Chapter 6
Predictions of Platform Adiabatic Effectiveness
The turbine platform is relied upon to deal with significant amounts of thermal
and mechanical stress as the blade rotates at relatively high rotational speeds and
experiences large temperature variations. While the mechanical stresses are a function of
the rotational speed and are inherent to any rotating design the thermal aspects relating to
the platform can be reduced through various cooling techniques. As discussed and shown
in Chapter 5, the tip region of a blade requires significant amounts of cooling from such
things as the microcircuit combined with film cooling holes. Often times the use of film
cooling holes along the platform is unnecessary as blade designers are able to rely on
internal convective coolant methods. With the platform being located at the base of the
blade there are significant amounts of coolant from the high pressure core of the engine
that leak into the mainstream passage through various gaps within the turbine. These
leakage paths are shown in Figure 6.1 and are normally the result of the gaps that are
present between respective turbine blades, referred to as gutter and featherseal leakage,
and gaps between the turbine blades and stator vanes which are located both upstream
(front rim leakage) and downstream (aft rim leakage) to allow for rotation. This leakage
air is generally considered to provide cooling to the platform, but to date no
comprehensive study has been performed to examine the true migration of this coolant on
the platform. As greater engine efficiencies and power are desired the need to obtain a
better understanding of cooling technologies becomes even more important. Reducing or
using leakage flow more efficiently in future engine designs results in better engine
performance.
In addition to examining the various leakage flows that are present in an engine,
the work presented here considers the use of two microcircuit channels that are shown in
Figure 6.1, and placed in areas that are known to be hot spots in the hope of further
reducing platform temperatures. It is thought that the microcircuits will provide
significant internal cooling combined with film-cooling at the microcircuit exit. The
primary focus of the computations presented here will be to predict adiabatic

197

effectiveness throughout the turbine endwall as well as better understand the fluid flow
field along the platform. When available experimental results to be taken by Ranson
[2004] will provide for a comprehensive benchmarking of the computational work.
A complete overview of the platform geometry was provided in Chapter 3 while
additional information is available in Chapter 4 concerning the boundary conditions
placed on the model. In this chapter, Section 6.1 will briefly discuss the flow patterns
throughout the passage for two different cases. Since the platform design being
considered for this work includes a fillet at the blade-platform interface two cases will
study variations with and without a fillet. Figure 6.2 shows the platform from an
isometric view with the blade fillet colored blue and located at the base of the blade. The
first case to be considered had no fillet while the second case had a fillet, which was
present on all subsequent models. For both cases no coolant was introduced into the
passage and they are examined to study the flow patterns around the blades. Section 6.2
discusses several cases for which cooling was injected only through leakage gaps while
Section 6.3 includes injection from leakage gaps and a microcircuit design. A total of
eleven different cases will be discussed throughout this chapter.

