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ABSTRACT

A special naphthalene sublimation technique is used to study the
film cooling performance downstream of one row of holes of 35% incli-
nation angle with 34 hole spacing and relatively small hole length to di-
ameter ratio (L/d = 6.3). Both film cooling effectiveness and mass/heat
transfer coefficient are determined for blowing rates from 0.5 10 2.0 with
density ratio of 1.0. The mass transfer coefficient is measured using
pure air film injection, while the film cooling effectiveness is derived
from comparison of mass transfer coefficient obtained following injec-
tion of naphthalene-vapor-saturated air with that of pure air injection.
This technique enables one 10 obtain detailed local information on film
cooiing performance. The laterally-averaged and local film cooling ef-
fectiveness agree with previous experiments. The difference between
mass/heat transfer coefficients and previous heat transfer results indi-
cates that conduction error may play an important role in the earlier heat
transfer measurements.

NOMENCLATURE
1 mass transfer rate per unit area, =p,(8y/81)

rg mass transfer rate per unit area for P,.2 = Puee

rit; mass transfer rate per unit area for p,2 = Pyw

CA compound angle of injection hole, =45° in present study
d diameter of injection hole, =é.35mm in present study
D.R. density ratio, =p3/pe = 1.0 in present study

Dyapr. naphthalene vapor diffusivity in air

k heat transfer coefficient

h o mass transfer coefficient for py2 = py

h!,, mass transfer coefficient for p,2 = Puw

h lateral-average(over z) of h

hy impermeable wall mass transfer coefficient

ho heat transfer coefficient without injection

hno mass transfer coefficient without injection

1 momentum ratio, =(paU2)/ (p=U2)

/A inclination angle of injection hole, =35° in present study
L length of injection hoie

M blowing rate. =(p2U2)/(PeeUea)

Res Reynolds number based on U n.nd d, =plnd fu

s space between the injection holes, =34 in present study
Sc Schmidt number, =+/pDyapk, = 2.29 in present study
Shy Sherwood numbcr‘for Pr2 = Proo

Eﬁ% laieral-average(over z) of Shy,

Sh} Sherwood number for py2 = Py

Sho Sherwood number based on hipo, =hmed /Dugpn

¢ thickness of the injection plate

Tu free stream turbulence intensity, == 0.54% in present study

Uh secondary flow velocity
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Uo mainstream velocity

V.R. velocity ratio, =Uh /U
x streamwise distance from the center of injection hole
y distance normal to film cooling wall

z spanwise distance from the center of the injection hole

Greek Symbols
&t time interval for naphthalene sublimation in forced convection
&* boundary tayer displacement thickness
8y tocal naphthalene sublimation depth in forced convection
Tiw impermeable wall film cooling effectiveness
i laterally-averaged impermeable wall fitm cooling effectiveness
p2 secondary flow density
ps density of solid naphthalene
Pe mainstream density
P2 naphthalene vapor density in the secondary flow
Pve naphthalene vapor density in the mainstream
Dv,iw Naphthalene vapor density at the impermeable wall
Pvw naphthalene vapor density at the wall

INTRODUCTION

To increase the efficiency of gas wrbine systems, the inlet temper-
atures of first stage turbine have been raised significantly over the last
decade. One of the consequences of this is the potential failure of com-
ponents in the twrbine section due to large thermal stresses. As the inlet
temperatures increases, material limits such as the creep and failure of
turbine components is of great concem. Film cooling is one of the cool-
ing schemes being used to reduce these problems. Air is bypassed from
the compressor (often after the last stage) into the high performance
blade or vane where it is used for internal cooling and then is ejected
through the blade surface into the extemal boundary tayer to reduce the
temperature in the boundary tayer and protect the surface over which the
hot combustion gas flows,

Due 1o manufacturing and stress-retated reasons, discrete-hole film
cooling is preferred rather than slot injection film cooling. The discrete-
hole geometry leads to three dimensjonal flow and temperature fields
downstream of injection. Jet liftoff, high turbulence intensity in the
shear layer, and double counter-rotating vortices are important features
of fitm cooling cited by many researchers.

