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Introduction and Objectives

effective cooling and with improved understanding of the flow; this project should continue to further this understanding.

The thermal efficiency of gas turbine
systems depends largely on the turbine inlet
temperature. Recent decades have seen a
steady rise in the inlet temperature and a
resulting reduction in fuel consumption. At .
the same time, it has been necessary to employ
intensive cooling of the hot components.
Among various cooling methods, film cooling
has become a standard method for cooling of
the turbine airfoils and combustion chamber
walls. The University of Minnesota program
is a combined experimental and computational
study of various film-cooling configurations.
Whereas a large number of parameters
influence film cooling processes, this research
focuses on compound angle injection through a
single row and through two rows of holes.
Later work will investigate the values of contoured hole designs. An appreciation of the
advantages of compound angle injection has
risen recently with the demand for more

Approaches being applied include:
(1) a new measurement system that extends .
the mass/heat transfer analogy to obtain both
local film cooling and local mass (heat) transfer results in a single system, (2) direct measurement of three-dimensional turbulent
transport in a highly-disturbed flow, (3) the
use of compound angle and shaped holes to
optimize film cooling performance, and (4) an
exploration of anisotropy corrections to turbulence modeling of film cooling jets.
The outcome of this research will be
threefold. First, it will provide fundamental
scientific information in the form of detailed
measurements, computational results, and turbulence model validation. Second, the results
of the experiments and computations will be
presented in a generalized form so that they
will be directly usable by design engineers in
industry. And finally, the experimental and
computational activities will be used to familiarize graduate and undergraduate students
with the gas turbine industry. In the previous
year, research on the turbulence generation has
been conducted, test facilities for the experiments have been designed and constructed,
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by the present engine design models. The first
configuration, already constructed, will be on a
flat wall with one row of streamwise injection
holes angled 35" to the surface but without
cross-stream injection. The holes will be
spaced laterally three diameters. Cases with
lateral injection will follow this first sequence
of cases. The flow will be established in a
blown-type wind tunnel. Upstream of the film
cooling zone, the primary air will pass either
through a turbulence settling section (0.5 percent T.I.) or a turbulence generator (-10 percent T.I.). Both primary and secondary air
streams will be at the same temperature; thus,
the density ratio will be unity. Testing will be
performed over various blowing rates or mass
flux ratios. Velocity measurements will be
taken with single-wire and triple-wire, hot-wire
anemometry. The latter measurements will
allow documenting the 3-D mean flow field
and the six components of the Reynolds stress
tensor. Turbulence kinetic energy needed for
k-&modeling will be documented. Measurement of the individual components of the
Reynolds stress tensor will also allow documentation of the anisotropy of the flow, a
characteristic that cannot be completely captured by the k-&model. This is considered to
be a weakness of present models. It may be
necessary that the turbulence modeling incorporates relationships for anisotropy; examples
include the Reynolds stress model, the algebraic stress model, or large-eddy simulation.
These flow measurements, in conjunction with
the detailed surface measurements, will indicate weaknesses in the modeling.

and modeling of film cooling has begun. A
discussion of these activities is presented. The
high-turbulence facility is a modified version
of one developed at Allision which simulates
turbulence levels and scales which are representative of the combustor exit flow. The
film-cooled test section simulates the cooling
arrangement of modern, multi-row turbine
cooling schemes. The surface mass transfer
measurement facility is being modified for the
new method of measurement to be employed
in this study. The computational activity has
begun with a study of the relative merits of
parabolic and elliptic calculation procedures
for film cooling flows. Also, modeling of the
flow delivery plenum has begun. Finally, an
analysis has been conducted to determine the
.
magnitude of thermal gradients imposed by
film cooling.