6.1 Platform Predictions with No Coolant Injection
Before any computations were undertaken with the introduction of coolant, two
isothermal baseline cases were considered in which there was no coolant being
introduced into the turbine passage from leakage flows or microcircuit channels. The
geometry of each case considered in these initial studies varied from that shown in Figure
6.2. Instead of the platform having a step along the front rim, a featherseal and aft
leakage gap configurations, the platform was completely flat so as not to adversely affect
the flowfield. As discussed in Chapter 3 initial two-dimensional models were run in
which the Pratt and Whitney pressure distribution around the blade was matched to the
Virginia Tech pressure distribution. This immediately ensured the correct driving
pressures for the flow. The first case under consideration involved the platform geometry
with no fillet while the second geometry involved a case of similar geometry with the
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addition of a manufacturing fillet around the base of the blade at the platform-blade
junction. A velocity profile matching that seen in the wind tunnel was set in both
simulations with the entire array of boundary conditions discussed in Chapter 4. The
variations of the flowfield between to the two cases, if any, were of interest.
Around the blade multiple planes were established to study the development of
secondary flow throughout the passage. A total of eight planes, as seen in Figure 6.3,
were positioned normal to the blade surface. Three of these planes were created along
the pressure side (PS) of the blade and five on the suction side (SS). Two of these
respective planes will be presented and discussed throughout this thesis in order to gain
some general information about the flow features as well as obtain some baseline data for
comparisons to cases in which coolant was introduced to the flow. A description of the
location of each plane is presented in Chapter 3 while the secondary flow analysis
method is presented in Chapter 4. Various data planes not discussed in this chapter are
presented in Appendix D for additional analysis.
The first plane of interest was located along the pressure side of the blade and is
referred to as PS2. Located at an axial location of 57% of the axial chord and 51% of the
surface distance along the blade from the stagnation point, the plane is located near the
mid-chord and is depicted in Figure 6.4a-b for cases with no fillet and a fillet,
respectively. Before beginning any explanation of the plots it is important to understand
the orientation of the data plane. In this particular scenario a value of z/S = 0 corresponds
to the base of the platform, while z/S = 0.5 is located at the mid-span. Along the
horizontal axis y/P = 0 would be at the pressure-side surface of the blade while y/P = 0.5
is located 0.5 pitch units perpendicular to the face of the blade. Looking first to Figure
6.4a, which has no fillet, one can see the flow along the platform to have a small
counterclockwise rotation. The fluid travels down along the blade pressure-side surface
before being turned by its interaction with the endwall. The flow is then pulled away
from the endwall creating a weak rotation. With this plane being located along the
pressure side of the blade and the flow shown to be moving away from the pressure side
of the blade toward the suction side we find this to be a very similar pattern to those
presented by previous researchers such as Langston [1980] and Goldstien and Spores
[1988] in which the fluid moves from high to low pressure regions along the blade.
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Looking at Figure 6.4b which shows a case with the same boundary conditions to those in
Figure 6.4a, the only variation between the two cases is the addition of a manufacturing
fillet added to the bottom left corner and spanning a region from z/S = 0 to z/S = 0.08 and
y/P = 0 to y/P = 0.06. The addition of a fillet does not seem to alter the flow whatsoever
along the pressure side of the blade as a rather large counterclockwise rotation of a
relatively small magnitude is still present at the same position seen with the fillet.
Looking next to Figure 6.5a-b, a plane along the suction side of the blade is
presented. Referred to as SS4, this plane is located at an axial chord location 96% of the
blade axial chord and is located 82% of the surface distance along the suction-side of the
blade from the stagnation. As with the pressure-side plane, the suction-side plane is
again oriented normal to the blade surface with the vectors maintaining the same scale as
seen in Figure 6.4a-b. A value of y/P = 0 corresponds to the blade suction-side surface
while z/S = 0 represents the platform. In Figure 6.5a notice a more developed flow
structure than what was seen in the PS2 plane. Flow is shown to rotate in a clockwise
direction in the lower left portion of the plot, along the endwall and suction side of the
blade. At y/P = 0.3, z/S =0.1 one can see a disturbance in the flow evident by a
significant increase in the spanwise velocity. At a distance of y/P = 0.5 fluid is shown to
be drawn toward the suction side of the blade in a somewhat horizontal path which at a
value of y/P = 0.3 is altered creating a large jump in the vertical component of velocity.
Moving even closer to the blade at y/P = 0.2 the flow again returns to its horizontal
trajectory before being up pulled along the blade surface. Flow along much of the
spanwise direction (z/S) is generally shown to be oriented toward the blade. In Figure
6.5b the same suction side plane (SS4) is shown with a fillet. The flow patterns are
shown to change significantly with the addition of a fillet as the clockwise rotation of
flow along the endwall/blade interface is shown to be a well formed vortex. Instead of
flow being drawn towards the blade as seen with the no fillet case there appears to be a
general trend of flow traveling away from the suction side of the blade once a value
greater than y/P = 0.15 is reached along the entire blade span. The fillet may help this
vortex to become more developed than what was seen without a fillet.
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6.2 Platform Predictions with Leakage Injection
In Section 6.1 flow planes were shown along the pressure and suction sides of the
blade to gain an understanding of the secondary flows seen with the turbine cascade.
Figure 6.6a shows PS2, located near the mid-chord of the blade stretching from the
platform to the mid-span. In addition to having plots of velocity vectors, nondimensional temperature contours are also shown. In Figure 6.6a notice the cooler
region, relative to the mainstream gases, located along the platform which stretches from
y/P = 0.20 to y/P = 0.55. This is cool layer of air along the platform is very desirable
from and thermal standpoint and is due in part to featherseal coolant as well as some of
the remaining front rim leakage. Notice the hot region along the pressure side of the
blade stretching from the fillet to y/P = 0.15 which experiences little cooling and will be
highlighted in further contours of effectiveness along the endwall. A large vortex
rotating counterclockwise is centered at y/P = 0.3, z/S = 0.6 which when compared to the
two baseline cases of Figure 6.1a-b is far larger in size and magnitude. The increase in
vortex magnitude is due to the featherseal leakage exiting and creating an upward flow.
Figure 6.6b shows a suction side plane (SS4) with contours of non-dimensional
temperature and velocity vectors. In Figure 6.6b which is located along the trailing edge
of the suction side we can see a vortex adhering to the side of the blade at a location of
y/P = 0.12, z/S = 0.1 with a larger magnitude than what was seen with the baseline fillet
base of Figure 6.5b. The same general outflow of fluid is seen beyond y/P = 0.15 along
much of the spanwise direction that was seen in Figure 6.4b, which is an effect of fluid
entrained in another blade wake. Two other variations from the baseline fillet case
include the presence of a small vortex located at y/P = 0.3, z/S = 0.35 and the large flow
of air along the platform towards the blade, which is opposite to that seen with the
baseline case. Contours of temperature show two distinct cooler regions, one being
located along the blade with the other positioned at y/P = 0.35, z/S = 0.1.
After briefly looking at the flowfield around the turbine platform model, work
quickly began to study the cooling benefit on the temperatures throughout the passage
endwall. Some of the first studies computed involved cooling from both microcircuit and
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leakage flows. These simulations then led to cases in which the microcircuits were
removed in order to see what baseline cooling might look like without injection from the
microcircuits, with that data presented in this section. Figure 6.7a-c presents three
different cases of leakage cooling that relate to the ActiveMC engine cooling
configuration without a microcircuit as shown in Table 6.1. Cooling from front leakage
(front rim and gutter coolant was set to 1.67% inlet core flow), featherseal (coolant was
set to 0.37% inlet core flow), and aft leakage (rim and gutter coolant varied between
cases) were introduced along the platform with the only change between the three cases
occurring in the coolant flow to the aft region, namely the aft rim and aft gutter. Figure
6.1 and Figure 6.2 once again highlight the geometry under consideration. The aft rim
and gutter were fed from the same plenum as would be the case in a real engine
geometry. With the aft leakage being the only variable in each of the contour plots, there
is relatively little variation between the three plots as most of the cooling shown in Figure
6.7a-c is a result of front and featherseal leakage. Cooling levels of 1.5%, 2.0% and 2.5%
of the core flow were fed to the aft plenum to investigate the effects on flow ingestion
along the aft gutter. This ingestion was first seen in initial cases with leakage and
microcircuit cooling and was of particular interest as the ingestion of hot mainstream gas
flow is extremely undesirable in an engine as it can lead to premature failure.
Looking briefly at the contours of Figure 6.7a-c notice the front leakage
originating from the front step and gutter does a very good job of cooling a considerable
portion of the platform. Regions with little to no cooling are predicted to be present
along the suction side of the blade at the leading edge and along most of the pressure side
of the blade. Along the suction side of the trailing edge and stretching towards the aft rim
there is little cooling along this section of the platform, evident by the contour values of η
= 0.1 to η = 0.3. Looking downstream of the aft rim in Figure 6.7a (1.5% aft cooling),
then to Figure 6.7b (2.0% aft cooling), and finally Figure 6.7c (2.5% aft cooling) one can
see an increase in cooling just downstream of this slot as there is a rise in effectiveness,
but for none of these cases do we see any substantial amounts of cooling from the aft
gutter.
Pitchwise-averaged data is used by engine designers when comparing various
cooling methods. Originally presented in Chapter 4, the basic concept involves breaking
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the area of interest into multiple pitchwise averages. What results is a curve of averaged
adiabatic effectiveness that varies with axial position across the blade. In Figure 6.8 and
the plots of pitchwise-averaged effectiveness to follow within this chapter a value of x/Bx
= 0 represents the leading edge of the blade while the trailing edge is located at x/Bx = 1.
A value of x/Bx > 1 corresponds to a location downstream of the blade while x/Bx < 0 is
upstream. Looking at pitchwise-averaged effectiveness data along the platform from the
three cases with varying aft leakage flow as presented in Figure 6.7a-c one can see the
only variation in cooling occurs just downstream of the aft rim when x/Bx >1.4. Even
then the cooling variations are very small. For all areas upstream of the aft gutter the
leakage flows remain constant from both the front leakage (rim and gutter) and
featherseal with these flows equating to those seen with the ActiveMC leakage
configuration.
As discussed earlier, the main focus of the work with the three cases presented in
this section involved the investigation of the region in and around the aft leakage, namely
the aft gutter and rim, as the computations indicated that flow was ingesting into a portion
of the aft gutter. This area was also identified by Cunha [2003] of Pratt and Whitney to
be an area of distress in the engine. Taking a look at the temperature contours at the exit
of the aft rim (along the platform surface at z/S = 0) for the three cases of 1.5%, 2.0% and
2.5% aft leakage in Figure 6.9a-c one can see that more cooling fluid equates to lower
exit temperatures at the aft rim-platform junction. In the contours, temperature has been
non-dimensionalized so that θ = 1 corresponds to the temperature of the coolant while θ
= 0 corresponds to the temperature of the mainstream gases. The position on the
horizontal axis is arbitrary as zero starts at the leading edge of the aft rim while a value of
0.05 corresponds to the trailing edge of the rim. The vertical axis has been nondimensionalized by the blade pitch and spans one passage. The approximate location
from where the data were extracted is depicted by a black line in the blade inset. Coolant
moves across the page from left to right for each case.
Looking first to the case in which 1.5% of the core flow travels through the aft
leakage region as seen in Figure 6.9a notice the variations in coolant temperatures,
particularly at the leading edge of the gap where temperature values are in the range of θ
= 0.7-0.8. Towards the back of the rim the temperature of the fluid is that of the coolant
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with θ = 1. These contours should not be taken to indicate that there is a significant
ingestion problem along the rim, but should serve to show the interaction of the hot
mainstream gases with the introduction of coolant along the aft rim as there is some
significant mixing. As coolant is increased to 2.0% and 2.5% as seen in Figure 6.9b-c,
respectively, the fluid temperature exiting the aft gutter sees a reduction in temperature.
This is evident looking along the region from x/Bx = 0 to x/Bx = 0.03 where the size of
the θ = 0.7-0.8 region has decreased in size having been replaced by fluid temperatures
around θ = 1. This would be expected as the additional mass flow through rim equates to
a higher momentum, which inhibits the interaction coolant-mainstream gas interaction
not to mention the fact that there is simply more flow to provide cooling at the higher
flowrates.
Figure 6.10a-c shows contours of non-dimensional temperature cut through the
mid-plane of the aft gutter (which measures approximately 3mm in width at 11x scale).
Velocity vectors have been overlaid onto each of the contour plots to illustrate the general
trajectory of the flow. The horizontal dashed line (z/S = 0.0) in each plot represents the
platform surface with anything above the line considered to be in the turbine passage.
Values of z/S < -0.065 are within the aft plenum while values corresponding to 0 < z/S <
-0.065 are located between the platform surface and plenum, the aft gutter. The vertical
line, located along the right part of each plot shows the position where the turbine
platform ends. Anything to the right of this line would be located in the aft rim while all
that lies to the left would be within the platform domain. Also worth noting is the
position of the featherseal, located at the left of each plot. In Figure 6.10a, the ingestion
of hot gases at 1.5% leakage flow is shown to occur. Notice that hot mainstream gases
have penetrated to a rather significant depth within the gutter traveling to approximately
1/3 of the gutter depth. The velocity vectors within the gutter appear to be on a
downward trajectory from the leading edge to approximately halfway through the gutter
before adhering to a more horizontal path and then finally being ejected by the
momentum of the aft rim leakage.
Increasing the leakage to 2.0% as seen in Figure 6.10b certainly reduces hot gas
ingestion with the hot fluid reaching half of the gutter depth seen with 1.5% blowing.
Instead of the velocity vectors indicating an ingestion into the gutter from the edge to the
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middle as seen in Figure 6.10a, there appears to be ingestion only into the front quarter of
the gutter. Further increasing the aft leakage flow to 2.5% shows very small amounts of
leakage at the upstream part of the gutter with no signs of ingestion halfway through the
gutter. Ingestion of hot gases certainly appears to be a problem that is predicted by the
computational package. Further analysis and discussion of this phenomena will be
discussed in the following figures and the next section.
Figure 6.11 shows pressure contours along the platform for a case of ActiveMC
cooling with a microcircuit. This particular case is representative of what the pressure
contours would look like on all of the remaining cases as the pressure contours generally
do not vary significantly. Concentrating on the region around the aft gutter we can see
the local platform pressures are relatively high along the upstream portion of the gutter
with pressure values around Cp = -6.5. The pressure then drops off substantially as one
moves downstream along the gutter to pressure measurements are on the order of Cp = 7.5 for a large portion of the gutter length. More than likely, it is the high upstream
pressure which causes the ingestion since for this case the plenum supply pressure was
found to be approximately Cp = -7.1.
Pressure is again documented within the gutter for the three cases that have been
discussed throughout this section in Figure 6.12a-c. These figures are similar to the nondimensional temperature contours shown in Figure 6.10a-c with pressure now being the
contour variable. Much like the pressure contours of Figure 6.11 we can see high
mainstream pressure at the leading edge of each figure which cause flow to be driven into
the aft gutter. As the gutter pressures match those seen in the mainstream the flow begins
to equilibrate and there is no additional ingestion. Looking at the gutter pressures in
Figure 6.12a (1.5% aft cooling) the gutter pressures are fairly low when compared to the
higher mass flowrates seen in Figure 6.12b-c (2.0% and 2.5% cooling, respectively) when
the gutter pressure has increased and there is a noticeable reduction in the degree of hot
gas ingestion.

