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Abstract

Measurements of heat transfer coefficient (/) are presented for rows of round holes at streamwise angles of 30°, 60°
and 90° with a short but engine representative hole length (L/D = 4). The study began with a single row of holes with
pitch-to-diameter ratios of 3 and 6, followed by two inline and staggered rows for each hole spacing and streamwise
inclination, which amount to 105 different test cases in addition to the 21 test cases presented on the single hole
[C.H.N. Yuen, R.F. Martinez-Botas, Film cooling characteristics of a single round hole at various angles in a crossflow:
Part 1. Effectiveness, Int. J. Heat Mass Transfer, in press; C.H.N. Yuen, R.F. Martinez-Botas, Film cooling character-
istics of a single round hole at various angles in a crossflow: Part II. Heat transfer coefficients, Int. J. Heat Mass Trans-
fer, in press]. The present investigation is a continuation of the previous work [Yuen and Martinez-Botas, Parts I and II,
in press] with the same test facility, operating conditions (freestream Reynolds number, Rep, of 8563, and blowing ratio,
0.33 < M < 2), and measurement technique of liquid crystal thermography and the steady-state heat transfer method,
therefore the results presented in the form of A/hg, which is the ratio of heat transfer coefficient with film cooling to that
without, are directly comparable. Both local values and laterally averaged ones are presented, the latter refers to the
averaged value across the central hole. The corresponding measurements of effectiveness for the rows of holes are pre-
sented in a companion paper [C.H.N. Yuen, R.F. Martinez-Botas, Film cooling characteristics of rows of round holes
at various angles in a crossflow: Part I. Effectiveness, Int. J. Heat Mass Transfer, submitted for publication]. The low
effectiveness observed with the 90° holes in the companion paper [Yuen and Martinez-Botas, submitted for publication]
and the relatively large heat transfer coefficient presented here, suggest that the normal injection should only be used
in situations where shallower holes are not feasible. The combined performance of effectiveness and heat transfer coef-
ficient suggests that the two inline rows are likely to be advantageous in the film cooling of turbine blades with good
coverage per unit mass flow of cooling air and lower thermal stresses due to the smaller heat load.
© 2005 Elsevier Ltd. All rights reserved.
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Nomenclature
D hole diameter, 10 mm
h heat transfer coefficient in the presence of

film cooling (W/m?K), h=¢"/(Ts — Taw)
where T,, is substituted by 7., when
T2 = Too

ho heat transfer coefficient in the absence of
film cooling (W/m? K), hy = ¢"/(Two — Tno)

L hole length

M blowing ratio (p2Us/poc Use)

)4 hole pitch

q" wall heat flux (W/m?)

Rep Reynolds number (po Use D/ iso)

K row spacing

T temperature (K)

TLC thermographic liquid crystals

U velocity (m/s)

X coordinate: streamwise (axial) direction (see

Figs. 1 and 2)

y coordinate: vertical (height-wise) direction
(see Fig. 2)
z coordinate: lateral direction (see Fig. 1)

Greek symbols

0 boundary layer thickness

0" displacement thickness, 6" = f(; ( Ux> y
5, momentum thickness, &; = [{ (l U—li) -dy
o density (kg/m?)

Subscripts

00 freestream

0 in the absence of film cooling

2 coolant or secondary injection

aw adiabatic wall

w wall

Overbar laterally-averaged

1. Introduction

Film cooling is required to achieve the required life
span of turbine blades under adverse centrifugal and
thermal stress levels resulted from the demand of high
temperature-rise combustors with turbine entry temper-
atures doubled in the past 25 years. It is essential to im-
prove cooling designs to keep the temperature level and
thermal gradients in various turbine components within
acceptable limits using minimum cooling air.

Aerodynamic and thermal procedures currently
available to turbine designers do not permit a priori
designs that achieve design goals without expensive
development iterations. The current study expands the
database of reliable measurements which is much anti-
cipated in the construction of reliable correlations for
the application of film cooling in gas turbine industries,
by systematically adding 105 test cases to the 21 cases
presented on single round holes [1,2]. Another advan-
tage of this extended study is that all results are directly
comparable as they were measured in the same facility,
with the same operating conditions and technique.

