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Effect of End Wall Contouring on
Performance of Ultra-Low Aspect
Ratio Transonic Turbine Inlet
Guide Vanes
In our previous work on ultralow-aspect ratio transonic turbine inlet guide vanes (IGVs)
for a small turbofan engine (Hasenjäger et al., 2005, “Three Dimensional Aerodynamic
Optimization for an Ultra-Low Aspect Ratio Transonic Turbine Stator Blade,” ASME
Paper No. GT2005-68680), we used numerical stochastic design optimization to propose
the new design concept of an extremely aft-loaded airfoil to improve the difficult-to-
control aerodynamic loss. At the same time, it is well known that end wall contouring is
an effective method for reducing the secondary flow loss. In the literature, both “axisym-
metric” and “nonaxisymmetric” end wall geometries have been suggested. Almost all of
these geometric variations have been based on the expertise of the turbine designer. In
our current work, we employed a stochastic optimization method—the evolution
strategy—to optimize and analyze the effect of the axisymmetric end wall contouring on
the IGV’s performance. In the optimization, the design of the end wall contour was
divided into three different approaches: (1) only hub contour, (2) only tip contour, and (3)
hub and tip contour, together with the possibility to observe the correlation between
hub/tip changes with regard to their joint influence on the pressure loss. Furthermore,
three-dimensional flow mechanisms, related to a secondary flow near the end wall region
in the low-aspect ratio transonic turbine IGV, was investigated, based on the above
optimization results. A design concept and secondary flow characteristics for the low-
aspect ratio full annular transonic turbine IGV is discussed in this paper.
�DOI: 10.1115/1.2813015�
ntroduction
In order to meet increasing technical demands on small gas

urbine engines, we investigate the use of low-aspect-ratio �AR�
lades for which the influence of secondary flow losses on the
urbine stage efficiency is very large, especially for the high-
ressure turbine �HPT�. A lot of literature that is concerned with
he secondary flow mechanisms has been published so far. Some

odels for the spatial secondary flow have been obtained from
ow visualization, e.g., Klein �1�, Langston et al. �2,3�, Sieverding
nd Van den Bosch �4�, Sonoda �5�, and Wang et al. �6�. These
odels are almost all based on low speed and especially on linear

ascades. As an example, Fig. 1 shows the author’s result obtained
ith low speed for a linear cascade, i.e., a high-AR turbine cas-

ade. It is well known that the transverse �circumferential� static
ressure gradient from pressure surface �PS� to suction surface
SS� plays an important role. The basic behavior of the vortex
otion in Fig. 1 agrees with the previously reported results. Fur-

hermore, according to the total pressure measurement down-
tream of the trailing edge �TE�, the losses related to the horse-
hoe vortices: Hp and Hs are smaller than the loss related to the
ortex IV. However, from an engineering point of view the fol-
owing question must be raised: Is the secondary flow model ob-
ained from the linear cascade �high aspect ratio� still applicable to
n annular low-AR high speed cascade, especially for an
ltralow-AR annular transonic turbine inlet guide vane �IGV� cas-
ade?

Regarding the secondary flow control technique, airfoil lean
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and/or bowed stacking has been used especially in a low-pressure
turbine for large-midsize engines. Another important method for
secondary flow reduction is end wall contouring. There are two
contouring types: with and without axis symmetry. In this re-
search, we focus on the axisymmetric contouring because it is
relatively simple and leads to a lower manufacturing cost than the
nonaxisymmetric type.

Deich et al. �7� reported an optimal contraction ratio as a func-
tion of the AR. Ewen et al. �8� incorporated a tip contouring in the
stator of a single-stage research turbine. They pointed out the
importance of improved rotor inlet flow conditions. Morris and
Hoare �9� showed a large reduction in the total pressure loss in the
half span adjacent to the flat wall and no change around the con-
touring side in their plain cascade. Kopper et al. �10� tested a
linear cascade of turbine vanes with and without end wall con-
touring. The aerodynamic loading was reduced around the frontal
part of the vane, and the point of minimum pressure was moved
closer to the TE. The adverse pressure gradient from the point of
minimum pressure to the TE was reduced for the flat wall, but was
increased for the end wall contouring. The mass averaged data
showed that the contouring reduced the overall loss by 17% com-
pared to the parallel walls. The most significant loss reduction
occurred at the planar wall.

