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Measurements of Hub Flow
Interaction on Film Cooled
Nozzle Guide Vane in Transonic
Annular Cascade
An experimental study has been performed in a transonic annular sector cascade of
nozzle guide vanes (NGVs) to investigate the aerodynamic performance and the interac-
tion between hub film cooling and mainstream flow. The focus of the study is on the end-
walls, specifically the interaction between the hub film cooling and the mainstream.
Carbon dioxide (CO2) has been supplied to the coolant holes to serve as tracer gas.
Measurements of CO2 concentration downstream of the vane trailing edge (TE) can be
used to visualize the mixing of the coolant flow with the mainstream. Flow field measure-
ments are performed in the downstream plane with a five-hole probe to characterize the
aerodynamics in the vane. Results are presented for the fully cooled and partially cooled
vane (only hub cooling) configurations. Data presented at the downstream plane include
concentration contour, axial vorticity, velocity vectors, and yaw and pitch angles. From
these investigations, secondary flow structures such as the horseshoe vortex, passage vor-
tex, can be identified and show the cooling flow significantly impacts the secondary flow
and downstream flow field. The results suggest that there is a region on the pressure side
(PS) of the vane TE where the coolant concentrations are very low suggesting that the
cooling air introduced at the platform upstream of the leading edge (LE) does not reach
the PS endwall, potentially creating a local hotspot. [DOI: 10.1115/1.4029242]

Keywords: aerodynamics, secondary flow, nozzle guide vane, film cooling, hub cooling
flows

Introduction

The NGV is a critical component of a gas turbine system. Its
function is to accelerate and guide/turn the flow coming from the
combustor and direct it to the blade row as smoothly as possible
(i.e., with minimal aerodynamic losses). Flow through the NGV is
highly complex and includes a multitude of physical phenomenon
including: transition, separation, compressibility, mixing, unstead-
iness, and heat transfer. NGVs are stationary blade rows that are
exposed to the hottest gas temperatures from the combustor,
which requires that it be aggressively cooled. The coolant inter-
acts with the main flow and induces further aerodynamic losses in
the stage.

The aerodynamics at the endwall of the vane is complicated
and numerous papers have focused on the loss mechanisms and
vortex structures at the endwalls. The study of Langston et al. [1]
is one of the earliest papers to investigate endwall flows; they
used ink for flow visualization and also measured velocity and
pressure along the passage. Gregory-Smith et al. [2] also made
measurements in a cascade to calculate the vorticity in the pas-
sage. Sieverding [3], Langston [4], Simon et al. [5], and Acharya
et al. [6] offer thorough survey papers highlighting the results of
turbine endwall aerodynamics and heat transfer studies. The dom-
inant endwall flow structures include: the cross-passage flow from
the PS to the suction side (SS) and the horseshoe vortex resulting
from the upstream boundary layer hitting the LE of the vane.
Velocity differences in the boundary layer between the endwall
and mainstream gas create an adverse pressure gradient. This
static pressure gradient causes a downwash of mainstream gas
onto the endwall surface and the junction of the vane. After

impinging at LE the flow separates forming a horseshoe vortex
with SS and PS legs. The PS leg intensifies with passage pressure
gradient to form passage vortex. In addition, there are three
“corner” vortices: between the PS surface and the hub, between
the SS surface and the hub, and between the LE surface and hub.

There are other loss mechanisms in the vane in addition to the
afore-mentioned secondary flow endwall losses. TE losses, partic-
ularly for a cooled TE, contribute significantly to the losses within
the stage. A cooled TE is thicker to enable coolant flow passage
and leads to profile loss increases and vortex shedding in addition
to mixing loss associated with the coolant flow [7].

The addition of coolant increases losses in a stage and cooling
design becomes a balancing act between providing sufficient cool-
ing to maintain life and minimizing the aerodynamic losses within
the stage. Film cooling aims to provide a layer of coolant between
the hot gas and the surface by introducing coolant at the right
conditions.