Studies of heat transfer with film cooling on a row of
holes with a streamwise inclination of 30° or 35° and a
pitch-to-diameter ratio of 3 on a flat plate shown in
Fig. 1 were described [4-10]. The latter study showed
it is important to have information of the film cooling
effectiveness and the heat transfer coefficient. In general,
heat transfer coefficient downstream of a row of holes
increased with increasing blowing ratio, because the
pressure deficit created by the detached jets caused the
freestream to enter the region below the jet, and in-
creased the heat transfer rate locally.

The behaviour of multiple jets differs from that of a
single jet, and the interaction between adjacent jets var-
ies with blowing ratio and the pitch-to-diameter ratio.
Pietrzyk et al. [11] studied a row of 35° jets with a hole
length-to-diameter ratio of 3.5 and a pitch-to-diameter
ratio of 3, similar to one of the current arrangements,
and found that the strength of the longitudinal vortices
scaled with velocity ratio and increasing distance. Fur-
thermore, the turbulence intensity was increased
through the disturbance added by the multiple jets.
Sinha et al. [12] studied two rows of 35° holes with a
pitch-to-diameter ratio of 3 and a row spacing-to-dia-
meter ratio of 40, and showed that the upstream row
reduced the momentum of the crossflow and the velocity
gradients in the shear layers, and lowered the turbulence
level for the second row.

The effects of the hole length have been studied by
Burd and Simon [13,14], Brundage et al. [15] and Walt-
ers and Leylek [16], and some of the findings have been
reported in [1-3,17], and are summarised here. In gen-
eral, short holes are subject to skewed jet velocity
profiles with a maximum value greater than that of a
turbulent jet for the same mass flow in the downstream
half of the hole, with low blowing ratios. This non-uni-
form velocity distribution of the exiting depends on the
hole geometry and the blowing ratio. Lloyd and Brown
[18] and Andrews et al. [19] concluded that short holes
may give rise to greater heat transfer than longer holes.

The definition of heat transfer coefficient, /4, is given
in the Nomenclature section. The objective of film cool-
ing is to achieve low heat transfer from the surrounding
hot mainstream to the turbine blades, and large effec-
tiveness on the blade surface. The interpretation of wall
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Fig. 1. Geometries and arrangements of cooling holes at streamwise angle, o.

measurements of temperature such as these reported in
this paper benefits from knowledge of local velocities
and wall pressures reviewed in Yuen and Martinez-
Botas [1,3], and will not be repeated here.

2. Experimental apparatus and procedure

The test facility and measurement technique are con-
sistent with the previous studies of Yuen and Martinez-
Botas [2] and Yuen [17], and will only be described
briefly here for the sake of completeness. The technique
implemented is liquid crystal thermography and the

steady-state heat transfer method with encapsulated
liquid crystal of a bandwidth of 10 °C.

Fig. 2 shows a schematic of the test rig. The test sec-
tion comprised of a knife bleed, an injection plate and a
test plate with a constant heat flux, the details of which
are described in the following paragraphs.

The knife bleed controls the origin of the freestream
boundary layer in the test section, and the sandpaper on
the knife bleed trips it. Three injection plates with cool-
ing holes at 30°, 60° and 90° were made of Perspex, and
each plate contained two rows (12.5 diameters apart) of
nine cylindrical holes of the same inclination, Fig. 1. The
upstream row was covered for the tests with a single
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Fig. 2. Experimental set-up.

row, and the appropriate holes were taped to simulate
the required pitch-to-diameter ratios of 3 and 6. For
all test cases, each row of jets stemmed from five cooling
holes, except for the upstream row of the two staggered
rows, which had four, Fig. 1. The downstream row of
holes was positioned as close as possible to the down-

Overall dimensions: 360 (w)
x 1000 (1) x 163 (1)

All dimensions in mm (not drawn to scale)

stream edge of the injection plate, such that the trailing
edge of the holes was 6 mm from the downstream edge
of test plate, which was desirable from the view point
of measurements.