Regarding the end wall contouring of the low speed annular
cascade, Boletis �11� showed that the transverse pressure gradient
was significantly decreased at the frontal part, while the radial
pressure gradient imposed by the blade design was counteracted
by the creation of a low static pressure region at the tip end wall
suction side corner. Also, the importance of the radial gradient
was reported. The AR of the vane was 0.6.

Regarding the end wall contouring of the transonic annular
and/or supersonic cascade, Haas �12� showed that the contoured

stators had higher loss near the tip contouring side and lower loss
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ear the hub than the cylindrical stator. He also pointed out the
ncrease of the mass flow rate for the contoured stator because of
ifferences in the physical throat areas. Moustapha and William-
on �13� reported on the effect of the tip end wall contouring for
nnular transonic and/or supersonic cascades. They showed im-
rovement of the loss at the hub region, while the loss was in-
reased at the contoured tip side. They also noticed a significant
nderturning region near the hub side.

As we mentioned already, the aerodynamic characteristics of
nd wall contouring for subsonic speed has been thoroughly in-
estigated. However, much less work has concentrated on tran-
onic end wall contouring, and the corresponding secondary flow
echanisms remain unclear.
Therefore, the main objective of this research is to investigate

he effect of three types of end wall contouring: �1� only hub
ontour, �2� only tip contour, and �3� hub and tip contour on the
erodynamic performance of the ultralow-AR transonic turbine
GV. Furthermore, we investigate the secondary flow mechanisms,
articularly whether there is a difference between the secondary
ow model obtained from the low speed and from the linear cas-
ade conditions.

Ultralow-Aspect-Ratio Transonic Turbine Inlet Guide
anes. Figure 2 shows the meridional passage of the ultralow-
spect-ratio transonic turbine IGVs. The vane used in the present

ig. 1 Secondary flow model for a low speed and high-AR tur-
ine blade „obtained from Sonoda †5‡…
Fig. 2 Meridional passage
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investigation is an IGV in a single-stage HPT for a small turbofan
engine that has been installed in a small business jet. The cor-
rected mass flow rate is relatively low at 0.84 kg /s, and the exit
Mach number and flow angle are 1.04 and 72.8 deg at midspan
height, respectively. The Reynolds number Re based on the actual
�true� chord at midspan height is 3,500,000. The number of blades
�NB� was set at 8 in order to avoid the first resonance with a
downstream rotor within the operating range, keeping the vane
solidity constant. This leads to an “ultralow-AR vane” of 0.21
�ratio of exit passage height to actual chord at hub�, and the pas-
sage contraction ratio is 0.52. These parameters correspond to the
optimized contraction line proposed by Deich et al. �7�. Con-
strained by manufacturing costs, e.g., due to necessary cooling,
the blade geometry is defined by only two cross sections, the hub
and the tip section. Linear interpolation between these two sec-
tions is used to define the remaining blade geometry. The stator
blade is circumferentially leaned by 14 deg in order to suppress
the development of a secondary flow near the hub end wall. The
blade axial solidity is constant along the span, and it is 0.76.
Zweifel’s loading coefficient Zw is 0.80. The axial coordinate X
=0 roughly corresponds to the TE of the ultralow-AR vane and
X= +0.13 refers to the leading edge �LE� location downstream of
the rotor blade, called Station 2. In the following, we will refer to
this blade and passage as the base line vane and base line passage,
respectively, particularly when we compare it to the optimization
results.