Project Description and Results
Flow Measurements
Complementary to surface measurements and in support of the turbulence model
development and qualification of the numerical
predictions, turbulence measurements are taken
in the flow approaching the film cooling
region and at several stations downstream of
the film cooling injection zone. After tests
with in-line injection, an experimental flow
will be established which has compound angle
injection of the film cooling flow from one or
two rows of holes. This cooling flow merges
with the high-disturbance level, primary flow
field. After initial tests on a flat plate, streamwise pressure gradients which match those of
the film cooling zones of modern gas turbine
engines will be imposed. This flow then
simulates those elements of the real gas turbine airfoil boundary layer and film coolant
flows which are considered to be of major
importance and which are not captured well

It is common for the turbulence intensity of the approach flow in a gas turbine
mainstream to be as high as 15 to 20 percent
(Bicen and Jones, 1986, and Young et al.,
1992). Over the suction surface, this is
reduced. Consequently, for a proper gas turbine study, a turbulence generator yielding
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simplicity to the test, but requires careful
measurement to verify that engine boundary
conditions, like flow conditions at the edge of
the boundary layer, are met.

about 10 percent turbulence intensity is
required. High-disturbance turbulence generators create high levels of turbulence via the
production of large-scale vortices. Several
schemes for doing so are shown in Table 1.
One important requirement of a turbulence
generator for use in simulating the highpressure turbine stage is that it produce a flow
structure which is similar to that found in a
gas turbine combustor. Recently, the combustor simulator shown in Figure 1 was
designed and fabricated. It was fashioned
after that of Ames and Moffat (1990). Air
flow is directed from the inlet plenum through
the rear and side panels of the simulator liner.
Flow through the rear slots together with flow
through the first row of holes in the side panel
combine to create a recirculation zone inside
the simulator and, consequently, high turbulence. Flow through a second row of holes in
the side panel simulates dilution of the gas
turbine combustor air. Ames and Moffat
(1990) and Ames (1994) obtained turbulence
intensity values of 15 to 17 percent at the exit
of their turbulence generator and 7.5 percent at
their test section 208 cm downstream of their
nozzle.

The test section consists of an upstream
plate, the test plate, a downstream plate, and
the injecting supply system (Figure 4). The
design is such that it permits various plates to
be removed and inserted with ease, thus favoring a large realm of testing possibilities.
Three side walls and the first 12.5 cm (5 in.)
of the upstream plate form a box-like channel
at the exit of the turbulence generator nozzle.
The side walls are fabricated with sharp trailing edges to minimize entrainment of flow
from the surroundings. The downstream plate
is 0.9 m (36 in.) in length. It is attached
directly to the test plate and permits flow measurements at locations of up to x/D=40 downstream of the first row of injection. The
injecting supply is provided by a plenum
located behind the test plate. The plenum is
partially constructed of clear Plexiglas@ so as
to permit flow visualization. Test plates will
be attached in a fashion that allows exchanging one type of plate with another. All of the
plates will be machined to the same major
dimensions and will be constructed of 25 mm
(1 in.) thick phenolic laminate plate material.
Phenolic laminate is characterized by low thermal conductivity and is resistant to exposure to
a temperature which is continuously in excess
of 250 "C. Since hot-wire anemometry techniques will be employed for measurements,
these properties will help eliminate errors
associated with the near-wall measurements.
Fully-developed flow is provided within the
delivery tubes, which have a length-todiameter ratio of 7. The facility will allow
variations of the supply plenum geometry, a
flexibility which will be employed in a complementary, but separate, series of tests. The
initial film cooling configuration that will be
studied will utilize a test plate with a single