205

6.3 Platform Predictions with Leakage and Microcircuit Injection
In Section 6.2 effectiveness contours along the platform were shown with just
leakage flow as the medium to provide cooling. Using only leakage over the platform
several hot spots on the blade platform were highlighted. The introduction of additional
coolant injection from microcircuit channels along both the pressure and suction side of
the blade was considered to alleviate regions that were otherwise hot. Simulations in this
section were computed with microcircuit exits located along the pressure side (stretching
from the mid-chord to the trailing edge) and suction side (along the trailing edge) of the
blade ( as shown in Figure 6.1 and Figure 6.2) in an attempt to reduce the hot spots that
were seen with the contours plots of Figure 6.7a-c in which there was no microcircuit
film-cooling. While the predictions to be presented here will offer some insight into
ability of microcircuit exits to provide film cooling, the added benefit of internal cooling
from the microcircuit will not be addressed by this study. Only after a more rigorous
combined finite element analysis and computational fluid dynamics model could the
overall improved cooling effects be assessed.
Figure 6.13a-c presents effectiveness contours along the platform for three
different engines: (a) ActiveMC, (b) PW6000, and (c) PW4000 whose flowrates were
discussed in Chapter 3 and highlighted in Table 6.1. Each effectiveness contour plot
shows significant cooling from the front leakage with lesser cooling from the other
entities. The highest front leakage flow of 2.63% corresponds to the PW4000 engine,
which as expected, experiences the best cooling along the blade passage. Reducing the
front leakage flow to 2.05% (PW6000) and 1.67% (ActiveMC) shows a decrease in the
cooling along the leading edge portion of the platform. One area in particular that also
sees a decrease in cooling is along the leading edge suction side of the blade. This
suction-side area experiences very good cooling for the PW4000 configuration with η =
1, but drops off substantially with a decrease in coolant as the region around the fillet
reaches η = 0.4 for the PW6000 and drops to η = 0.1 for the ActiveMC. For all three
cases the microcircuit cooling flow is constant at 0.48% of the core flow with the
locations of the microcircuit exits generally located in a good position. Two hotter
regions, as shown by these contours, along the pressure side of the blade at the mid-
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chord/trailing edge and along the trailing edge of the suction side should see improved
results from the internal cooling provided by the microcircuit.
Differentiating between the effects of featherseal and front leakage cooling is very
difficult to make with these contours in Figure 6.13a-c and will looked at in more detail
later in the section. Cooling from the aft gutter does not appear to be present indicating
that as seen with the non-microcircuit cases there is some ingestion of hot gases within
the aft gutter for all three cases. This phenomena will also be discussed throughout this
section in more detail.
Figure 6.14a-c shows variations in microcircuit flow with constant leakage flows
corresponding to the ActiveMC configuration (front leakage = 1.67%, featherseal leakage
= 0.37% and aft leakage = 1.84%). The three microcircuit flows of Figure 6.14a-c are
0.24%, 0.48% and 0.96% of the core flow and show a continued increase in cooling
effectiveness at and downstream of the microcircuit exits as more coolant is added. The
upstream cooling remains unchanged. In Figure 6.14a the area of considerable
microcircuit cooling, η = 0.65, does not stretch past the aft gutter. Increasing the flow,
shown in Figure 6.14b (0.48%) and Figure 6.14c (0.96%) extends this cooling region
significantly. At 0.96% cooling microcircuit coolant can be seen along a considerable
portion of the suction side blade.
Microcircuit cooling without platform leakage is compared to a case in which the
microcircuit flow is similar (0.48%) and there is leakage (ActiveMC) as shown in Figure
6.15a-b. Looking at the case with only microcircuit cooling (Figure 6.15b) one can
follow the path of the coolant as it leaves the slots. The pressure side microcircuit flow
remains close to the suction side of the blade as it crosses the passage, eventually
interacting with the downstream suction side microcircuit. Coolant from the suction side
microcircuit is seen to cool just downstream of the slot and like the pressure side coolant
does not experience a great deal of lateral spreading. The overall placement of the
microcircuit exits seems relatively good, as the region not covered by the film cooling
slots from the microcircuit channels stands to gain considerable cooling from the internal
microcircuit passages.
Another useful measure of cooling effectiveness can be made by examining
averaged effectiveness across the flow domain, which is described in detail within
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Chapter 4 and again briefly in Section 6.2. In each of the plots for which pitchwiseaveraged data is presented a value of x/Bx = 0 equates to the leading edge of the blade
while a value of x/Bx = 1 represents the trailing edge. The blade platform stretches from
approximately x/Bx = -0.25 to x/Bx = 1.4. In Figure 6.16 pitchwise-averaged adiabatic
effectiveness is shown for the three contour plots of Figure 6.13a-c. The curves on this
plot confirm what the contour plots originally displayed with cooling flows associated
with the PW4000 (5.11% cooling) being superior and decreasing results seen with the
PW6000 (4.76% cooling) and ActiveMC (4.36% cooling) cooling configurations in
which the leakage flows also decline. In all three cases the front leakage flow appears to
have a major effect on cooling until x/Bx = 0.7, Cooling starts at values of η =1 and falls
to levels of η = 0.3-0.45 depending on the specific case. At x/Bx = 0.7 the microcircuit
flow (constant for all three cases at 0.48%) provides a jump in cooling to η = 0.6. After
the microcircuit, relatively constant cooling occurs along the remaining portion of the
platform. With front leakage flows of 2.6%, 2.1% and 1.7% one can see that increasing
cooling levels from 1.7% to 2.6% results in an effectiveness increase of ∆η = 0.2 over
the front part of the platform.
When cooling flow to the microcircuits is varied between 0.24%, 0.48% and
0.96% as was done for the contour plot of Figure 6.14a-c and the pitchwise-averged plot
of Figure 6.17 we see slight variations in effectiveness downstream of the microcircuit
slots. Additional microcircuit coolant results in increased cooling performance with the
overall effects of raising coolant from 0.24% to 0.96% providing η = 0.1 in the region
between x/Bx = 0.7 and x/Bx = 1.4.
Looking at cooling from only the microcircuit (0.48%) and comparing it to a case
with the same microcircuit flow and leakage flow shows some interesting results as seen
in Figure 6.18. For a case with microcircuit only flow we see microcircuit cooling to
begin around x/Bx = 0.7 and continue throughout the passage. The cooling from the
microcircuit peaks with a value of η = 0.4. This microcircuit only curve is offset from
the case in which there is both microcircuit and leakage cooling and shows that
superposition is a valid technique to use for pitchwise-averaged data analysis. The
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variation appears to equate with ∆η = 0.2. This superposition can also been seen in
Figure 6.19 where again the ActiveMC case with microcircuit cooling is compared to a
case where there is no microcircuit cooling, just leakage flow. This plot clearly shows
the benefit of adding the pressure side and suction side microcircuits along the blade
platform as seen with the two peaks in the ActiveMC curve located at x/Bx = 0.8 and x/Bx
= 1.35, respectively.
Looking at secondary flows along a pressure side plane (PS2) in Figure 6.20a-d
shows several variations between the three different engine flows with microcircuits
(Figure 6.20b-d) as compared to a flow without microcircuit injection in Figure 6.20a.
This plane is located upstream of the microcircuit slots and shows the microcircuits to
have little upstream effects. The cool region along the platform does vary somewhat
between the cases. Comparison of Figure 6.20a and Figure 6.20b yields little variation as
these were both computed with ActiveMC leakage. The only difference between the two
was the lack of microcircuit injection in Figure 6.20a. Comparing Figure 6.20b
(ActiveMC) to Figure 6.20c (PW6000) and finally Figure 6.20d (PW4000) shows an
increasingly larger cool region along the platform. This comes as no surprise since the
cooling levels also rise moving from the Figure 6.20b to Figure 6.20d. The size of the
vortex generally appears to be the same for all of the cases.
Figure 6.21a-d shows secondary flow images from the ActiveMC, PW6000, and
PW4000 engine flows along the SS4 plane with a comparison to the no microcircuit case
of the ActiveMC (Figure 6.21a). Once again non-dimensional temperature is plotted with
velocity vectors and we see some variations between all four plots. Looking at variations
between microcircuit and no microcircuit cases (Figure 6.21a-b) we see added cooling
from the microcircuit directly along the suction side of the blade and to a lesser extent at
y/P = 0.35 from z/S = 0 to z/S = 0.1. The vortex along the suction side remains in the
same position with the small passage vortex from Figure 6.21a having been shifted down
slightly. Looking at Figure 6.21b and comparing it to Figure 6.21c and Figure 6.21d one
can see cooler temperatures (θ = 0.6) regions along the suction side of the blade, which
must attributed to the additional featherseal and front rim leakage seen with these cases as
microcircuit cooling has remained constant. All other aspects seem to be similar among
these cases.
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Figure 6.22a-c further addresses the ingestion issue that has been highlighted
throughout this chapter. Contours of non-dimensional temperature are plotted with
velocity vectors to show fluid trajectory. Each plane is oriented in a similar fashion to
those of Figure 6.10a-c with the area to the left of each plot being the location of the
featherseal while the region to the right would be the aft rim. The platform surface is
located near the middle of each plot by the dashed horizontal line. For z/S < -0.065 the
plenum feeding the aft leakage is found. Originally discussed in Section 6.2, we return to
the aft gutter ingestion issue which plagued the previous designs without microcircuits.
The same trend is also shown for the three cases with the microcircuit cooling where aft
leakage corresponds to 1.45% core flow (ActiveMC) and 1.85% (PW6000 and PW4000)
of the core flow. The ingestion flow is seen to be considerably cooler with the addition
of a microcircuit, but present nonetheless. In Figure 6.22a which shows ingestion for the
ActiveMC we see considerable amounts of hot gases θ = 0.5 throughout the upper third
of the region. This trend continues for the other two cases of Figure 6.22b-c with the
penetration of hot gases similar for all cases. Also worth noting is the path of the cooling
air released from the microcircuit, evident by the θ = 0.65 region just above the
horizontal dashed line. Studying the six cases of ingestion presented in Figures 6.10a-c
and 6.22a-c we conclude that more coolant reduces ingestion and that the microcircuit
cooling reduces the fluid temperature of the ingested fluid into the supply.
Figure 6.23a-c shows pressure contours of the same three cases presented in
Figure 6.22a-c. Once again velocity vectors are also plotted to show the trajectory of the
fluid. Once again pressure at the upstream portion of the gutter is relatively high in
comparison so the rest of the gutter. This high pressure forces air into surrounding low
pressure regions and flow ingestion results. For these particular cases the ingestion was
observed to be relatively constant and we also see this in the pressure contours that
maintain a similar pressure gradient between the gutter and mainstream.
One final method useful in visualizing the ingestion of fluid into the aft gutter
involves releasing streamlines from within the gutter as seen in Figure 6.24. In Figure
6.24 (ActiveMC) streamlines were released just below the platform surface along the
entire length of aft gutter region and colored by non-dimensional temperature. Notice
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that at no point along the gutter do streamlines exit into the passage flow. Only after the
streamlines pass into the aft rim do they appear to enter the mainstream flow.
To date there has been little work done in looking at coolant flows entering
through step configurations as was the case with the front leakage. As discussed in
Chapter 2, Colban and Thole [2003a, 2003b] have been the only researchers to address a
backward facing slot upstream of a vane endwall geometry and found ingestion of hot
gases to be a problem. Figure 6.25a-c shows a cross section of the step with contours of
non-dimensional temperature and velocity vectors overlaid. The approximate location of
the plane is highlighted in the lower right corner by the solid black line with the plane
oriented to be in the direction of the incoming velocity. The horizontal and vertical axes
have been non-dimensionalized by the axial chord and span, respectively. The turbine
platform is located at z/S = 0. Looking first to Figure 6.25a, for which we are looking at
leakage corresponding to the ActiveMC engine (1.67%) one can see hot mainstream
gases (θ = 0) traveling along the top portion of the figure. Along the bottom, traveling
along the turbine platform are the coolant gases which are introduced from the front
plenum. Mixing between the two flows occurs at a height around z/S = 0.05. At no point
in this cross-section do the hot gases travel into the backward facing step nor do the
velocity vectors indicate a great deal of mixing. Leakage matching the PW6000 (Figure
6.25b with 2.05% leakage) and PW4000 (Figure 6.25c with 2.63% leakage) show much
of the same phenomena seen with the ActiveMC leakage with the only noticeable
difference occurring at a location of x/Bx = 0.09 and z/S = 0.02 where θ = 0.9, showing
that some cooler gases may penetrate into the region for these higher flows.
Another plane defined to look at possible ingestion around the front rim is
displayed in Figure 6.26a-c for the ActiveMC, PW6000 and PW4000, respectively. This
plane is oriented in the vertical direction such that it sits at the location of the step
overhang and travels down to the platform which is highlighted by a black line within the
figure. Looking back to Figure 6.25a to obtain an orientation we see that the plane of
interest is located at x/Bx = 0.08 from z/S = -0.04 to z/S = 0.02 and stretches across the
entire pitch of the platform. The horizontal axis has been non-dimensionalized by the
blade pitch while the vertical axis is non-dimensionalized by the blade span. Figure
6.26a shows the ActiveMC (1.67%) front rim leakage coolant temperature with a nearly
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uniform value of θ = 1 throughout the entire pitch. Looking at Figure 6.26b which has
increased front leakage (2.05%) there is a slight increase in the fluid temperatures along
the z/S = 0.06 region. Again with Figure 6.26c the coolant to the step is increased
(2.63%) and there is an even larger area along z/S = 0.06 in which the temperature is
below θ = 1. This is an odd occurrence as one might expect additional coolant from the
front rim to equate to a cooler temperature. It appears as thought these higher coolant
flows may result in greater mixing of the mainstream gas with the coolant flows thereby
explaining this trend in the data.
One final image of the front leakage region is shown with Figure 6.27 for the
ActiveMC configuration in which streamlines were seeded near the platform surface, just
upstream of the step. The streamlines have been colored by non-dimensional temperature
and show relatively little mixing as the flow travels into the step region. The coolant
flow from the front rim and gutter appear to be high enough that when coupled with the
high velocity of the mainstream gases does not allow a great deal of mixing or ingestion
around the step.
The last region where ingestion of hot gas could be present lies within the
featherseal. The region is extremely thin (measuring less than 1mm at an 11x scale), and
spans most of the platform. Figure 6.28a-d shows four contour plots of non-dimensional
temperature with the horizontal and vertical axes divided by the axial chord and span,
respectively. The position of the plane is shown in the lower left corner of the figure as a
black line through the main passage. A value of z/S =0 corresponds to the location of the
platform with values of z/S > 0 being within the passage and values of z/S < 0 being
located within the featherseal. Flow passes from left to right with y/P = 0 being the start
of the featherseal while y/P = 1.15 is the end. The first plot, Figure 6.28a is ActiveMC
leakage without a microcircuit. This figure shows some slight variations from the other
plots in which there is microcircuit cooling particularly around z/S = 0.02 and y/P = 0.90
as the lack of a microcircuit leads to slightly higher fluid temperatures at this location.
Figure 6.28b, shows cool gases far above the surface of the platform for the ActiveMC
leakage (0.37%), more than likely a function of both the feather seal and front leakage
flow. While the front parts of the featherseal are shown to be the temperature of the
coolant the back regions experience far less flow to the point where coolant trickles out
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of the seal. This holds true for each of the other cases where the same cooling patterns
are present. Figure 6.28c has leakage flows of 0.77% corresponding the PW6000 while
Figure 6.28c has a flowrate of 0.53% corresponding to the PW4000. At no point does
there appear to be any hot gases ingested by the featherseal.
Figure 6.29 shows streamlines released from the featherseal plenum and colored
by non-dimensional temperature for the ActiveMC configuration. This image clearly
shows the cooling flow exiting along the entire span of the featherseal with a far greater
amount of flow exiting around the mid-chord and leading edge region of the featherseal.
Also evident is the area along the platform that experiences cooling from the featherseal.
This region is relatively small.
Effectiveness predictions have been shown throughout this chapter in the form of
contours and pitchwise-averages. One final format of effectiveness will be presented in
Figure 6.30 in which area-averaged effectiveness is presented for each of the nine
platform cases that was simulated with coolant. By looking at area-averaged
effectiveness we can gain an overall idea of the ability of a given level of flow to provide
adequate cooling. This technique will certainly never provide as much detailed
information as contoured effectiveness data, but it provides a good look at the ability of a
given level of coolant to cool. In Figure 6.30 area-averaged effectiveness is plotted
against the percent cooling flow. Five different scenarios are plotted and include
ActiveMC leakage with variations in microcircuit flow termed ActiveMC, variations in
aft leakage flow termed Leakage, PW4000 leakage with microcircuit cooling termed
PW4000, PW6000 leakage with microcircuit cooling termed PW6000 and finally
microcircuit only cooling termed Microcircuit Only. The best cooling is seen with the
PW4000 which as it turns out has the most coolant flow. The PW6000 effectiveness
results are slightly below those of the PW4000 as is the overall cooling flow. Looking at
the Leakage and ActiveMC curves it is possible to see the benefit of adding a microcircuit
to the cooling regime and the benefit of varying the flow to microcircuit. Finally, the
microcircuit only case is shown with relatively poor results.
Having looked at various cases involving platform cooling we can now quantify
the effects leakage cooling has the turbine platform. Front rim leakage appears to be very
effective in providing substantial cooling over a large region. The microcircuit
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placement appears to be ideal in dealing with most of the hot spots along the platform as
the cases computed without microcircuit cooling showed hot regions along the pressure
side of the blade and at the trailing edge of the suction side. The microcircuits should
provide improved cooling effects to these hot areas of concern. As for the problem of
ingestion in the aft gutter, predictions showed rather large amounts of mainstream gas for
coolant rates of approximately 1.5% while the ingestion dropped significantly when
coolant levels were raised to 2.5%.
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Table 6.1. Summary of leakage flows for three engine configurations: PW4000,
PW6000, and ActiveMC.
Leakage
Location
PS M/C
SS M/C
feather seal
Front Rim
Aft Rim