Design Optimization With Evolutionary Algorithms
Evolutionary algorithms �14� are a class of stochastic optimiza-

tion algorithms whose use in design optimization problems is well
established by now �15�. These algorithms are inspired by prin-
ciples of evolutionary biology and make use of a population of
individuals—each individual representing a specific design—to
search the design space for the optimum solution. Typical opera-
tors applied during evolutionary optimization are selection to di-
rect the search to promising regions of the search space, recom-
bination to combine promising features of known solutions, and
mutation to introduce some random changes of the solutions.

In our approach to aerodynamic design optimization, we use a
special variant of evolutionary algorithms, namely, an evolution
strategy �ES� with covariance matrix adaptation �CMA� �16�. The
basic idea of CMA-ES is to make maximum use of the informa-
tion contained in the search history for a self-adaptation of the
search direction that is defined in terms of the covariance matrix
of a normal distribution from which new tentative solutions or
individuals are drawn. Thereby, the population size is decoupled
from the dimension of the search space.

Especially the latter feature is indispensable in aerodynamic
design optimization, which, in general, is characterized by a fun-
damental conflict: On the one hand, the design space easily be-
comes relatively high dimensional. As a consequence, a large
of an ultralow-AR IGV
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umber of different designs have to be evaluated during optimi-
ation. On the other hand, however, the evaluations typically in-
olve computational fluid dynamics �CFD� based flow analyses
nd are thus highly challenging tasks with respect to the necessary
omputational resources as well as with respect to the time re-
uirements. As a result, only a limited number of evaluations can
e afforded.

Geometrical Models. A crucial point in design optimization is
he parametric model of the geometry that will be optimized since
his determines the design space, i.e., the set of all possible de-
igns and the topology of the design or quality space. There are a
umber of requirements for the parametric model:

• flexibility: the model must be flexible enough to represent a
wide variety of different designs

• compactness: the number of parameters describing the
model must be low enough to allow for reasonable conver-
gence times of the optimization algorithm

• locality: variations of a single model parameter should result
in only local variations of the model and should not affect
the global model shape

A good choice to fulfil these requirements is to use nonuniform
ational B-spline �NURBS� models �17� to represent geometrical
odels in design optimization. In general, NURBS models are

efined by �i� a set of control points, �ii� a weight for each control
oint, and �iii� a single knot vector in the case of NURBS curves
r two knot vectors in the case of NURBS surfaces, one for each
arameter. Usually not all of these parameters are subject to opti-
ization. We should note that the NURBS representation only

ulfils the flexibility condition if the number of control points is
ufficiently large.

Passage Model. The passage model consists of two open non-
niform B-spline curves, one curve modeling the hub end wall
nd the other curve modeling the tip end wall �Fig. 3�. As param-
ters in the optimization, we considered a subset of the control
oints of the B-spline curves and allowed them to vary in both the
adial and the axial coordinate. Note that allowing the axial con-
rol point position to vary is not redundant but introduces a flex-
bility into the model that is worthwhile in terms of possible per-
ormance gains.

The hub end wall is defined by 13 control points shown as
quares in Fig. 3. Only 5 of these 13 control points are used as
esign variables in the optimization. Variation of the control point
osition is possible in both the x coordinate of the control point as
ell as in the y coordinate. This gives us ten variable parameters

o model the hub passage contour. The tip end wall is defined by
1 control points shown as circles in Fig. 3. Only the five control
oints shown as filled circles in Fig. 3 are variable. Again, varia-
ion of the control point position during optimization is possible in
oth the x coordinate of the control point as well as in the y
oordinate. So, we have ten variable parameters to model the cas-
ng passage contour. In both end wall models, the knot vectors of
he nonuniform B-spline curves are fixed and not subject to opti-

ization.

