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Mainstream Aerodynamic Effects
Due to Wheelspace Coolant
Injection in a High-Pressure
Turbine Stage: Part I—
Aerodynamic Measurements
in the Stationary Frame
The relative aerodynamic and performance effects associated with rotor–NGV gap cool-
ant injections were investigated in the Axial Flow Turbine Research Facility (AFTRF) of
the Pennsylvania State University. This study quantifies the effects of the coolant injection
on the aerodynamic performance of the turbine for radial cooling, impingement cooling in
the wheelspace cavity and root injection. Overall, it was found that even a small quantity
(1 percent) of cooling air can have significant effects on the performance character and
exit conditions of the high pressure stage. Parameters such as the total-to-total efficiency,
total pressure loss coefficient, and three-dimensional velocity field show local changes in
excess of 5, 2, and 15 percent, respectively. It is clear that the cooling air disturbs the inlet
end-wall boundary layer to the rotor and modifies secondary flow development, thereby
resulting in large changes in turbine exit conditions.@DOI: 10.1115/1.1401026#

Introduction
Gas turbine systems are rapidly becoming one of the primary

sources for electrical power generation throughout the world. The
United States Department of Energy estimates that over the next
20 years, as much as half of the new power generating capacity
added in the United States will be from gas turbine systems@1#.
Improvements to gas turbine technology can take many forms,
including lower specific fuel consumption/improved efficiency,
better specific power, increased durability and service life, and
lower acoustic noise, smoke, and gaseous emissions@2#. A direct
result of the desire to increase gas turbine efficiency and specific
power output is an increase in the required turbine entry tempera-
ture ~TET! and overall pressure ratio. Modern engines operate
well below theoretical limits. The stoichiometric combustion limit
for turbine inlet temperature is approximately 2000°C, while mod-
ern metallurgy only allows surface temperatures of approximately
1000°C @3#. Aggressive air-cooling of turbine blades, platforms,
and wheelspaces allows turbine inlet temperatures of 1450°C.
However, cooling penalties can easily offset the benefits of the
increasing TET. Energy is required to compress and pump the
cooling air to the turbine blades and wheelspace, and cooling air
bled from the compressor bypasses the combustion chamber so
the full work potential is never realized. Overall turbine cycle
efficiency is lowered in the process. In addition, when mixing
cooling air with the mainstream gas, significant turbulence is gen-
erated and the end-wall rotor boundary layers are disturbed affect-
ing the secondary flow. Enthalpy and stagnation pressures are lost,
lowering the turbine stage efficiency. An effective turbine design
must account for all of these factors.

A major concern in modern gas turbine engines is the cooling
of turbine wheelspace. The complexity of a modern high-pressure
turbine wheelspace is depicted in Fig. 1@4#. Many present day gas
turbine engines operate with mainstream gas temperatures exceed-
ing 1450°C in the high-pressure turbine stage. Turbine designers
need to give special attention to the cooling of turbine wheel-
spaces. Turbine wheelspaces contain rotor bearings and are con-
structed from lower temperature metals than turbine blades. Al-
lowing the high-temperature gas from the mainstream to be
ingested would significantly reduce turbine life. In a gas turbine
engine, the spinning rotor disk induces periodic outward flow on
the rotor side of the wheelspace that is counteracted by flow in-
gestion on the stationary side of the wheelspace@5,6#. This circu-
lation leads to the ingestion of hot mainstream gases, and acts to
raise the internal temperature of the wheelspace materials signifi-
cantly. To counter this effect, cooling air is pumped into the
wheelspace cavity. This continuous supply of cool air keeps inter-
nal components within thermal limits. However, the pumping of
the wheelspace coolant and its eventual mixing with the main-
stream boundary layer flow causing performance degradation.