PW4000
Mass Flow %
Engine
Test
0.14
0.27
0.11
0.21
0.28
0.53
1.37
2.63
0.77
1.47

PW6000
Mass Flow %
Engine
Test
0.14
0.27
0.11
0.21
0.40
0.77
1.07
2.05
0.76
1.46

ActiveMC
Mass Flow %
Engine
Test
0.14
0.27
0.11
0.21
0.18
0.37
0.87
1.67
0.96
1.84
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#

Geometric Feature

Color

1

front gutter

orange

2

front rim

red

3

featherseal

blue

4

PS microcircuit

turquoise

5

SS microcircuit

maroon

6

aft rim

green

7

aft gutter

magenta

Figure 6.1. Various leakage flows throughout the platform geometry. Each has been
assigned a reference number and a unique color.
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Figure 6.2. Isometric view of the platform geometry showing featherseal leakage
(orange), front rim leakage (pink and yellow), aft rim leakage (violet) and microcircuit
ducts (green) with the blade fillet (blue).
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Plane
SS1
SS2
SS3
SS4
SS5
PS1
PS2
PS3

s/smax

X/Bx

0.01
0.31
0.68
0.82
0.95
-0.15
-0.51
-0.96

0.06
0.39
0.88
0.96
0.99
0.07
0.57
0.96

Figure 6.3. Secondary flow planes around the platform defined as being normal to the
blade with three pressure side (PS) planes and five suction side (SS) planes.
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a)
0.25Uin

b)

Figure 6.4a-b. Secondary flow vectors along a pressure side plane (PS2) defined as
being normal to the blade at an axial location of 57% of the axial chord for a a) baseline
case with no fillet and b) baseline case with fillet.
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a)

0.25Uin

b)

Figure 6.5a-b. Secondary flow vectors along a suction side plane (SS4) defined as being
normal to the blade at an axial location of 96% of the axial chord for a a) baseline case
with no fillet and b) baseline case with fillet.
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a)

0.25Uin

θ
b)

Figure 6.6a-b. Secondary flow vectors with contours of non-dimensional temperatures
for a case with leakage flows in the a) PS2 plane defined as being normal to the blade at
an axial location of 57% of the axial chord, b) SS4 plane defined as being normal to the
blade at an axial location of 96% of the axial chord.
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η
a)

b)

c)

Figure 6.7a-c. Contours of adiabatic effectiveness along the turbine blade platform for three different cases of leakage cooling flow.
For each case leakage coolant flow is constant (corresponding to ActiveMC leakage) with the exception of aft leakage which is varied
between a) 1.5%, b) 2.0% and c) 2.5% of the core flow.
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Figure 6.8. Pitchwise-averaged effectiveness along the platform for cases with constant
leakage flows (corresponding to ActiveMC leakage) with the exception of the aft leakage
leakage which varied in each case between a) 1.5%, b) 2.0% and c) 2.5% of the core
flow.
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θ

a)

b)

c)

Figure 6.9a-c. Contours of non-dimensional temperature taken along the platform at the
exit of the aft rim showing the variations in fluid temperatures between a) 1.5%, b) 2.0%
and c) 2.5% aft leakage flow.
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a)

θ

b)

c)

Figure 6.10a-c. Non-dimensional temperature within the aft gutter showing hot gases
ingested into the gutter for blowing ratios of a) 1.5%, b) 2.0%, and c) 2.5% core flow.
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Cp

Cp

Note: Scales vary between images
Figure 6.11. Pressure contours along the platform for a case of ActiveMC leakage flow.
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a)

Cp

b)

c)

Figure 6.12a-c. Pressure contours around a plane cut through the middle of the aft gutter
for ActiveMC leakage flows and variable aft leakage flow of a) 1.5%, b) 2.0%, and c)
2.5% core flow.
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η
a)

b)

c)

Figure 6.13a-c. Contours of adiabatic effectiveness along the platform for combined microcircuit and leakage cooling with engine
flows relating to the a) ActiveMC, b) PW6000, and c) PW4000.
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η
a)

b)

c)

Figure 6.14a-c. Contours of adiabatic effectiveness along the platform for combined microcircuit and leakage cooling with ActiveMC
leakage and variations in the microcircuit flow corresponding to a) 0.24%, b) 0.48%, and c) 0.96% core flow.
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η

a)

b)

