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FOREWORD

The following report documents accomplishments made toward understanding the

fluid flow and heat transfer processes in gas turbines. It covers the period of contract

number F49620-85C-0049 which has now come to a close. Papers which present

major findings from the Heat Transfer Laboratory on gas turbine heat transfer are listed

in Appendix I. This list is restricted to papers published in the 1980s and papers which
have been submitted for publication. Progress reports which have given the details of

work in progress, for their respective periods, are listed in Appendix II. The main body

of this submittal is a review of progress given with emphasis on the period since the

most recent progress report, submitted in November, 1988.

INTRODUCTION

The following report documents work at the University of Minnesota Heat
Transfer Laboratory, under AFOSR sponsorship on the topic of heat transfer from gas

turbine airfoil and endwall surfaces. It reviews the work done under contract F49620-

85C-0049 with emphasis on the period between November 1988 and the present. The

research is divided into separate subtopics presented in the following order: turbine

blade heat transfer, film cooling, flow around protruding cylinders, curved surface heat

transfer, cascade fluid mechanics and numerical simulation of film cooling.
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A - Turbine Blade Heat Transfer

Vntroduction and Objective

Understanding and prediction of the heat transfer in a turbine is dependent first on
understanding the complex three dimensional flow that occurs around a blade. In a
turbine passage there are complex (interacting) vortices, significant variation in surface
curvature, flow separation, transition from laminar to turbulent flow and perhaps
relaminarization, and the influence of high turbulence level in the free stream flow. Heat
or mass transfer measurements, aside from providing the needed design information, can
also tell us a great deal about the flow.

The transport of heat or mass has been used to detect characteristics of flow which were
not readily detectable by other means. Modeling for computation of the flow and heat
transfer, also, requires knowledge of the flow as well as transport data to check the
validity of models and their accuracy. 3y--' ; -L' -

To fulfill these needs a mass transfer technique which assures very accurate local mass
transfer measurement has recently been developed and employed. The technique uses
subliming naphthalene at ambient pressure and temperature together with a very precise
system to measure the change in profile of the naphthalene surface. The method
overcomes uncertainties associated with the conduction and radiation losses inherent in
conventional heat transfer measurements and provides for very fine measurement grids;
up to 2000 data points over an square inch area with great accuracy of the measured
depth. Such resolution and accuracy enables one to detect the influence of minute
variations of the flow, such as small separated regions and/or vortices, that could
otherwise go unnoticed. It also indicates region of extreme mass (heat) transfer and
points to the need of more refined numerical modeling.

Studies in Progress

Measurements in both two and three dimensional regions of the flo-' ""-'r the turbine
blade, and over the endwall, are carried out. The two dimensional da:,, a7.t . taken to test
and qualify operation of the new measuring system designed anc astructed to
complement the sublimation technique. The system, which is controlled and operated by
computer, is described by (Hain et al., 1989) in detail and is capable of scanning
smoothly curved surfaces in a short time while measuring the sublimed depth of nearly
2000 points. The mass transfer coefficients (analogous to heat transfer coefficients) are
calculated from the measured sublimed depth. These transport coefficients, presented on
Figure A-1 and fully discused by(Chen and Goldstein, 1988), are in general agreement
with the results of other investigators. These data show that the boundary layer on
concave surface separates slightly downstream of the leading edge stariiation line (point
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B on Fig. A-I). The separated boundary layer persists for a short distance downstream
and then reattaches (point C on the figure). This is deduced from the drop in heat (mass)
transfer coefficient followed by an increase to the reattachment point. Near the trailing
edge, and at a short distance upstream of it where there is a point of inflection in the
blade's surface curvature, the boundary layer detaches from the blade's surface to form a
wake. This is also evidenced from a drop in mass (heat) transfer coefficient followed by a
sharp rise to the trailing edge stagnation point, region D to E on Fig. A-1. This behavior
of the flow, although anticipated, was not detected through the presure measurements
taken earlier ( shown as the blade surface velocity distribution on Fig. A-I). In a flow
visualization study carried out afterward existence of separated region (detached
boundary layer) and the vortex formed in it is verified. The near trziling edge separation,
and its evolution into a vortex, also occurs on the convex side, region E to F on Fig. A-1.
This is evidenced both from the mass transfer measurement and the visualization. The
vortices formed at the trailing edge are counter rotating such that their common stream
lines impinges on the trailing edge to make the trailing edge stagnation line. Some
distance upstream of the trailing edge separation region, on the convex side, there
appears to be a region of separated or retarded flow. This region, designated by G to H
on the figure, is characterized by decreasing mass transfer followed by a sharp increase.
It is also evidenced by the rundown of the visualizing paste under influence of gravity
which has dominated the shearing force of the flow. It is not quite clear at this time
whether the flow in this region has separated or changed velocity profile due to
retardation. However, the separated flow reattaches, or the retarded flow recovers, farther
downstream. On Fig. A-i, results of pressure measurements, mass transfer
measurements, and visualization studies are compared. The comparison indicates that the
mass transfer technique can effectively, and conveniently, be employed to get a basic
understanding of the flow behavior in the neighborhood of a solid wall.

A sample of mass transfer measurements on the convex side and near the endwall are
plotted on Fig. A-2. These results, presented in Chen and Goldstein (1989), show that the
flow in this region is three dimensional. In this region, secondary flows in the form of
multiple vortices originate near the leading edge and expand higher up and sometimes
rise up into the passage as they move downstream. Very close to the endwall, Z/C < 0.3,
mass transfer data indicate the existence of two counter rotating vortices. These vortices
seem not to have been detected by some of the similar investigations available in
literature. To give a better view of the effect of these vortices, a blown up plot of the mass
transfer near the endwall is depicted on Fig. A-3. The relative maximum and minimum
of mass transfer on this plot, respectively, belong to the points of attachment and
detachment ( also termed impingement and separation) of these vortices, to and from, the
blade's suction side surface. This matter is substantiated and further explained in the
next paragraphs.

Goldstein and Spores (1988) considered mass transfer from the endwall In this study
effect of the forementioned vortices are also noticed, Fig. A-4. A cross plot of these
contours and a schematic of the vortices are shown on Fig. A-5. On this figure, in
addition to the vortices at the junction of endwall-suction side, a sketch of the vortices at
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the leading edge and at the junction of endwall- pressure side is also shown. An attempt
was made to verify the existence of the smaller vortices through pressure measurement
and flow visualization. The results are presented on Figs. A-6 and A-7, respectively. The
pressure contours show the existence of the vortices, but fail to show their detail as it is
deduced from mass transfer data. Visualization results not only reveal the location of and
the number of vortices, but also provide some indication of the direction of their rotation
and movement. A close look at these figures, Fig. A-2 through Fig. A-7, and their
comparison reveals that a complex system of vortices exist in the passage from which
only the passage vortex is commonly acknowledged. Based on these observations, and
those available in open literature, a system of vortices is conceived to fill the passage that
is presented on Fig. A-8. As deduced from this schematic, besides the well known
passage vortex therc are a number of other vortices that their full detection and
qualification requires further investigations.