Much literature exists on the aerodynamics of rotating disks
and the heat transfer effects of cooling within the wheelspace
cavity. Theodore von Karman@7# first reported the theoretical
flow field for an infinite rotating disk in an infinite medium. Early
works on wheelspace aerodynamics and wheelspace cooling in-
clude Cobb and Saunders@8#, Maroti @9#, Daily and Nece@10# and
Dorfman @11#. Cobb and Saunders obtained data on rotor-
averaged heat transfer coefficients, while Maroti demonstrated
that the outflow from a rotating disk is periodic in nature. Daily
and Nece studied the effects of cavity spacing on disk torque.
Metzger et al.@12# presented experimental data for impingement
flow onto a rotating disk. Later works by Popiel and Boguslawski
@13#, and Qureshi@14# obtained radial section-averaged rotor heat
transfer information. Pincombe@15# performed detailed flow vi-
sualization studies with rotational and stationary disk combina-
tions to study the highly three-dimensional secondary flow present
in the wheelspace cavity. More recent studies such as those per-
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formed by Bunker@5,6# describe the detailed two-dimensional
heat transfer patterns within turbine wheelspaces.

Published research neglects to study the secondary aerody-
namic effects of wheelspace coolant mixing with the mainstream
flow and its effects on platform heat transfer. Due to the fact that
wheelspace coolant is injected upstream of the rotor blade throat,
it will incur lower losses than film cooling injected after the
throat. The wheelspace coolant has potential for endwall cooling
given the proper geometry. The question remains as to the aero-
dynamic penalties of wheelspace coolant injected into the main-
stream and its influence on turbine stage performance.

Endwall cooling studies can lend some understanding to the
effect of wheelspace coolant injection. Both affect the rotor inlet
boundary layer, pressure field, and the consequent vortex devel-
opment. In film cooling, higher blowing ratios lead to higher
losses due to increased shear and increased rotationality of the
flow. Highly three-dimensional flow along the end wall interacts
with the cooling flows. Passage vortices, boundary layers, shock
waves, and horseshoe vortices all play a significant role.

Turbine designers require three important pieces of information
in the design of cooled high-pressure turbines when active wheel-
space cooling is required.

1 The cooling air should be injected in such a manner that the
wheelspace is cooled below critical material temperatures. Much
information exists in the form of empirical relationships.

2 The cooling air cannot cause excessive performance losses. If
the losses due to the cooling are too high, they will negate any
gains from increasing the turbine entry temperature. Overcooling
causes windage losses due to rotational drag within the wheel-
space and causes aerodynamic losses when mixed with the main-
stream flow. The use of seals and jet preswirl greatly reduces the
amount of cooling flow required and its associated losses. Little
information exists on the mixing of the wheelspace cooling air
with the mainstream flow and its associated losses.

3 The wheelspace cooling injected into the mainstream affects
the rotor endwall heat transfer. Some information exists on plat-
form cooling related to wheelspace cooling gap injection.
However, most of the research on platform cooling is focused on
film cooling. Research has neglected the effects of the wheelspace
cooling flow’s interaction with the mainstream and the effects of
modifying/disturbing the rotor end-wall boundary layer. This area
is the subject of continued research.

Experimental Test Facility
The Axial Flow Turbine Research Facility~AFTRF! is a con-

tinuous flow open loop facility 0.916 m in diameter with an ad-
vanced axial turbine blading configuration~Fig. 2!. The research
facility is located at the Pennsylvania State University’s Center for
Gas Turbines and Power. The facility consists of a bellmouth inlet,
a single high-pressure turbine stage with a nozzle guide vane as-
sembly and rotor, and outlet guide vanes. The facility was used for
the current research program with significant modifications to al-
low for wheelspace cooling. Table 1 lists the critical design and
operating data for the AFTRF.