The performance of film cooling is usually characterized by two
figures of merit: the adiabatic wall effectiveness and heat transfer co-

efficient. Various geometricat and fluid dynamics parameters can affect

the performance of discrete hole film cooling. To name a few, hole
spacing (s/d), length of hole (L/d), shape of hole, inclination angle
{{A), compound angle (CA), surface curvature, and smoothness of the

surface are common geometrical factors while the fluid dynamics pa-
rameters include blowing rate (M), momentum flux ratio (f), density
ratio {(D.R.), velocity ratio (V.R.) free-stream turbulence intensity (Tu)
and length scale, and mainstream pressure gradient.

Many studies have been conducted on the performance of discrete
hole film cooling. While in most studies heat transfer measurements
were made (eg. Eriksen and Goldstein (1974), Sinha et al. (1990)), mass
transfer and the heat/mass transfer analogy method were studied by Ped-
ersen e1 al, (1977) and Foster and Lampard (1980). In most studies,
the detailed local values of film cooling effectiveness and heat trans-
fer coefficient were not available due to the measurement methodology
and averaged values were usually presented. Wall conduction errors
in heat transfer experiments are often problematic. On the other hand,
the modem development of gas turbine technology demands detailed
information on film cooling effectiveness and heat transfer coefficient,
especially immediately downstream of injection holes. In this study, the
naphthalene sublimation technique is used to obtain detailed local infor-
mation of film cooling effectiveness and mass/heat transfer coefficient
downstream of one row of inclined holes.

Recently, the effects of hole geometry on the fluid dynamics and
fitm cooling performance have been actively investigated by many re-
searchers. Sinha et al. (1990) studied the adiabatic effectiveness down-
stream of one row of inclined holes with short length (L/d = 1.75) un-
der various density ratios and blowing rates. They showed that short
injection-hole length can cause early jet detachment at a small momen-
tum flux ratio. In heat transfer measurements, Sen et al. (1996) and
Schmidt et al. {1996) investigated the adiabatic wall effectiveness and
heat transfer coefficient using a single row of inclined holes with differ-
ent shapes, compound angles and a hole length of 44. They found the
geometry could influence the film cooling performance greatly. Ekkad
et al. (1997b) and Ekkad et al. {1997a) presented film cooling effective-
ness and heat transfer coefficient distributions over a flat surface with
one row of inclined holes for different compound angle and density ra-
tios at an elevated free stream turbulence intensity (Tu = 8.5%) using
a transient liquid crystat technique proposed by Vendula and Metzger
(1991), which can determine local effectiveness and heat transfer coeffi-
cient distribution simultaneously. A hole length to diameter ratio (L/d)
of 4.6 was used in their study.

In the present study, one row of discrete film cooling holes on a flat
plate with inclination angle of 35° and a length to diameter ratio of 6.3
is investigated using naphthalene sublimation technique and mass/heat
transfer analogy, by which the detailed local information of effective-
ness and mass transfer coefficient can be attained. The blowing rate
varies from 0.5 to 2.0 with the density ratio of 1.0.

EXPERIMENTAL METHOD AND NAPHTHALENE SUBLIMA-
TION TECHNIQUE

Eckert (1984) analyzed two approaches used in film cooling exper-
iments. The first uses the adiabatic wall temperature (effectiveness) and
a heat transfer coefficient only dependent on the fluid mechanics, which
is arguably the most prevalent method used in research and industry.
The second approach uses a dimensionless temperature and hence a heat
transfer coefficient varying linearly with the dimensionless temperature.
Both methods utilize the linear energy equation under the condition of
constant fluid properties to enable the superposition of temperature field.
Eckert (1984) showed the results of the two approaches are convertible
under condition of small temperature gradients on the fitm cooled wall.
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The naphthalene sublimation method and the hea/mass transfer
analogy were reviewed by Goldstein and Cho (1995); the advantages
as well as the measurement technique were analyzed and compared to
heat transfer results. Cho and Goldstein (1995a) and Cho and Goldstein
(1995b) measured film cooling effectiveness and mass/heat transfer co-
efficient for full coverage film cooling on a flat plate using the naphtha-
lene sublimation.

