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Flow Characteristics in a Transonic Ultra-Low-Aspect-Ratio
Axial Turbine Vane

Naoki Kuno* and Toyotaka Sonoda
Honda R&D Co., Saitama 351-0193, Japan

Low-aspect-ratio (low-AR) nozzle guide vanes (NGVs) have rarely been adopted as components of conventional
turbines because of poor performance caused primarily by increases in secondary flow losses due to the low
AR. However, there are considerable benefits to adopting low-AR NGVs. For example, the number of NGVs is
decreased, rotor blade (RB) resonance is eliminated over the order of the count of NGVs from 0% rpm up to the
maximum rotational speed. A unique single-stage high-pressure turbine has been developed that is characterized
by ultra-low-AR (span height/axial chord = 0.30) NGV that produces no RB resonance. In the development stage,
an unusual high-loss region was observed approximately midway between the blades near the hub wall at the NGV
exit. The high loss region is described and its causes through are clarified computational fluid dynamics analyses
and rig test results, in the context of producing a high-performance turbine component. The main reason for the
high loss region was found to be an axial cavity below the hub wall between the NGV and the RB. The fillet of the
NGYV at the trailing edge on the hub wall also significantly increases the losses.

Nomenclature
k = specific heat ratio
Ploss (PI4 - PI)/PM
P, = static pressure
P, = total pressure
T, = total temperature
o = flow angle
T = expansion ratio, P/ P;s
T = temperature ratio, 7,4/ T;s
Subscripts
4 = inlet plane of nozzle guide vane (NGV)

5 = exit plane of rotor blade (RB), 2.5 axial chord
downstream of the trailing edge of RB at mean section
exit plane of NGV, inlet plane at RB, 10 mm
downstream of the trailing edge of NGV

45 =

Introduction

O avoid rotor blade resonance with the nozzle guide vanes

(NGVs), it is necessary to decrease the number of NGVs and
lower their aspect ratio, maintaining an appropriate solidity to sus-
tain performance. Because of the large secondary flow losses that are
generated in the vicinity of the low aspect ratio (span height/axial
chord at hub) (AR) vane hub, it is difficult to produce a turbine
utilizing low-AR NGVs.

The test results for low-AR NGVs from Williamson et al. demon-
strate that secondary flow losses due to low-AR NGVs increased
near the hub as compared with other radial locations, though their
NGVs seem to not have had sufficiently low AR to avoid resonance.
It is necessary to decrease the number of NGVs and make the AR
much lower than 1.25 to avoid resonance for their NGV.
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Theoretical predictions by Dunham and Came,?> Kacker and
Okapuu,® and Moustapha et al.* indicate that secondary flow loss
is approximately proportional to the AR of the NGV. According to
their predictive model, the AR is assumed to be at least greater than
unity. A value below unity is assumed to be out of the range of the
predictive models, and there are no test data to verify the prediction
models for this (below unity) assumption. Therefore, utilizing their
loss model, the secondary flow losses in the case of ultra-low AR
for the NGV become significant.

An example of low AR NGVs in manufactured products is the
NGV for an annular combustor with centrifugal fuel injection and
a lateral supply. A low-AR NGV with a low count was adopted
as part of the jet engine for a missile to widen the section area of
the blade and ensure sufficient airflow into the combustor. It has,
however, not been established whether both lack of resonance and
high performance were achieved with this NGV.

With the assumption that the secondary flow loss would not
increase significantly, the development of a unique high-pressure
turbine (HPT) component consistent with no resonance and high
performance was initiated. As predicted at the beginning of the de-
velopment process, a large loss was observed near the hub of the
NGV. Moreover an unusually large loss core, whose location was
not explained by conventional theory, was observed at the hub. The
loss core was located approximately midway between the blades
and near the hub wall. This was independent of the wake at the exit.
This loss was so large that it accounted for a significant fraction of
the loss at the hub. It was found that it could be decreased by taking
measures to reduce all losses at the hub to improve performance, as
discussed later in the “Test Results” subsection. The reason for the
loss core, however, is still unresolved. This paper describes research
by computational fluid dynamics (CFD) analysis and experimental
test results investigating a variety of possible reasons for the pres-
ence of the loss core. Rig test results and the CFD analyses may be
summarized as follows.