There are several parameters that affect the behavior of the film
and determine whether it will attach the surface and serve its func-
tion effectively or whether it will detach from the surface and mix
with the mainstream rendering it ineffective for heat transfer pur-
poses and detrimental in terms of stage aerodynamic performance.
These parameters include the blowing ratio, momentum ratio,
density ratio, and geometric parameters like injection angle. Their
influence on the aerodynamics, heat transfer, and film effective-
ness for simple flat plate geometries is well documented [8–16].
Day et al. [17] studied the aerodynamic performance of NGV and
correct parameterization of coolant density and found that
momentum flux ratio is the most appropriate parameter for char-
acterizing the behavior of film cooling rather than blowing rate.

The use of foreign gas in film cooling experiments has been
commonly applied as a tracer gas. Jones [18] investigated the
theory of the use of foreign gas in simulating film cooling. Other
research related to foreign gas can be found in Refs. [19–21].
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Roux [22] reported that the different density ratios did not show
significant influence.

The present study attempts to gain further insight into the aero-
dynamics of cooling flow and mainstream interaction by studying
the flow field downstream of the vane cascade by using tracer gas
as coolant. Specifically, the focus is on tracking the hub coolant
flow and studying how it is influenced by the presence of the horse-
shoe and passage vortices and other endwall flow structures. In
addition to the tracer gas measurements, a five-hole L-probe (hav-
ing the same dimension as the probe used to measure CO2 concen-
tration) is used to capture the flow field together. By overlaying the
concentration with the vorticity in the flowfield, some interesting
phenomena of secondary flow can be observed.

Experimental Apparatus and Procedures

The test rig consists of an annular sector cascade built for cold
flow investigations on NGVs of a modern industrial gas turbine.
Figure 1 shows the rig upstream of the test section. Air is supplied
to the tunnel via a screw compressor operated by a 1 MW electric
motor. The compressor air is cooled to 30 �C prior to entering the
tunnel. It passes through a settling chamber, a series of flow
straighteners and screens, a series of contractions and a
turbulence-generating grid upstream of the test section inlet.

The test section is a 36 deg annular sector that houses three
vanes NGV� 1, NGV0, and NGVþ 1 (i.e., two vane passages) as
shown in Fig. 2(a). At midspan, the vane chord is 129.2 mm,
pitch/chord ratio is 0.826, exit angle of 16 deg, exit Mach number
is 0.89, and the Reynolds number based on chord is 2.6� 106.

Cooling air is supplied from a 5 m3 vessel pressurized to 40 bar.
Pressure regulators reduce the pressure to approximately 6 bar,
before the air flows into mass flow controllers that meter the flow
to each nozzle in the cascade. The CO2 coolant is supplied from
gas bottles connected in parallel and then through pressure regula-
tors and massflow controllers calibrated for CO2. The coolant
temperature is 23 �C.

Figure 2(b) shows the vane hardware highlighting the various
cooling holes on the airfoil, including showerhead (LE), PS and
SS cooling, TE cooling slots, hub and tip platform cooling and
slot cooling to cool the space between adjacent vanes.

The paper presents results for two cooling flow configurations
“fully cooled” and “partially cooled.” For the fully cooled case,
all coolant holes in NGV0 are opened; for the NGVþ 1 and �1,
some holes are plugged to maintain periodicity in the passage
[Putz]. For the case of partially cooled, only the hub platform and
slot cooling holes are opened for NGV0; the NGVþ1 and �1
holes are plugged with the exception of select hub cooling holes
that are opened to maintain periodicity.

Table 1 shows the cooling geometry information for the vane.
PS refers to pressure side, SS to suction, SH to showerhead holes,
and TE to the trailing edge cooling holes. OPF means outer plat-
form at tip and IPF is inner platform at hub. In this paper, the

airfoil and OPF holes were plugged for the partially cooled case.
In the IPF, there are 17 holes (3, 11, and 3), the layout of the holes
is shown in Fig. 2(b) labeled “Platform cooling hub.”