Fig. 3 illustrates the composite heater plate immedi-
ately downstream of the injection plate, and Table 1

stainless steel foil

Silicon
# impregnated
sheet

Tufnol

Mild steel

Fig. 3. Test plate with a constant heat flux.
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Table 1
Materials in the test plate
Order Materials Thermal conductivity (W/m K) Functions
Top 0.2 mm Stainless steel 304 Foil 14.9 e Convective heat transfer surface
0.2 mm Thick silicon impregnated sheet 0.79 e Thermal conductance
o Electrical insulation
0.08 mm Thick Inconel 600 14.8 e Heating element
10 mm Tufnol (kite brand) 0.26 e Thermal insulation
e Mechanical support
15 cm Styrofoam 0.027 e Thermal insulation
Bottom 3 mm Mild steel 60 e Mechanical support
Table 2

Test cases (105 in total)

Streamwise angles (°) Configurations No. of blowing holes in each row plD s/D Blowing ratio (M)
30, 60 and 90 One row 5 3 and 6 12.5 0.33, 0.5, 0.67, 1.0,
Two inline rows 1.33, 1.67 and 2.0
Two staggered rows 4 in the upstream row 6
5 in the downstream row
Table 3
Boundary layer characteristics
Position (6/D) Boundary Displacement Momentum
layer thickness thickness (5*/D) thickness (5,/D)
Injection plane (x/D = 0) 1 0.15 0.11

summarises the layers of the composite plate. The rea-
sons that this heating arrangement was selected were de-
scribed in detail in Yuen and Martinez-Botas [2] and
Yuen [17]. Briefly, this arrangement minimises the effects
of any non-uniform resistance to achieve an even heat
flux distribution. Ten T-type (copper—constantan) ther-
mocouples of standard gage 39-40 were installed under
the uppermost convective test surface. The composite
heater plate was powered by a single phase transformer
and controlled by a variac. The uniformity of heat flux
was further verified at different electrical settings, and
the results were satisfactory.

The laboratory compressed air was filtered, regulated
by a needle valve and monitored by a rotameter before
entering the plenum chamber and the cooling holes.
The jet temperature was measured by a T-type
(copper—constantan) thermocouple at the cooling hole
entrance and exit, and the temperature was 20 °C +
0.1 °C approximately.

The imaging system used is identical to that used in
Yuen and Martinez-Botas [1]. It comprised of a colour

0.008 1 Empirical result for zero pressure
0.007 gradient (equation 1)
(0 Experimental data with approximate
0.008 zero pressure gradient
0.005
St 9.004 ?’%\v
0.003 S
S —
0.002
0.001
0 T - .
200.00 300.00 400.00 500.00 600.00

Rey

Fig. 4. Distribution of Stanton number with Reynolds number
in the absence of film cooling.



5022

JVC CCD camera, two light sources, and a 24-bit frame
grabber installed in a computer. The temperature and
hue calibration for the liquid crystals, the image capture
procedures and the data reduction method used are also
the same as those employed in the previous studies [1-3].

2.1. Experimental uncertainty

Corrections are applied to consider heat loss through
thermocouple leads using the method proposed by
Schneider [20]. Radiation from the heated test surface
coated with liquid crystals and conduction out the back
of the test surface have been evaluated and subtracted
from the average heat generated within the heater to give
the corrected net local heat flux. The uncertainty in //hq

h/hg O
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0

0809 0910 1.0-1.1
=) Wind direction
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[
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1.3-14
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is evaluated by the method of Kline and McClintock
[21], and is approximately £7%.

2.2. Operating conditions

The freestream velocity, temperature and turbulence
intensity were 13 m/s, 20 °C and 2.7% respectively. The
freestream Reynolds number based on the hole diameter
and freestream velocity, Rep, was 8563. The injectant-
to-freestream blowing ratio varied from 0.33 to 2. The
heat transfer tests were conducted with a constant heat
flux of 410 W/m? and with the injectant at 20 °C (p»/
Poo = 1). The test cases investigated in the current study
are listed in Table 2. Table 3 provides the boundary
layer characteristics.

_ s

1415 1516 1617 1718 1819 1920

(@) M=1.0

~
3
@©
-

Fig. 5. Distribution of heat transfer coefficient, 4/ho, for a row of 30° holes with p/D of 6 (only the centre 3 are shown).
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Fig. 6. Distribution of heat transfer coefficient, 4/hy, for a row of 60° holes with p/D of 6 (only the centre 3 are shown).
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Fig. 7. Distribution of heat transfer coefficient, ii/hg, for a row of 90° holes with p/D of 6 (only the centre 3 are shown).
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Fig. 8. Distribution of heat transfer coefficient, i/hy, for a row of 30° holes with p/D of 3.