First, a single blade passage analysis was performed on the
NGV with a large downstream calculation field as a baseline
case. An additional analysis with a shortened downstream length
was performed to determine the influence of the location of the
unified exit static pressure in the circumferential direction for the
rotor blade.

Second, a stage analysis was performed to determine the influ-
ence of the rotor blade. Williamson et al.' and Moustapha et al.’
showed in their test results that the flowfield at exit of the NGV is
strongly influenced by the rotor blade. A flow phenomenon simi-
lar to the loss core was not reproduced, although the flowfield was
changed.



KUNO AND SONODA 597

Third, an NGV with an axial cavity between the nozzle guide
vane and the rotor blade was analyzed. The cavity was assumed
to be a closed volume without a flow source. Hunter and Man-
waring investigated a sealed cavity in front of and behind the ro-
tor blade at the hub in a turbine component.® Shabbir et al.” and
Wellborn and Okiishi® also investigated a compressor-associated
cavity at the hub. They”-® showed that the influence of the cavity
on the flowfield was significant. Neither study, however, consid-
ered an interaction with a downstream cavity as investigated in this
paper.

Finally, this paper also focuses on the influence of a fillet on the
NGV trailing edge. A leading-edge NGV fillet is generally prefer-
able. Sauer et al. focused on the beneficial effect of a leading-edge
NGV fillet.? In our research, an NGV with a fillet was analyzed
based on several assumptions. We expected a thicker trailing edge
(due to the NGV fillet) to produce stronger shock waves. We also
expected a strong interaction between the shock wave from the trail-
ing edge on the suction surface and the wake from the next vane to
generate the loss core approximately midway between the vanes at
the hub exit. After analysis, our expectations were found to be in-
correct. It was found that an NGV weakens the shock wave from the
trailing edge on the pressure side and thickens the boundary layer
on the end wall.

Test

Apparatus

We adopted a concurrent rig test system for rapid, efficient devel-
opment of the turbine component. In this system, after a modified
design for an airfoil shape is completed, its performance can be de-
termined with one week of rig tests. Therefore, many blade shapes
and configurations can be tested in a short time and at low cost.
The system consists of three elements. The first element is the de-
sign output, which is utilized by manufacturing designers with little
delay. The second element is the manufacturing system, which in-
cludes the utlization of exclusive five-axis machines for developing
the parts for the turbomachinery rig test. The third element is the test,
using an exclusive and flexible test facility. Although it is generally
accepted that the critical step in the development is manufacturing
the test blade, the blade can actually be manufactured in a few days.
Aluminum alloy is utilized for the test blade, which reduces the ma-
chining time significantly and facilitates procurement of material in
advance.

The test facility consists of an air source with a compressor driven
by an electric motor, a torque meter, a gearbox and the rig.

Measurement

Total temperature and total pressure at the inlet were measured
at five different points in circumferential and radial locations. This
was done to reduce the influence of inlet distortion. Total temper-
ature and total pressure at the exit of the rotor blade (RB) were
measured using four rakes, equally spaced in the circumferential
direction. The rakes were installed with five sensors in the radial
direction. These rakes were rotated 90 deg in intervals of 3 deg
to form a one-revolution traverse. Therefore, the time-averaged
flowfield at each operating point could be measured accurately, in-
cluding small variations, especially the effect of small variations
in tip clearance. Total pressure at the exit of the NGV was tra-
versed and measured across approximately one pitch using five-hole
pitot tube.

Flow rate measurement was performed with a vorticity flow me-
ter. Efficiency was calculated from total pressure and total tem-
perature. Torque meter measurements were used as a check and to
improve the reliability of the efficiency measurements based on pres-
sure and temperature. A summary of these measurements is shown
in Table 1.

When measurement error is considered, the efficiency had an er-
ror of +0.4%. The error in the pressure measurement was +0.1%.
The error in the temperature measurement was +0.5 K. The er-
ror in the efficiency does not include the effect of heat trans-
fer. The heat transfer of the probe and the casing in the rig
was assumed to be very small because heat insulation material

Table 1 Measurement locations

Location and number of measurement

Parameter Method Circumferential Radial Total
Inlet of NGV
m Fixed 5 5 5
Py Fixed 5 5 5
Pgy Static tap 1 2 2
Exit of NGV*
P45 Traverse 1 7 161
045 Traverse 1 7 161
Exit of RB
Tis Traverse 4 5 600
Pis Traverse 4 5 600
Pgs Static tap 1 2 2
#Inlet of RB.

was wrapped around the sensors and the turbine exit tempera-
ture was adjusted to be as close as possible to the test room
temperature.