In summary, the naphthalene sublimation technigue can be used to
determine the convective component of heat transfer with the absence
of wall conduction and radiation errors. A mass transfer problem can
be converted to a heat transfer problem under the same boundary con-
ditions by mass/heat wansfer analogy. Following Cho and Goldstein
(1995a), using the naphthalene sublimation technique and the isother-
mal conditions, the mass/heat transfer coefficient for film cooling on a
flat plate downstream of one row of holes can be obtained by measur-
ing the mass transfer coefficient of the naphthalene wall with pure air
injection,

m
A = h:nO = ﬁ: when Pv2 =Py
m' ‘ (1)
=2 since Pve = 0 in present study
v, W

The dimensionless mass transfer coefficient defined as Sherwooed
number is used and often normalized by the mass transfer coefficient on
the same flat plate without injection of secondary flow to cancel the ef-
fects of unheated starting length and Sherwood (Prandtl) number, mak-
ing it comparable to the normalized heat transfer coefficient (h/h,).

Shy hn, K
2 Om o Tmb 2)

The isothermal (iso-concentration) wall film cooling effectiveness,
which is shown by Eckert (1984) to be convertible w the adiabatic
(impermeable} wall effectiveness, can be attained by comparing the
mass transfer coefficient measured with injection of naphthalene-vapor-
saturnted air at the ambient temperature with the mass transfer coeffi-
cient measured with pure air injection,

v, W v, 3)
=— since pyee = 0 in present study
Pyvw
Pviw = Py ’ ! Sh;
Y e LA oi iy (.1 S [Pt § 4)
m Pv2 = Py h:,,o Sh:)

The above method is used in the data reduction of the present in-
vestigation to get the effectiveness.

EXPERIMENTAL FACILITY AND QUALIFICATION TEST

A large open cycle, suction type wind tunnel in the Heat Transfer
Laboratory at the University of Minnesota is used to supply the main-
stream for the film cooling test. Flow to the 2500mm long, 305.0mm
high and 610.0mm wide test section is preceded by a flow straightener
and a 15: | area contraction. The side and top walls of the test section
are made of Plexiglas. The film cooling injection plate perforated with
one row of holes and naphthalene test plate are installed in the bottom
wall of the test section. The plan view of the test section is shown in
Fig.1. A 1.0mm diameter trip followed by a 25.4mm suip of sandpaper

l 352 4mem T72.0mm I 1225.0mm

il Tk i E
1 ||} — N
DN | (18—
B g1 ™™
8 58 t
o

Figure 1: Planview of test section

Mainstream

d=6.35mm

Secondary flow injection plate

Figure 2: Film cooling hole geometry

is set up at the exit of the contraction to trip and smooth the turbulent
boundary layer developed on the flat wall. The center of the holes is
247.7mm downstream of the trip.

The details of the injection hole are shown in Fig.2. The one row
of holes of 6.35mm diameter is inclined at 35° to the direction of main.
stream with a 3d hole spacing. The injection plate is 22.9mm thick and
made of aluminum, providing a hole length of 6.34. The coordinate di-
rections are also shown in the same figure. In many previous studies, the
origin of the coordinate system is often placed at the downstream tip of
the hole. Itis not a major issue when dealing with sraight holes without
compound angle. However, it is more appropriate to put the origin of
the coordinate at the center of the injection holes when compound angle
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Figure 3: Naphthalene sublimation test plate

geometry is used. To comply with later investigations of compound an-
gle injection, the origin of the coordinates is placed at the center of hole
in this study. Results from other studies are comrected for this definition
of x.

The aluminum naphthalene test plate is located immediately down-
stream of the holes to facilitate the investigation of film cooling perfor-
mance near the hole. Fig.3 shows the geomerry of the naphthalene plate.
The naphthalene casting layer is 354 long, 344 wide and 2.54mm thick,
of which only a 94 wide strip around the centerline of the test section
{covering 3 holes) is used to measure the mass transfer coefficient. Two
thermocouples are placed from the back up near the surface of the naph-
thalene layer to monitor the surface temperature. The fill hole and air
vent are used in naphthalene casting. The reference peint and aluminum
rim around the naphthajene layer are used as the references in the naph-
thalene sublimation profile measurement.