The turbulence generator facility
(Figures 1, 2, and 3) consists of primary fans,
settling chamber, turbulence generator, secondary fan, air plenum, nozzle, and test section.
The mainstream air flow supplied by primary
fans passes through the settling chamber to the
back panel and to the first row of jets. The
flow supplied by the secondary fan is ducted
to the second row of jets. The nozzle, located
downstream of the turbulence generator, provides a high-turbulence, uniform-velocity wall
jet to the test section. A wall jet configuration
is different from the geometry of most previous studies but is similar to a series of
studies which were recently completed at the
Wright Laboratories (MacMullin, et al., 1989,
and Bons, et al., 1994). It provides some
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The research group has utilized several
different techniques to document the length
scale associated with the turbulence generator
exit flow, including auto-correlation, the frequency power spectra, and the two-point correlation. The auto-correlation (Figure 11) has
yielded an integral length scale of 2.5 cm
based upon the streamwise velocity fluctuation. Computation of length scales via power
spectra for u', v', and w' taken with a triplewire probe and the integral scale from a twopoint technique is currently in progress.

row of 11 film cooling holes. The fdm cooling is to be injected at an angle of 35 degrees
in the streamwise direction and 0 degrees in
the lateral direction. The holes will be drilled
to a diameter of 19 mm (3/4 in.) and positioned three diameters apart, center-to-center.
Since measurements will be made with
hot-wire anemometry, significant effort has
been dedicated to the study and qualification
of such measurements. Over the past year,
experience and confidence was gained using
single-wire, cross-wire, and triple-wire
measurements in fully-developed pipe flow
(Laufer, 1953). This appendix is not going
to be attached. In addition, a suitable probe
traversing system has been designed and is
now available for use.

A prime objective of this program to
investigate the details and anisotropy of the
three-dimensional flow field inherent to various film-cooling configurations within a range
of blowing rates. To properly characterize
these blowing rates, a flow metering system
for the secondary flow has been designed and
fabricated. The flow metering system consists
of two parallel flow sections with a single
flow meter in each. Each flow meter is
composed of two banks of honeycomb with
pressure taps located upstream and downstream of the banks. The honeycomb is comprised of approximately 500 tubes that are
3 mm in diameter and 133 mm in length. The
flow meters have been calibrated against a
Meriam laminar flow element. They yield a
nearly linear relationship between the volumetric flow rate (SCFM) and the pressure drop
(inches water) between the taps but a quadratic
relation with a weak second-order term provides a better calibration fit. The meters will
permit monitoring the film cooling flow. In
addition, the variable frequency motor controller for the film cooling supply fan will
facilitate adjusting to the desired blowing
rates.

Qualification of the primary flow from
the turbulence generator/combustor simulator
has been a major activity over the last year.
These qualification activities include documenting flow uniformity, turbulence intensity,
and turbulent length scales. The turbulence
generator facility is capable of delivering a
variety of flows by adjusting fan controls. For
this investigation, however, delivery flow with
a mean velocity of 10 m/s and corresponding
turbulence intensity of -10 percent has been
selected as the reference primary flow. Via
velocity profile measurements at several locations in the proximity of the injection zone,
the turbulence generator has been shown to
generate a fairly uniform and symmetric flow
field. The average variation in the mean
velocity and turbulence intensity at any location was found to be on the order of 5 percent
or less. Figures 5, 6,and 7 depict the flow
variations normal to the wall along the spanwise centerline. Figures 8, 9, and 10 show the
spanwise variations along the wall normal
centerline.

Presently, all items constituting the
test assembly, except for the initial phenolic
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(coolant) air is saturated with naphthalene
vapor. This is equivalent to having the film
cooling air temperature equal to the wall
temperature. The film cooling effectiveness
and the heat transfer coefficient for the film
cooling process can be calculated from the
results of the two data sets. As an application
of this method, bo@ mass (heat) transfer
coefficient and cooling effectiveness distributions on test surfaces are determined for
normal injection through perforated holes into
a cross-flow (Figure 12). These results
provide the information required to analyze
temperature distributions and overall heat
fluxes around injection holes. This detailed
information will also aid the development of
the numerical models for flow and madheat
transfer around film cooling holes. To verify
results from the naphthalene sublimation
method for obtaining film cooling effectiveness, they are checked against measurements
from the foreign gas sampling method which
is presently used on the same test apparatus.
The naphthalene test plate with an injection
hole is replaced with a metal plate with an
injection hole and 65 sampling taps near the
injection hole. Helium is used as a tracer gas
to produce mixture density ratios near unity.
The local variations in the temperature field
caused by the variations of effectiveness and
heat transfer over the blade surface are partially smoothed by heat conduction in the solid
material of the turbine blade. A knowledge of
this effect is important to the designer in the
evaluation of the cooling achieved by the film
cooling arrangement. Once the distributions of
local heat transfer and effectiveness are
known, the influence of conduction is calculated numerically using the heat conduction
equation. A temperature distribution in the
film cooled wall is provided for the results
obtained from the mass transfer measurements
(Figure 13). The advantages of compound
angle injection are only recently being
understood.