Rig

The rig was the same size and scale as the planned engine. The
rig layout for stage performance tests is shown in Fig. 1a. The ducts
are constructed mainly of stainless steel, and the influence of the
combustor return shape is considered in a manner similar to that
of the rig used by Woinowsky-Krieger et al.'° The NGV and RB
are fabricated from aluminum. The RB is integrated with the disk
manufactured by the five-axis machine. The NGV consists of two
parts, the tip shroud and the blade, which is integrated with the
hub wall. The blade is connected to the tip shroud by a connect-
ing pin. Thus, the hub side has a fillet, whereas the tip side does
not. There is no cooling in the rig, although in an engine, a cooling
slit is present in the center of the trailing edge of the NGV. The
thickness of the trailing edge of the NGV is set at 1.8 mm, when
cooling air ejection from the trailing edge is considered. There is no
cooling for the RB in either the rig or engine, and so the thickness
of the trailing edge is set to 0.5 mm. Specifications for the de-
sign are shown in Table 2. Velocity triangles at midspan are shown
in Fig. 1b. This specification is conventional except for the low-
AR NGV and RB with minishroud, which has a similar fillet at
the tip.

Test Results

To attain higher efficiency in the final blade design, many different
approaches were tested. With regard to the NGV, the optimum lean
angle and a shorter axial distance between the NGV and RB were
considered and adopted. With regard to the RB, adding a minishroud
on the tip and hub contouring were considered and adopted (not
shown here).

The efficiency of the final blade shape in the rig test was 87.9%,
near the design point. This efficiency was evaluated from Py, T4,
P,s, and T;s. The efficiency (adiabatic efficiency =[1 — (1/7)]/[1 —
(1/7)%=V/k]) expansion ratio, temperature ratio, and exit flow an-
gle of the circumferential averaged distribution in span height are
shown in Figs. 2, 3, 4, and 5, respectively. The stage analysis results
from CFD, which was used as an analysis tool in this paper, predicted
an efficiency of 88.4%, are also shown in Figs. 2-5. FINE/Turbo was
utilized as the CFD code. Experimental results and the CFD anal-
ysis are in agreement except for the flow field near the tip shroud.
The difference in efficiency is mainly due to the difference in tem-
perature ratio. CFD overestimated the temperature ratio near the tip
shroud. The adoption of a rotor with a minishroud might be one rea-
son for the difference. CFD could not possibly predict the flowfield
near the tip clearance with a high degree of accuracy because of the
complicated shape and the skewed mesh.

Pioss contour test results at the NGV exit with rotor rotating are
shown in Fig. 6. Traverse measurements were performed along one
pitch at the locations marked by the intersections of the dotted lines
shown in Fig. 6. Data from two pitches were doubled for illustrative
purposes in Fig. 6. The blank at the endwall indicates the end of the
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Fig. 1b Velocity triangles at midspan.

Table 2 Design specifications

Parameter Value
Corrected mass flow rate 0.87 kg/s
Expansion ratio 3.04
NGV counts 8

RB counts 51
NGV AR 0.3
TE thickness of NGV at span height 1.8 mm
Exit span height of NGV 18.9 mm
Rotational tip speed of RB 525 m/s
Loading factor 1.375
Flow coefficient 0.531
Reaction based on enthalpy 0.324

measurement range. The wakes are inclined because the NGV was
inclined. Two loss cores are observed. One is viewed as conven-
tional; it develops from the passage vortex and combines with the
wake on the suction side. The other is viewed as an unconventional
loss core; the reasons for its appearance are unclear. It is indicated
by the ellipse in Fig. 6. It is located approximately midway between
the NGV at the hub.

Computational Model

NGYV Calculation (Baseline Case 1)
The mesh size is 49 x 49 x 145 (pitch x span x flow direction).
An I mesh topology is used, as shown in Fig. 7. The inlet bound-
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Fig. 2 Adiabatic efficiency.

ary was located at a plane approximately one chord upstream of
the leading edge of the NGV. The exit boundary was located at a
plane approximately one chord downstream of the trailing edge of
the NGV. Static pressure at the boundary exit of the calculation was
fixed on the hub, and we assumed radial equilibrium. The Baldwin—
Lomax turbulence model was used. An alternative is the k—¢ tur-
bulence model, but in the case of a skew mesh, as in the analysis
with the axial cavity and fillet, the k—¢ model tends to overgenerate
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Fig. 3 Expansion ratio.

