air is repeatedly used
for impingement cooling at the turns for case 1, thus cooling air

eter of analysis cases

Performance
estimation
region in

flow
direction

�mm�
Nusselt
number Figure

xe=64 0.082�RecW
0.7 16�b�

xe=32

mm
�=3
�=5

xe=64

Florschuetz
et al. �15�

16�c�

xe=32

Fig. 17 Averaged cooling effectiveness �̄ versus nondimen-
sional pressure loss
ram

mm
3.5
tion
tion
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emperature becomes high at low pressure loss �small amount of
ooling airflow� region. On the other hand, comparing case 2
multislot� to case 4 �conventional impingement�, whose perfor-
ance estimation regions in the flow direction �xe� are 32 mm,

he cooling effectiveness of case 2 is higher than that of case 4.
he reason is that the number of the turns of case 2 is fewer than

hat of case 1, thus, the cooling temperature of case 2 does not
ecome so high, and the pressure loss of case 2 is half as high as
hat of case 1, though the amount of cooling air for the entire
nalysis model required is more. In contrast, the pressure loss and
ooling effectiveness of case 4 are almost the same as those of
ase 3, when the amount of cooling air for the entire analysis
odel is unchanged.
Each cooling structure, multislot and conventional impinge-
ent cooling, have their own characteristics. Thus it is important

hat the appropriate cooling structure is selected as requirement of
ooling design. In minding these points, the multislot cooling is
ell applicable to cooling of HPT airfoils.

Conclusion
This paper deals with the cooling performance tests for several

eynolds numbers of mainstream hot gas and cooling airflow by
sing test pieces, which have three geometric parameters. In ad-
ition, the preliminary analysis of airfoil cooling was performed
o evaluate both cooling performance of conventional impinge-

ent cooling and multislot cooling when applied to a HPT nozzle.
e present the following findings.

1. Regarding two areas that lack cooling air �A and B�, which
were predicted by flow visualization by CFD and PIV, the
surface temperature of area A is high, as predicted. However,
the surface temperature of area B is not as high as predicted.

2. The pressure loss of the multislot cooling is difference in
accordance with the geometric parameter Z, in the other
words, the chordwise location of the airfoil.

3. Considering both cooling effectiveness and pressure loss, the
cooling structure for the geometric parameters H /Hbase
=1–2 at W /Wbase=1 or W /Wbase=1–1.5 at H /Hbase=1 ap-
pears to be reasonable.

4. It was confirmed that the pressure loss in the multislot cool-
ing structure is very low when compared with its cooling
performance against the 180 deg turn of the serpentine cool-
ing passage in the study of Metzger et al. �3,4�.

5. The preliminary analysis of airfoil cooling showed that each
cooling structure, multislot and conventional impingement
cooling, has its own characteristics. Thus it is important that
the appropriate cooling structure is selected as a requirement
of cooling design. In minding these points, the multislot
cooling is well applicable to cooling of HPT airfoils.
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omenclature
Bi � Biot number, hgtw /kw

Cpt � pressure loss coefficient, �Pt / �0.5��ciVci
2 �

Dh � hydraulic diameter, 4WH / �2�W+H�� �m�
H � height of jet impingement �m�
h � heat transfer coefficient �W / �m2 K��
k � thermal conductivity �W / �m K��
L � flow-wise length of test pieces �m�

NucDh � averaged Nusselt number of cooling air flow

�characteristic length is Dh�, hDh /kci
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NucW � averaged Nusselt number of cooling air flow
�characteristic length is W�, hW /kci

Nug � averaged Nusselt number of hot gas flow
�characteristic length is L�, hL /kg

P � pressure �Pa�
Pr � Prandtl number

�Pt � total pressure loss �Pa�
RecDh � Reynolds number of cooling air flow �charac-

teristic length is Dh�, �ciVciDh /�ci
RecW � Reynolds number of cooling air flow �charac-

teristic length is W�, �ciVciW /�ci
Reg � Reynolds number of hot gas flow �characteris-

tic length is L�, �gVgL /�g
tw � wall thickness �m�
T � temperature �K�
T̄ � averaged temperature �K�
V � mean velocity �m/s�
w � mass flow rate �kg/s�
W � width of slots �m�

x, y � coordinates �m�
x0, y0 � overall length of cooling passage �m�

%x, %y � nondimensional coordinates %x=x /x0, %y
=y /y0

xe � Performance estimation region in the flow di-
rection �m�

Z � overall height of cooling channel �m�
� � cooling effectiveness, �Tg−Twg� / �Tg−Tc�
�̄ � averaged cooling effectiveness, �Tg−Twg� /

�Tg−Tc�
� � viscosity �Pa s�
� � density �kg /m3�

Subscripts
base � medium value of geometric parameters

c � cooling air in the cooling duct
ci � cooling air at the inlet of a slot
g � hot combustion gas
t � total

w � solid metal
wc � at metal surface exposed to cooling air flow
wg � at metal surface exposed to hot gas flow
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