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Abstract: The parallel-inlet holes with one-row, two-row and three-row film hole arrangements and different di-
ameters are proposed to experimentally study their cooling characteristics. Detailed experimental processes and
results are described and carried out. Results indicate that heat transfer coefficient (HTC) is increased with the
increase of blowing ratio. When the blowing ratio is lower, the distribution of HTC along the heated wall can be

divided into three regions. For larger blowing ratio or diameter, the cooling characteristics of parallel-inlet film

holes are similar to those of convective heat transfer around flat. Furthermore, when hole diameter is deter-

mined, the arrangement patterns of film hole and the blowing ratio take a great influence on HTC.
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INTRODUCTION

Film cooling method is widely used to cool
hot gas path components, such as combustion
chamber wall and turbine blade in modern gas
turbine, etc. Coolant air from the compressor
produces a film layer to prevent walls from the
detrimental effects of hot combustion gases. In
order to extend the life of gas turbine, it is essen-
tial to improve cooling designation methods for
keeping the stable temperature level and thermal
gradients in various turbine components within
the limitation of acceptation by means of the mini-
mum cooling air.

The importance of film cooling has been
studied using experimental, analytical and com-
putational methods'*. Refs. [5-127] studied the
film cooling performance with cylindrical injection
holes, and discussed the influences of blowing ra-
tio, main flow turbulence intensity or density ra-
tio on heat transfer coefficient (HTC) or adiabatic
film cooling effectiveness distribution by varying
hole aperture to length ratio, compound angle or

interval between injection holes/rows. Refs. [13-
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14 ] studied the film cooling effectiveness of one-
row discrete holes and found that the cooling ef-
fectiveness increases with the velocity ratio and
the density ratio. However, the influence of ve-
locity, density, geometrical parameters and their
interactions are too complicated to clearly under-
stand. Ref.[15] studied the heat transfer charac-
teristics of two-dimensional slot and found that
convective coefficient of the film cooling along the
flow direction on the cooled plate could be divided
into three regions. In the first and third regions.,
convective coefficient is decreased along flow di-
rection and in the second region, it is increased a-
long flow direction. Refs. [16-17] studied the in-
{luence of blowing ratio and geometrical parame-
ters of one-row film hole on the cooling effective-
ness of cooled plate. They found that the geomet-
rical parameters had a great influence on the cool-
ing effectiveness of film cooling and cooling effec-
tiveness was decreased with the increase of the
blowing ratio. Ref. [18] studied the film cooling
effectiveness in machined ring liners with the
mass-transfer analogy method. Designation of ex-

periment is adopted to investigate how the effec-
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tiveness is influenced by coolant injection angle,
shape of the slot lip (straight/tapered), shape of
the slot exit, and thickness of the slot lip. On the
basis of experiments, an accurate data-correlation
equation is obtained. Ref.[19] measured the tem-
peratures of gas phase and adiabatic wall down-
stream of the injection slot, and obtained the tem-
perature profiles in the mixing layer as well as
film cooling effectiveness correlation. Refs. [ 20-
21] found that compound angle injection results
in higher film cooling effectiveness compared with
stream-wise injection at a given momentum ratio.
However, the heat transfer rates are substantially
enhanced due to increased jet cross-flow interac-
tion. Therefore, the overall performance combin-
ing the effects of reducing blade temperature and
heat transfer was flower for compound angle
holes. These findings have been confirmed by
Refs. [22-237]. Ref. [ 24 ] studied the effects of
blowing ratio and turbulence level on the heat
transfer characteristics of a wall jet in a cocurrent
stream. The results showed that the turbulence
level had a great influence on the heat transfer for
the wall jet when the blowing ratio m <1, and
both the adiabatic wall temperature and the rela-
tive heat transfer function should be considered
when calculating heat transfer. But when m>1,
the turbulence level has no effect on heat trans-
fer.

As mentioned above, it can be seen that most
of the investigations have been performed the heat
transfer characteristics of the film cooling in
terms of the inclined angle injection of holes. Es-
pecially, they are only limited to the one-row dis-
crete hole or the slot. Therefore, it is not clearly
for the paralleled injection of the film hole. In
this paper, the cooling characteristics of one-row ,
two-row and three-row film holes are experimen-
tally investigated . Experimental results can pro-
vide the reference value for designation of com-

bustion chamber.