Figure 6.15a-b. Contours of adiabatic effectiveness along the platform for the a) ActiveMC flows, and b) ActiveMC flow with just
microcircuit cooling.
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Figure 6.16. Pitchwise-averaged adiabatic effectiveness along the platform for combined
microcircuit and leakage cooling with engine flows relating to the ActiveMC, PW6000,
and PW4000.
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Figure 6.17. Pitchwise-averaged effectiveness along the platform for the ActiveMC
leakage with variations in the microcircuit flow rates corresponding to 0.24%, 0.48% and
0.96% core flow.
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Figure 6.18. Pitchwise-averaged effectiveness along the platform for the ActiveMC, and
ActiveMC with just microcircuit cooling.
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Figure 6.19. Pitchwise-averaged effectiveness along the platform for the ActiveMC, and
ActiveMC without microcircuit cooling.
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a)

b)

θ
c)

0.25Uin
d)

Figure 6.20a-c. Secondary flow vectors and contours of non-dimensional temperature
along a pressure side plane (PS2) defined as being normal to the blade at an axial location
of 57% for engine flowrates for a(n) a) ActiveMC without microcircuit injection, b)
ActiveMC, c) PW6000, and d) PW4000.
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a)

b)

θ

c)

0.25Uin
d)

Figure 6.21a-d. Secondary flow vectors and contours of non-dimensional temperature
along a pressure side plane (SS4) defined as being normal to the blade at an axial location
of 96% for a(n) a) ActiveMC without microcircuit injection, b) ActiveMC, c) PW6000,
and d) PW4000 engines.
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a)

θ

b)

c)

Figure 6.22. Contours of non-dimensional temperature with velocity vectors within the
aft gutter showing the ingestion of hot mainstream gases for engine flowrates
corresponding to the a) ActiveMC, b) PW6000, and c) PW4000.
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a)

Cp

b)

c)

Figure 6.23. Pressure contours around a plane cut through the middle of the aft gutter for
a) ActiveMC, b) PW6000, and c) PW4000 leakage flows as depicted by Table 6.1.
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θ

Figure 6.24. Streamlines colored by non-dimensional temperature released within the aft
gutter just below the turbine platform. The streamlines exit through the aft rim and not
the gutter (ActiveMC configuration shown).
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a)

b)

step

turbine
platform

c)

θ

plane
Uin

Figure 6.25. Contours of non-dimensional temperature with velocity vectors cut through
the backward facing step at the leading edge of the turbine platform for cases three
different cooling cases with the a) ActiveMC, b) PW6000, and c) PW4000.
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θ

a)

b)

c)

Figure 6.26. Contours of non-dimensional temperature in a plane located at the exit of
the backward facing step to look for hot gas ingestion for cases with a) ActiveMC, b)
PW6000, and c) PW4000 cooling flows.

239

θ

Figure 6.27. Streamlines colored by non-dimensional temperature released upstream of
the backward facing step along the platform to study any flow patterns that may develop
and cause ingestion (ActiveMC configuration shown).
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a)

θ

b)

c)

d)

Figure 6.28a-d. Contours of non-dimensional temperature in a plane cut through the
featherseal gap for cases with a) ActiveMC without microcircuits, b) ActiveMC, c)
PW6000, and d) PW4000.
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θ

Figure 6.29. Streamlines released from the featherseal plenum showing the trajectory of
the flow that exits from the featherseal with the ActiveMC configuration.
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Figure 6.30. Area-averaged adiabatic effectiveness along the platform plotted against
coolant flows for various cases.
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Chapter 7
Experimental Overview and Benchmarking
Results from computational studies performed on the tip and platform geometries
were presented in chapters five and six. These results were obtained by numerically
solving the Navier-Stokes equations with the use of the kε-RNG turbulence modeling
package. With any computational study the results should be benchmarked to some
experimental data in order to obtain some information about how well the CFD code does
in predicting flow and heat transfer characteristics. This chapter will present some
experimental data taken from the Virginia Tech low speed wind tunnel facility that
produced conditions very similar to those seen in the computations. Specifically, static
pressure along the shroud and adiabatic effectiveness along the tip will be used for
comparison as well as some pitchwise-averaged and area-averaged adiabatic
effectiveness data. Experimental data along the tip was completed by Couch [2003] with
additional tip work performed by Christophel [2003] while platform experiments will be
completed by Ranson [2004].
A turbine blade typically varies along the entire span, but for both the
experimental and computational tests the blade was divided into individual platform and
tip geometries. These two separate geometries ensured that the pressure distributions
along the blade would match those seen in the engine. Before a detailed discussion and
comparison to the experimental data is made, a brief discussion concerning the
experimental facility will be presented. Some of the general wind tunnel set-up,
specifications and procedures used to acquire data will be presented. An explanation of
the experimental facility will help the reader understand some of the boundary conditions
placed on the computational model and obtain a better understanding of the entire
experimental and computational processes.
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7.1 Experimental Facility
The experimental facility consisted of a large-scale, low-speed, closed-loop wind
tunnel system capable of obtaining flow speeds near 15 m/s through the turbine blade test
section used in this study. A diagram of the wind tunnel is shown in Figure 7.1. Starting
at the fan, flow travels through a primary heat exchanger to obtain a uniform temperature
profile before being divided into three passages. The main passage, located in the center,
has a large heater that is used to achieve hot mainstream gas, while flow to the two
auxiliary passages can be cooled by secondary heat exchangers to simulate coolant gases.
The splitting of the flow into three respective parts signifies the start of the combustor
simulator, which for the tests in question was not used. Flow then enters the
experimental test section, consisting of either the tip blade model or the platform blade
model. Coolant flow is then introduced via a duct from one of the cooler auxiliary
passages or from a pressurized air line from physical plant to supply the desired cooling
air for the tip or platform.
A description of test section will be presented with basic details concerning the
operation of the test facility being highlighted to form a general understanding of how
experimental data was obtained. For more detailed information concerning the test
facility and experimental methodologies Couch [2003], Christophel [2003] and Ranson
[2004] will present a detailed discussion of the facility as well as their experimental
methodologies for the tip and platform testing.
The tip test section consisted of a two passage linear cascade while the platform
geometry was a three passage cascade as shown in Figure 7.2 and Figure 7.3,
respectively. This set-up was necessitated by the Reynolds numbers that were required
for each geometry, and was discussed in detail within Chapter 3. For each geometry
pressure taps were located near the mid-span of a centrally located blade in order to
match the pressure distribution around the blade as seen in the computations. The
pressure distribution was adjusted through the movement of a flexible outer wall, and
side gates as shown in the tip geometry of Figure 7.2 and the platform geometry of Figure
7.3. Matching the pressure distribution around the blade ensured equal flow distribution
between each of the respective flow passages, which is necessary to achieve periodicity.
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It also ensures the correct driving pressures in the flowfield for such things as tip gap
leakage and platform leakage, which are strong functions of pressure.
Figure 7.4a-b shows two photographs taken of the tip test section. In Figure 7.4a
the camera is positioned upstream of the blades looking downstream at the inlet to the
turbine section. The centrally located blade with a black tip was used for all
measurements with the tip gap located along the bottom wall. Figure 7.4b shows the test
section with the camera oriented looking towards the exit of the turbine blades. Two
things to notice in this photograph are the flexible outer walls that allow the pressure
distribution to be set around the blade and the tip gap adjustment mechanism located on
top of the of the test section.
Investigation of the tip geometry involved taking pressure measurements along
the outer shroud and adiabatic effectiveness measurements along the tip. Pressure
measurements were made through the use of approximately 120 pressure taps located
throughout the outer shroud with the locations shown in Figure 7.5. These taps were
placed around the center blade where the locations were chosen based on several CFD
models. After setting the tip gap to the desired height and bringing the wind tunnel up to
speed all of the pressure taps measurements were recorded. The data was then run
through a post-processing program to develop the necessary contours, which are
presented and compared to predicted results in the following pages.
The process of obtaining data for adiabatic effectiveness required more time than
pressure measurements due to the time required to reach a thermal equilibrium within the
tunnel. After several hours of operation the wind tunnel normally reached steady-state
conditions at which point data could be acquired. For the tip geometry, four pictures of
the tip were taken with a calibrated infra-red (IR) camera. The pictures were calibrated
through the use of thermocouples located on the tip surface and assembled to form one
temperature contour of the tip surface as shown in Figure 7.6. The IR camera was
positioned to look directly at the blade tip and required the use of a special material (zinc
celenoid) along the outer shroud that permitted infer-red wave lengths to pass through.
Materials such as glass or plexi-glass did not allow the entire infra-red spectrum to pass.
For the platform, only measurements of adiabatic effectiveness were acquired.
The area of the platform was far larger than the tip, so that a series of many pictures was
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assembled. The pictures of the platform were taken with the camera lens located in holes
placed in the test section wall opposing the endwall. This was possible because the area
of interest was located a full blade span from the location of the camera such that the
flow along the measurement platform was not affected. For this reason the special IR
transparent glass was not needed. As with the tip, all IR images were calibrated with
thermocouples located throughout the endwall. Computationally, a periodic boundary
condition along the pitch can be applied due to the equal flow distribution within the
turbine cascade. Matching flow angles in the wind tunnel involves angling the blade
cascade as shown in Figures 7.2 and 7.2. Those same angles can be obtained
computationally by setting a specific flow entrance angle. Flow velocities are set to
match those seen in the tunnel while temperatures differences are also set to closely
follow those obtained in the wind tunnel of 20-25 K. All told the experiments and
computations are extremely similar.