Objective Function in the Optimization. The performance

Fig. 3 Passage modeling
easure f of a specific passage design is given by the single
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objective of minimizing the mass averaged pressure loss � of the
stator. Additionally, we use range constraints on �i� the �2 outflow
angle and �ii� the mass flow rate. The outflow angle is constrained
to lie in the range of ��2 around the design value �2design. In the
same way, the mass flow rate is constrained to lie in the range of
�ṁ around the design value ṁdesign. The constraints are included
in the objective function in the form of a weighted sum of penalty
terms. Thus, the objective function for the optimization is given
by

f = � + �
i=1

2

witl
2 → min �1�

with

t1 = max�0, ��2,design − �2� − ��2�

t2 = max�0, �ṁdesign − ṁ� − �ṁ�

We used the following design values, tolerances, and weights in
the fitness function:

�2,design = 72.0 deg

��2 = 0.5 deg

w1 = 1019

ṁdesign = 0.84 kg s−1

�ṁ = 0.017 kg s−1

w2 = 105

Here, the averaged pressure loss � is estimated far downstream
at outlet Station 3 for considering mixing losses. The mass flow
rate ṁ and the outflow angle �2 are estimated at outlet Station 2,
just downstream of the TE �see Fig. 2 for the location of the outlet
stations�. The design outflow angle �2 of 72.0 deg used in the
optimization is slightly different from that in the actual turbine
aerodynamic design of 72.8 deg. The reason will be explained in
the section on the reliability of 3D Navier–Stokes solver. The
geometrical model of the base line passage that was used to ini-
tialize the optimization lies within the feasible region of the de-
sign space. According to Eq. �1�, only violated constraints contrib-
ute to the objective function. The weights w1 and w2 on the
constraints are constant during optimization and are chosen such
that the contribution of a violated constraint by far outweighs the
contribution of the objective � in order to quickly drive the search
back into the feasible region.

Flow Solver. For the simulation of the fluid dynamic properties
of the passage designs, we used the parallelized 3D in-house
Navier-Stokes flow solver HSTAR3D �see Ref. �18��, with Wilcox’s
k-� two equation model �19�. Prior to optimization, we performed
CFD calculations of the base line geometry to determine the nec-
essary grid size for a high resolution of the boundary layer devel-
opment. The computational grid consisted of 175�J��52�K�
�64�L�=58,2400 cells. The average y+ of the first grid point
from the wall is about 1.5 for all calculations. The computation
time for one flow analysis with this grid depends on the passage
geometry. It takes roughly 1 h on two AMD Opteron 2 GHz dual
processors.

Optimization Algorithm. A flowchart of our optimization en-
vironment is given in Fig. 4. The basic setup is governed by two
parallelization levels. On the first level, the evolutionary operators
are used to generate the offspring population, i.e., the new blade
designs. In our algorithm, we do not use a recombination proce-
dure. Instead, changes are induced during mutation by adding nor-
mally distributed random numbers to the design parameters that

are subject to optimization. As noted before, the covariance matrix

JANUARY 2009, Vol. 131 / 011020-3
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f the normal distribution is adapted to the local topology of the
earch space. The � offspring individuals—here, � denotes the
ffspring population size—are evaluated in parallel by sending
ach blade representation to separate slave processes using the
arallel virtual machine �PVM� library �20�. The slave processes
enerate the computational grid and run the flow solver using an
dditional set of four processes, which are distributed using mes-
age passing interface �MPI� �21�. This constitutes the second
evel of parallelization. The slave processes calculate the objective
unction �Eq. �1�� and send the resulting quality value back to the
aster process. The master collects the quality values for all �

ndividuals or blade designs. Next, the best � designs are selected
rom these � individuals to become the parent population of the
ext generation. In evolutionary algorithms, this type of “deter-
inistic” selection method is written as the �� ,�� selection. The

volutionary cycle proceeds with the creation of the next offspring
eneration as long as the stop criteria are not met. Ideally, stop
riteria should depend on the expected performance gain and
hould stop the optimization when this value falls below a certain
hreshold. In reality, the optimization is often stopped because of
ime constraints.