Current Activities and Future Plans

Several studies are planned to be undertaken. One is a follow up on the visualization
study. It is believed that there are a lot to be learned from visualization of flow about the
nature, the number, and the movement of vortices in the passage bounded by turbine
blades and the endwall. Consequently, smoke injection into the flow at predetermined
locations and capturing of the results on high speed video tapes are being considered.

Mass transfer on the concave surface near the endwall must continue. Recalling that in
most engines the aspect ratio ( ratio of the height of blade to its cord) is about unity, it
becomes clear that the passage height is mostly covered by three dimensional flow. Our
study show that a height of the blade equal to about 75 % of it's cord from the endwall is
affected by the presence of the endwall (Fig. A-2). Therefore, knowledge of the flow and
heat transfer in that region is essential. Some mass transfer measurements on the
concave wall in the three dimensional region were taken. But these measurements
seemed doubtful because of occasional and slight detachment of the naphthalene cast
from the blade surface during the test. That problem is now fixed and the measurement
could commence and proceed.

It is planned to look into the effect of approaching flow turbulence on the vortices. The
intensity, the number , and the size of vortices may be affected by the turbulence,
subsequently, the mass transfer rate may change. Various turbulence levels of the
approaching flow, encompassing the engine environment, will be applied. The
disturbances will be generated in the mainstream ahead of the cascade employing cross
bars or other means. A complete measurement of the turbulence intensity and
qualification of flow will be accomplished. Then, for each case mass transfer
measurements will be taken and the results will be compared to learn of the effect on
mass transfer and the fluid flow near the surface in the three dimensional region.

Our measurements also show that the flow will separate wherever there is a change in the
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surface curvature. Indeed, an early analysis has shown that flow fields around solid
bodies are affected by the change in surface curvature. It would be of interest to
investigate this notion further and determine the amount of change in curvature needed
for separation or deformation of thc velocity profile, its influence on the location where
the deformation begins, and the distance downstream that it would persist.



B-1

B - Film Cooling

Introduction and Objective

To aid in understanding the complex flow and heat transfer with mass addition through
film cooling holes on a turbine blade, we are first using a greatly simplified geometry in
order to assess the relative importance of several of the most basic parameters. After this
model has been thoroughly analyzed and is well understood, further complications can be
added to assess their impact.

It is desired to understand the fundamental flow and heat transfer process of the film
cooling of blades and vanes of gas turbines. The flow field in a gas turbine is extremely
complicated, however, and resists any reasonably straightforward analysis. A first
approximation to this extremely complicated situation would be film cooling over a flat
plate, and over the past decades many variations of the flat-plate case have been studied,
producing a base set of information to describe the flow including the jet-mainstream
interaction and turbulent transport. Much work has also been done and is currently being
done for film cooling in two-dimensional turbine cascades. Two "additional
complications" are identified, the effect of streamwise curvature and the influence of the
endwalls.

Since a turbine blade has varying curvature everywhere on its perimeter, however, and
since the flow along a turbine blade may experience regions of transition, separation,
relaminarization, etc., a turbine cascade is not well suited to isolating curvature effects.
A wind tunnel with walls of constant though perhaps adjustable radius is better suited for
such a study.

In light of this, a study was performed on film cooling in a constant curvature tunnel.
Measurements of film cooling effectiveness for varying strengths of curvature for both a
convex wall and a concave wall suggest that the normal and tangential components of
momentum of the injected flow are extremely important parameters influencing the film
cooling effectiveness on curved walls. The angle of injection defines the jets' ratio of
normal to tangential momentum. Therefore, as a logical next step in understanding the
general film cooling problem a study is now underway to quantify the influence of
injection angle on the flow and film cooling effectiveness of curved surfaces.

The specific objectives of this current study are:

" To measure film cooling effectiveness along a convex and a concave wall (scaled to
match the relative strength of curvature typical of a turbine blade moderately far
downstream of the stagnation point) for injection angles of 15, 25, and 45 degrees:
blowing rates of 0.25 to 2.50; and jet to freestream density ratios of unity and about
two.

* To use both high-speed video and still photography in order to better understand the
behavior of the film cooling jets. Specific points of interest include jet interaction
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and the level of jet penetration into the mainflow.

To analyze and provide correlations of the data which build directly upon the fPat-
plate analyses. The flow visualization should prove invaluable in this effort.

Studies in Progress

Film cooling investigation of curved surfaces have continued. Results of part of the
investigation are presented in Karni and Goldstein (1989) and Schwarz and Goldstein
(1989). Investigation with various angle of injection is underway. The first series of
theses experiments are completed, yielding film cooling effectiveness data for concave-
wall row-of-holes injection at streamwise angles of 15, 25, and 45 degrees, at a density
ratio of 0.96 and blowing rates from 0.25 to 2.50. The results at high blowing rates are
surprising, with both the steepest and shallowest injection angles outperforming the
medium angle for X/D up to 20.

Figures B-la thru B-ic summarize the measured dependence of film cooling
effectiveness on injection angle and blowing rate. Since jets with lower injection angles
have larger tangential components and smaller normal components of momentum,
suggesting a mean jet trajectory closer to the wall, one might expect that film cooling
effectiveness would monotonically increase as the injection angle is decreased. Whereas
at low blowing rates (M=0.5 or higher, Fig. B-la) the experiments show that injection
angle is actually quite unimportant, at moderate blowing rates (M=1.0, Fig. B-lb) this
explanation does appear validated.

However, a third regime is encountered at higher blowing rates (Fig. B-ic) where both
steep and shallow angles outperform medium angles (for X/D < 20). The lowest angle of
15 degrees is indeed the best, and by far, but that 45-degree injection would outperform
25-degree injection is most unexpected.

Figures B-2a to B-2c reveal another interesting fact about injection at steep angles and
high blowing rates. These plots include the effectiveness variations at centerline and
midline (z/3d = 0.5) stations, thus providing a good measure of the spanwise uniformity
of film cooling effectiveness.

At 15 degrees the centerline effectiveness is much higher than the midline effectiveness,
implying a spanwise periodic variation with very high peaks in line with the holes. This
seems expected. At 25 degrees the spanwise profiles are flat everywhere, suggesting
either a thorough mixing of the jet with the freestream, or what is more likely in light of
previous visualization for 35-degree injection, the paths of the jets are fluctuating rapidly
enough to give time-mean uniform coverage after a short distance downstream. In Fig.
B-2c the spanwise profiles for the 45-degree case are also essentially flat except near
injection, where peaks are now found midway between the holes (this happens only for
45-degree injection, M > 1.5). An explanation of why 45-degree injection outperforms
25-degree injection at high blowing rates should take this fact into account.
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Obviously, more intense interactions with the freestream would be associated with
steeper injection angles; but the exact nature of these interactions is not obvious.
Perhaps at 45 degrees a distinct kidney shape obtains (in a time-mean sense) whereas at
lower angles the jets are better able to penetrate the flow undeformed or "cylindrically."
Interactions among neighboring jets may also become significant at steep angles. Or,
perhaps the jets are indeed violently broken apart over a very short distance. Flow
visualization is planned and should provide an accurate picture of the situation.