The AFTRF is powered by four stages of adjustable pitch axial
flow fans. A detailed description of the AFTRF can be found in
Lakshminarayana et al.@16#. An aerodynamically designed exit
throttle is used to adjust the pressure rise across the stage. The

Fig. 2 Axial flow Turbine Research Facility of the Pennsylva-
nia State University

Table 1 AFTRF critical data

Fig. 1 Wheelspace coolant flow in a high-pressure turbine
stage showing the complexity of the internal wheelspace and
the mixing of the coolant flow with the mainstream flow, †4‡.
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four fans in series produce a pressure drop for the turbine test
section of 74.7 mm Hg with a volumetric flow of 10.4 m3/s ~11.4
kg/s!. A water-cooled eddy current brake dissipates the power
generated by the turbine rotor. The speed of the rotor is fully
adjustable from 175 to 1695 rpm and is stable to within61 rpm.
The operating point reference of 1322 rpm is at an ambient tem-
perature and pressure of 25°C and 98.5 kPa, respectively. Operat-
ing the facility at corrected rotor speed minimizes effects of daily
variations in inlet temperature conditions.

A major modification to the original AFTRF design was made
to accommodate the injection of cooling air to the turbine wheel-
space. Three independent sets of 23 cooling holes and plenums
were added evenly spaced around the circumference. All cooling
holes had a diameter of 6 mm.

Each set of 23 cooling holes is fed with a separate plenum and
could be individually operated. All cooling holes are located
around the circumference at the 23 nozzle trailing edge locations.
Set I ~radial cooling! injects cooling air radially along the nozzle
wheelspace disk, Set II~impingement cooling! injects cooling air
normal to the rotor disk, and Set III~root injection! injects cooling
air at the nozzle guide vane root along the exit angle inclined 45
deg to the hub surface and aligned with the exit flow angle. The
geometry of the three cooling hole sets is shown in Fig. 3. The
cooling flow parameters are summarized in Table 2 where the
mass flow ratio was defined asṁC /ṁP , the mean discharge ve-

locity was defined asUC5ṁC /nrA, the mean discharge Mach
number was defined as M5UC /AgRTC, the blowing rate was
defined asrCUC /rPUP and the velocity ratio was defined as
UC /UP .

The scaling of the various cooling flow parameters were estab-
lished by considering the operational conditions of modern tur-
bines. Blowing rates available in the AFTRF agree well with those
in the literature.

Measurements
Exit flow surveys were taken in the AFTRF with and without

cooling injection ~1 percent! in the stationary frame. The flow
field was measured using both five-hole and modified Kiel probes.
The modified Kiel probe contained a miniature thermocouple in
the stagnation tube. The probes were installed 1.5 axial chords
downstream of the rotor. Probes were traversed in the radial and
circumferential directions~stationary r –U traverse!. Conse-
quently, all rotor-induced variations in the circumferential direc-
tion were averaged out.

The cooled and noncooled data were taken in an interlaced
manner. At each measurement point in the traverse grid, the probe
readings were recorded with and without cooling flow. A set of
high-speed solenoids controlled the coolant flow. This method en-
sured that the cooled and noncooled cases experienced the same
mainstream flow conditions. Small variations in mainstream flow
would otherwise be misreported as changes due to the cooling
flow.

The pressures and temperatures sensed by the five-hole and
Kiel probes were sampled via a personal computer with an analog
to digital converter card. Cooled and noncooled data~
P05,1,P05,2,P05,3,P05,4,P05,5 for the five-hole probe andP05,T05
for the Kiel probe! were sampled at 100 Hz for 15 seconds at each
measurement point. The resulting data were time averaged at each
measurement point and proper calibration equations were applied.
The measured data at this sampling rate and duration were statis-
tically stable. The result were data sets for cooled and noncooled
cases containingT0 , P0 , PS , u, v, w, U, a, andb at the rotor exit
in (r ,u) plane.