2.3. Non-filmed—cooled heat transfer

A well accepted approximation of heat transfer in a
turbulent boundary layer for a constant freestream
velocity flow along a semi-infinite plate with an arbi-
trarily specified heat flux and unheated starting length
is given in Eq. (1). The non-filmed-cooled heat transfer
tests were conducted with the holes covered with thin
tape, and the results can be expressed in terms of Stan-
ton number, according to Eq. (2). There was an excellent
agreement between the empirical and experimental re-
sults with the approximate zero pressure gradient,
Fig. 4.

~1/9

6 0.9
St = 0.03Pr **Re 0 {1 - (;> } (1)

where St is the local Stanton number, Pr is Prandtl num-
ber, uC,/k, C, is the specific heat of freestream at con-
stant pressure (J/kg K), Re, is the freestream Reynolds
number, pU,.x/p, x is the axial distance starting from
the origin of boundary layer (m), p is the freestream
dynamic viscosity coefficient (N s/m?), and ¢ is the
unheated starting length (m). The Stanton number is
defined as,

1"

q
St = 2
PCPUOO(TW_TOO) @)

where ¢” is the local heat flux per unit area on heated
plate (W/m?), p is the freestream density (kg/m’), C, is
the specific heat of the freestream at constant pressure
(J/kg K), U, is the free-stream velocity (m/s), Tyo is
the local wall temperature in the absence of film cooling
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Fig. 9. Distribution of heat transfer coefficient, i/hg, for a row of 60° holes with p/D of 3.
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Fig. 10. Distribution of heat transfer coefficient, //hy, for a row of 90° holes with p/D of 3.
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Fig. 11. Distribution of heat transfer coefficient, //hy, for two inline rows of 30° holes with p/D of 3 and s/D of 12.5.
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Fig. 12. Distribution of heat transfer coefficient, 4/, for two inline rows of 60° holes with p/D of 3 and s/D of 12.5.
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Fig. 13. Distribution of heat transfer coefficient, /2/ho, for two inline rows of 90° holes with p/D of 3 and s/D of 12.5.
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Fig. 14. Distribution of heat transfer coefficient, i/h, for two inline rows of 30° holes with p/D of 6 and s/D of 12.5 (only the centre 3
jets are shown).
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Fig. 15. Distribution of heat transfer coefficient, 4/, for two inline rows of 60° holes with p/D of 6 and s/D of 12.5 (only the centre 3
jets are shown).
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Fig. 16. Distribution of heat transfer coefficient, //hg, for two inline rows of 90° holes with p/D of 6 and s/D of 12.5 (only the centre 3
jets are shown).
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Fig. 17. Distribution of heat transfer coefficient, /1//h for two staggered rows of 30° holes with p/D of 6 and s/D of 12.5 (only the centre
3 jets are shown).
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Fig. 18. Distribution of heat transfer coefficient, i/hg, for two staggered rows of 60° holes with p/D of 6 and s/D of 12.5 (only the
centre 3 jets are shown).
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Fig. 19. Distribution of heat transfer coefficient, h/hg, for two staggered rows of 90° holes with p/D of 6 and s/D of 12.5 (only the

centre 3 jets are shown).

(K), and T, is the freestream temperature (K). From
this figure it is possible to infer the uncooled heat trans-
fer coefficient, /&, that will be used to non-dimensiona-
lise the results in the following section.

3. Results

The axial position for the row of holes was the same
as that for a single hole in Yuen and Martinez-Botas
[1,2], with x/D originating from the centre of the central
hole in the downstream row, and z/D from the centreline
of the central hole, Fig. 1. In the results presented here,
the axial range is classified into four regimes for clarity:
the immediate region for x/D < 3, the near field for
3 < x/D < 7, the intermediate region for 7 < x/D < 26,
and the far downstream region for x/D > 26.

3.1. A single row of holes

3.1.1. At 30°, 60° and 90°

The distribution of heat transfer coefficients with the
row of 30° holes and a pitch-to-diameter ratio of 6 is
shown in Fig. 5. The values in the immediate region
downstream of the row were not significantly different
to those with a single 30° hole of Yuen and Martinez-
Botas [2], but the interaction between the adjacent jets

increased with downstream distance and promoted heat
transfer from the heated wall with a 10% increase in /1/h
value far downstream.