laminate test plate and the various inserts,
have been fabricated. These items will be
assembled into the facility and qualification
measurements will be taken in early August.
The current plans are to test streamwise
injection configurations with low and high
free-stream turbulence and then proceed with
lateral injection studies.

Surface Measurements
A variation of the mass transfer
analogy by which one can obtain effectiveness and heat transfer parameters for film
cooling was described by Cho and Goldstein
(1993). The surface of a blade is covered by a
layer of naphthalene and its sublimation rate
provides the required information. This
method has a number of advantages; one
experimental setup can produce effectiveness
and heat transfer with great detail, the effect of
variable properties can be studied, and mass
transfer experiments exclude conduction in the
solid wall. The experiments will utilize this
technique. The flat plate with injection holes
is covered with a thin layer of naphthalene and
the local sublimation rate of the naphthalene is
measured after the test plate has been exposed
to the main and secondary film cooling airflows in the wind tunnel. In this way, the
mass flow rate into the boundary layer is
known for the given boundary conditions
which, through the analogy, can be converted
to the heat flow rate for the analogous thermal boundary conditions of the film cooling
process.
Two sets of experiments are necessary

to determine both the heat transfer coefficient

and the adiabatic film cooling effectiveness.
In the first experiment, pure air is injected as
the film cooling flow. This is equivalent to a
heat transfer case where the temperature of the
cooling air is equal to the main stream temperature. In the second set, the injected
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The downstream plate is cast with a
thin layer of naphthalene and the local mass
transfer rate is determined by measuring the
surface elevation of the naphthalene both
before and after exposing the plate to the main
stream and secondary air flow in the wind
tunnel. Two sets of experiments will be conducted (with and without the naphthalene powder packs in Figure 18) for each flow situation
to determine the heat transfer coefficient and
film cooling effectiveness distributions on the
surface. In the first case, pure air is injected
as the secondary flow (P,,~ = p,,,
-- P,,~ or T2 = To). In the secondary case,
air saturated with naphthalene vapor is injected
as the secondary flow (P,,~ = p,,, or
T2 = Tw ) . Two angle orientations of film
cooling holes will be investigated in this study
(@ = 35", p = 0" and 45").

Under many conditions, jets from
discrete holes can penetrate into the mainstream and hot mainstream gases flow under
the injected jet close to the surface to be
protected, diminishing the film cooling performance. The purpose of the study is to investigate possible means for improving film
cooling performance with injection through
compound angled holes. Higher and more
uniform film cooling effectiveness is expected
with the compound angle injection due to the
reduced axial momentum and the enhanced
lateral momentum of the secondary flow at the
larger lateral injection angles. The lower axial
momentum and higher lateral momentum
cause the jets to spread more widely in the
lateral direction, rather than penetrate into the
mainstream; this accounts for the higher film
cooling effectiveness, particularly at high
blowing rates. Another advantage of compound angle injection is that a more uniform
effectiveness on the surface results for a wider
range of blowing rates. This can reduce blade
thermal stresses.