Current Activities and Future plans

Measurements will now be taken on the convex wall for a density ratio of about one.
Convex curvature introduces stabilizing effects to boundary layers, in sharp contrast to
destabilizing concave curvature, so here the effects of injection angle are expected to be
of a different nature. In fact, somewhat counterintuitive arguments abound which predict
lower film cooling effectiveness for shallower injection angles on convex walls. These
arguments will be tested.

Density ratio is one of the most important film cooling parameters, so density ratio effects
will be measured by repeating each run at a density ratio of about two. Finally, flow
visualization at the various injection angles will be performed to aid in the analysis and
understanding of the data.
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C - Flow Around Protruding Cylinders

Introduction and Objectives

Flow on the endwall and immediately ahead of the blade's leading edge is very
complicated; it includes several interacting vortices and possibly a separation bubble.
Mass transfer measurements, Fig. A-5, and flow visualization indicate this complexity.
To obtain an insight into the fundamentals of formation of these vortices, their number
and their behavior, flow around cylinders protruding perpendicularly from a flat plate is
investigated. The first of the studies used a round cylinder and the naphthalene
sublimation technique, Karni and Goldstein (1985). The results of this investigation show
formation of a small vortex (V2), ahead of the cylinder, in addition to the commonly
named horseshoe vortex (VI), Fig. C-1. Existence of the small vortex is not detected by
some investigations employing other methods. The effect of this small vortex on the
cylinder and on the endwall is a substantial increase in local heat transfer. This
investigation is continued to include flow around square cylinder where effects of angle
of attacks and non-circular cross-section could be examined.

Studies In Progress

Using naphthalene sublimation technique and flow visualization an investigation of the
flow at the base of a square cylinder is initiated. Cylinder's axis is perpendicular to the
endwall and angle of approaching flow, relative to the normal to cylinder's upstream
side, could vary by rotating the cylinder. Mass transfer measurements on the cylinder's
sides and on the endwall are taken. A typical distribution on the side of the cylinder
normal to the flow is shown on Fig. C-2. The peaks of the transfer coefficient on this plot
indicate the location where vortices have impinged (touched) on cylinder. The higher
peak is due to the small (comer) vortex and the lower peak due to the horseshoe vortex.

On Figure C-3, contours of constant mass transfer on the sides of the cylinder is depicted,
Goldstein and Yoo (1989). These contours show that the effects the three dimensional
flow are sensed for some distance along the height of the cylinder, and that, on the front
surface, the edges of the cylinder is exposed to an accelerating flow; variation of the
transfer coefficient at a fixed height and its increase toward the edge. On the side surface,
however, the low heat transfer following the upstream edge is indicative of separation of
flow which attaches on the surface just upstream of the downstream edge.

Effect of the cylinder's orientation in the flow is shown on Fig. C-4. It is seen that angle
of attack has its most pronounced effect on the side surface where flow first separates and
then reattaches. Local effect of the angle of attack on mass transfer is currently under
analysis.

Mass transfer from the endwall ahead of the cylinder is depicted on Fig. C-5. It is
interesting to note that rising mass transfer due to acceleration of flow -round the edge i,!
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also felt on the endwall (Y/D=+0.5, -0.5), followed by a drop and a rise in mass transfer
indicating, respectively, the location- f detachment and attachment of the vortex as it
turns the corner. A contour plot of the endwall mass transfer at two different angle of
attacks are shown on Figs. C-6 and C-7. These contours show that the change in
orientation of cylinder would considerably change the flow pattern, in particular makes
the vortex accelerate at one corner (the corner that first cuts into the flow, "leading
corner") while decelerating at the other. This is also evident from visualization of flow on
the endwall, Fig. C-8. It is striking that the compression of vortex as it turns the leading
corner (due to acceleration) and its expansion upon deceleration around the other corner
is also observed at the leading edge of a turbine blade. This similarity of the behaviu1,
and the underlying reasons of it is worth further investigation.

Current Activities and Future Plans

Measurements obtained with square cylinder is being analyzed and prepared for
publication. Meanwhile, further studies are being planned to fully understand the reasons
of similar pattern of vortex behavior as it turns a sharp leading edge (square cylinder)
versus a round one (turbine blades). The effect of the surface curvature on the turning
vortex is also of importance. This effect may be one of the factors that render the leg of
the vortex which follows the convex surface of the blade to contract and eventually lift
up from the endwall, while, the the leg which follows the concave side expands and
disappears. It is intended to examine the role of the surface curvatures on contraction and
expansion of a vortex as it turns a solid corner using mass transfer technique and the
visualization methods.
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D. RECOVERY OF A TURBULENT BOUNDARY LAYER FROM CURVATURE

INTRODUCTION OF PROGRAM AND OBJECTIVES

The purpose of this experiment is to document the processes by which the

turbulent boundary layer recovers from sustained concave curvature. The study will be

conducted in the presence of low and elevated free-stream turbulence intensity and with

and without streamwise pressure gradients. To the best of the authors' knowledge this is

the first time that the recovery from a sustained concave curvature will be

experimentally documented. The results are expected to be valuable to turbulence

modellers who have thus far failed to satisfactorily predict this process.

WORK COMPLETED TO DATE

Elevated Free-Stream Turbulence

A bi-plane grid of tubes with jet injection capabilities has been constructed to

produce high levels of free-stream turbulence (shown in Fig. D-1). The bar size of the

grid is 4.15 cm and the solidity ratio is 60%. A turbulence establishment chamber has

also been constructed to allow the turbulence to develop before entering the test section.

Although inhomogeneities were expected, due to the high solidity of the grid, none were

generated. The streamwise turbulence intensity at various downstream locations is

shown in Fig. D-2. The turbulence intensity is uniform to + 6% of its value and the
mean velocity is uniform to + 2% at each location. The isotropy of the turbulence,

measured with a cross-wire probe, is shown in Fig D-3.

The measurement of 3-C turbulence quantities such as the 3-D mean velocity

and the complete Reynolds' stress tensor was the next topic studied. Two methods were

considered. The first method was the use of an orthogonal, triple-wire probe. The

signal processing using this type of sensor was studied and a simple technique to obtain

accurate measurements was developed. This technique is described in the attached paper

"Signal processing using the orthogonal probe equations", which has been submitted to

TSI Flowlines. The second mr'hod was the use of a rotating slant-wire probe. The signal
processing with this type 'F ,-)be was also investigated. Since this method seemed
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easier to implement it was the method initially pursued. This method has been
successfully implemented. Results are shown in Fig D-3. Because the rotating slant-
wire probe is somewhat awkward to use, the orthogonal triple-wire technique will be
investigated further in search of a better method for our measurements in highly
turbulent flows and flow with embedded vortical structure, as in the turbine end-wall
flow.