For the fully open cooling configuration, the mass flow of the
coolant air to NGV0 is set to 7.75% of the mainstream flow while
the flow rate to the NGVþ1 and �1 is reduced to account for the
holes plugged to maintain periodicity. The flow rate through each
cooling hole is obtained from design calculations and the targets
for the massflow controllers are based on the summation of the
coolant flow rates for the open holes. Figure 3 shows the blowing
ratio through each of the rows in Table 1 for the case of a fully
open configuration with the mass flux ratio of 7.75%; this ratio is
the vane coolant mass flow as a percentage of the vane passage
mass flow.

When carbon dioxide is used as the coolant, the density ratio of
coolant to freestream is no longer unity. Consequently, the mass-
flow settings would yield a lower momentum ratio than when air
is used. Film cooling research suggests that the momentum ratio
is the key parameter in determining film cooling behavior (i.e.,
whether the film is attached, detached and reattaches, or detached
completely). Therefore, two separate runs are carried one with
CO2 as coolant, one in which the mass flow settings are the same
as air (i.e., blowing ratio is kept constant) and one in which the
CO2 mass flow rate is scaled to maintain the same nominal
momentum ratio as air.

Instrumentation includes an orifice meter (for measuring the
mainstream flow), digital thermal mass flow controllers (to meter
coolant flow to each NGV), resistive temperature detectors for
measuring total temperature, a stagnation probe for measuring
total pressure, a five-hole pressure probe for measuring the down-
stream flow field, and a L-probe for sampling gas and directing it
to a gas analyzer for measuring CO2 concentration (for the inves-
tigations using tracer gas as coolant). The gas-sampling probe is
of identical dimensions to the L-probe used for the five-hole pres-
sure traverses; i.e., the probe has an outer diameter of 2.5 mm
and the L protrudes 40 mm into the flow stream. This ensures
that the pressure measurements and concentration measurements
are at the same axial chord location. The gas is continuously
sampled using the probe and directed to an Emerson NGA 2000
MLT analyzer, which uses nondispersive infrared (IR) principles
for measuring CO2 concentration. The wavelength of the absorp-
tion band is used to characterize the type of gas and the strength
of the absorption is proportional to the concentration. The ana-
lyzer uses a mix of other techniques in addition to IR to detect
other gases.

Experimental Results and Discussion

Operating Conditions. At the lower range of transonic flow
(M< 1) the entropy increase across the shock is very small.
Therefore, the flow can be essentially assumed isentropic [24]. As
compressibility effects such as shocks are directly related to the

Fig. 1 Sketch annular cascade upstream of test section [23]
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Mach number, the isentropic Mach number at the outlet needs to
be the same for individual runs that are compared. All measure-
ments are obtained at an exit Mach number of 0.90 based on
upstream total pressure (p1) and the downstream static pressure
(p2s,avg) keeping the specific heat (j) constant (j¼ 1.4) for all
runs

M2exit;iso ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

j� 1

p1

p2s;avg

� �j�1
j
�1

2
4

3
5

vuuut (1)

The Mach number distributions around the airfoil at 25%, 50%,
and 75% span were measured experimentally for the uncooled

vane and are shown in Fig. 4. There were no experimental meas-
urements of the Mach number distribution on the endwall; there-
fore, Fig. 5 presents the endwall Mach number from the CFD
simulation.

The inlet free-stream turbulence intensity is about 1.5% with
the passive parallel bar turbulence grid [23].The distance between
the bars is 9 mm and the width of each bar is 3 mm. The turbu-
lence grid is located at 264% of the axial chord length upstream
of the LE. The influence of turbulence intensity on the flow field
and loss behavior was found to be minimal according to Smith
and Cleak [25]. The total temperature at the settling chamber is
been kept constant (30 �C) and the dynamic viscosity (l) was
assumed constant from run to run. Table 1 lists the runs performed
in this investigation.