1 EXPERIMENTAL APPARATUS

All experiments are performed in a low speed

wind tunnel setup with compressing air supply to

keep the mainstream and the coolant air. Fig. 1
shows the comprehensive process of the experi-
mental arrangements. Firstly, environment tem-
perature air from the compressor is drawn
through the orifice flow meter. Then, it is divid-
ed into two branches of the streams: One is the
mainstream air and the other is the coolant stream
air. The accuracy of the orifice flow meter is
1.0%. Mainstream air is heated up to 80 °C by
two sets of the 60 kW heaters, which is moni-
tored by a T-type thermocouple. Then, it passes
through a section with baffles to ensure adequate
mixing of hot air to obtain a uniform temperature
across the cross-sections and the coolant stream
passes through a LBZ type buoyage flow meter,
which is used to measure the mass flow rate con-
trolled by a gate valve. Accuracy of the LBZ type
buoyage flow meter and the T-type thermocouple
is 1.0% and 0.75%. Coolant stream passes
through film cooling holes to form a film layer on
the surface of the test plate. Temperature of the
test wall is measured by infrared thermography
system (TVS-2000 MK) with accuracy and mea-
sured temperature range of 4+ 1 °C (0—100 °C).
All the measured data of temperature are connect-
ed with 8-channel HP34970A data collection sys-
tem.

Test sections (Fig. 2) is a rectangular chan-
nel with 383 mm (length) X 200 mm (width) X
87 mm (height) dimensions. The 0.1 mm thick
test plate is made of stainless steel plate with
200 mm X 200 mm (length and width) dimen-
sions. Surface of the test plate is painted with
high temperature black paint to assure a uniform
measure emissivity of 0.96. Three T-type ther-
mocouples to act as reference for the infrared

Orifice ~ Power Infrared
Gate valve flowmeter adjustor Heater thermography system

Air from
compressor
— = =]

I Coolant stream

Fig.1 Experimental setup
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Fig. 2 Schematic of test section

thermograph system are fastened on the rear of
the test wall with 502 glue. Eq. (1) shows the re-
lationship between the corrected infrared temper-
ature and the thermocouple date, where 7', is the
infrared thermograph temperature and 7" the cor-
rected infrared temperature.
T =— 29+ 2.07, (1
The insulated plate is made of a 1-inch
(1 inch==2. 54 ecm) thick Kaowool board thermal
ceramics, which has a very low thermal conduc-
tivity of 0.06 W/mK. A T-type thermocouple is
glued on the outer surface of the insulated plate.
Depending on experimental conditions, this tem-
perature is between 25.0 °C and 25.5 °C, while
ambient temperature is approximately 24 °C. Dif-
ference between ambient temperature and outer
surface temperature of insulated plate is less than
1.5 K. Therefore, the convection and the radia-
tion losses from insulate plate are not considered.

The thick Bakelite slab of machine-made film
holes is set to 6 =3 mm, and the length, width
and height of the Bakelite slab are set to 200, 3,
10 mm, respectively. As shown in Fig. 3, they
have three patterns: one-row, two-row with
aligned-arrangement and staggered-arrangement
ways and three-row. Each arrangement has dif-
ferent diameters. The geometrical dimension of
test pieces is seen in Table 1, where ¢ is the ratio
of holing on blackage.

Uncertainty of the experiment arises from
the measurement deviation of temperature of
mainstream, coolant stream and test wall, pres-
sure of mainstream and coolant stream, and diam-

eter of film hole, respectively. Estimated uncer-

One-row

arrangement)

Two-row
(staggered-
arrangement)

Three-row

Two-row
> (aligned-

O O O O O o

Fig. 3 Arrangement paterns of film holes

Table 1 Dimension of test pieces for

each arrangement

Arrangement d € r e
3.0 0. 067
One-row 5.0 0.190 10
7.0 0. 360
= 2.0 0. 060 10(aligned)
T'wo-row 5.0
3.6 0.190 5(staggered)
1.8 0.072
Three-row 5 2.5
3.0 0. 200

tainty of mainstream temperature is determined
for AT..= =+0.6 °C, coolant stream temperature
is AT, = +0.2°C and hole diameter is Ad =
0.01 mm. The accuracy of infrared camera sys-
tem is +1.5°C(0—100 °C). The uncertainty of
HTC is obtained by =£8.2% using the method in
Ref. [25].