Developing Section

a). Low and intermediate TI cases.
The transitional flow over the developing, bendable wall has been studied for two

free-stream turbulence intensity (TI=0.32% and 1.79%) levels. Both cases were with
this bendable wall in the flat-wall configuration. The flow, initially laminar,
underwent natural transition, becoming fully turbulent by the test section end.
Measurements of wall Stanton number, mean and rms velocity and temperature profiles,
shear stress and turbulent heat flux profiles, and turbulent Prandtl number profiles
have been made for both cases. These results are summarized in the attached paper by
Kim, Simon and Kestoras (1989).

b). High TI case.
More recently, a case with a high free-stream turbulence level (TI=8.3% at the

entrance of the test section) with the same tunnel configuration was studied. This case is
more representative of the conditions encountered in gas turbine engines. The
measurements were taken with the turbulence generating jet grid, described above, in
place. The free-stream turbulence level was so high that it was difficult to distinguish
between laminar and turbulent flow in the transition region by looking at the hot-wire
traces. For this reason, no intermittency-based processing was performed. A plan view
of the test facility is shown on Fig. D-4. A short summary of the results follows:

Free-stream Turbulence Intensity and Spectra. The power spectral density
measured in the free-stream at Station 1 was clean, with no significant spikes. The high
free-stream turbulence generated by the jet grid apparently overwhelms any tunnel
unsteadiness and/or electronic noise.
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The free-stream turbulence intensity at the tunnel centerline was found to be

quite isotropic, and decays from 8.3% at Station 1 to 5.9% at Station 4. There was a

significant variation in V in the cross-stream direction, however, with v' changing by

as much as 45% from just outside the boundary layer to the tunnel centerline. This is

though: tc be due to the particular jet-grid geometry used.

Stanton Number. The wall Stanton number variation is shown on Fig. D-5. The

data is seen to deviate from the turbulent correlation for Rex<lxl0 5 , indicating a short

transition region, consistent with the intermittent hot-wire signal discussed above. The

laminar region (if one exists) is too short to be measured.

In contrast to the data sets of Blair (1983) and Simonich and Bradshaw (1978),

the increase in free-stream turbulence is not seen to augment the heat transfer. This

may be due to the low Reynolds number, however, as suggested by Simonich and

Bradshaw (1978). An energy balance, in which the energy added to the flow through the

wall was equated to the energy carried by the flow, was within 3% for all stations.

Mean Velocity Profile. Profiles of mean velocity plotted in wall coordinates are

shown on Fig. D-6. The profiles corresponding to stations 2, 3, and 4 are seen to agree
very well with the log-linear law -- the log-linear region grew in y+ distance with Rex

until station 3 then changed only slightly with streamwise distance. A notable feature of

the profiles is the absence of a wake. This is due to the high free-stream turbulence

level. The profile corresponding to station 1 appears to be transitional. As there was

some difficulty in assigning an appropriate Cf value at this station, due to the absence of

a log-linear region, this profile may not be the correct profile. Determining the local

skin friction for this profile, using a momentum balance, was not possible since no data

upstream of Station 1 was taken.

Velocity Fluctuation. Fluctuations of the streamwise velocity, turbulence

intensity, are shown on Fig. D-7. The peak in the profile at Station 1 is relatively broad

and is indicative of a transitional flow. The peaks for the profiles at stations 2, 3, and 4
are much sharper, with the peaks dropping monotonically with Rex and in step with the

drop in free-stream turbulence level.

Mean Temperature Profiles. Mean temperature profiles measured using a

thermocouple probe, and normalized on wall coordinates, are shown on Fig. D-8. The
profiles at stations 2, 3, and 4 all show log-linear regions that increase with Rex for all

stations. Unlike the corresponding velocity profiles, the temperature profiles are seen

to continually evolve in the streamwise direction. The profiles do not show a wake
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region. Turbulent Prandtl numbers deduced from the profiles were consistently near

unity. The temperature profile at Station 1 does not seem to possess a log-linear region,
consistent with the transitional nature of the flow at this station. This profile was
obtained using the uncertain value of Cf, obtained from the mean velocity profile,

however. Thus, it is not reliable.

Shear Stress Profiles. Profiles of u'v' are shown on Fig. D-9. The profile at
Station 1 with it's broad peak is indicative of a transitional flow profile, while the
profiles at station 2, 3, and 4 have a turbulent flow shape. The near-wall peak is seen

to decrease with Rex.

Turbulent Prandtl Number Measurements. Profiles of the turbulent Prandtl
number (Prt) measured with a special triple-wire probe are presented on Fig. D-10.
Prt values are greatly increased above unity for the early turbulent boundary layer

(Stations 2 and 3), but are seen to decay to near unity by station 4. This suggests that
the momentum boundary layer establishes itself more quickly than does the thermal
boundary layer in the early turbulent flow, resulting in higher values of the eddy
diffusivity of momentum relative to the eddy diffusivity of heat. This view is supported
by the mean velocity and temperature profiles, where similar velocity profiles were
seen at stations 3 and 4 while the temperature profiles were still evolving. There is no
reason to expect the momentum and thermal boundary layers to develop at the same rate,
since the boundary conditions are different. The momentum boundary layer sees a non-
zero fluctuation (a non-zero u') in the free-stream whereas t' in the free-stream, the
boundary condition on the temperature profile, must equal zero. It is postulated that
having eddies present in the free-stream enables the momentum boundary layer to
respond more quickly than if it had to grow by turbulent diffusion alone. Creating a

temperature fluctuation in the free-stream (possibly by injecting heated air through
the grid) may cause the thermal and momentum boundary layers to grow at comparable
rates. Prt values are in the vicinity of unity by station 4, indicating that the momentum

and thermal boundary layers have grown to comparable thicknesses.

Recovery Section

An intermediate composite wall has been built to join the existing recovery wall
to the flexible (concave) wall (Fig. D-11). It consists of a plexiglass back wall, a layer
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of lexan, a heater, a layer of tape and a layer of stainless steel. Fiberglass insulation is

used to minimize the heat loss through the back wall.

The dimensions of the heater are carefully chosen so that its heating foils end

where the foils of the flexible wall and the recovery wall begin. The heater is very thin

(0.254 cm). A layer of liquid crystal (0.210 cm thick) covers the three walls. It is to

be used for heat transfer visualization, but it also provides a hydrodynamically smooth

surface.

Three thermocouples have been embedded in the intermediate wall to measure its

streamwise temperature variation. Two additional thermocouples were embedded across

the fiberglass insulation to determine the heat loss through the back wall.

The recovery wall has been connected to the flexible wall while the latter was

still in the straight configuration (Fig. D-4). The objective was to qualify the wall.