Fig.4 shows the secondary air injection system. Compressed air
from the building supply passes through a 50.8mm diameter piping sys-
tem equipped with valve, flow regulating orifice, tape heater and ther-
mocouple which provide control of the secondary air flow rate and tem-
perature. At the end of the pipe, the secondary air goes into a plenum
chamber 133.35mm wide, 414.7mm long and 850.9mm high. The air
first passes through a screen at the inlet of the plepum and then a flat
screen for pure air injection or two layers of naphthalene powder in
the naphthalene-vapor- saturated air injection case. Then the flow goes
along the plenum passage and out through the injection holes into the
mainstream. Thermocouples are installed to moenitor the temperature of
the flow in the mainstream, plenum and surrounding air.

The T type thermocouples and orifice meter used in the experiment

-was previously calibrated by Cho (1992). The thermocouples are inte-
grated with a GPIB board enabled Linux workstation to facilitate the
temperature measurement of the film cooling system. The total pressure
is measured with a total pressure wbe located 300mm downstream of
the holes and a static pressure tap is 20mm upstream of the total pres-

injection plate  naph, plate

Mainstream hole
from wind tunn&T=—————_=
133.4mm 1
E
valve &
=]
2nd layer of naph. powder{25mm| jm
15t layer of naph. powder{2! ‘ E
T —. MAo
H
—1 () < 1
Secondary flow §
from compressed 4
air - screen

flow regulater orifice

Figure 4:‘Secondary fiow injection system

sure tube. Both of these are connected to a micro-manometer with a
reading precision of 0.01mmH2 O to give the mainstream velocity. The
secondary air flow is determined by measuring the pressure drop across
the calibrated orifice in the pipe with a manometer system and is ad-
Jjusted by the valve. The depth change of the naphthalene layer during
the film cooling test is measured with an automated XY-table surface
profile measuring system developed in the Heat Transfer Laboratory at
the University of Minnesota. The details of the sysiem and calibration
procedure can be found in Cho (1992) and Olson (1996).

The uncertainty in naphthalene wall temperature measurement is
0.09% with 95% confidence level. The uncertainty in mainstream and
secondary fiow velocity is 1.4% and 2.5% respectively. The uncertainty
in blowing rate is 2.7% while in the naphthalene sublimation depth
change it is within 0.80%, which includes the error of repositioning. The
uncertainty in mass transfer coefficient and Sherwood number are 5.4%
and 7.4% at 95% confidence level respectively. The refative uncertainty
in effectiveness is local-effectiveness dependent in this method and is
6.2% for higher effectiveness of 0.5 and less than 27% for low effec-
tiveness of 0.2. The relavely large error in Sherwood number is mainly
caused by the uncertainty in property parameters of naphthalene. The
naphthalene loss due to natural convection is estimated and included in
the above uncertainty analysis. The experimental procedure is described
by Olson (1996) in detail.

The turbulent boundary layer established downstream of the trip
without secondary air injection is described in Table 1. The mass trans-
fer Stanton numbers downsiream of (taped) holes without injection are
measured and compared with heat transfer Stanton numbers with un-
heated starting length calculated from empirical equations. Good agree-
ment is obtained. For a typical sublimation depth of 50um, the effect
of thinner naphthalene wail on boundary layer thickness (of order of
10mem) is neglected. Since the pressure of saturated naphthalene vapor
is four orders of magnitude less than the atmospheric pressure, the fiuid
properties for saturated-naphthalene-vapor injection are considered to
be constant. Thus, the density ratio is essentially unity. The saturation
of naphthalene vapor in the air is assured by comparing results for two
different thicknesses of the naphthalene layers used to add vapor to the
injected flow and is confirmed by the repeatability of the results. The
repeatability of mass transfer coefficient for both pure air film injection
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Table 1: Film cooling geometry and operating conditions

d{mm) s/d Lid 1A(deg) | CA(deg) | x/d range
6.35 3 6.3 35 0 2-36
Uu(m/s) | Tu(%) | 6°/d | Req M DR.

15.7 0.54 0.238 | 6300 0.5-2.0 1.0

and naphthalene-vapor-saturated air injection is demonstrated in Qlson
(1996) and considered in the experiments uncertainty analysis.