7.2 Comparison of Predictions and Measurements for the Tip Studies
The computational studies performed with the tip and platform geometries
provided a great deal of insight into some of the underlying physics associated with these
flows, but this information was generally unproven. Experimental data from the tip study
will be presented within this section with discussion and comparison to a variety of
computational data including: pressure contours, adiabatic effectiveness contours,
pitchwise-averaged effectiveness and area-averaged effectiveness data. Experimental
pressure contours were taken for baseline cases consisting of a flat blade tip as well as for
cases in which there was only dirt purge blowing and cases with combined microcircuit
and dirt purge blowing. All of the data was taken with a small and large tip gap. This in
itself provided a great deal of data for comparison purposes, but in addition to the
pressure data, adiabatic effectiveness measurements were experimentally measured and
are presented along the tip surface.
Baseline pressure contours are shown in Figure 7.7 for a small and large flat tip
with no blowing. The flow conditions used for the experiments and computations
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remained constant between these two cases and for the remaining data that will be
presented. There is generally good agreement in the pressure contours between
computations and experiments. In the leading edge region the computations at both tip
gap sizes are approximately one pressure level lower than experimental results. Similar
contour patterns occur between both the experimental and computational work at both tip
gaps. In the mid-chord region, more so with the large tip gap than the small, the
computations tend to slightly under-predict the pressure levels relative to the
measurements. Lower experimental pressures generally indicate higher velocities around
the mid-chord and increased tip leakage over predicted values. Typically, the mid-chord
region tends to experience flow separation, something very difficult to predict and thus a
possible source of error between the results. Investigation of the suction side of each
blade indicates the development of a tip leakage vortex as shown by the lower pressure
zones. Its location does vary somewhat between experiments and computations. It
appears that computations show the vortex forming further upstream than the
measurements indicate, but this could be a result of the inability of experiments to fully
resolve out the pressure field. It also could be the result of the span-wise height of the
vortex varying slightly between computations and experiments, thus not appearing as one
might expect. The contours along on the pressure side of the blade match well between
experimental and computational work as does the pressure along the trailing edge.
Figures 7.8 and Figure 7.9 depict pressure contours along the shroud when flow is
released only from the dirt purge for a small and large tip gap, respectively. Looking first
at Figure 7.8, which shows blowing ratios of 0.10%, 0.19%, 0.29% and 0.38% at a small
tip gap one can see that there is once again relatively good agreement throughout the
shroud between computations and experiments. In most cases many of the same trends
present in the baseline cases continue through with these cases. For both measurements
and predictions the dirt purge does not seem to effect tip leakage flow in the mid-chord
and trailing edge region, but instead it seems to have only small local effects in the
leading edge area surrounding the dirt purge. Computations show the dirt purge jets
exiting the purge holes and impinging on the shroud. This same phenomena is not seen
on the experimental results, but one could attribute this to the lack static taps in the direct
line of the incoming coolant stream. As the coolant levels increase from 0.10% to 0.38%
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the pressures levels around the dirt purge jet continue to decrease for experimental and
computational work indicating the ever-increasing flow velocities in this region. For
most cases, in particular the cases with higher coolant rates of 0.29% and 0.38% a high
pressure stagnation zone is present between the two dirt purge ducts showing the coolant
velocities to be very slow if not stagnant as the respective jets meet.
In Figure 7.9, which shows a large tip gap with the same blowing ratios that were
explored for the small tip gap, 0.10%, 0.19%, 0.29% and 0.38%, fairly good agreement is
seen once again between computations and experiments. As shown for the large tip gap
baseline case of Figure 7.7 two variations between the experimental and computational
results continue to be present: the variations in the mid-chord pressure near the flow
separation and the location of the low pressure zone along the suction side of the blade.
In addition, computations continue to show the impingement of the dirt purge jets on the
shroud while experiments do not. In general, the leading edge experimental pressure
measurements remain very similar to the experimental results with a flat tip and no
blowing. This is in sharp contrast to the small tip gap experimental results that showed
some significant changes with the addition of coolant flow. Unlike the experimental
results, the computational data does show some notable changes from the baseline flat tip
case which were noted earlier.
While computational and experimental pressure contours along the shroud were
generally in good agreement there were some variations between adiabatic effectiveness
levels taken along the tip surface. Figure 7.10 depicts dirt purge coolant levels of 0.10%,
0.19%, 0.29% and 0.38% for a small tip gap. At 0.10% coolant flow, the computations
slightly under-predict the spreading of the coolant within the dirt purge cavity, but in
general show similar flow and coolant levels to those seen from the experimental results.
Effectiveness levels are around η = 0.6 just downstream of the dirt purge holes and there
is no coolant upstream of the purge holes. Predictions show better agreement with the
experimental measurements at cooling levels of 0.19%, 0.29% and 0.38%. At these
blowing levels there is enough coolant to penetrate and cool upstream of the dirt purge
holes. The only noticeable variation between these cases occurs near the stagnation
location at the blades leading edge. While predictions continue to show a hot zone near
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the stagnation location, even at 0.38% coolant, the experimental work shows the entire
leading edge covered by cool air with 0.38% blowing.
Relating the adiabatic effectiveness contours to the pressure contours of Figure
7.8 does not provide any great insight as to why there are some variations in coolant flow.
Looking at the computational data for a coolant flow of 0.10% in Figure 7.8 there is a
higher pressure zone just upstream of the dirt purge cavity that is not present in any of the
other computational or experimental results. This higher pressure could be the driving
force behind the lack of coolant shown for the 0.10% computational case of Figure 7.10.
With dirt purge cooling flow and a large tip gap there is relatively poor agreement
between predictions and measured data as seen in Figure 7.11, but a trend seen with
computations does hold with experimental data. In computations, the hot tip leakage
flow is generally seen to wrap around and slip under the coolant flow as it exits from the
dirt purge holes with most of the dirt purge coolant flow appearing along the shroud (as
shown in Chapter 5). Unfortunately, there is no experimental effectiveness data taken
along the shroud for comparison. Experimental results tend to show this same trend with
a reduction in cooling seen as coolant flow is increased from 0.10% to 0.19%. For
experimental results, 0.10% cooling flow is seen just downstream of the blade while
increasing the flow to 0.19% shows reduced cooling in the purge cavity a result of the
higher momentum flow not adhereing the blade surface. Experimentally increasing
coolant to 0.29% and 0.38% results in improved effectiveness. Computationally, the best
adiabatic effectiveness occurs at 0.10% cooling when the coolant is seen just downstream
of the purge holes. Increasing the coolant to 0.19% results in reduced cooling with
similar results seen at 0.29%. Only when the cooling level reaches 0.38% is there a slight
improvement in the effectiveness, but still not rivaling the coolant levels obtained with
0.10% cooling. Looking at the large tip gap pressure contours of Figure 7.9, predictions
show higher pressures around the leading edge than the experimental work. These high
computational pressures could be inhibiting the flow from spreading throughout the
region as seen with the experimental effectiveness contours.
Microcircuit pressure contours are shown in Figure 7.12 and Figure 7.13. Figure
7.12 shows blowing rates of 0.5%, 1.0%, 1.5% and 2.0% for a small tip gap while Figure
7.13 shows the same blowing rates with a large tip gap. Resolving experimental pressure
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contours with microcircuit cooling holes along the tip proved to be somewhat difficult
due to the large number of ducts located throughout the blade, and their interaction with
the shroud. Computational data in Figure 7.12 show additional microcircuit coolant
impinging on the shroud as the blowing rate increases from 0.5% to 2.0% and to some
extent this can be seen with experiments, but even with over 120 experimental pressure
measurements the same resolution is impossible to achieve. In general, the
computational trends follow those seen in the experimental data and in most cases there is
good agreement in contour levels. Notice that with these contour plots there are some
white areas present, which are the result of non-dimensional pressures exceeding the
specified levels. In general, pressure levels on the pressure and suction side (within the
passage) of the blade are constant, indicating similar flow conditions between the
computations and the experiments. From the mid-chord to trailing edge there is relatively
good agreement in contour levels with some lower pressure seen around the pressure side
of the mid-chord for computations. These lower pressures show computations may
slightly over-predict the tip leakage, a trend seen along the shroud for dirt purge only
cooling.
Experiments and computations offer some small variations in the leading edge
region. The experimental contours indicate low pressure areas around the dirt purge
ducts a trend originally seen with the dirt purge only data and carried through to
microcircuit data. The computations do show some low pressure areas around the dirt
purge ducts, but the region is far smaller in size and magnitude. The low experimental
pressures point to relatively high local velocities in this region that are not seen in
predictions. Also noteworthy are the maximum pressures both inside and outside of the
dirt purge. These numbers are referenced by the arrows, which show the approximate
high pressure zone. The maximum values remain in the same location for the
computational data, but drift for the experimental data. Microcircuit interaction along the
shroud is non-existent for the experimental test with a blowing level of 0.5% in terms of
high pressure (white) zones. Increasing coolant flow to 1.0% leads to nearly every
microcircuit duct stagnating on the shroud for predictions with several whit spots present
on experimental work. Coolant levels of 1.5% and 2.0% show significant shroud and
microcircuit interactions both experimentally and computationally.
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Figure 7.13 shows microcircuit pressure contours for a large tip gap. As seen in
most of the other pressure contours presented up to this point, there is relatively good
agreement between experiments and computations on both the pressure and suction sides
of the blade with some minor variations within the tip gap. In the mid-chord region,
instead of the computations under-predicting tip leakage as was seen in the baseline and
dirt purge cooling contours there is now an over-prediction of the tip leakage flow
evident by the lower computational pressures when compared to experimental results.
This under-prediction is certainly due to the addition of the microcircuit holes along the
tip. While experimental mid-chord pressure contours remain relatively constant as
coolant levels vary from 0.5% to 2.0%, the predictions show a continual decline in
pressure with added coolant. With additional coolant being released from the
microcircuit there is also an increase in shroud impingement, indicated by the additional
white spots moving from low to high flow cases. As with the small tip gap cases of
Figure 7.12 there is no microcircuit impingement at 0.5% blowing with small high
pressure regions appearing at 1.0% cooling and slowly increasing in size with additional
coolant for predictions and experiments.
One phenomena not shown well in predictions is the size and magnitude of the
low pressure zones around the dirt purge jets. This was also true for the small tip gap
pressure contours. Experimental data show a low pressure zone located just below the
dirt purge that is evident at 1.5% and 2.0% blowing, which is not seen in predicted data.
This could be an indication of the pressure side vortex or simply some noise in the