The uniform heat flux requirement was met by designing and building the circuit

shown in Fig. D-12. The heat flux over the four heaters produced by the circuit was

found to be uniform within 4% over the entire range of operation. The heat flux values

of the flexible and the recovery wall heaters are determined by measuring the voltages

across the heaters and the precision resistor, Rpr. In the case of the intermediate wall

heaters, however, an uncertainty analysis showed that using the P=V2 /R formulation

for the power dissipation is preferable, due to the high resistance value of the heaters.

The switches shown in the circuit were included to allow separate heating of the flexible

wall.

Stanton number measurements, as well as velocity and temperature profiles,

were taken as part of the qualification of the wall. All measurements were taken at a

negligible streamwise pressure gradient, at a high free-stream turbulence intensity

(-8%). The latter was necessary to not impede the progress of the transition study.

The test has indicated a problem with the data reduction of the recovery wall. This

problem has been traced to an incorrect estimate of the thermal resistance of the

composite wall. An experiment is now in progress to determine this more precisely.

Intermittency Circuit

An intermitteny circuit has been constructed (Fig. D-13), tested, qualified and

is being used to take measurements in the transition region over a flat wall [Kim J.,

Simon T. W. and Kestoras M., 1989]. It will be used in the boundary layer recovery
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study to document the characteristics of the turbulent wake. In the transition study, the

output of the circuit was used to separate the turbulent flow from the laminar flow in

the intermittent boundary layer region. In the recovery study, the intermittency

circuit will be used to separate signals taken within the turbulent-like flow in the wake

from signals taken within the free-stream flow entrained in the wake region.

This circuit takes advantage of the much larger time derivative of the turbulent

signal as compared to the time derivative of the laminar signal: the hot-wire-

anemometer signal is processed by a series of filters, differentiators and rectifiers (Fig.

D-14). At the level detector, the signal is compared to an adjustable threshold value. If

it is higher, the output signal of the level detector is high (turbulent), otherwise it is

low (laminar).

It can be seen in Fig. D-14 that the intermittency measuring unit has two

channels, the direct channel and the differentiated channel. The two channels are used to

solve the problem of zero-crossing. This problem is explained in (Fig. D-15) where

the time derivative of a turbulent signal is shown. When this signal is compared to a

threshold value at the level detector, it is seen that at times the signal is higher than the

threshold value, giving a high (turbulent) signal. However it is also seen that the signal

unavoidably becomes smaller than the threshold as it crosses zero, the time axis.

During this time the flow is falsely declared turbulent. This is the zero-crossing

problem. To correct this problem the circuit uses the second derivative of the signal

(differentiated channel). The differentiated signal (second derivative) retains the

characteristics of the first-derivative with one important difference; it is zero when

the first derivative has a maximum or minimum value. When the second-time

derivative is compared with the threshold value, there will again be regions where the

flow will falsely be declared laminar. However the time-regions during which the two

channels are at fault do not coincide. An "OR" gate is then used to combine the two

signals. Its output is high when either or both inputs are high, and it is low only when

both inputs are low. The threshold values of the two level detectors are adjustable and

should be tuned for each different flow situation. A tuning procedure that works well has

been established.

Although most of the zero crossings were eliminated by using the two branches of

the circuit, as explained above, some drop-outs still persisted. A filter was thus

introduced to average the signal and thus eliminate all the drop-outs. An additional level

detector was next used to clean the signal. Finally a summer was included to add the
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output of the intermittency unit to the hot-wire anemometer signal. This allowed

conditional sampling of the hot wire signal and the desired separation of the laminar

from the turbulent contribution of the quantity being investigated.

NEAR TERM ACTIVITY

Elevated Free-Stream Turbulence

The work on the generation of high free-stream turbulence is complete. Future

work may focus on, possibly, implementing the triple-wire technique.

Developing Section

Measurements are currently being made with the developing section in a concave

curvature configuration with the high free-stream turbulence generating grid in place.

The curvature parameter (ratio of boundary layer thickness to radius of curvature) at

the end of the test section is 8/R=0.02. Measurements should be completed by June,

1989.

Recovery Section

An experiment will be run to accurately determine the effective thermal

resistance of the layers between the thermocouples and the wall surface for both the

intermediate and the recovery wall. Then the data obtained from the qualification run on

the recovery wall will be reprocessed with the updated data reduction program and a

momentum and an energy balance will be performed.

Intermittency Circuit

The intermittency circuit will be further tested in various flows. The

possibility of using u'v' as the quantity sent to the circuit, instead of u', will be

examined. It is believed that this is a better signal for determining the intermittency of

a flow [2]. The experience thus gained will be valuable when the circuit is used in the
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wake of the recovering boundary layer where it is harder to distinguish turbulent-like

flow from free-stream flow entrained by the boundary layer.
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E. THE THREE-DIMENSIONAL FLOW AND HEAT TRANSFER IN A LARGE-SCALE, TWO

HALF-BLADE CASCADE

OBJECTIVES

The losses in a turbine can broadly be divided into profile losses, secondary

losses, and clearance losses. The so-called secondary losses include those due to the

annular wall boundary layers and their interaction with the blade rows. The secondary
flow within the cascade has very complicated features such as horseshoe vortices,

passage vortices and three-dimensional separation and reattachment lines. They are not

understood well and, since the losses amount to roughly half the total losses, the lack of

knowledge about secondary flow effects makes accurate prediction of turbine

performance difficult.
In this study, static and dynamic mechanisms in a three-dimensional flow which

is encountered in an actual turbomachine are to be taken in a large-scale, two half-blade

cascade section.

The complexity in the flow and the small scale of actual-size turbine blades

prevents one from probing the flow field and measuring the effects of parameters in

detail. Furthermore, turbine blades tend to have small aspect ratios so that the range

which is influenced by the endwall cannot be ignored and the secondary flow becomes

much more complicated. This large-scale test facility is therefore of value.

The purpose of this study is, first, to document the three-dimensional flow field

in the end-wall region in detail by means of simulating the real flow in a simulated

cascade constructed with two, large half-blade sections, one wall simulating the

pressure surface and the other wall simulating the suction surface. The advantage of

using two walls is that one can test in quite a large cascade that is easily accessible with

probes, using a small wind tunnel. Also one can change the cascade geometry easily.

Most of the investigators who studied the secondary flow effects used multi-blade

cascades which are of much smaller scale and are not easily modified.

The second purpose of the study is to begin an investigation into flow control

techniques in the end-wall region in order to devise means for reducing the damage on

the blade surface due to the vortex structure. Examples may be fences or jet flows used

to manipulate the vortices in the end-wall region.
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This study would provide enhanced understanding of the flow for the design of
turbomachines and for the development of analytical models. It also may yield some

techniques for modifying the end-wall region flow.
Later, heat transfer and film cooling effectiveness values will be investigated in

the simulated cascade test facility. The three-dimensional flow field is expected to
result in complex convective heat transfer coefficient patterns on both the end-wall and

airfoil surfaces. It is known that local peaks in heat transfer correlate with secondary
flow patterns in the end-wall region.