2 DEFINITIONS OF FILM COOL-
ING PARAMETERS

2.1 Blowing ratio

The blowing ratio is defined as

_ (pU).
(D) X
It can be rewritten as
_ . Ao mA, 3)
@D M miR A
A

m

where A., A, are the flow cross-section areas of
coolant stream and mainstream, respectively, »i.,

i, the mass flow rate of coolant stream and main
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stream, respectively.
Let A./A equal to 7.7 and substituted into
Eq. (3), we get

MZMCAI“:%']ﬂ

A, M€

D

The value of e for each arrangement is

showed in Table 1.
2.2 Heat transfer coefficient

HTC of film cooling over the cooled plate de-
fined in Ref.[26] is

_ q
T T <)

where ¢g= (UI/A) is the heat flow rate of wall,
U, I and A are the electric current, voltage and
heat area of wall, respectively. The adiabatic
wall temperature 7', represents the surface tem-
perature of a perfectly insulated wall. It can be
measured by an infrared thermograph system
when the test plate is not heated. The test plate
temperature 7', is measured by an infrared ther-
mograph system when the test plate is heated.
To determine HTC for these models, two
tests are conducted for each experimental condi-
tion. The heated and the adiabatic surface tem-
peratures are all measured by infrared thermo-
graph system. The temperature map from in-
frared thermograph is shown in Fig. 4. There are
three analysis lines for calculating the tempera-
ture of the test plate on the map. It is measured
that at a given a-location the temperature of the
plate on the analysis lines does not vary by more
than 1—2 °C. Therefore, this experiment vali-
dates the 2-D flow pattern of the slot film cool-
ing, and temperature used to calculate HTC at a
given x-location is an average of the temperatures

on three analysis lines.

100 90 80 70 60 50 40 30

Fig. 4 Temperature map of infrared thermograph

3 RESULTS AND DISCUSSION

3.1 Effects of blowing ratio

Fig. 5 gives the effect of blowing ratio on
HTC of one-row film hole with different diame-
ters of 3.0, 5.0, 7.0 mm, respectively. As we
can see from Fig. 5(a) that the distributions of
HTC can be divided into three regions of I, 1I and
III along flow direction. The region 1 is the core
region of coolant jet from the film holes. The
cooling film does not mix with mainstream air,
and heat transfer process directly happens be-
tween cooling film and heated wall. Therefore,
the heat transfer characteristics between the cool-
ing film and the test plate are analogous to the
slot jet heat transfer on the plate, and HTC is
significantly decreased with the increase of X/S,
where X is the distance between the best position
and film holes, and S the height of Bakelite slab.
In the region II, the interaction between main-
stream and cooling film is increased with the in-
crease of X/S, and the mixing between the cool-
ing film and mainstream is strengthened with the
increase of X/S. The striking of mixing cooling
film against the test plate is gradually strength-
ened, which results in HTC increasing with the
increase of X/S. In the region III, there is no evi-
dent difference between cooling film and main-
stream. HTC of film cooling is similar to the
common convective heat transfer around an even
plate and it is decreased with the increase of X/S.
With the increase of blowing ratio, the jet from
film holes forms a more stable cooling film on the
test plate, and it is more difficult for the cooling
{ilm to mix with mainstream. The stable {ilm can
weaken the film striking against the test plate,
therefore, HTC of film cooling is decreased with
the increase of blowing ratio.