Loading Coefficient. The loading coefficient gives insight
into the total pressure drop across the turbine stage. The loading
coefficient is defined as

Fig. 3 Cooling flow injection chambers for radial cooling, im-
pingement cooling, and root injection

Table 2 Coolant flow parameters for stationary frame mea-
surements

Fig. 4 Velocity triangles for the rotor at the hub „r
Ä0.3353 m…, midspan „rÄ0.3998 m…, and tip „rÄ0.4583 m…
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C5

P042P05

1/2rUm
2 (1)

and the static pressure loss coefficient is defined as

Cs5
P42P5

1/2rUm
2 (2)

whereP4 andP04 are the wall static pressure and midstream total
pressure at location 4, respectively. Earlier measurements from
Lakshminarayana et al.@17# showed these values to be represen-
tative of the inlet mass averaged values. The total and static pres-
sure loss coefficients shown in Figs. 6 and 7 are simultaneously
measured with a five-hole probe. The data with ‘‘no cooling’’ are
displayed with the viewer looking upstream into the stage at lo-
cation 5. Viewing direction is normal to the plane of data. The loss
coefficients show significant radial and circumferential variations.
Strong remnants of the nozzle wake and nozzle passage vortices
are visible in the data shown in Figs. 6 and 7. Near the tip (r
50.44) the loss coefficient is observed to be lower, showing the
underturning due to leakage flow. Near the midspan (r 50.38), a
small region of overturning is visible.

The effect of the cooling injection can be seen qualitatively in
the pressure coefficient data. The 1 percent cooling flow is able to
cause significant local perturbations. Root injection shows the
largest magnitude changes followed by radial cooling, and im-
pingement cooling. In all cases the strongest effects are below
midspan, but dwindling effects exist out to the tip regions. The
magnitude changes in the total pressure coefficient were more
significant that the static pressure coefficient.

All three cooling methods caused significant local changes and
a general redistribution of the pressure coefficient data over the
entire passage in both radial and tangential directions. Maximum
effects ranged from 1.70, 0.86, and 2.57 percent for radial cooling,
impingement cooling, and root injection, respectively.

Although the local perturbations were quite high, when passage
average data were evaluated the changes were found to be signifi-
cantly smaller. Radial and impingement cooling showed little
overall effect on the pressure coefficient. The main result of radial
and impingement cooling was a redistribution of pressure coeffi-
cient data. Root injection was able to affect the overall pressure
coefficient as well as cause a redistribution of pressure coefficient
data. The amount of change was almost five times that of im-
pingement cooling and 30 times that of radial cooling. Passage
averaged percentage changes in total pressure loss for radial cool-
ing, impingement cooling, and root injection are20.013,20.067,
and20.307 percent, respectively. Summary data are presented in
Table 3.

The decreases found in the pressure loss data are similar to that
found by Friedrichs@18# in an endwall cooling study. He states
that by neglecting the losses in the cooling lines, the change in
overall loss is small for endwall cooling and can be positive or
negative depending on the coolant supply pressure. Friedrichs fur-
ther found that ejection of coolant ahead of the lift off lines could
significantly change the secondary flow and reduce the associated
losses.

Static pressure coefficients showed little effect from the cool-
ing. Passage averaged percentage changes in static pressure loss
for radial cooling, impingement cooling, and root injection are
0.067, 0.079, and20.126 percent, respectively. Summary data are
presented in Table 4.

Velocity Components and Exit Angles. The change in the
individual velocity components due to wheelspace coolant injec-
tion can be observed best by examining the passage-averaged ve-
locity components. Circumferentially averaged velocity compo-
nents in radial, tangential, and axial directions are obtained from a

Fig. 5 Five-hole probe location in the stationary frame
Fig. 6 Static pressure loss coefficient, 1.5 axial chords down-
stream of the rotor exit looking upstream from location 5

Table 3 Percentage change in total pressure coefficient due to
1 percent cooling flow „passage-averaged …

Table 4 Percentage change in static pressure coefficient due
to 1 percent cooling flow „passage-averaged …
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subminiature five hole probe mounted 1.5 chord downstream of
the rotor trailing edge plane, as shown in Fig. 5. Aerodynamic
measurement details of this probe can be found in Wiedner@19#.
The velocity data normalized byUm and exit angles are displayed
in Figs. 8–13. The radial velocity component (v) shows little

effect due to the coolant injection. In all three cases this velocity
remains small and unperturbed. The effects of coolant inject are
best observed in the axial~u! and tangential~w! components. The
root injection shows the largest changes.