PROGRESS TO DATE

The test section for this study has been constructed. The chord length of blade
which is composed of plexiglass tubing and thin lexan sheet is 23.1 cm and the aspect
ratio is 2.64. The incidence angle is 45.70 and the maximum Reynolds number based on

the chord length and the nozzle exit velocity is 4.62x105.
The two half-blade test section, set up at the nozzle of the wind tunnel, is used to

simulate the three-dimensional cascade flow (Fig. E-la). Confirmation of the 3-D flow
through the cascade passage has been made by visualizing the resultant flow field with
various visualization techniques. Vorticity indicators and tuft grids were used to

observe the behavior of the vorticies within the cascade passage, such as the horseshoe
vortex, the passage vortex and the tiny corner vortices. The tuft grid is composed of
fishing line constructed in a rectangular grid with yarn pieces connected, with loops, to
the grid at each intersection. The yarn filaments point in the direction of the flow. This
tuft grid shows the very enhanced motion of the passage vortex and the track of the
pressure side leg of the horseshoe vortex within the passage and at the outlet (Fig. E-2).

Due to the pressure gradient, the center of the vortex shifts toward the suction
wall near the mid-passage and then climbs the suction wall, becoming bigger as it
proceeds downstream. The tiny and weak corner vortex, which is induced by the strong
motion of the passage vortex, was not detected by the tuft grid. It was observed in the

corner between the endwall and the suction wall by using a vorticity indicator, a small
straight-vaned device that spins when inserted into a vortex. The vortex is also shown

by the oil and lampblack visualization technique (Fig. E-3b).
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Three-dimensional flow at the end-wall and on the blade surface

We conducted another flow visualization study using the oil and lampblack

technique which shows the stagnation lines and separation lines on the surface (Fig. E-
3). The most striking feature is the separation saddle point, which is the intersection
point of the three-dimensional separation line and the reattachment line (stagnation
streamline). It divides the entire endwall flow field into distinct regions of three-

dimensional flow [Langston, L. S., Nice, M.L. and Hooper, R.M., 1977]. The dark region

ahead of the left-hand leading edge in Fig. E-3b represents a stagnant separation bubble,
the location and expansion of which depend on the end-wall boundary layer
characteristics, the shape of the leading edge and the incidence angle [Sieverding, C. H.,
1985]. The track of the suction side leg of the horseshoe vortex is shown near the

junction between the endwall and the suction wall of the right-hand blade. The crossflow
of the main stream through the passage is a result of the strong pressure gradient from

the pressure side to suction side.

More interesting behavior of the passage vortex and the corner vortex formed at
the junction of the endwall and the suction wall can be observed in Fig. E-3b, which is
the visualization of the three-dimensional flow on the suction surface near the endwall.
The figure shows the stagnation line on the leading edge and the lifting of the passage

vortex along the suction wall as the vortex grows. There is a reattachment line on the

blade surface near the endwall. Below that, a tiny corner vortex of the opposite sign

exists.
Based upon the results of the flow visualization study, it is confirmed that this

two half-blade cascade simulator displays the main characteristics of the cascade flow,
such as the horseshoe vortices, the passage vortex, the saddle point, and the separation

bubble region. This preliminary test shows that this facility simulates the three-
dimensional flow observed in a true cascade. Since it was observed that the location of
the saddle point determines the structure of the horseshoe vortex, which, in turn, has a
large effect on the suction wall aerodynamics and heat transfer, more tests to investigate

the location and characteristics of the saddle point and separation bubble are planned.
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Current Study

Currently, the inflow condition is varied until the upstream region of a typical

cascade passage flow, including saddle point, is replicated. This change is effected by
moving the sidewalls which extend from the nozzle exit to the leading edges of the two

blades. This, in turn, changes the amount of tunnel flow which passes through the

cascade passage. The extreme case of these tests is the curved duct flow where the side
wall extends all the way to the leading edge. Visualization of this case shows the
crossflow, due to the pressure gradient, and the lifting of the passage vortex at the

suction wall (Fig. E-3c). On the other hand, the pressure side leg of the horseshoe
vortex becomes very weak and not representative of the cascade flow. A bendable

sidewall with which the gap ahead of the leading edge can be adjusted was next built (Fig.
E-lb). The different type of tuft grid (thinner yarn to minimize flow disturbance) was

attached at the endwall to see the movement of the saddle point with the adjustment of the
gap. It was observed that the saddle point moves toward the leading edge of the left-side

blade, from the mid-passage, as the gap becomes more narrow. This study shows that

this wall, with the adjustable gap, is useful for changing the inflow condition and, thus,
replicating the upstream region of the cascade flow. The test section is considered

satisfactory when the saddle point is at the same position as that in cascade flow, under

the same flow conditions. Since the blade in this simulator has the same geometry as the
blade used in the naphthalene study, we can qualify our flow by comparison with the
results of that cascade, under similar conditions such as Re number based upon chord
length and endwall boundary layer thickness.

FUTURE RESEARCH

When this test section has been satisfactorily qualified, it will be available for

the study of the three-dimensional endwall flow with great opportunity for access and

better resolution than previously made in multi-blade cascades.
The cascade flow shows various patterns which are qualitatively and even

quantitatively correct. Dunham [1970] states that the magnitude of the secondary losses

depends on the upstream endwall boundary layer thickness. Therefore, much attention
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will be given to the endwall boundary layer and the region upstream of the leading edge.

The boundary layer thickness will be measured and the effect of it on the endwall vortex

structure will be investigated. A more sophisticated vorticity indicator, possibly with

the photo-detector, would be useful for measuring the strength of a vortex.

The advantage of this simulator test section is that we can easily investigate the

effects of the various upstream conditions on the turbine blade. For example, the effect

of the vortices which have been formed at the combustor or upper step of the turbine as

well as the vortices which are formed in or upstream of the cascade can be investigated

by putting a vortex generator upstream of the blade in our simulator. The detrimental

effects of the hot streaks from the combustor on the turbine blade also can be studied

with ease.

The facility will eventually allow a study of ways to manipulate the cascade flow.