For the results presented in this paper, a �� ,�� CMA-ES with
=1 parent individual and �=10 offspring individuals was used.
he optimization was initialized with a geometry similar to the
ase line passage. All offspring individuals were evaluated in par-
llel. For this, we used a 40 processor computing cluster: ten
arallel processes were running in the first level of parallelization
nd each of these spawned four processes in the second level of

Fig. 4 Flowchart of o
arallelization.

11020-4 / Vol. 131, JANUARY 2009
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Results and Discussions

Reliability of 3D Navier-Stokes Flow Solver. It is very impor-
tant to estimate the reliability of the 3D flow solver used in this
turbine end wall optimization in advance. So far, the flow solver
has been successfully used for compressor and turbine blades. For
example, the 3D flow solver with a low Reynolds k-� turbulence
model proposed by Chien �22� has been successfully applied to
the compressor blade of NASA Rotor67 and 37 �18�.

A 2D version of the flow solver with the same turbulence model
has also been applied successfully to a transonic turbine cascade
�23�. In this research and in our previous work �24�, the Wilcox’s
k-� model �19� has been used for the 3D transonic turbine blade
for an easier determination of the length from the wall. However,
a precise validation with the new model has not been done yet.
The reason is that it is very expensive and time consuming to
prepare the validation data for the 3D transonic annular turbine
cascade. Therefore, we estimate the reliability as far as possible
based on data obtained from a transonic turbine stage rig shown in
Fig. 5. We should note that the following data were not measured
for the purpose of validation and that errors are inherent.

The comparison of EXP and CFD was carried out, focusing on
the oil flow visualization and the loss and the exit flow angle
distributions at the nominal IGV exit plane: Station 2, i.e., 7 mm
downstream of the TE �corresponding to 0.13 axial chord down-
stream of the TE�. The test facility was designed for full size
testing of the HPT, and the test was carried out under the “cold”
condition at the design corrected mass flow rate. Therefore, the

ization environment
axial gap between the base line IGV and the rotor was newly
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xtended to be able to do the traverse measurement radially and
ircumferentially. However, there are no static pressure taps on
he IGV surface because this rig has been used for the estimation
f the stage performance, as already mentioned above.

The traverse was performed using two types of probes. One is a
pecial probe that is not sensitive for the flow angle variation, as
hown in Fig. 5. This was mainly used for total pressure measure-
ent. The other one is a five-hole probe for the flow angle mea-

urement, also shown in Fig. 5. Regarding the total pressure mea-
urement, the circumferential increment is 2 deg to the 1 pitch
45 deg: NB=8�, and about 1 pitch measure was done. The radial
ositions were seven sections, so the total number of measure
oints is 161 points �23�7�.

In this research, the total pressure loss coefficient is not defined
n terms of the exit dynamic head as the denominator, but in terms
f the inlet total pressure. There are two reasons for this: firstly, a
arge circumferential variation �not negligibly small� of the static
ressure value was observed on the outer casing downstream of
he IGV-TE �at Station 2� �not shown here�. This may be due to a

Fig. 5 Experimental apparatus for
Station 2, using a transonic turbine st
Fig. 6 Comparison of vane surface oil flow

ournal of Turbomachinery
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narrow gap between the IGV and a rotor. The second reason is
that as far as CFD results are concerned, there is no linear distri-
bution at Station 2 �not shown here�. Therefore, we decided to use
the inlet total pressure, instead of the exit dynamic head, in order
to achieve a high accuracy on the data processing.

For the flow angle measurement using the five-hole probe, the
radial flow component was neglected. The traverse measurement
was done with the same circumferential increment as the total
pressure measurement, but the radial measurement positions were
reduced from seven to five sections. The flow direction was manu-
ally determined by adjusting the pressure difference of the right
hole and the left hole to be zero in the free wake region. The
measurement accuracy for the total pressure loss is considered to
be accurate to within �0.002 in the areas of relatively low total
pressure loss, while the flow angle accuracy is about �0.5 deg.