In the future, similar film cooling
studies could be conducted in a turbine blade
cascade. In this case, the flow situation is
much more complex than that in a flat walled
wind tunnel test section. Local mass transfer
measurements have been conducted on the
pressure and suction surface of a blade cascade. Figures 19 and 20 show the contour
plots and surface flow visualization for com.
parison on the pressure and suction surface
near the endwall of a linear cascade. The endwall surface flow visualization on the same
cascade is also carried out and shown in
Figure 21 for flow clarification.

An experimental apparatus has been
constructed to determine the combined film
cooling effectiveness and heat (mass) transfer
coefficient on a flat plate for angled injections.
A schematic of the film cooling plate and
naphthalene test surface is shown in Figure 14.
Adjustable false walls are used to ensure a
constant velocity within the test section and to
contain the lateral spread of the injectant from
the film cooling holes for 0' lateral injection,
shown from above in Figure 15. The arrangement for lateral injection is shown from above
in Figure 16. Figure 17 shows the coordinate
system and angle definitions for the compound
injection case. A schematic representation of
the injection system is shown in Figure 18.
The key feature of this system is the use of
naphthalene powder packs to saturate the
secondary (film cooling) fluid with naphthalene vapor for some tests.

Temperature distributions near film
cooling holes have been obtained for different
wall thermal conductivities (Figure 22). The
conductivity of the material has been changed
in a range of 1 to 100 w/m "C and the results
show that temperature variation in a wall for
k 2 20 w/m "C is less than 15 percent of the
overall temperature difference between the
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for small angles of injection. The parabolic
treatment turns out to be sufficiently accurate
for a range of film-cooling situations.

mainstream and coolant. The blade wall
boundary condition is close to a constant
temperature wall boundary condition. Thus,
the data obtained from a naphthalene sublimation method, which corresponds to an
isothermal boundary condition, can apply to
the case in an actual gas turbine. Thermal
stress near the film cooling hole occurs due to
temperature gradients. The highest von-Mses
stress (yield stress) is distributed near the front
part of film cooling holes for a normal injection (Figure 23). The temperature and thermal
stress distributions will give a limit of the gas
temperature for a given film cooling hole
geometry and blowing rate. This analysis can
also be used to help design film cooling holes
to reduce thermal stress.

So far, several benchmark solutions
have been obtained for some film cooling
situations by using the parabolic method. We
subsequently plan to obtain elliptic solutions
for the same problems and evaluate the applicability of the parabolic procedure. Relevant
experimental data for comparison with the
benchmark runs are being collected and
analyzed.
Another activity which involves the
inclusion of the upstream plenum in the
calculation domain is in progress. Thus, the
boundary condition for the injected fluid is not
specified at the injection hole. These calculations that include the upstream plenum are
being done as fully elliptic problems, since no
predominant flow direction is identifiable in
the domain of interest. These cdculations will
ultimately enable us to examine the effect of
different hole geometries, upstream separation,
and other complexities of the flow.

Computation
Over the years, we have developed the
capability to calculate three-dimensional flow
fields and the associated heat transfer. Turbulence models of different complexity have
been developed for the prediction of complex
turbulent flows. In this research, computational activities directed at prediction of film
cooling are performed. The computational
work is coordinated with the corresponding
experimental work. Wherever possible, computational results are compared with experimental data available in the literature and
generated in the present project.

Two other issues that are being considered are the anisotropy of turbulence and
modeling of transition. Advanced turbulence
models are currently being examined for the
prediction of these effects. The chosen models
will subsequently be applied to the filmcooling situation.