EXPERIMENTAL RESULTS AND DISCUSSION
Film Cooling Effectiveness

The laterally-averaged film cooling effectiveness is compared with
previous results for blowing rates of 0.5, 1.0, end 2.0 in Fig.5. General
agreement with heat wransfer data of Goldstein et al. (1969) and mass
transfer data of Pedersen et al. (1977) can be found for the three blow-
ing rates, The effect of the relatively short hole (L /d = 6.3) used in the
present case on the effectiveness is not cbvious for low and high blow-
ing rates of 0.5 and 2.0 when compared with the results of long tubes
used in the experiments of Pedersen et al. (1977) and Goldstein et al.
(1969). For the moderate blowing rate of 1.0, the relatively low effec-
riveness immediately downsiream of the injection holes is apparently
due to the short hole effect. At low blowing rate the secondary flow
velocity distribution is relatively uniform and similar to that of the long-
tube case while the high momentum flux caused liftoff of the secondary
flow which strongly affects the film cooling at the high blowing raie. At
a blowing rate of 1.0, however, the non-uniformity of velocity of sec-
ondary flow due to the jetting effect of short holes apparently increases
the possibility of liftoff and causes low effectiveness near the hole. The
much higher film cooling effectiveness 204 downsiream of the holes at
a blowing rate of 2.0 may be due to the increased turbulent mixing in-
duced by strong interaction of the mainstream with the injected jets.

The low effectiveness Sinha et al. (1990) found at M = 0.5 may be
due to the much shorter hole length to diameter ratio (L/d = 1.75) used.
For the case of Ekkad et o). (1997b), the high free stream turbulence in-

tensity of 8.5% causes sirong mixing of coolant and mainstream, hence -

the even lower film cocling effectiveness at low blowing rate. With an
increase of blowing rate, the wrbulent mixing decelerates the liftoff of
secondary flow and provides beiter coverage of film on the film cooled
wall. Therefore, the effectiveness is relatively high in the near-hole re-
gion and more uniform further downstream with large Tu.

The local film cooling effectiveness 114 downstream of injection
holes for blowing rates of 0.5 and 1.0 is shown in Fig.6. The general
agreement with data of Pedersen et al. (1977) and Goldstein et al. (1969)
can be observed. Thus, it scems at this position, not very close to the
injection holes, the relauvely short holes used in the present study pro-
vides effectiveness similar to that found with long holes. The results
of Sinha et al. (1990), also shown for M = 0.5, are consistently lower
than other results apparently owing to the much smaller hole length to
diameter ratio used. .

Contour plots of effectiveness for M = 0.5, 1.0 and 2.0 are pro-
vided in Fig.7 respecuvely. At M = 0.5, the effectiveness attains its
highest value of 0.4 along the centerline of the holes near x/d = 3. The
low effectiveness region midway between the holes is narrow compared
with the width (2d) of the relatively high effectiveness area (0, > 0.1)
downstream of holes. As the blowing rate increases to 1.0, the peak of
effectiveness is sbout 0.2 slong the centerline of the hole at x/d = 6
while the low effectiveness region between the holes grows wide and
the relatively high effectiveness area narrows to about 1d. At blow-
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Figure 5: Comparison of Ty;,

ing rate of 2.0, the above mentioned two regions merge by x/d = 16
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Figure 6: Comparison of local T

and form a uniform and moderate effectiveness region (N 2> 0.1) after
x/d = 18. These contour plots indicate that with an increase of blowing
rate from 0.5 to 1.0, the coverage of the secondary flow decreases due
to the liftoff effect. High effectiveness occurs when the secondary flow
touches down on the wall. Further increasing blowing rate o 2.0, the
increased interaction between the mainstream and the secondary flow
spreads the secondary flow to midway between the holes and flattens
the distribution of effectiveness in downsiream areas.

Mass/Heat Transfer Coefficient

Comparisons of laterally-averaged and normalized Sherwood num-
ber and heat transfer coefficient are plotted for M = 0.5, 1.0 and 2.0 in
Fig.8 respectively, The agreement with experiment of Eriksen and Gold-
stein (1974} becomes better at the near-hole region for blowing rate of
2.0 while the data appear collapsed 1o one curve further downstream at
the low blowing rate of 0.5 and 1.0. The difference among the data can’t
be explained by the effect of hole length 10 diameter ratio because the
results of Sen et al. (1996) and Ekkad et al. (19972) are for the short hole
geometry while the data from Eriksen and Goldstein (1974) are for long-
tube injection. The effect of Reynolds number may not be a large factor

(e} M=2.0

Figure 7: Local 1j;,, contour

for these experimental results since the Reynolds number ranges from
6000 to 22000. The different trend of data from Ekkad ez al. (1997a) a1
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blowing rate of 2.0 may be caused by the high free stream turbulence
level.