The baseline velocity distribution shows significant areas of
overturning and underturning. Overturning and underturning refer
to the deviation of the flow exit angle from invicid design. In a

Fig. 8 Change in normalized, passage averaged, velocity com-
ponents „u ,v ,w … due to 1 percent radial cooling. Stationary
frame, 1.5 chords downstream.

Table 5 Percentage change in total-to-total efficiency due to
cooling flow „mass-averaged …

Table 6 Uncertainty in fundamental quantities

Fig. 7 Total pressure loss coefficient, 1.5 axial chords down-
stream of the rotor exit looking upstream from location 5

Fig. 9 Change in normalized, passage averaged, velocity com-
ponents „u ,v ,w … due to 1 percent impingement cooling. Sta-
tionary frame, 1.5 chords downstream.

Fig. 10 Change in normalized, passage averaged, velocity
components „u ,v ,w … due to 1 percent root injection. Stationary
frame, 1.5 chords downstream.

Fig. 11 Change in pitch „a… and yaw „b… angles due to 1 per-
cent radial cooling. Stationary frame 1.5 chords downstream.

Journal of Turbomachinery OCTOBER 2001, Vol. 123 Õ 5
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real viscous fluid, the turbine passage has significant secondary
flows in the form of vortices. These vortices will locally underturn
or overturn the flow. An inviacid analysis of the AFTRF turbine
stage yields an exit angle of approximately230 deg. It can be
seen that at anH of 0.1 a region of overturning exists and at anH
of 0.4 a region of underturning exists. This flow profile is typical
for the AFTRF and was first documented by Zaccaria@20#.

Radial cooling shifts the velocity profiles radially outward. The
overall magnitude of axial and tangential velocity is unchanged
however, the point of maximum overturning is shifted radially by
H50.10. This can best be seen in the exit angle measurements
~Fig. 17!. This would seem to indicate that the vortex location is
being modified but that the strength is not. Friedrichs@18# has also
observed that endwall platform cooling could significantly shift
the location of the passage vortex but that the strength was not
significantly affected. The radial cooling is injected normal to the
mainstream flow and would energize the rotor inlet boundary
layer. This energizing would thicken the inlet rotor boundary
layer. The thicker boundary layer would displace the core flow
and the passage vortex slightly toward the tip region.

The impingement cooling shows similar effects to the radial
cooling. Again, the overall magnitude of axial and tangential ve-
locity is unchanged. The point of maximum overturning is shifted
radially by H50.05 smaller than with radial cooling. The im-
pingement cooling enters the mainstream flow with minimal mo-
mentum having been stagnated on the rotor disk. The boundary
layer would be thickened, but not to the degree found with radial

cooling. The thicker boundary layer would displace the core flow
and the passage vortex slightly toward the tip region.

The root injection shows the most significant effects due to the
coolant injection and is fundamentally different from radial cool-
ing and impingement cooling. Root injection has the ability to
affect the magnitude of the overturning and underturning. The
root injection energizes the nozzle wake and boundary layer near
the hub wall. With an injection hole size on the order of the
trailing edge thickness and with the injection inclined at 45 deg to
the hub wall, the root injection can significantly energize the wake
region. This has the effect of reducing the passage vortex and
reducing the magnitude of overturning and underturning.
Friedrichs et al.@18# also observed that significant cooling injec-
tion could delay the three-dimensional separation of the inlet
boundary layer thereby reducing the strength of the passage vor-
tex.