The shape and appropriate position of fences which can change the track of the vorticies,

thus reducing their damage on the blade surfaces, can be determined. Jets in the endwall

region may also be tried as another flow control technique. When detailed measurements

are called upon, continued development of triple-wire velocity probes or vorticity

probes will be used.
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F. NUMERICAL PREDICTION OF FILM COOUNG ON ADIABATIC FLAT PLATE BY INJECTION

THROUGH A SINGLE ROW OF HOLES

INTRODUCTION AND OBJECTIVES

High temperature of gases lead to significant increase in output and economy in

gas turbine systems, but these high temperatures have detrimental effect on the surfaces

exposed to the gases. Most widely used method to locally cool the exposed surface is the

injection of a low temperature coolant through a rows of holes. Since, slot cooling (two-

dimensional) is not practicable in most applications, film cooling through row(s) of

holes is more practical and popular. The effectiveness of the three-dimensional film

cooling is significantly lower than the slot injection cooling because the hot mainstream

fluid can flow underneath the injected jet due to the secondary flow in the cross-stream

direction. In spite of a large amount of experimental effort to study this complicated flow

and heat transfer situation, it is still not a well-understood phenomenon. Many studies

cite the effects of mainstream turbulence intensities, turbulence scales, blowing rates,

injection hole geometries, mainflow and injection Reynolds numbers on the film cooling

effectiveness on an adiabatic wall. Some experimental investigations have been reported

the effects of the nature of injection viz. injection angle, injection Reynolds number,

turbulence intensities and scales, and injection velocity profiles on the cooling

effectiveness.

An attempt to study the injection film cooling through a row of holes, using the

three-dimensional parabolic numerical scheme [1] is made. The details, advantages and

the limitations of this approach are discussed in subsequent sections. Comparison with

experimental results and the effect of variation of the main stream turbulence

intensities, turbulence scales and injection mass flow rates on the adiabatic wall

temperature are presented. The study also demonstrates the successful extension of the

regular k-e model to this complex problem. Further, this approach can be extended to

consider the injection jet characteristics and their interaction with the mainstream

flow in detail, complex injection geometries, and curvature of the adiabatic walls.

Extensive comparisons with the available experimental results due to Kadotani, Kadotani

and Coldstein and with the numerical studies of Bergeles, Launder, Gosma , Rodi and

Demuren are presented which validate the fully parabolic approach as a significant and

inexpensive tool to predict the flow and heat transfer in the film cooling situations
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THE PHYSICAL AND COMPUTAi iONAL PROBLEM

Figure F1 shows the problem considered in this study. The hot gases flow over

the flat plate and the angular injection of cold fluid is achieved a row holes in the p!ate.

The various geometric parametres governing the performance of the film cooling

configuration are shown in the figure along with the computational domain. The single

hole geometry is a special case of the geometry shown in the figure F1 with the pitch of

the holes increased to delink the possible interference of the neighboring jets. The

single hole study was conducted for different blowing rates of 0.1 to 2.0 into a mainflow

of velocity 16.5 m/s over the plate with the injection at angle of 30 degrees. The

diameter of the injection hole was 1.092 cm in accordance with experimental studies.

The single row multihole configuration, the main area of interest in this study is

done for the cases shown in the Table 1. The diameter and pitch of the holes (s/D) were

kept at 1.092 cm and 3 respectively for all the cases presented. The list is not claimed

to be exhaustive, but contains the cases investigated and documented so far. The notable

parameters missing from the list are the pitch, the diameter of the holes, and the

boundary layer thickness at the injection hole(s). The work is planned for the next set

of investigation and so not included in this report.
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Table 1

No. P (deg.) M Uin(m/s) Tuin(%) Tuinj(%)

1 35 0.2 16.4 20 4

2 35 0.35 16.4 20 4

3 35 0.5 16.4 20 4

4 35 1.5 16.4 20 4

5 35 0.35 16.7 4.8 4

6 35 0.35 16.4 8.21 4

7 35 1.0 16.7 4.8 4

8 35 1.0 16.7 8.21 4

9 35 1.0 16.7 20 4

10 35 0.5 16.7 20 10

11 35 0.5 16.7 20 20

12 35 0.5 16.7 20 50

13 35 0.5 16.7 20 70

14 15 0.5 16.7 20 35

15 25 0.5 16.7 20 35

16 45 0.5 16.7 20 35

GOVERNING EQUATIONS AND TURBULENCE MODEL

The governing equations for time-independent, three-dimensional turbulent flow

in terms of the time-averaged quantities in the Cartesian tensor notation are as follows:

Continuity equation:

ax-.(Pu1 ) =0(1
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Conservation of momentum:

a j(PUiUj) = l 4xi - p u' + Si- (2)

Conservation of thermal energy:

aa "F (3)
=x(pUiT) iT +S (3)

The Reynolds stress term in equation (2) is expressed in terms of turbulent
viscosity gt (in the conventional isotropic model) as:

(au~ ay 2 a
-P U iU j - t 5 at-oix +-' + x, 3 " i C' , + k)

Bergeles, Gosman and Launder proposed an anisotropic modification to the stress

terms, which increased the cross-stream diffusion based on the experimental

correlation from Quark and Quarmby. The terms involved in this augmentation are
described by

-p uw = 9tx(

-p vw = lty(ay

"tx +cLX= 1 +o .

9ty

where
(x= 3.5"(1-y/A) if y<A

z=0 if y >A.
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An effective pressure is defined by including the second term in the equation (4)
with the pressure in the momentum equation (2)

P L( aul k

The real viscosity of the fluid is assumed uniform and thus the source term S =
0. The momentum equation thus can be written as:

: x-ri!,Nj N+xitj lt!x-i+ oxj.(5)

The l-tk is modified to include the anisotropic terms in the appropriate equations.

The convention adopted in this section is a Cartesian coordinate system with z as

the mainstream direction, x and y in the cross-stream directions and w, u, and v are the
corresponding time averaged velocities. Under the parabolic assumption, the diffusion is
considered negligible compared to the convective transport in the main-stream
directions. The general momentum equation can be further simplified to:

a' (PUiUj) = x-ef fajj - + Si  (6)

where,

u-momentum Sx (41,t)v - _0 y

v-momentum Sy = t--) y y r ) x

w-momentum S , = rf-c- gt -)

and effective viscosity e f f = I' t +

in the energy equation (3) we define the turbulent flux term
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F aT

where

prt

and since 1't >>> I.

p9t]"eft = prt

The anisotropic diffusion model is extended to the scalar transport in the similar

manner to the momentum transport. Therefore, the ratio of x direction diffusion

coefficient to y direction diffusion coefficient is given by
r'tx I=1 + a

Fty

where a is defined as in the momentum equations.

The energy equation is then

a_(pUiT) = a ef aT + a-(Xrieff -j. (7)

The last term is the anisotropic contibution and note that it is not in the tensor form ( x

is the x-direction in the physical and computational domain)

The boundary conditions for the problem are

5-=0, u=0, aW =0, -=0 atx=0andx=xl

(symmetric - boundary)

v=0, w=0, u=0 aty=0(wall boundary)

0, -= 0, V = 0 at y yl (symmetric boundary)
y 'ay

in the injection zone (at y = 0)

w Vinj cosd3)

v = Vin j sin(p).
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The initial conditions at the inlet are

w= Win, u=0,v=O,andT=Tin forallx andy atz=0.

The k-c turbulence model
This k-c model is used to formulate an expression for the turbulent

viscosity or equivalently the turbulent Reynolds stress in momentum equations. We
need to solve the additional transport equations for the turbulent kinetic energy k and
dissipation e .The equations describing tohe model are presented here for the steady case.