Firstly, the oil flow visualization was carried out for the base
line vane, experimentally and numerically, as shown in Fig. 6, in
order to understand the overall image of the secondary flow pat-
tern for the transonic IGV. In the experiment, this picture corre-

V wake traverse measurement at
rig
IG
age
visualization for „a… EXP and „b… CFD

JANUARY 2009, Vol. 131 / 011020-5
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ponds to NB=10, but the tendency is almost the same as for the
ase line case with NB=8. There is a strong inward-radial flow
ear the rear part of the SS, and there is no interaction between the
hock, emanating from the TE of the adjacent vane, and the SS
oundary layer. It seems that the inward-radial flow pattern for the
ltralow-aspect IGV is much stronger than the one for a high-AR
GV. The tendency of the oil flow pattern in CFD is almost the
ame as in the experiment. The end wall isentropic Mach number
ontours in Fig. 6�b� clearly show the complexity of the flow
attern. This will be discussed in the section on flow mechanism
n ultra-low AR IGV.

Figure 7 �top and bottom� shows the circumferential-mass-
veraged spanwise distribution of the total pressure loss and the
xit flow angle, respectively. In general, a good qualitative agree-
ent between EXP and CFD is obtained for both loss and flow

ngle distribution. However, the pattern of the flow angle distri-
ution near the hub region is different from the established knowl-
dge on the secondary flow. We observe a tendency of underturn-
ng of the exit flow angle near the hub wall. Moustapha and

illiamson �13� obtained similar results for the annular cascade.
hey found experimentally in their annular cascade testing an
verturning tendency near the hub wall in the subsonic exit Mach
umber. However, in the transonic and supersonic exit Mach num-
er regions, a tendency to underturn is predominant. Unfortu-
ately, there is no clear explanation of the reason. We will discuss
his in more detail in the section on flow mechanism in
ltralow-AR IGV.

Regarding the spanwise exit flow angle distribution in Fig. 7
bottom�, there is a tendency of the underestimation of about
.0 deg at the midspan height. Therefore, in the optimization used
n this paper, the design exit flow angle was set to 72 deg, instead
f to 72.8 deg.

Figure 8 shows the experimental and numerical comparison of
he total pressure loss contour at Station 2. As already mentioned
bove, there are only seven radial measurement sections for the
otal pressure loss, which is not sufficient for an accurate compari-
on between EXP and CFD. However, it seems worthwhile to
ighlight the unusual flow characteristics around the left of the PS
ircumferential area near the hub and tip wall in the experiment
here the losses are never low in such an ultralow-AR transonic

urbine IGV.

Fig. 8 Comparison of total pressur
e loss at Station 2 for EXP „top… and

CFD „bottom…; 0.05 increment

11020-6 / Vol. 131, JANUARY 2009
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Fig. 7 Comparison of loss „top… and exit flow angle „bottom… at
Station 2 for EXP and CFD
Transactions of the ASME
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Comparing the wake pattern in the EXP and CFD in more
etail, the wake mixing process in CFD around the wake-free
egion at 72% of span height is not established. At the same time,
qualitative agreement is obtained for the tip region only. A pos-

ible reason for the different quality for the hub and tip regions
ay be the effect of the blade filet in the EXP and the CFD. In

oth CFD and EXP, there is no filet on the tip end wall �under the

Fig. 9 Base line and optimized three passages

Fig. 10 Comparison of blade surface Mach number distribu

„b… hub contouring, „c… tip contouring, and „d… hub and tip conto

ournal of Turbomachinery
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same condition�. On the contrary for the hub end wall, we only
observe a filet in EXP, but not in CFD �not the same condition�.
The mechanism behind the unusually high loss region found
around the PS in the experiment will be explained in more detail
using the CFD results in the section on flow mechanism in
ultralow-AR IGV.