100%

80%

60%

span (%)

40%

20%

0%
1.25 1.27 1.29 1.31 1.33 1.35 1.37
total temperature ratio
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Fig. 5 Absolute exit flow angle.

the turbulent viscosity more than the Baldwin—Lomax model does.
The Baldwin—Lomax model was therefore, adopted to provide the
same conditions in all of the analyses. This analysis is a baseline for
the following analyses.

NGYV Calculation with Short Downstream Length (Case 2)

The mesh size is 49 x 49 x 129 (pitch x span x flow direction).
An I'mesh topology is used, as shown in Fig. 8. The other conditions
are the same as case 1. The exit boundary on the hub was located
on the plane 10 mm downstream of the trailing edge, simulating the
location of RB.

Fig. 6 Pjossq5 contours at NGV exit (test results).
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Fig. 8 Computational mesh (short downstream length).

Steady-State Stage Calculation (Case 3)

A mixing plane was utilized between the NGV and RB. All
of the physical quantities at the mixing plane were averaged
in the circumferential direction. The mesh size of the NGV is
49 x 49 x 129 (pitch x span x flow direction). The mesh size of the
RBis 49 x 49 x 129 (pitch x span x flow direction). Both grids use
an I mesh topology, as shown in Fig. 9. Static pressure at the exit of
the RB was fixed at the hub. The value was adjusted to achieve the
total expansion ratio in the rig test. The other conditions were the
same as case 1.

NGYV Calculation with Cavity (Case 4)

The mesh size for the NGV is 49 x 49 x 144 (pitch x span x flow
direction). An H mesh topology is used, as shown in Fig. 10.
This is required because it must coincide with the mesh of the
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Fig. 10 Computational mesh with axial cavity.

—
Cavity

Fig. 11 Meridional view of computational mesh with axial cavity.

cavity at the boundary due to the structural grid having to ad-
mit a section of skew mesh. The meridional mesh is shown in
Fig. 11. The cavity was located 8 mm downstream of the trailing
edge of the NGV. The axial width was 2 mm. The depth was as-
sumed to be 18.6 mm, which is equivalent to the NGV span height.
In the experimental rig, the cavity is connected to one large vol-
ume, as shown in Fig. 1a. In the calculation, a depth of 18.6 mm
was judged to be sufficient to simulate the influence of the axial
cavity qualitatively. It was assumed that the main flow from the
cavity was not sealed, as in the rig test, which was a closed vol-
ume, although an air seal was supplied in the engine. The mesh
size of cavity was 9 x 49 x 33 (axial x circumferential x depth
direction).

High AR NGV Calculation with Cavity (Case 5)

To determine the influence of AR, the NGV was scaled by half in
both the axial and circumferential directions, and double the NGV
count was analyzed without changing the span height. Calculation
boundaries were also scaled. The other conditions were the same as
in case 4. The mesh is shown in Fig. 12.

NGYV Calculation with Fillet (Case 6)

The radius of the fillet was 2 mm. Only the hub side has the fillet
in the rig. There is no fillet on the tip side in the rig, as described
before, due to the assembly structure. The other conditions were
the same as in case 1. The mesh size of the NGV is 49 x 49 x 147
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Fig. 14 Computational mesh with axial cavity and fillet at hub side.

(pitch x span x flow direction). An H mesh topology is used, as
shown in Fig. 13.

The influence of the fillet was considered to be modeled only qual-
itatively because the mesh in the vicinity of the fillet was skewed.
The vicinity of the fillet on the trailing edge is shown marked with
a circle in Fig. 13.

NGYV Calculation with Axial Cavity and Fillet (Case 7)

Based on the results of analyses of cases 4 and 6, an analysis of
the NGV with both the axial cavity and fillet was performed. It was
not possible to generate a mesh to provide high-quality coverage of
both the cavity and fillet, but this analysis was considered sufficient
for a preliminary consideration of the phenomenon. An H mesh
topology was used, as shown in Fig. 14.