Total-to-Total Efficiency. Considering the primary flow
~nozzle inlet to rotor exit! and one cooling stream~cooling inlet to
rotor exit!, the total-to-total efficiency can be written as:

s tt,c5

11S ṁc

ṁp
D S Toc

T04
D2S ṁc

ṁp
11D S T05

T04
D

11S ṁc

ṁp
D S Toc

T04
D2S ṁc

ṁp
11D S P05

P04
D ~g21!/g (3)

The specific efficiency equation suggested by McDonel and
Eiswerth@21# is for total-to-total stage efficiency. Pumping work
is not included in the stage efficiency equation. Pumping work
losses are better handled in cycle analysis.

Measurements were taken at three blowing rates~1.00, 1.25,
and 1.50 percent!. Passage-averaged efficiency data are shown
with their respectiveP05/P04 and T05/T04 in Figs. 21–29. Data
are shown for 1 percent cooling only.

Cooling flows were able to modify the magnitude of the total
pressure and total temperature ratios. As a result, the total-to-total
efficiency was affected. Table 5 tabulates the mass-averaged
changes in efficiency for 1.00, 1.25, and 1.50 percent relative
cooling flow.

Radial cooling showed irregular changes in total-to-total effi-
ciency. The changes in total-to-total efficiency due to radial cool-
ing are shown in Figs. 14, 15, and 16. The passage-averaged ef-
ficiency change depended on the amount of coolant injection. For
1 percent coolant flow, the change was positive; at 1.25 percent
the change was negative and at 1.5 percent the change was posi-
tive again. The mainstream pressure gradient turns the radial flow
into the axial direction through a complex three-dimensional mix-

Fig. 12 Change in pitch „a… and yaw „b… angles due to 1 per-
cent impingement cooling. Stationary frame, 1.5 chords down-
stream.

Fig. 13 Change in pitch „a… and yaw „b… angles due to 1 per-
cent root injection. Stationary frame, 1.5 chords downstream.

Fig. 14 Change in total-to-total efficiency „h… due to 1 percent
radial cooling
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ing process. Different flow rates will cause possible separation of
the mainstream flow and varying degrees of turbulent kinetic en-
ergy production and dissipation.

Impingement cooling caused the passage-averaged total-to-total
efficiency to be lower. The results for the case of impingement
cooling are given in Figs. 17, 18, and 19. The amount of change
depended on the amount of cooling. The higher the flow rates, the
less efficiency was lost. Over much of the passage the total pres-

sure ratio was reduced, indicating lower pressure drop. In the
midspan the total temperature ratio was increased leading to an
increase in efficiency. However, the total temperature ratio was
reduced over the hub and tip regions resulting in a lower effi-
ciency. Very little useful energy is added to the flow through im-
pingement cooling. Momentum is lost and the total temperature is
increased when the fluid is stagnated on the rotor disk. The im-
pingement cooling will tend to thicken the boundary layer with
low-momentum fluid at a slightly elevated temperature. Increased
total temperature, turbulent kinetic energy, and viscous dissipation
in the boundary layer will lead to lower efficiency numbers.

Overall root injection results presented in Figs. 20, 21, and 22
showed the strongest changes in total-to-total efficiency. The pas-
sage averaged efficiency increase was over 1.5 percent for 1 per-
cent coolant injection. The total pressure ratio was significantly
increased overH50.1 to H50.5. This in conjunction with a de-
crease in total temperature ratio overH50.2 toH50.55 cause the
efficiency to rise significantly. The efficiency increase is localized
to the midspan region of the blade. At both the hub and tip the
efficiency is slightly lower. The root injection energizes the nozzle
wake and boundary layer near the hub wall. With an injection hole
size on the order of the trailing edge thickness and with the injec-
tion inclined at 45 deg to the hub wall, the root injection can
significantly energize the wake region. The mean velocity gradi-
ents are reduced through midspan, thereby reducing turbulent