The computer programs for the prediction of turbulent flow and heat transfer in
film-cooling situations have been tested. A
large number of film-cooling situations have
been calculated to determine the sensitivity to
various numerical and physical parameters.
One numerical issue examined is the suitability
of a parabolic solution procedure over an
elliptic procedure. Since most film cooling
situations have a predominant flow direction,
the flow can be 'treated as parabolic, at least

Analysis
Conduction:
A system-level analysis was applied to
the film cooling external and internal flow and
blade surface. This analysis continued from
that documented in the Appendix of Eckert
(1992).
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A computer calculation studied the
effect of 'wall conduction and heat transfer
from all parts of the blade surface (suction
side, wall of cooling holes, film cooled surface) on the temperature distribution in the
wall close to the cooling holes. Heat transfer
coefficients were taken from measurements at
this laboratory by Goldstein and Cho. A
normal gas turbine blade and temperature
conditions in a present-day gas turbine were
considered. The calculation was performed as
a check on the influence of the simplifying
assumptions in the preceding analysis. The
computed wall temperature varied in the average by 90 "C (162 O F ) in a direction parallel
to the blade surface and 60 "C (108 OF) normal to the surface. The resultant temperature
gradients were 100 "C/cm (450 "F/in.) and
80 "C/cm (360 "Fhn.), respectively, numbers
which are of interest for thermal stress calculations. The agreement with the result of the
described analysis is satisfactory.

The temperature of a turbine blade is
determined by the combined effects of the heat
transfer from the cooling air as it approaches
the film cooling holes, the heat transfer from
the walls of the holes, the film cooling, and
the heat conduction in the blade wall. The
heat transfer coefficients vary strongly, locally,
which causes temperature variations within the
wall. An order of magnitude analysis resulted
in a simple and quite general equation. The
analysis considers the temperature variation
parallel to the blade surface in a plane normal
to the gas flow and downstream from the row
of holes. The heat flux into the blade surface
has a minimum in the region of the cooling air
streaks and a maximum in between. The
equation describes the effect as the ratio of the
temperature difference in the blade wall,
including the effect of conduction in the wall,
to the temperature difference without wall conduction (for zero wall-conductivity). For a
blade of normal dimensions manufactured out
of alloyed steel and with measured heat transfer coefficients, this temperature difference
ratio is 0.04. This means that the temperature
differences are strongly reduced by wall heat
conduction.

Convection:
Streaks in the heat transfer coefficient
are also generated on the surface of connectively cooled turbine blades by secondary
flows. Figure 20 (Wang, 1995) presents a
field of local Sherwood numbers, Sh, on the
suction surface of a present-day turbine blade
measured in a cascade tunnel by the naphthalene sublimation method at a chord Reynolds
number of 500,000.

ATw temperature variation in the wall
ATw,o temperature variation in the wall
for k = 0
k

The heat-mass transfer analogy exact for constant properties - states that local
Nusselt numbers, Nu, are equal to the Sherwood numbers, Sh, at the same Reynolds numbers when the Prandtl number, Pr, of the heat
transfer process is equal to the Schmidt number, Sc, for the mass transfer process. An
empirical correction has to be applied where
the ratio Sc/Pr is different from 1.0 (Goldstein
and Cho, 1995). This leads to the expression

thermal conductivity of wall

h,, h, heat transfer coefficients for gas
to wall and on suction side of
cooling air flow
S

wall thickness

b

spacing of film cooling holes
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dimensional heat conduction equation. It is
expected that heat conduction in the blade wall
flattens the temperature field as compared to
the field of the heat transfer coefficient, especially at the location of the two ridges in Fig.
and that a fairly coarse grid system can be
used for the calculation. The required grid
size will be estimated in the following section.

Sh = N u ( E ) 1 P

from which the definition

NU =

hC
-

(3)

k

The dashed lines in Figure 24 sketch
the expected shapes of the heat transfer coefficient and of the wall temperature across one of
the ridges. They are approximated by the full
lines. The direction z points across the ridge
axis. The parameter H, is the maximum variation of the heat transfer coefficient and h,
denotes here the base heat transfer coefficient
in the neighborhood of the ridge. The parameter b is the location of z at which the heat
transfer coefficient, H, has the value 0.5 H,.
Corresponding terms are used for the temperature profile.