experimental data. While this pressure zone is not seen on the computations there could
be a slight variation in the location of the predicted pressure side vortex, a result of
microcircuit blow off. As with the small tip gap cases the highest pressure zones are
noted when the range is exceeded. The location of the high pressure zone remains
constant between all computations, but varies for experiments and actually reaches a
maximum at the trailing edge duct when blowing reaches 2.0%.
Microcircuit effectiveness contours are displayed in Figure 7.14 and 7.15. Figure
7.14 has blowing rates of 0.5%, 1.0%, 1.5% and 2.0% for a small tip gap while Figure
7.15 has similar blowing rates for a large tip gap. The arrows on both figures represent
the location of each of the sixteen respective microcircuit ducts along the blade. In
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Figure 7.14 an investigation of the experimental and computational data shows more
distinct temperature bands in the predicted effectiveness when compared to measured
data. It appears that the flow spreading is not predicted as accurately as would be
desired. There are, however, some experimental errors that could lead to some
dampening of the temperature bands in the experimental data. One possible factor not
taken into account in computations is the heat conduction through the foam and SLA
model from the internal air ducts. Another factor not considered is surface conduction
along the blade tip. These variables may result in a temperature smoothing effect for the
experimental data, but these effects were minimized through the use of low thermally
conductive foam. Anther possible variation between the experimental and computational
work arises in the size and shape of the flow ducts. Each computational model contained
a hole with sharp edges and lines. This cannot be said for the experimental data due to
the construction of the foam tip models. To have nice crisp holes using the foam would
have been nearly impossible and the hole variation does introduce some uncertainty in
flow characteristics that may lead to additional turbulence and mixing.
Figure 7.14 shows disagreement between the experimental and computational
results around the leading edge for low blowing levels of 0.5% and 1.0%. As the coolant
flow increases, so too does the accuracy of the model with good agreement over the
leading edge for 1.5% and 2.0% coolant flow while 0.5% and 1.0% computations underpredict the cooling distribution. The trailing edge region of the experimental and
computational work seems to match well, with minimal cooling effects seen along most
of the trailing edge. Effectiveness is generally near zero before reaching the last duct
where cooling levels are very similar for all cases.
The results of these measurements and predictions for a small tip gap show that
the microcircuit could be improved in the mid-chord region and trailing edge. Both
computations and predictions indicate that as the coolant levels increase, there is little
effect on cooling levels in the mid-chord and trailing edge regions. The degree to which
coolant spreads over the region appears to be poor, particularly with predicted results.
Originally presented in Chapter 5, the computations show coolant flow leaving the
microcircuit and impinging on the shroud before any substantial interaction occurs along
the blade tip. This is evident by the thicker and cooler strips along the suction side of the
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blade when compared to the pressure side. This does not appear to be the case for the
experimental data. Also worth noting is the location of the cooling gas relative to the
exhaust ducts, which are shown by the black arrows. In most cases one can see the path
of cooling gas as it exits the blade and travels across the region. The location of these
cool jets seems to be similar in comparing predicted and experimental results.
The computations of Figure 7.12 showed with that as coolant levels increased, the
mid-chord pressure dropped. This pressure drop would indicate higher velocity coolant
flows or separation. These higher flows are reflected on the tip effectiveness contours by
the thin cooling streaks along the pressure side of the tip that thicken toward the suction
side. Simply put, flow is drawn towards the shroud more-so than the tip. This trend does
not seem to occur with the experimental data.
Figure 7.15 shows microcircuit cooling with a large tip gap. The leading edge
cooling is not predicted as well as was hoped for a large tip gap. While there is fairly
good leading edge agreement between predictions and measurements at a flow rate of
0.5%, the measurements show the eventual full cooling of the region with increased flow
while predictions continue to show hot gas around the stagnation location. This inability
to accurately predict cooling around the stagnation region was also seen with small tip
gap, but to a slightly lesser degree. Experiments show the leading edge has cooling
levels near η = 1 by the time blowing reaches 2.0%, but the computational results show
cooling levels around η = 0.7 over most of the region at the same blowing condition. The
mid-chord region predictions show little variation in cooling effectiveness as cooling
levels increase from 0.5% to 2.0% while experiments show a steady increase in cooling
with additional cooling flow. The small tip gap computations and experiments also
showed little change in mid-chord cooling, but the mid-chord experimental data seem to
disagree with this trend. Computationally, this region may show poor agreement with
experiments due to the inability of the CFD to accurately capture the flow separation that
was predicted.
Computational pressure contours of Figure 7.13 show a decrease in pressure along
the mid-chord with additional microcircuit flow as is reflected in the effectiveness plots.
These plots show a decrease in cooling around the mid-chord pressure side of the blade
with additional cooling. The trailing edge ducts show little cooling ability in predictions,
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while there is in fact some cooling present during experimental runs. Examination of the
microcircuit ducts and their location relative to the cooling streaks can be made for most
cases with the use of the black arrows. The coolant tends to travel in same path for
computations and experiments when looking at similar cases, but the magnitude of the
cooling does vary substantially.
All of the data presented for benchmarking to this point has been a comparison of
contour plots. Another important comparison used by engine designers include pitchwise
averaged data. By taking pitchwise averages of adiabatic effectiveness (as discussed in
Chapter 4) it is possible to make another direct comparison of the experimental and
computational results. Pitchwise-averaged adiabatic effectiveness has been computed for
all of the effectiveness contour plots shown up to this point and is presented in a series of
four figures. Figures 7.16 and 7.17 show effectiveness data for dirt purge flow at a small
and large tip gap, respectively. Figures 7.18 and 7.19 depict combined microcircuit and
dirt purge flows, again with small and large tip gaps. In most cases the experimental data
shows more effective cooling than what was predicted. Some cases show fairly good
agreement as was seen with the contours while others do not.
Figure 7.16 shows four blowing ratios of 0.10%, 0.19%, 0.29% and 0.38% with a
small tip gap. Experimental data is shown as dashed lines while computational data is
depicted with solid lines. The case with the poorest agreement occurs at the lowest
blowing ratios of 0.10%. Fortunately, as the blowing ratio increases better agreement is
obtained. When blowing reaches the higher blowing cases of 0.19%, 0.29% and 0.38%
the best agreement is found, and while the curves do not lie on top of each other the
results are more promising. Small variations occur as the curves climb and descend from
their maximum values near the dirt purge ducts. Measured data show slightly better
cooling than do predictions.
Dirt purge cooling with a large tip gap is depicted in Figure 7.17. All of the
computational data are generally lumped into one generic curve with little variation
between each of the four respective blowing rates while the experimental data show
better cooling when making a one-to-one comparison of cases with similar computational
data. The experimental data with 0.19% cooling and 0.29% cooling are very similar to
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the 0.10% cooling case with some notable improvement seen when cooling reaches
0.38%.
Microcircuit data is shown in Figure 7.18 for a small tip gap. Looking at the midchord region, with x/Bx varying from 0.5 to 0.75 the computations indicate little variation
in computational data. This same trend is seen for the measurements, but offset slightly
above the predicted results. In fact, the computations and experimental data show little
variation with changes in coolant levels. The only exception to this seems is at the
computational case of 0.5% blowing, which is predicted to lie considerably below the
other data. The agreement between predictions and measurements is relatively good with
cooling levels generally reaching η = 1 in the leading edge and dropping to η = 0.4 along
the mid-chord.
The final pitchwise-averaged effectiveness plot is for a large tip gap with
microcircuit flow as seen in Figure 7.19. The clustering of curves into a small band as
seen with a small tip gap in Figure 7.18 is not present for the experimental data, but
remains for the computational data. For 0.5% blowing there is good agreement between
computations and experimental results, but this agreement is not present for higher
blowing rates in which the experimental data continue to exceed predicted values.
A final comparison that proves useful when examining overall trends in the data
is the examination of area-averaged effectiveness along the entire tip. Figures 7.20 and
7.21 show area-averaged adiabatic effectiveness for dirt purge and combined dirt purge
and microcircuit blowing, respectively. In Figure 7.20 one can see that the small tip gap
is always cooler than the large tip gap. Experimental effectiveness increases slowly with
additional coolant rising by approximately η = 0.1 as coolant is increased from 0.1% to
0.38%. The experimentally obtained large and small tip gap data show similar
effectiveness results at low blowing, but become separated by η = 0.1 when blowing
reaches 0.38%. The computational and experimental data seem to follow similar trends
with the computational data at low flows having similar effectiveness when comparing
small and large tip gaps and with large gains in effectiveness seen as blowing increases to
0.38%. It appears as though additional coolant at a large tip gap is not very effective at
cooling the tip as both these curves (experimental and computational) are rather flat. For
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a small tip gap, computations show a rapid increase in cooling as levels increase from
low to high blowing that is far steeper than the improvements seen with the experimental
data.
Figure 7.21 shows microcircuit area-averaged effectiveness for a total of sixteen
cases, eight computations and eight experiments. The predicted data show cooling levels
that constantly increase with the addition of more coolant. The large and small tip gaps
are generally separated by η = 0.15. The experimental effectiveness levels are higher
than the computations in all but one case. It appears the computations and small gap
experimental data all seem to maintain similar slopes with the large tip experimental data
not following this pattern. Instead, this data shows substantial cooling improvements
going from low to high coolant ratios. Small tip gap measurements show the addition of
coolant to do little in improving the blade tip cooling indicating coolant saturation of the
tip gap.
A detailed comparison of computational and experimental results along the blade
tip has been presented within the chapter. Pressure and effectiveness contours were
discussed as well as pitchwise-averaged and area-averaged effectiveness. Generally,
pressure contours matched well for cases with dirt purge blowing and combined dirt
purge and microcircuit blowing. The comparison of effectiveness measurements and
predictions showed some mixed results with many of the same trends being present
throughout the experimental and predicted data.
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Figure 7.1. Diagram of VT ExCCL experimental wind tunnel facility.
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Figure 7.2. Tip test section geometry showing the IR camera window and the flow
control mechanisms including the side gates, and flexible outer wall. (Couch, 2003)
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Figure 7.3. Platform test section showing the flexible outer wall and outer gates as well
as several leakage gaps and microcircuit locations. (Ranson, 2004)
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Figure 7.4. Photographs of the tip test section showing a view from a) upstream of the
blades looking at the two passages and the black experimental tip, and b) behind the test
section showing the flexible outer walls and blade adjustment mechanism.