Fig. 15 Change in total pressure ratio „P05 ÕP04… due to 1 per-
cent radial cooling

Fig. 16 Change in total temperature ratio „T05 ÕT04… due to 1
percent radial cooling

Fig. 17 Change in total-to-total efficiency „h… due to 1 percent
impingement cooling

Fig. 18 Change in total pressure ratio „P05 ÕP04… due to 1 per-
cent impingement cooling

Fig. 19 Change in total temperature ratio „T05 ÕT04… due to 1
percent impingement cooling
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mixing. Lower amount of turbulent mixing translates into less
conversion of mean kinetic energy into internal energy via viscous
dissipation.

Uncertainty Analysis
It was desired to both correct for quantifiable bias errors and to

compute measurement uncertainties. The measurement philoso-
phy of Wiedner@19# was adopted for the current research pro-
gram. The philosophy is as follows:

• When known sources of measurement error exist, avoid them.
• If known sources of error can not be avoided, and IF a re-

peatable bias error exists, correct for it.
• Avoid as many error sources as possible through calibration.
• If a source of error cannot be nulled thorough calibration or

correction, provide an estimate of its magnitude.

Uncertainty in Fundamental Quantities. The five-hole and
Kiel probe measurements were prone to various sources of error.
They included turbulence effects, Reynolds number effects, Mach
number effects, gradient effects, wall vicinity effects, probe block-
age effects, recovery factor, misalignment errors, interpolation er-
rors, calibration errors, data acquisition errors, and spatial location
errors. Many of these error sources were quantifiable and were
corrected for. The five-hole and Kiel probes were used to measure
the fundamental quantities ofu, v, w, Po , Ps , andTo . Following
the methodology of Abernethy et al.@22#, the uncorrectable un-
certainty in velocity, pressure, and temperature and density are
shown in Table 6.

It can be seen that there are significant differences between the
precision (Sx) and bias errors (Bx). This is due to the interlaced
manner in which the data sets were taken. In the present study it
was desired to reduce the precision errors.

Following the error estimation of the five-hole probe and Kiel
probe, the errors in the turbine performance parameters could be
estimated. The ASME standard measurement uncertainty method-
ology @22# was used in conjunction with perturbation analysis to
determine the measurement uncertainty.

Uncertainty in Loading Coefficient. The errors for the load-
ing coefficient and change in loading coefficient are summarized
in Tables 7 and 8. Combining the errors in Table 7 yields an
uncertainty of 2.12 percent. The errors for the static pressure loss
coefficient are identical to the loading coefficient. Combining the
errors in Table 8 yields an uncertainty of 0.22 percent. The errors
for the static pressure loss coefficient are identical to the loading
coefficient.

Uncertainty in Total-to-Total Efficiency. The errors for the
efficiency parameters are summarized in Tables 9 and 10. Com-
bining the errors in Table 9 yields an efficiency error of 6.58

Fig. 20 Change in total-to-total efficiency „h… due to 1 percent
root injection

Fig. 21 Change in total pressure ratio „P05 ÕP04… due to 1 per-
cent root injection

Fig. 22 Change in total temperature ratio „T05 ÕT04… due to 1
percent root injection

Table 7 Absolute loading coefficient uncertainty

Table 8 Relative loading coefficient uncertainty

Table 9 Absolute efficiency uncertainty
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percent. The errors for temperature measurement dominate. Com-
bining the errors in Table 10 yields a relative efficiency error of
2.55 percent. The errors for temperature measurement dominate.

Uncertainty Summary. Table 11 summarizes the measured
quantities and their respective uncertainties. The relationship in
Eq. ~4! was used to determine the uncertainty in an averaged
quantity. It can be seen that the errors can be improved using
circumferential and passage averaging on point quantities. This is
useful, as most of the variations due to cooling are quite small and
would be lost in the uncertainty variations otherwise.