‘The comparisons of local normalized Sherwood number and heat
transfer coefficient in Fig.9 provides some insight. The present study
and that of Goldstein and Taylor (1982) both used naphthalene subli-
mation though the latter used long tubes while the data of Eriksen and
Goldstein (1974) and Sen et al. (1996) were from heat transfer measure-
ments. The results from the different naphthalene sublimation measure-
ments are relatively close. The variation of heat transfer results in the
lateral direction (2) are small compared with that in the present swdy,
especially for higher blowing rates. This suggesis that heat conduction
errors may play an important role in the heat transfer measurement.

Contour plots for normalized Sherwood number are shown in
Fig.10 for blowing rates of 0.5, 1.0 and 2.0 respectively. Regions of
high and low mass transfer are shown in Fig.1t. Two regions of high
mass transfer immediately downstream of the injection holes can be ob-
served. At the low blowing rate of 0.5, the secondary flow remains at-
tached to the naphthalene wall due to its low momentum flux ratio to the
mainstream. Thus, the mass transfer rate at the centerline of the holes
is even lower than without injection since the boundary layer becomes
thicker. The area midway between the holes is not covered by the in-
jected film so that the mass transfer rate remains almost the same as the
case without injection. Immediately downstream of the holes, the mass
transfer rate is higher at the edge of the secondary flow probably due to
the interaction between the mainstream and secondary fiow. This high
mass transfer region is similar to region “D™ described in Goldstein and
Taylor (1982), resulting from large shear stresses and eddies created by
mainstream and secondary flow interaction. :

At the higher blowing rates of 1.0 and 2.0, the secondary flow
lifts off from the wall. Due to the blockage of mainsteam by the sec-
ondary flow liftoff, the mainswream penetrates underneath the secondary
flow by induced pressure deficit and sweeps the wall under the injected
flow heavily. Therefore, the mass transfer rate immediately downswuream
of the hole increases drastically at these blowing rates and forms a
high mass transfer region similar to region “E” in Goldstein and Taylor
(1982). The peak of the mass transfer coefficient stays at about x/d = 4
while this high mass transfer region, due to mainstream sweeping, ex-
tends further downstream for higher blowing rates. The interaction be-
tween the mainstream and secondary fiow is also greater at the edge of
the secondary flow, extending the high mass transfer area observed at
blowing rate of 0.5, but this effect is only secondary to the sweeping of
the mainstream under the injected flow. The mass transfer coefficients
further downstream and midway between the holes are also higher than
that at the centerline of holes for the blowing rates. This is induced by
the spreading and merging of two neighboring jets, and the interacting
vortex structures, midway between the holes, and the increasing bound-
ary layer thickness due to the re-attached flow alpng the centerline.

From these contour plots, we can see that the secondary flow from
cach hole remains separate until x/d = 34 for blowing rate of 0.5. At
the blowing rate of 1.0, the secondary flow merges at about x/d = 12,
For the highest blowing rate of 2.0, it seems the secondary flow spreads
and merges immediately after injection due 1o the strong interaction of
the neighboring jets with each other and with the mainstream.

CONCLUSION
In the present study, the naphthalene sublimation technique and
the heat/mass transfer analogy are used 1o measure the fitm cooling per-
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Figure 11: Regions of high and low mass transfer

coefficients obtained following injection of naphthalene-vapor-saturated
air with that of pure-air, The following conclusions can be made:

1. thelocal and the laterally-averaged film cooling effectiveness gen-
erally agree with previous results at blowing ratio of 0.5 and 1.0.
The relatively short injection hole configuration used provides an
cffectiveness similar to that found with long injection holes at sim-
ilar blowing rares.

2. the local and the laterally-averaged mass transfer coefficients ob-
tained in the present study do not agree as well with previous heat
wansfer results perhaps duc to conduction effects in the region of
large temperalure gradient in the heat transfer measurements.

3. the naphthalene sublimation technique and the heat/mass transfer
analogy used in the present experiment can be used to obtain both
derniled local and averaged information on film cooling perfor-
mance.
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