260

Figure 7.5. Computational data used to place pressure taps within the experimental
facility and record pressure contours.

Figure 7.6. Experimental assembly of IR images. Four separate IR camera images are
shown after the calibration process before being assembled into one final image and
cleaned up for final presentation (Christophel, 2003).
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Figure 7.7. Computational (top) and experimental (bottom) baseline pressure contours
taken from a flat tip with a small and large tip gap.
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Figure 7.8. Computational (top) and experimental (bottom) pressure contours taken with dirt purge blowing levels of 0.10%, 0.19%,
0.29% and 0.38% core flow for a small tip gap.
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Figure 7.9. Computational (top) and experimental (bottom) pressure contours taken with dirt purge blowing levels of 0.10%, 0.19%,
0.29% and 0.38% core flow for a large tip gap.
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Figure 7.10. Computational (top) and experimental (bottom) adiabatic effectiveness contours taken with dirt purge blowing levels of
0.10%, 0.19%, 0.29%, 0.38% core flow for a small tip gap.
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Figure 7.11. Computational (top) and experimental (bottom) adiabatic effectiveness contours taken with dirt purge blowing levels of
0.10%, 0.19%, 0.29%, 0.38% core flow for a large tip gap.

266

2.9

12.7

29.2

52.1

Cp
0
-2
-4
-6

1.1

4.9

21.6

11.3

Computational
0.5%

-8

1.0%

1.5%

2.0%

10.9

49.5

-10
-12
-14
-16

Experimental
6.2

3.5

5.7

Figure 7.12. Computational (top) and experimental (bottom) pressure contours taken with microcircuit blowing levels of 0.5%, 1.0%,
1.5% and 2.0% core flow for a small tip gap. Maximum pressure inside and outside the dirt purge is noted when the range is exceeded.
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Figure 7.13. Computational (top) and experimental (bottom) pressure contours taken with microcircuit blowing levels of 0.5%, 1.0%,
1.5%, 2.0% core flow for a large tip gap. Maximum pressure inside and outside the dirt purge is noted when the range is exceeded.
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Figure 7.14. Computational (top) and experimental (bottom) adiabatic effectiveness contours taken with microcircuit blowing levels
of 0.5%, 1.0%, 1.5%, 2.0% core flow for a small tip gap. Arrows indicate the location of the microcircuit ducts.
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Figure 7.15. Computational (top) and experimental (bottom) adiabatic effectiveness contours taken with microcircuit blowing levels
of 0.5%, 1.0%, 1.5%, 2.0% core flow for a large tip gap. Arrows indicate the location of the microcircuit ducts.
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Figure 7.16. Computational and experimental pitchwise-averaged adiabatic effectiveness
along the tip for dirt purge flow at blowing levels of 0.10%, 0.19%, 0.29% and 0.38%
core flow for a small tip gap.
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Figure 7.17. Computational and experimental pitchwise-averaged adiabatic effectiveness
along the tip for dirt purge flow at blowing levels of 0.10%, 0.19%, 0.29% and 0.38%
core flow for a large tip gap.
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Figure 7.18. Computational and experimental pitchwise-averaged adiabatic effectiveness
along the tip for microcircuit flow at blowing levels of 0.5%, 1.0%, 1.5% and 2.0% core
flow for a small tip gap.
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Figure 7.19. Computational and experimental pitchwise-averaged adiabatic effectiveness
along the tip for microcircuit flow at blowing levels of 0.5%, 1.0%, 1.5% and 2.0% core
flow for a large tip gap.
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Figure 7.20. Computational and experimental area-averaged adiabatic effectiveness
along the tip plotted against dirt purge flow at various coolant blowing levels.
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Figure 7.21. Computational and experimental area-averaged adiabatic effectiveness
along the tip plotted against microcircuit flow at various coolant blowing levels.

273

Chapter 8
Conclusions
Tip and platform flow patterns and film-cooling have been discussed for a number
of different configurations within this text providing some insight into these complicated
phenomena. In Chapter 2 the work of previous researchers was highlighted. Of note was
the lack of research performed on much of what was presented within this thesis
including: blowing of coolant from dirt purge holes and microcircuit holes along the tip,
and the effect of leakage and microcircuit injection flow along the blade platform. In
Chapter 3 the computational geometries and test matrices were presented with over thirty
cases examined throughout the course of this study. Chapter 4 provided information
concerning the computational methodologies employed and discussed various formats for
data analysis and presentation. Detailed results from the tip study were shown in Chapter
5 with platform results in Chapter 6. Finally, the benchmarking of tip computational data
was made to experimental data taken by Couch [2003].
This chapter serves to summarize some key findings that were discussed
throughout this thesis. Section 8.1 will present conclusions from the tip studies while
Section 8.2 will discuss conclusions made from the platform studies. Finally, Section 8.3
will discuss some future work that may be of interest in the gas turbine community.

8.1. Tip Blowing Studies
Looking back to Chapter 5, four different geometries were examined to obtain a
comprehensive view of thermal and flow characteristics within a blade tip-gap
configuration. Consideration of the first two geometries, which included a flat tip and a
tip with a dirt purge cavity showed that there were minimal effects of this cavity on the
tip leakage, both in the amount of leakage as well as the tip leakage vortex. The dirt
purge cavity with blowing from two dirt purge holes, which was the third geometry of
interest showed relatively good agreement to experimental data. Similar trends in the
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data were present when comparing experimental and computational data which is very
promising. One trend of particular interest was the lack of improvement in cooling seen
with a large tip gap as more coolant was added. Computations indicated that much of the
coolant was not adhering to the tip surface and was instead impacting the shroud and
mixing with hot tip gap leakage. Comparisons of a small tip gap with blowing from the
dirt purge holes showed relatively good agreement to experimental data with the
determination that dirt purge flow may in fact be a viable cooling option over a large
portion of the leading edge. Predicted pressure contours for cases with dirt purge
blowing matched reasonably well to experimental data for all cases.
Investigation of microcircuit injection along the pressure side of the airfoil
yielded some interesting results. Comparing results from the simulations and
measurements showed that some of the predictions were fairly good while others could
use improvement. One issue not handled well with computational work was the
prediction of the flow separation zone along the mid-chord of the tip, particularly for the
large tip gap. The spreading of coolant was also somewhat underpredicted by the CFD
models when comparing with experimental data. The computations did show many of
the same trends seen with the experimental data as well as depict the flow path of the
coolant as it exits the microcircuit. For all cases pressure contours generally matched
well between simulated and measured data. Tip effectiveness levels at the small tip gap
showed the addition of more coolant at the mid-chord and trailing edge did not reduce
adiabatic wall temperatures both for predictions and measurements. Another interesting
phenomena seen with the computational data was a significant amount of microcircuit
coolant being blown from the pressure side of the blade into the main passage. This
blow-off is undesirable from both a thermal and flow standpoint as valuable coolant is
not utilized and a pressure side vortex develops within the passage. Tip leakage did not
seem to vary considerably from baseline cases to those with microcircuit blowing.
Overall, the microcircuit did provide relatively good cooling over much of the blade with
the exception of the trailing edge region in which there was very little film-cooling.
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8.2. Platform Effectiveness Studies
A search of literature concerning turbine blade platform cooling yields very few
indications of leakage coolant trajectories that are available to blade designers. The work
presented in Chapter 6 quantified the cooling levels associated with current engines as
well provide insight into future technologies that look to improve upon the cooling
provided by leakage flows through the use of microcircuits. Cooling flows from a
platform design containing leakage from a featherseal combined with front and aft
leakage were included in the study for three different engine designs: ActiveMC,
PW6000 and PW4000. Cooling by leakage flows showed that, in general, front rim
leakage provided good cooling over much of the platform with superior cooling seein
from the PW4000 configuration. The PW4000 experienced the best results because it
had the highest leakage rate of 5.11% core flow compared to 4.76% and 4.36% for the
PW6000 and ActiveMC, respectively. We conclude that additional coolant provides an
increase in effectiveness. Several hot spots were found to exist along the pressure side of
the blade and parts of the suction side, which prompted engine designers to use
microcircuit cooling technologies to provide better cooling throughout the hotter regions.
Microcircuit and leakage cooling, through predictions of adiabatic effectiveness, look
extremely promising in their ability to cool most of the platform. The positions of the
microcircuits should provide additional internal cooling beyond the benefit of the film
cooling. Possible flow ingestion was examined at each of the leakage points along the
platform (featherseal, front gutter, front rim, aft gutter, and aft rim). Both the front rim
and gutter experienced no ingestion of hot mainstream gas nor did the featherseal and aft
rim. Unfortunately, simulations indicated the aft gutter may be prone to ingesting some
hot gases as the aft leakage exits exclusively through the aft rim. Blowing levels were
varied to the aft gutter and rim between 1.5% and 2.5% of the core flow with the
ingestion shown to decrease with the introduction of more coolant.
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8.3. Recommendations for Future Work
There are numerous directions in which the tip and platform work could lead both
from a computational and experimental side. Currently, the original computational and
experimental work [Couch, 2003] outlined for the tip has been completed with the dirt
purge cases and the combined microcircuit and dirt purge cases. The platform
experimental work [Ranson, 2004] will begin later this year and already additional
experimental tip work [Christophel, 2003] has been undertaken to study other tip cooling
techniques. From a computational standpoint the need for better and more accurate
models is always an issue. While this work was performed with the RNG-kε turbulence
modeling package it may also be interesting to look into more advanced modeling
packages such as Large Eddy Simulation (LES). The flow regime within the tip gap is
extremely complicated, being highly three-dimensional with viscous effects, making it
very challenging to predict. The flow separation zone did not appear to be predicted well
by the current simulations, which is very important when predicting the flow and heat
transfer along the blade. Other computational work of interest could involve developing
a combined FEA/CFD model to investigate the combined internal and external cooling
effects of the microcircuit, which could ultimately be compared to experimental data
already obtained by Couch [2003] with an alumina blade tip. Also of interest would be a
redesign of the microcircuit to further reduce some of the hotter regions along the trailing
edge of the tip. This redesign could be optimized computationally with additional
experimental work done as a follow-up.
Mentioned earlier, the experimental tip work has already been expanded to
include several additional geometries to be investigated by Christophel [2003]. His
results should further improve the knowledge of tip cooling that has already been
developed by the work to date. Experimentally, it might be interesting to obtain some
thermal planes throughout the rig in similar locations to those set-up computationally to
study how well the simulations predicted the tip leakage vortex and the pressure side
vortex which computations showed to occur at various microcircuit blowing levels. It
would also be very interesting to experimentally investigate what are the optimal scaling
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criteria for coolant flows. Should scaling take place by matching engine Reynolds
numbers, blowing ratio, momentum ratio, a combination of the three or something else?
Platform experiments should provide additional information concerning the
ingestion of hot gasses within the aft gutter at which point a redesigned aft gutter and rim
configuration may be of interest in an attempt to eliminate ingestion. Measurement of
heat transfer coefficients with leakage and microcircuit flows would also be very valuable
to the literature. Further microcircuit tests to study their overall effects (both internally
and externally) would also be of interest from both a computational and experimental
standpoint.
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