As seen from Fig. 5(b), at lower blowing ra-
tio of M =0.79 and 0. 60, distributions of HTC
are also divided into three regions of I, II and III,
similar to Fig. 5(a). But, with regard to the larg-
er blowing ratios, M=1.0, 1.19 and 1. 39, the
coolant jets possess stronger momentum resulting

in higher interaction between coolant air and
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Fig.5 HTC distributions of one-row film holes

mainstream air nearby the exit of film holes.
Therefore, there are not three evident regions for
HTC in the direction of flow. In the whole region
of heat transfer, HTC of film cooling has a char-
acter of convective heat transfer around an even
plate. Near the exit of film hole, HTC is rapidly
decreased with the increase of X/S. When X/S>
6.5, the decrease of HTC is slight. Fig. 5 (¢)
shows that the distributions of HTC are similar to
those of Fig. 5(b). However, for d=3.0 mm,
the blowing ratio M resulting in three regions are

from 0.79 to 1. 45, for d=5.0 mm, M=0. 60 and

0.79, and for d=7.0 mm, M=0. 32. Therefore,
we can draw a conclusion that the blowing ratio
resulting in three regions is decreased with the in-
crease of diameter of film hole.

Fig. 6 shows the effect of blowing ratios on
HTC of two-row film holes with aligned arrange-
ment and staggered arrangement, respectively.
As seen from Fig. 6(a), at the same heated wall
position, HTC is decreased with the increase of
blowing ratio. But, the effect of blowing ratio is
not evident for the blowing ratio from 0.85 to
1. 0. HTC is also divided into three regions on the
heated wall and region 11 is gradually disappeared
with the increase of blowing ratio. For Fig. 6(b),
there is a significant decrement of HTC for blow-
ing ratio from 0.59 to 0.82. When M = 1.03,
there is not region 11 for HTC on the heated wall,
and the heat transfer characteristics of film cool-
ing on the heated wall are similar to the convec-
tive heat transfer around a flat.

Fig. 7 shows the effect of blowing ratio on
HTC of three-row film holes. The characteristics

of heat transfer are also similar to those of two-
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Fig. 6 HTC distributions of two-row film holes
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Fig. 7 HTC distributions of three-row film
oles (d=3.0 mm)

row and one-row. But the blowing ratio resulting

in the disappearance of region II is equal to 1. 3.
3.2 Effects of film hole diameter

Fig. 8 shows the effects of film cooling hole
diameters on HTC under the condition of blowing
ratio M = 1.0,

Fig. 8(a), when the blowing ratio is a constant,

respectively. As seen from

the coolant jet from the larger film holes can form
a more stable cooling film on the test plate than
smaller film holes, and the stable cooling film
weakens the cooling film striking against the test
Therefore, HTC is decreased with the di-

ameter increment from 3.0 mm to 5.0 mm. In

plate.

Fig. 8 (b), both aligned and staggered arrange-
ments show a similar decreasing tendency with
In Fig. 8(c),

the effect of film hole diameter also has a similar

the diameter increase of film hole.

tendency.
3.3 Effects of film hole arrangement

Fig. 9 shows the comparison of HTC with
different test pieces with M=1 and e=0. 2. Obvi-
ously, the distribution of HTC along the test
plate is different for the four kinds of test pieces.
When X/S<5, HTC of three-row is smallest in
the four test pieces, but when X/S>5, HTC of
two-row (staggered arrangement) is smaller than
When the radiation of high

temperature mainstream to the heated wall is ne-

the other test pieces.

glected, a smaller HTC of film cooling can in-
Therefore,

crease the film cooling effectiveness.

the film cooling effectiveness of the test piece
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Fig. 8 Effects of film cooling hole diameters on HTC
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with three-row film holes is better than that of
the other test pieces within the region of W/S<(5
on the heated wall, but the effectiveness with
two-row film holes (staggered arrangement) is
best in the four kinds of test pieces when W /S>5

on the heated wall.
4 CONCLUSIONS

The convective heat transfer characteristics
of film cooling with different film hole arrange-
ments are investigated and the following conclu-
sions are drawn:

(1) In the direction of flow with a certain
range of blowing ratio, HTC can be divided into
three regions and decreased as blowing ratio in-
creases.

(2) HTC of film cooling is similar to the con-
vection heat transfer around a flat and decreased
with the increase of diameter for all kinds of ar-
rangement patterns of film hole.

(3) For the two-row film holes, HTC can be
considered as a condition of the staggered ar-
rangement and it is higher than that of aligned ar-
rangement at the same position on the heated
wall.

(4) Three-row film holes have the smallest
HTC on the heated wall when X/S<C5, but when
X/S>5, HTC of two-row ones (staggered ar-

rangement) is the smallest.
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