Effect of End Wall Contouring. Figure 9 shows the passage
geometries obtained from the optimization for the three cases, i.e.,
“hub contouring,” “tip contouring,” and “hub and tip contouring.”
The base line is also shown in the figure �black circles�. In the
case of hub contouring, the hub radius gradually decreases from
the LE to the minimum, which is reached around the middle axial
hub chord; from there, the radius gradually increases toward the
TE. Furthermore, we observe an unusual hump �overshoot� of the
hub line around the TE. In the case of the tip end wall contouring,
a unique tip line �S type� is obtained. In the case of the combined
hub and tip optimization, the frontal part of the passage diverges;
i.e., the passage width increases and the flow is decelerated. In-
deed, this is a common characteristic for all three optimization
cases. The passages diverge around the frontal part and converge;
i.e., the passage width decreases and the flow is accelerated
around the rear part.

Figure 10 shows the isentropic Mach number distribution on
the IGV surface for the three cases and the base line. Compared to
the base line �Fig. 10�a�� in the hub contouring case �Fig. 10�b��,
the circumferential pressure gradient, frequently called the “driv-
ing force of the secondary flow,” is significantly reduced espe-
cially around the middle axial chord part and remarkably at the

n for base line and three optimized passages. „a… base line,
tio

uring.
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ub region �10% span�. This leads to a reverse pressure gradient
Ps, tip 	Ps, hub� around 40%–59% axial chord, which results in
reduction of the secondary flow, because the circumferential and

panwise �radial� driving forces are weaker. However, while the
erodynamic loading in the aft part is circumferentially and radi-
lly increased, the gain obtained at the middle part may disappear.
his general tendency is also observed for the remaining two
ases �the tip contouring and the combination of hub and tip con-
ouring�. In the case of tip contouring �Fig. 10�c��, there is no
ntersecting distribution on the SS, which is observed for the hub
ontouring �see Fig. 10�b��. In the case of the hub and tip con-

ig. 11 Spanwise distribution of loss „top… and exit flow
ngle „bottom… for base line and three optimized passages

Table 1 Performance comparison fo

Optimization cases

Total pressure loss

Station 2 Stati

Base line 5.92 �1.00� 10.61
1. Hub contouring 5.53 �0.93� 10.22
2. Tip contouring 5.38 �0.90� 10.13
3. Hub and tip contouring 5.00 �0.84� 9.57
11020-8 / Vol. 131, JANUARY 2009

aded 19 Dec 2008 to 202.33.79.26. Redistribution subject to ASME
touring �Fig. 10�d��, the highest circumferential loading is ob-
served around 80% axial chord position. Figure 11 �top� and Table
1 show the circumferential-mass averaged spanwise loss distribu-
tion and the overall mass averaged values for the three end wall
contouring cases and the base line, respectively. Comparing the
hub contouring with the base line, the loss between about 5% and
36% span height is worse, but for the other spanwise positions, it
is improved. As a result, the overall loss reduction is 7% at Station
2 and 4% at the downstream position �Station 3�, as shown in
Table 1.

As already mentioned the loss at Station 2 does not include the
mixing loss, but the loss at Station 3 includes both the mixing loss
and the friction loss due to a large exit swirl angle �about 72 deg�
from Station 2 �just downstream of IGV to Station 3� �far down-
stream�. Here, we can see that the largest reduction rate of the
loss, including the mixing and the friction losses, is achieved at
Station 3 by the hub and tip contouring because all four cases
have almost the same exit swirl angle and the same mass flow rate
between Stations 2 and 3.

In the case of the tip end wall contouring, the minimal loss
value is reached between 10% and 30% span height. Regarding
the exit flow angle distribution in Fig. 11 �bottom�, the underturn-
ing tendency near the hub end wall region, observed in the base
line, is changed in the case of the hub contouring and the hub and
tip contouring where we notice a tendency of overturning. This
will be discussed in the section of flow mechanism in ultralow-AR
IGV.

In summary, the optimized geometries show a lower loss than
the base line. The reduction rate is 4% for the hub contouring, 5%
for the tip contouring, and 10% for the combination at Station 3.
Remember that we define the loss in terms of the inlet total pres-
sure and not in terms of the exit dynamic head.