Discussion of Results

NGYV Calculation (Baseline Case 1)

The loss core between the NGVs at the exit was not reproduced
by this CFD analysis, which was similar to the one obtained in a pre-
vious design process (not shown here) with a different commercial
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Fig. 15 Pjoss45 contours at NGV (baseline).
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Fig. 17  Pjoss45 contours at NGV exit in short downstream length.

CFD code. Piossa5 contours are shown in Fig. 15. Figure 15 shows
a wake at the trailing edge, a fully developed thick boundary layer
at the endwall, and a conventional loss core, which was generated
from the passage vortex and adhered to a wake.

Mach number contours at 3.3% span height from the hub are
shown in Fig. 16. We observed that a shock wave was generated at
the trailing edge on the pressure side with a reflection on the suc-
tion surface. The boundary layer on the suction surface separated
from the region on the suction surface and transformed into
the wake.

NGYV Calculation with Short Downstream Length (Case 2)

Pyossas contours are shown in Fig. 17. The contours are similar
to the case 1 baseline (Fig. 15), and the loss core was not repro-
duced by this CFD analysis, either. The contours were similar be-
cause the same static pressure at the exit boundary was forced to
be uniform in the circumferential direction, although the location
was different. The wake is wider in this analysis than in case 1
baseline. The reason for this is that the mixing at the short exit
boundary is promoted more than at the long exit boundary in case 1
baseline.

Mach number contours at 3.3% span height from the hub are
shown in Fig. 18. Unlike the case 1 baseline (Fig. 16), the shock
wave is not reflected off the suction surface. It is appropriate to
describe another shock wave rather than a reflected shock wave. In

Absolute Mach Number

Fig. 18 Mach number contours near hub section in short downstream
length.

Fig. 20 Pjoss45 contours at NGV exit with cavity.

short, two shock waves were generated on the suction surface due
to the short downstream length.

Steady-State Stage Calculation (Case 3)

Pioss contours 4 mm downstream of the trailing edge of the NGV
are shown in Fig. 19. This location was adopted as an evaluation
plane because the Pjyss5 contour should be averaged in the circum-
ferential direction within the rotor blade calculation field. Figure 19
was found to be similar to the case 1 baseline and the case 2 short
downstream Figs. 15 and 17. The loss core was not reproduced by
this analysis, either.

NGYV Calculation with Cavity (Case 4)

A region similar to the unconventional loss core was observed as
shown in Fig. 20. This region is marked with an ellipse in the Fig. 20.
Investigating in more detail, we found the following. The static
pressure above the cavity varies in the circumferential direction.
The difference in static pressure above the cavity leads to the flow
in the radial direction. A part of the main flow enters the cavity, and
the flow from the cavity exits to the main flow as shown with arrows
in Fig. 21. As a result, the flow from the cavity generates the loss
core. In an engine, due to the presence of an air seal from the cavity,
there is no flow into the cavity. Though the loss core observed in this
rig probably does not exist in the engine, we assume that a similar
loss core pattern should exist in the engine, with the radial flow over
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Fig. 21  Pjoss45 contours and stream lines at NGV.
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Fig. 22 Py, contours at high-AR NGV exit with cavity.

the cavity. In the case of the presence of the air seal, assessing the
changes in the phenomenon experimentally and analytically should
be addressed in the future.

There are two unexplainable phenomena in Fig. 20. One is that a
loss was generated on the tip shroud between the blades. The other
is that a loss was generated at midspan height between blades. The
former phenomenon also turned up in the rig test (Fig. 6). These
issues will also be investigated in the future.

High AR NGV Calculation with Cavity (Case 5)

A high-AR NGV with a cavity was studied to determine whether
the unconventional loss core was also generated in the case of a
conventional AR NGV, and in fact, it was, as shown in Fig. 22.
It is marked with an ellipse. Regardless of AR, it was found that
the same phenomenon arises, a loss core over the cavity. The two
unexplainable phenomena present in Fig. 20, also appear in Fig. 22.