Fig. 2 (a) Cut-through of cascade at midspan [23]. (b) Cooling holes on test NGV [23].
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The inlet total pressure is measured by a three-hole cobra
probe; the normalized total pressure distribution is illustrated in
Fig. 6. The parallel bar turbulence grid produce a hub total pres-
sure gradient up to about 10% of the LE height. The inlet meas-
urements were repeated for different exit Mach numbers and the
radial total pressure distribution did not vary with the operating
point.

The periodicity of the flow field in the annular sector cascade is
initially done by investigating the flow at 20% span which shows
that the periodicity is on a satisfactory level. The lowest value of
the total pressure indicates the TE wake (Fig. 7).

Table 1 Cooling geometry information for vane

Row x/Cax (%) Angle (deg) No. of holes

PS1 77 142.8 23
SH1 3.30 123.3 26
SH2 0.89 105.4 25
SH3 0 80.4 26
SH4 0.77 66.9 26
SH5 3.40 53 25
SH6 9.10 46.33 11
SS1 (2 rows) 19, 23 50.9, 59.3 24 and 23
SS2 (2 rows) 50, 52 42.3, 38.9 23 and 22
OPF (3 rows) 6, 4 and 9
IPF (3 rows) 3, 11 and 3
TE 100

Fig. 3 Distribution of blowing ratio for the vane cooling holes
at mass flux ratio 7.75%

Fig. 4 Airfoil Mach number distribution at 25%, 50%, and 75%
span

Fig. 5 Endwall Mach number distribution from CFD simulation

Fig. 6 Normalized inlet total pressure

Fig. 7 Total pressure distribution at 20% span
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All measured quantities are normalized by the reference flow
properties. As Table 2 shows, six different runs will be shown in
order to investigate the full picture of coolant flow. The first run is
the baseline or typical configuration in which air is the coolant
and the vane is fully cooled. The second run uses air as the cool-
ant; however, only the hub coolant holes are opened. Comparing
results from runs 1 and 2 should verify that near the hub, the par-
tially cooled vane results are similar to the fully cooled case. Due
to limitations in the availability of CO2, it is not possible to run a
fully cooled vane with CO2 as the coolant. Run 3 is a partially
cooled vane with CO2 as coolant; it is identical to run 2 in terms
of holes plugged and mass flow settings (i.e., nominal blowing ra-
tio is maintained). Run 4 aims to match momentum ratio and so it
is identical to run 3 in terms of holes plugged but the mass flow
settings are scaled to match nominal momentum flux ratio. Area
traverse with the five-hole probe describes the flow field down-
stream of the guide vane. Measurements are obtained for velocity,
vorticity, and flow angle (yaw, pitch) distributions. Runs 5 and 6
(like runs 3 and 4, respectively) use CO2 as coolant and are
surveys of concentration distribution. The results are shown
downstream of the vane TE at 107% axial chord.

Yaw and Pitch angle. The yaw angle (or exit angle) is the
angle between the flow and the nominal direction; it is an indica-
tion of the amount of turning. The average effective exit angle for
this vane is 16.5 deg. The smaller the yaw angle is, the more
severe the turning.

Figure 8 shows the exit angle distribution at the downstream
traverse location. The coordinate h/s¼ 0 represents the axial pro-
jection of the TE of NGV0. The left portion from TE (h/s< 0) rep-
resents SS and right portion (h/s> 0) represents PS. The radial
distance in the figures is a nondimensional span equal to zero at
the hub surface and 1 at the casing. In the freestream, the yaw is
the nominal of 16 deg; however, it increases across the passage
from the PS to the SS. High values of exit flow angles in the hub

indicate the regions of vortices. The accuracy of the yaw angle
measurement is 60.6 deg.

Pitch angle is the radial angle of the flow; a negative pitch
refers to downwash. In the freestream the pitch angle is nearly
zero (Fig. 9); the changes in pitch occur along the TE and at the
endwalls. At the TE, there is a shift between positive and negative
pitch angles, indicative of a TE vortex. Toward the hub, there is
downward flow probably associated with the corner vortices. The
accuracy of the pitch angle is 60.6 deg.