CIpk2
=t- (8)

- (puik a + G - p(9

PuiE (10)-- (GiC1xi- C 2

where,

a~u ayj' aHG= it( a + 4xi x

xj a xj

and the empirical constants of the regular k-c model are

C1 = 1.44, C2 = 1.92, C9 = 0.09

Ok = 1 .0,  c_ = 1.3.

The boundary conditions are as follows:

y 0, y y = yl (symmetric boundary)

= 0 y = 0 (wall boundary)

57 = 0 - = 0 at x = 0 and x = xl (symmetric boundary)
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while, in the injection zone on the wall (y= 0)
k=kinj and E = Einj

and the initial conditions at z = 0 are k = kin and e = Cin"

The turbulent viscosity is much greater than the molecular viscosity for most

part of the flow, but near the wall both the viscosities are comparable. Here we use the
wall functions to deduce the effective viscosity in the near wall region. The k-E

turbulence model has been successfully tested for many problems in two dimensions and

a few three dimensional cases. The effectiveness of the model in capturing this three

dimensional mixing phenomenon is being tested in this work.

The three-dimensional parabolic solution procedure developed by Patankar and

Spalding(1972) is used to solve the five transport equations introduced in this section.

The cross-stream pressure distribution in and around the injection zone will be non-

uniform leading to large amounts of secondary cross-stream flow. But this method

computes an average effective pressure gradient uniform over the cross-section, while

in reality the flow near the jet will have non-inform pressure gradients. The errors

introduced by this step will be serious if the parabolic assumption for the flow breaks

down. As the results will show, the effects of the errors in the pressure gradient

computations are limited to the zone very close to the injection port. It is this pressure

computation that allows the development of the marching procedure which saves large

amounts of computer effort and memory compared to a full-scale three-dimensional

elliptic solution procedure.

RESULTS AND DISCUSSION

The objective of the reasearch is develop the capabilty to control, predict and

study the adiabatic wall temperature under various flow situations. This adiabatic wall

temperature is expressed by a dimensionless temperature called the film cooling

effectiveness, defined as

Taw - Tin f

Tc - Tinf
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where Taw is the adiabatic wall temperature, Tinf is temperature of the hot main stream

and Tc is the temperature of the cooler injectant fluid. The results presented in this

section show the effects of the variation in some key parameters on the film cooling

effectiveness.

a) The performance of the augmented turbulence model is studied through

comparisons of the calculations of the single hole configuration with the available

experimental and numerical data from the work performed by Bergeles, Launder and

Gosman (1976, 1977, 1978). The Figures F2a and F2b show this comparison for two

different blowing rates of 0.2 and 1.0. The performance of both the solution procedure

is in good agreement the experimental and numerical data from a partially parabolic

calculation.

b) A similar comparitive study is shown in Figure F3 for the sinle row of holes

configuration (case 3) with the experimental results from Kadotani (PhD thesis U. of

Minn.). The centerline and the away-from-centerline effectiveness of the fully

parabolic procedure are in good agreement with the experiments. Figure F4a-c show the

lateral effectiveness along with those of Kadotani's and the numerical results of three-

dimensional calculations of Demuren and Rodi. The performance of the present

procedure is comparable to that of the more expensive and computationally intensive

procedure of Rodi and Srivatsa used by Demuren.

c) Figures F5a-c show the extension of the study of single row of holes

configuration to cover different blowing rates. The results are in excellent agreement

with the expected qualitative behavior for the physical situation. Figure F6 shows the

typical secondary motion, set up due to the injection of the jet into the mainstream, at

cro-sections 5, 10, 15 and 20 diameters downstream of the injection. It is this

secondary motion that reduces the film cooling performance of the discreet hole cooling

process as compared to the slot cooling.

d) The previous report demonstrated the insensitivity of the centerline cooling

effectiveness to the variations in the mainstream turbulence intensity for a blowing rate

of M = 0.5. Figure F7 shows a similar study for M = 1.0 (cases 7, 8 and 9). The

observed insensitivity, as previously discussed, is attributed to the comparable

thickness of boundary layer and penetration height of the jet which pevents the proper

mixing of the two streams. A study at a even higher blowing rate should be more

informative.
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e) The injection characteristics of the jet are as important as the mainstream
characteristics. Figure F8 shows the sensitivity of the centerline cooling effectiveness

to the variations in the injection turbulence intensity. The higher mixing or turbulent

diffusive transport results due to the increase in jet turbulence intensity. This initially

increases the cooling effectiveness as the increased diffusion overcomes the effect of the

convective inertia of the jet which tends to carry the injected fluid away from the

surface just aft of the injection port. The increased diffusion also increases the mixing

of the cold jet fluid with hot fluid in the boundary layer. This results in the decrease of

the effectiveness beyond 2 or 3 diameters downsteream of the injection holes.

f) The angle of injection has a pronounced effect on the film cooling performance.
Figure F9 shows that the cooling effectiveness decreases along the calculation domain as

the angle of injection becomes larger. The shallow injection angle tends to keep the cool

jet fluid within the boundary layer leading to better cooling performance compared to

the larger angles of injection. As the angle of injection becomes larger the reliabilty of

the fully parabolic solution procedure becomes questionable, while the very shallow

angles are limited by engineering considerations.

SUMMARY OF PROGRESS TO DATE
The numerical solution procedure is successful in capturing the phenomenon of

film-cooling. It can be seen that through these sensitivity studies we can establish the

important parameters that affect the film cooling effectiveness.The results of such

studies can aid an experimentalist to decide on design of the setup, and identify quantities

that are important to be measured or deduced in the course of the experiment. The

numerical method can calculate all the variables, at all locations in the domain and the

results, when confirmed through experiments, will enrich the body of information

obtained experimentally. Further, the detailed computational results will provide a

cleaner picture of the flow and lead to a better physical insight into the physical

phenomenon.
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NEAR-TERM PLANS

Throughout this study many areas of possible study have been suggested. Now

that the procedure has been tested satisfactorily, the following further investigations

are planned.

a) effects on the cooling effectiveness downstream and cross-stream with changes

in:

i) injection angles.

ii) turbulence intensity and scales of coolant.

iii) many cross correlations of these parameters.

b) study the flow pattern and its sensitivity to various parameters that have

already been identified.

FUTURE PLANS

1) MORE FILM COOLING STUDIES:

More film cooling studies are planned, which include computing flow with more

complex injection geometries, two rows of holes in a staggered configuration, more
complex wall geometries viz. curvature effects such as in the turbine blade geometries.

2) COMPLETE THREE DIMENSIONAL COMPUTATION:

This study is being planned to predict the horse-shoe vortex near the base of

cylinder in the flow. This is being done as a preliminary study to investigate the flow

near the base of a turbine blade. The effects on the film cooling of the blade geometries is

also being planned.
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