Pyoss distributions in the radial direction averaged in the circum-
ferential direction are shown in Fig. 23. The four curves show the
analysis of the low-AR NGV with and without the cavity and the
high AR NGV with and without the cavity. Focusing on the differ-
ences between the losses near the hub as influenced by the magnitude
of AR and the presence of the cavity, we found that the lower the
AR was, the larger the influence of the cavity with respect to the
loss near the hub. We also found that the loss in main flow with the
cavity increases as compared to losses without the cavity. Though
the reason for this is not clear, this tendency agrees with the presence
of the tip shroud and midspan losses shown in Figs. 20 and 22.

NGYV Calculation with Fillet (Case 6)

As shown in Fig. 24, the loss core was not reproduced in the
calculation of the NGV with the fillet, either. It was found, however,
that the boundary layer on the hub at the exit was larger than the
one for the NGV without the fillet (Fig. 17). The boundary layer at
the tip side did not change. The reason for this is that the tip section
did not have a fillet, to simulate the rig as described earlier.

The phenomena in Figs. 17 and 24 can be explained as follows
and as shown in Fig. 25. The passage area increases locally from
the throat to the trailing edge on the pressure surface. The flow sud-
denly decelerates downstream of the throat due to the sudden lack
of thickness of the trailing edge. As a result, the boundary layers

Fig. 24  Pjose45 contours at NGV exit with fillet.

suction surface
acceleration ' )

deceleration
region

pressure surface

Fig. 26  Pjoss contours near hub with no fillet.

on the suction surface and on the endwalls develop downstream of
the throat. The deceleration of the flow at midspan height, however,
tends to be canceled out in the radial direction. The deceleration
of the flow on the endwalls tends to increase more, suffering from
cancellation at the midspan height. Because of the influence of the
fillet, the deceleration at the endwalls is so large that the boundary
layers on the suction surface and on the endwalls tend to be much
thicker downstream of the throat in the streamwise direction. Con-
sequently, the loss at the endwall of the NGV with the fillet is larger
than the case without the fillet in the downstream region around
the throat. To support this explanation, Py contours at 3.3% span
height from the hub without the fillet and with the fillet are shown
in Figs. 26 and 27. We found that P with the fillet increased as
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Fig. 27 Pjs contours near hub with fillet.

Absolute Mach Number

Fig. 29 Pjos45 contours at NGV exit with cavity and fillet.

compared with the case without the fillet adjacent to the throat and
on the suction surface downstream of the throat.

Mach number contours at 3.3% span height from the hub
are shown in Fig. 28. The shock wave from the trailing edge to-
ward the suction surface of the NGV with the fillet was weaker than
for the one without the fillet (Fig. 18). This phenomenon was the
reverse of the speculation that a thicker trailing edge due to the fillet
results in stronger shock waves. The reason for this is as follows:
Poss with the fillet increased more than for the case without the fillet
downstream of the throat in the streamwise direction, as shown in
Figs. 26 and 27. The decrease of total pressure adjacent to the throat
decelerated the velocity locally, and the shock wave became weaker.

In summary, the losses due to the development of the boundary
layer on the suction surface are influenced to a greater extent by the
deceleration of the fluid induced by the presence of the fillet at the
trailing edge (TE) than by the shock wave to the extent observed in
this case.

There is an unexplained phenomenon shown in Fig. 27; a loss
was generated on both the suction and pressure surfaces upstream
of the throat. This should also be investigated in the future.

NGY Calculation with Axial Cavity and Fillet (Case 7)

An analysis of the NGV with both axial cavity and fillet was
performed based on the results of case 4 with cavity and case 6
with fillet. Py, contours are shown in Fig. 29. The boundary layer
and the loss core were overestimated as compared with test results,
although the phenomena were captured well qualitatively.

Conclusions

In the process of developing an HPT component with no reso-
nance and high performance, an unconventional loss core was ob-
served approximately midway between the blades near the hub wall
at the NGV. The cause of this loss core was determined from test
results, and a new and unique approach to CFD analysis as follows.

1) A part of the flow from the axial cavity between the NGV and
the RB influences the downstream flowfield at the NGV exit, and
this generates a loss core independent of the wake.

2) The magnitude of the loss core depends on the AR of the NGV.
The lower the AR, the larger is the loss core. Especially in the case
of the NGV with AR less than one, the loss becomes significant near
the hub.

3) A fillet at the trailing edge of the NGV increases the loss core
significantly.

Our research did not consider the influence of the air seal from
the cavity. It is important for future work to determine the changes
in the loss core in engines, both experimentally and analytically.
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