Vorticity and Flow Vectors. To investigate secondary flow, it
is common to study velocity vector and vorticity distribution in
the downstream flow field. The velocity vectors are calculated as

Table 2 Runs performed in investigation

Run Coolant Coolant mass flow rate as % hot gas Measurement survey

1 Air 7.75% (fully cooled) Full area traverse (30 radial steps and 39 tangential steps) with five-hole probe
2 Air 0.5% (hub cooled) Partial area traverse with five-hole probe (15 radial steps and 39 tangential steps)
3 CO2 0.5% (hub cooled, match BR) Partial area traverse with five-hole probe (12 radial steps and 39 tangential steps)
4 CO2 0.6% (hub cooled, match momentum ratio) Partial area traverse with five-hole probe (14 radial steps and 39 tangential steps)
5 CO2 0.5% (hub cooled, match BR) Partial area traverse with carbon dioxide probe (12 radial steps and 39 tangential steps)
6 CO2 0.6% (hub cooled, match momentum ratio) Partial area traverse with carbon dioxide probe (12 radial steps and 39 tangential steps)

Fig. 8 Exit flow angle distribution for fully air cooled vane

Fig. 9 Pitch angle distribution for fully air cooled vane

Fig. 10 Flow vector for fully air-cooled vane
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uy ¼ u sin cref ; uz ¼ u sin b (2)

and the axial vorticity is given by

xx ¼
@uz

@y
� @uy

@z
(3)

Figure 10 shows the velocity vector for the fully air-cooled
vane (run 1). Parallel velocity vector in the mainstream indicates a
uniform flow. The secondary and endwall flow create distinct sev-
eral vortex structures. At the first radial plane (�6% span), the
velocity vector moves upward on SS (up to h/s¼ 0.15) and then
moves downward near the SS of the TE.

In regions where the measurement point density is not fine
enough to show small vortices via velocity vector, vorticity gives
important information about the localization of vortices and their
strength (Fig. 11). Positive vorticity indicates the presence of a
counterclockwise rotating vortex whereas negative vorticity indi-
cates the presence of a clockwise rotating vortex (when viewed
downstream).

At the hub endwall (Fig. 11), between h/s¼�0.5 and 0, the
counterclockwise (positive) rotating vorticity represents the pas-
sage vortex (A). This vortex originates from the PS leg of the
horseshoe-vortex of the neighboring NGVþ1 vane and becomes
stronger by mixing with the endwall flow from the PS to the SS.
The vortex (B) coming from the SS of the NGV0 is visible
directly right of the passage vortex (Fig. 11). Above this vortex,
two counter-rotating vortices can be observed. Goldstein and
Spore [26] observed a similar vortex structure of two counter-
rotating corner vortices, one (D) is the SS corner vortex (clockwise)
and the other (C) is the PS corner vortex (counterclockwise).
Also a well-defined TE shade vortex (E) can be indicted in the
figure. The PS corner vortex corner vortex might be a part of the
passage vortex which is swept up for the SS lag of the horseshoe
vortex (B).

Figure 12 shows a comparison of the velocity vectors for fully
air cooled (run 1) and partially air cooled (run 2). The fully air
cooled velocity vectors are shown in black and the partially air
cooled velocity vectors are shown in red. Note that for the par-
tially cooled, the radial traverse extends to less than midspan. The
black and red vectors in the mainstream are identical and there are
minor differences in the near-hub region.

Figure 13 presents contours of vorticity for the partially (i.e.,
hub) cooled vane. The vorticity contours in Fig. 13 are similar to
those in Fig. 11. This finding is important since it means that the
near-hub results and investigations to follow are relevant in
the context of the full airfoil and supports the idea of singling out
the hub region for further investigation.