Figs. 6 and 7 show contours of //hy with one row of
60° and 90° holes respectively, and a pitch-to-diameter
ratio of 6. The general trend of /390 > higoe > hgg- found
with a single hole in the previous study [2] was main-
tained here for similar reasons. The centreline value with
the 90° holes, Fig. 7, was approximately 1.3 in the imme-
diate region with a blowing ratio of 0.33, which was 0.4
less than that with the 60° holes. The value with the 90°
holes in the immediate region was some 0.1 less than that
with the 60° holes with blowing ratios greater than 0.5,
and the coverage was narrower than that with the 60°
which, was in turn, narrower than that with the 30° holes.

3.1.2. Effects of hole spacing

Fig. 8 presents the distribution of dimensionless heat
transfer coefficients and shows that one row of 30° holes
with a pitch-to-diameter ratio of 3, gave around 10% lar-
ger values than the single hole [2] at centreline positions.
The values were higher at finite radii for the intermediate
and large blowing ratios, consistent with the findings of
Ammari et al. [7], and around 8% larger than one row
with a pitch-to-diameter ratio of 6 at x/D greater than
11 and a blowing ratio of 2, Fig. 5, due to the greater
jet interaction with the smaller pitch.
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Fig. 20. (a) Variations of laterally averaged heat transfer coefficient, 72/h, with blowing ratio for 30°, 60° and 90° single holes, single
rows and double rows. (b) Variations of laterally averaged heat transfer coefficient, /4/hg, with blowing ratio for 30°, 60° and 90° single
holes, single rows and double rows. (c) Variations of laterally averaged heat transfer coefficient, //hy, with blowing ratio for 30°, 60°
and 90° single holes, single rows and double rows.
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Fig. 9 presents the distribution of 4/hg with one row
of 60° holes and a pitch-to-diameter ratio of 3, and
shows that the results are similar to those with a pitch-
to-diameter ratio of 6, Fig. 6, in the immediate region,
but with slightly less coverage of A/hy than in Fig. 6.
The maximum value was 1.65, which was similar to that
of Baldauf et al. [22] whose density ratio was 1.8.

Fig. 10 shows the distribution of 4/hq with one row of
90° holes and a pitch-to-diameter ratio of 3. The h/hy
values with the 90° holes were higher than the 60° holes,
but were similar to those with the 30° holes, Fig. 8, at x/D
less than 11. Comparison between Fig. 8 with one row of
30° holes and a pitch-to-diameter ratio of 3, and Fig. 10
reveals a stronger dependence on the jet-to-mainstream
momentum-flux ratio with the 30° holes, in particular
for blowing ratios equal to, or greater than unity, which
was similar to the findings of Ammari et al. [7].

3.2. Two rows of holes

Fig. 11 shows the distribution of //h, with two inline
rows of 30° holes, a pitch-to-diameter ratio of 3 and a
row spacing-to-diameter ratio of 12.5. The large h/h
values at a blowing ratio of 2 and x/D greater than 11
may reflect the large increase in effectiveness observed
in [3] and relate to jet reattachment. The two inline rows
of 30° holes with a pitch-to-diameter ratio of 3 gave
smaller h/hg values than the corresponding single row
in Fig. 8 for blowing ratios less than unity, and for a
given injected mass flow. These findings were also noted
in the comparison between the two inline rows of 30°
holes and the corresponding row with a pitch-to-diame-
ter ratio of 6 in Figs. 14 and 5 respectively.

Figs. 12 and 13 show the distributions of //hy with
two inline rows, a pitch-to-diameter ratio of 3 and a
row spacing-to-diameter ratio of 12.5 for the 60° and
90° holes respectively, and reveal that the steeper jets
gave shorter /1/hy coverage than the 30° jets. Comparison
between the two inline rows of 60° holes with a pitch-to-
diameter ratio of 3 and the corresponding single row of
the same angle and pitch, Fig. 9, shows that the up-
stream row increased the //hy value at a given stream-
wise location and blowing ratios equal to, or greater
than 0.67. However, the two inline rows gave similar val-
ues to the corresponding single row for the same injected
mass flow. Comparison between the inline rows of 90°
holes with a pitch-to-diameter ratio of 3 and the corre-
sponding single row of the same angle and pitch,
Fig. 10, shows little change in h/hy and coverage, but
the comparison based on injected mass flow reveals that
the two inline rows of 90° holes produced lower h/h
values.