Sxn5
tSxi

An
(4)

Conclusions
The wheelspace coolant mixes with the mainstream flow and

produces measurable changes in loss coefficient, velocity field,
exit angle, and total-to-total efficiency. Local changes can be sig-
nificant. The wheelspace coolant should not be neglected on the
aerodynamic analysis of turbine blade stages. Overall, root injec-
tions showed the strongest effects although radial and impinge-
ment cooling showed measurable changes in loss coefficient, ve-
locity, and efficiency.

The cooling flow caused significant local perturbations in the
pressure coefficients. Root injection showed the largest changes,
followed by radial cooling, and impingement cooling. In all cases,
the strongest effects were below midspan but dwindling effects
exist out to the tip regions. All three cooling methods caused
significant local changes and a general redistribution of the data
over the entire passage in both radial and tangential directions.
Maximum effects ranged from 1.70, 0.86, and 2.57 percent for
radial cooling, impingement cooling, and root injection, respec-
tively. Although, the local perturbations were quite high, when
passage-averaged data were evaluated, the changes were found to
be small for radial cooling and impingement cooling. Root injec-
tion was able to affect the overall pressure coefficient as well as
cause a redistribution of pressure coefficient data. The amount of
change was almost five times that of impingement cooling and 30
times that of radial cooling.

The cooling flow was responsible for modifying the velocity
profiles. Radial cooling and impingement cooling shifted the ve-
locity profiles radially outward, while root injection was able to
decrease the overturning and underturning. The point of maximum
overturning was shifted radially by 10 percent for radial cooling

and 5 percent for impingement cooling. The radial cooling is in-
jected normal to the mainstream flow and would energize and
thicken the rotor inlet boundary layer more than impingement
cooling. The thicker boundary layer displaces the core flow and
the passage vortex toward the tip region.

The root injection shows the most significant effects due to the
coolant injection and is fundamentally different from radial cool-
ing and impingement cooling. Root injection has the ability to
affect the magnitude of the overturning and underturning. The
amount of overturning and underturning is reduced.

Overall root injection showed the strongest changes in total-to-
total efficiency. The passage-averaged efficiency increase was
over 1.5 percent for root injection. The root injection efficiency
increase was localized to the midspan region of the blade. With an
injection hole size on the order of the trailing edge thickness and
with the injection inclined at 45 deg to the hub wall, the root
injection can significantly energize the nozzle wake region. Radial
cooling showed irregular changes in total-to-total efficiency. For 1
percent coolant flow the change was positive, at 1.25 percent the
change was negative and at 1.5 percent the change was positive
again. Impingement cooling caused the passage-averaged total-to-
total efficiency to drop.
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Nomenclature

A 5 exit area of single cooling hole
b 5 rCUC /rPUP

cp 5 specific heat
H 5 normalized radial position5(r 2r h)/L
h 5 entropy
L 5 rotor blade height
R 5 gas constant
m 5 mass flow rate
M 5 Mach number5U/AgRT
n 5 number of cooling holes~23!
P 5 pressure
r 5 radial position
T 5 temperature
u 5 axial velocity component

U ,V, W 5 wheel speed, relative velocity, absolute velocity
Ud 5 discharge velocity5mC /nrA

v 5 radial velocity component
w 5 tangential velocity component
a 5 pitch angle, exit flow angle inclined to the tur-

bine axis
b 5 yaw angle, exit flow angle
g 5 ratio of specific heats
h 5 efficiency
r 5 density
Q 5 angle in circumferential direction

Subscripts

o 5 total condition
04 5 entry of nozzle condition
05 5 exit of rotor condition

1, 2, 3, 4, 55 five-hole probe hole designation
c 5 cooling
h 5 hub
m 5 midspan condition
p 5 primary or mainstream
s 5 static condition
tt 5 total-to-total

Table 10 Relative efficiency uncertainty

Table 11 Uncertainty summary
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