The velocity vectors in Fig. 14 provide a comparison of the air
cooled (black vectors) and carbon dioxide cooled (red vectors)
flow fields for the case of the partially (hub) cooled vane. The
velocity vectors in Fig. 14 do not show any major differences
between the air and CO2 hub cooled vanes; however, the contours
of the vorticity in Fig. 15 for the CO2 hub cooled (matching MR)
vane shows a difference compared to the vorticity contours in
Fig. 13 of the air hub cooled vane. The difference is in the near-
hub region at the TE location. Along the TE, there is a TE vortex
(clockwise sense) that extends down toward the hub. Below the
TE vortex is the SS corner vortex (counterclockwise) and below
that is a PS suction vortex (clockwise sense) at the hub surface.
For the CO2 case (Fig. 15), the three vortices are separate and
more distinct and the PS vortex is closer to the hub surface than
the air case. When air is the coolant, there is more mixing between
the PS and SS corner vortices and the TE vortex and it appears
that the PS corner vortex is merging upward with the TE vortex
and dwarfing the SS corner vortex.

Tracer Gas Measurements Using CO2 as Coolant. This sec-
tion presents the results of the concentration measurements carried
out in runs 5 and 6 where the carbon dioxide is used for the hub
coolant and all other cooling holes are plugged. The contours of
carbon dioxide concentration downstream give an indication of

Fig. 11 Near hub vorticity for fully air-cooled vane

Fig. 12 Comparison of velocity vector for fully air cooled
(black) and hub air cooled (red)

Fig. 13 Vorticity distribution for partially cooled with air
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Fig. 15 Vorticity distribution for CO2 cooled

Fig. 16 CO2 concentration measurement repeatability

Fig. 14 Velocity vectors for air cooled (black) and CO2 cooled
(red)

Fig. 17 CO2 concentration and flow vectors for CO2 cooled
vane matching BR (run 5)

Fig. 18 CO2 concentration and flow vectors for CO2 cooled
vane matching MR (run 6)

Fig. 19 CO2 concentration and vorticity (thin line) for CO2

cooled vane matching BR (run 5)

Journal of Turbomachinery AUGUST 2015, Vol. 137 / 081004-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/137/8/081004/6302548/turbo_137_08_081004.pdf by Princeton U
niversity, Lam

yaa El-G
abry on 10 July 2022



where the hub coolant flow ends up as it exits the vane. Measure-
ments of the concentration were repeated at the same radial loca-
tion on two separate days. Figure 16 shows that the test data is
repeatable for the most part. The largest deviation (�4%) is in the

TE wake, an inherently unsteady region where it is not unexpected
to find such differences in the instantaneous results.

Figures 17 and 18 present the concentration contour together
with velocity vector for the CO2 cooled vane matching the blow-
ing ratio (run 5) and the momentum ratio (run 6), respectively.
These figures reveal an important finding and that is that the
upstream hub coolant does not reach the PS region of the hub.
This is due to the effect of secondary flows that carry the CO2

toward the SS surface. It should be noted that the slot cooling
(both PS and SS) is also applied in the NGV0; however, it appears
that those flows are also thwarted away from the PS at injection or
shortly thereafter.

Figure 19 shows the vorticity contours with the thin lines;
together with the contours of the concentration of carbon dioxide.
The bulk of the CO2 is on the SS surface and extends to about
20% span. The dark red colored contours of highest concentration
are around or slightly above the region of high vorticity where the
PS horseshoe vortex is located. This may suggest that the PS
horseshoe vortex carries the coolant introduced along the hub
toward the SS. It could also be a combination of PS horseshoe and
endwall cross flow that pushes the film coolant toward the SS sur-
face. Figure 19 also suggests that the carbon dioxide is lifted
slightly upward just above the SS corner vortex toward the TE
vortex but never mixes with the TE vortex and remains in the
endwall region.

Figure 20 is similar to Fig. 19, however, rather than matching
the blowing ratio of the air-cooled runs, the carbon dioxide cool-
ant mass flow is reduced to attempt to match the momentum ratio.
Similar conclusions can be drawn in Fig. 20; mainly that the cool-
ant is concentrated along the SS surface and toward the hubs.
Essentially a comparison of Figs. 19 and 20 shows the effect of
momentum ratio on the results.