(h, heat transfer coefficient; C, the characteristic length, which, in this instance, is the
chord length; k, thermal conductivity). The
following relation for the heat transfer coefficient can be obtained.

-(-)

h= k

SC

CPr

'I3

Sh

(4)

This relation will later be used to obtain local
heat transfer coefficients from Figure 19 in
which the abscissa presents the ratio of the
coordinate, s, measured along the blade surface
in mainstream direction to the chord length, C.
The ordinate z along the blade height is also
made dimensionless with the chord length.
The figure presents approximately one third of
the blade height. The ratio z/C=O is the location of the end wall.

The local heat transfer coefficient,
h,, approximated by an error-function is
represented as

ho

=

h,

+

H

=

Eo + Hoe-($

.

(5)

The heat conduction equation for the blade
wall is

Figure 20 shows that large local variations of the Shenvood number and, therefore,
of the heat transfer coefficient occur at the
stagnation line of the blade (near s/C=O) and
along an inclined line starting at s/C 0.3.
This ridge is caused by the secondary flow
through the blade passage.

-

The heat transfer coefficients are defined using
the wall temperature averaged over the width,
B, which is permissible as long as the wall
temperature variation is small compared with
the temperature differences in Equation (6).

For the design of the turbine, one has
to know the temperature field of the turbine
blade. This will be done by a numerical
solution of Fourier's steady-state, two-
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flux in z/C direction which should

Integrated over the width of the ridge,
the equation takes the form

-

Lo(To - T,)

=

hi(T,

- Ti)

approximate the actual condition because the
temperature field T, is essentially two
dimensional away from the endwall.

(7)
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Table 1: Schemes for Generating Turbulence
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Table 2: Operating Ranges of Parameters
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Blowing rate
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Inclined angles from surface
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Centerline (z = 13.5" and y = wall normal distance)
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Figure 6. Streamwise Turbulence Intensity Distribution at Spanwise Centerline
(z = 13.5" and y = wall normal distance)
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Figure 9. Streamwise Turbulence Intensity Distribution at Wall Normal Centerline
(y = 2.5" and z = spanwise distance)
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Figure 10. Velocity Fluctuation Distributions at Wall Normal Centerline
(y = 2.5" and z = spanwise distance)
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Figure 12. Sherwood Number and Film Cooling Effectiveness
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Figure 13. Temperature Field in Film Cooled Wall (k = 20 W/m "C)

I

P&t 4

Part 3
250 cm

Figure 14.

72.255 cm

.-

55.245 cm

I ,

-_
A

Naphthalene test section

Figure 15.

23

122.500 cm

250 cm

4

9

72.255 cm

55.245 cm

L
*
.
-

b4

122.500 crn

&

1-

\.

Naphthalene test section

Figure 16.

Lateral or spanwise direction
Z

ar

Boundary Layer

y

R.LO.

0

0

Figure 17.

T

I

22.86 cm

injectioihole plate

h

Notes:

D=0.635 cm (0.250 inches)

X

irection

k
-

Compressed air from building

inJection
plate

B

Ualues

/

flow regulator

0 ri f ice
meter

screen

Figure 18. Cut Away Side View of Injection System
Notes:
1 D = 0.25 inches
main stream velocity: 10-15 m/s
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Figure 19. Flow Visulization and Mass Transfer on the Pressure Surface of the Blade
26

0.7

0.6

x

0.5
0.4

0.3
0.2
0.1

0
0

0.2

0.6

0.4
(a)

SdC

0.8

1

1.2

Mass Transfer (Sh Contours)

@) Oil and Paint Pigment

(c) Discrete Oil and Paint Pigment

Figure 20. Flow Visulization and Mass Transfer on the Suction Surface of the Blade
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Figure 24. Measured and Assumed Shapes of the Convective Heat Transfer Coefficients

Figure 25. Computed Temperature Distribution
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