Fig. 14 presents the distribution of A/hy with two in-
line rows of 30° holes and a pitch-to-diameter ratio of 6.
Values of //hy greater than 1.2 were achieved for x/D
less than 15, and the variation was small compared to

the corresponding effectiveness distribution shown in
the companion paper [3]. Figs. 15 and 16 present the dis-
tributions of h/hy with two inline rows of 60° and 90°
holes with a pitch-to-diameter ratio of 6 respectively.
Values of h/hg greater than 1.2 remained within 10 dia-
meters and the results were similar for both cases. The
60° and 90° holes decreased the values by around 10%
compared to the 30° holes.

Fig. 17 shows the distribution of A/hy with two stag-
gered rows of 30° holes and a pitch-to-diameter ratio of
6, for blowing ratios ranging from 0.33 to 2. The varia-
tion of h/hy with streamwise distance resembles that
with the two inline rows and the same pitch-to-diameter
ratio for low blowing ratios in Fig. 14, but the staggered
rows gave larger values than the inline jets when the
blowing ratio exceeded unity, despite of the improved
spanwise uniformity in effectiveness shown in the com-
panion paper [3]. Figs. 18 and 19 present the distribu-
tions of h/hy with two staggered rows of 60° and 90°
holes respectively. The distributions of i/hy are similar,
and their values are less than those with the 30° holes by
approximately 15% in the immediate and near field
regions.

4. Summary and concluding remarks

The distributions of &/hy are summarised for blow-
ing ratios of 0.5, 1 and 1.67 in Fig. 20(a)—(c). The
E/ho values decreased for the first 10 diameters down-
stream of the hole, and tended to unity far downstream.
In general, the blowing ratio was found to have little
influence on h/hg except for x/D less than 11. The results
of Hay et al. [6] and Ammari et al. [7] with a row of 35°
and 90° holes, a pitch-to-diameter ratio of 3, a density
ratio of unity and the mass transfer method, are in-
cluded in Fig. 20(a)—(c), and show similar trends to
those reported here. Their values were lower, however,
probably due to the large difference in the length-to-
diameter ratio, as explained previously and in Yuen
and Martinez-Botas [2].

The 30° holes gave the largest i/hy values with a row
of holes and a pitch-to-diameter ratio of 6 for blowing
ratios from 0.33 to 1.67 at all axial locations, followed
by the 60° and 90° holes, in descending order. The re-
sults of Baldauf et al. [22] support the findings that the
steeper jets gave lower values at moderate and high
blowing ratios, and attributed this to the reduced surface
interaction of the jets due to the higher jet trajectory.

The row of 90° holes with a pitch-to-diameter ratio of
3 gave larger h/hy values compared to the 60° holes of
the same pitch, which was probably caused by the great-
er shear due to the higher velocity gradient, which
increased the heat transfer from the wall. The combina-
tion of the relatively large heat transfer coefficient and
low effectiveness provided by the 90° jets seen in [3]
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suggests that they should only be used in situations
where shallower injections are not feasible, for example,
near the leading edge of a turbine blade where, with low
blowing rates, the oncoming flow tends to ensure they
remain close to the surface.

The h/hy values with the inline rows of holes were
generally less than those given by the corresponding sin-
gle row of the same pitch for a given blowing ratio, and
injected mass flow. The effectiveness and coverage with
the two inline rows were observed to be generally better
than one row even for the same injected mass flow in the
companion paper [3]. The combined performance of
effectiveness and heat transfer coefficient suggests that
the two inline rows are likely to be advantageous in
the film cooling of turbine blades with good coverage
per unit mass flow of cooling air and lower thermal
stresses due to the smaller heat load.

The staggered rows improved the spanwise unifor-
mity in effectiveness, but the /1/h, values were larger than
those with the inline rows of the same pitch for all blow-
ing ratios with the 30° holes.
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