Figure 21 offers a quantitative comparison of the effect of mo-
mentum ratio on the concentration of carbon dioxide coolant gas.
The figure is presented as the difference between the concentra-
tions in Fig. 19 (where blowing ratio is fixed) to that in Fig. 20
(where momentum ratio is fixed). Since the density of carbon
dioxide is higher than the density of air, fixing the blowing ratio
essentially means a higher momentum ratio. Therefore, Fig. 21
shows the effect of decreasing momentum ratio on the coolant
concentration. Reducing momentum ratio increases the concentra-
tion of CO2 near the hub surface and reduces the concentration in
the TE region above the SS corner vortex. This finding that
reduced momentum ratio results in coolant concentrating closer to
the endwall is to be expected. What is interesting is that the cool-
ant shifts from the SS corner vortex down toward the hub high-
lighting the significance of the interaction between coolant and
endwall flow fields.

Fig. 20 CO2 concentration and vorticity (thin line) for CO2

cooled matching MR (run 6)

Fig. 21 Percent difference of CO2 between matched blowing
ratio and momentum ratio

Fig. 22 Pitch and yaw angle definition [22]
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Summary and Conclusions

Aerodynamic flowfield measurements are made using a five-
hole probe traverse downstream of the TE of a cooled annular
vane cascade. Flow angles, velocity vectors, and vorticity con-
tours are presented and show key features including the TE vor-
tex, the PS horseshoe vortex and the counter-rotating pressure and
SS corner vortices.

A total of six investigations are presented. The first run was for
a fully cooled vane cascade using air as the coolant. The exit
(yaw) angle and radial (pitch) angle distribution; pitch angle
shows upwash toward the endwall and exit angle variations across
the TE suggest the presence of vortices. Velocity vectors and vor-
ticity contours lead to the same conclusions regarding the loca-
tions of vortices. The second run was for a partially cooled
cascade in which only the hub coolant flows is considered and all
other coolant holes are plugged. A comparison of the fully and
partially cooled cascade results shows that it is adequate and plau-
sible to consider an investigation of only the endwall and hub
flow interactions and have it be applicable and representative of
the fully cooled configuration.

The third and fourth runs were for the partially cooled configu-
ration with carbon dioxide used as a coolant; the third run matches
mass flow rate for the partially air-cooled case (i.e., matches blow-
ing ratio) and the fourth reduces the coolant mass flow to match a
nominal momentum ratio of the partially air-cooled case. A probe
of equal size as the five-hole probe was used for analyzing the
concentration of CO2 in the tracer gas measurements. The meas-
urements were repeatable and showed that the hub coolant is con-
centrated along the SS surface and does not reach the PS of the
hub surface leaving it unprotected from the hot gas. The hub cool-
ant was likely carried away by the secondary flows and driven to
the SS. Reducing the momentum ratio of the hub coolant increases
the coolant concentration toward the hub surface as expected;
however, it does not significantly alter the circumferential distri-
bution (i.e., the coolant continues to migrate to the SS leaving the
PS uncooled). The interaction between coolant flow and endwall
secondary flows is complex and clearly significant in determining
the flow path and consequently the effectiveness of the coolant.
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Nomenclature

BR ¼ blowing ratio¼qjUj/q1U1
Cax ¼ axial chord

D ¼ diameter of film cooling hole
DR ¼ jet to mainstream density ratio¼ qj/q1

M ¼ Mach number
MR ¼ jet to mainstream momentum flux ratio¼ qjU

2
j/q1U2

1
p1 ¼ upstream total pressure

p2s,avg ¼ downstream average hub static pressure
r ¼ radial distance

Re ¼ Reynolds number based on chord length
S ¼ airfoil pitch
u ¼ velocity
b ¼ radial flow angle (pitch), b< 0 refers to downward

directed flow (Fig. 1)

c ¼ exit flow angle (yaw) is the angle between the radial
projection of the local flow vector and a the
circumference at probe head position (Fig. 22)

h ¼ circumferential location from NGV0 TE
j ¼ specific heat ratio
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