Flow Mechanism in UltraLow-Aspect-Ratio Inlet Guide
Vane. Figure 12 shows the loss contours for the three optimized
geometries and for the base line at Station 2. This does not corre-
spond to an actual physical plane, but to the grid point used in
CFD because this simplifies the discussion of the end wall region.
Regarding the high loss region around the left side of PS, ob-
served in the experiment �see Fig. 8, top�, the CFD shows a simi-
lar loss region indexed as No. 1 in Fig. 12�a�. Also, CFD seems to
simulate the near tip region No. 2 well. Apart from the high loss
region Nos. 1 and 2, there are two more high loss regions termed
Nos. 3 and 4 near the hub end wall located at the SS. In the hub
contouring �see Fig. 12�b��, the losses at Nos. 1 and 4 are reduced,
but remarkably increased at No. 3. This is the reason why the loss
around the 5% and 36% span is increased �see Fig. 11, top�. In the
case of the tip contouring �see Fig. 12�c��, the loss at No. 3 is
dramatically decreased, but increased at Nos. 1 and 4. This is the
reason why the minimal loss region is positioned at around 10%–
30% span height for the tip contouring. For the combined contour-
ing �see Fig. 12�d��, the loss at No. 3 is again increased, but not
more than for the hub contouring. Also, the loss levels at Nos. 1
and 4 are minimal. This is one reason why the hub and tip con-
touring shows the maximal loss reduction.

se line and three optimized passage

Exit flow angle
Corrected mass

flow at Station 23 Station 2 Station 3

0� 71.8 71.7 0.84 �kg /s�
6� 71.5 71.6 0.85
5� 71.5 71.6 0.85

0� 71.5 71.7 0.85
r ba

�%�

on

�1.0
�0.9
�0.9

�0.9
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The underturning around the hub region can be mainly ob-
erved for the base line and the tip end wall contouring and is
uch less pronounced for the hub contouring and the hub and tip

ombination �see Fig. 11, bottom�. The reason is that the flow
ngle is strongly influenced by the high loss region No. 4. Figure
3 shows the total pressure contours and the exit flow angle con-
ours for the base line and the hub and tip contouring. In the case

Fig. 12 Total pressure loss contour for base
Fig. 13 Comparison of loss and exit flow angle fo

ournal of Turbomachinery

aded 19 Dec 2008 to 202.33.79.26. Redistribution subject to ASME
of the base line, there is a large underturning region corresponding
to the high loss at No. 4. On the contrary, overturning is observed
at around the high loss at No. 1. In the case of the hub and tip
contouring, the underturning is decreased by the reduced loss at
No. 4. Also, the overturning is decreased by the reduced loss at
No. 1. Tentatively, we can conclude that there is a concentrated
vortex around the high loss region No. 4 and the rotational direc-

e and three optimized passages at Station 2
r „a… base line and „b… hub and tip contouring
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ion is opposite to the Hp �see Fig. 1�. However, the question
emains: What are the reasons behind the high losses at Nos. 3 and
? Therefore, a particle trace visualization was carried out. The
article was released at points A, B, C, D, and E, as shown in Fig.
3, top-left.

Figure 14 shows the results. It is very surprising that the fluid
articles released at A, B, and C all come from the tip end wall,
howing a spiral movement. The movement of the particles started
t E seems to be independent of the A, B, C group. A particle

Fig. 14 Relation of high loss r
Fig. 15 Relation of high loss regio

11020-10 / Vol. 131, JANUARY 2009
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released at D comes from the hub end wall, showing a lift-up
around the middle axial chord.

Figure 15 is similar to Fig. 14, but the viewpoint is from the top
in order to estimate the exit flow angle. The high loss region at E
mainly causes the underturning observed near the hub region in
the experiment �see Fig. 7, bottom�. Also, regarding the high isen-
tropic Mach number region downstream of the TE as shown in
Fig. 6, right, there is no corresponding part in Fig. 15 �see the wall
static pressure contours�. Therefore, the static pressure field adja-

n and streamline for base line
n and flow angle for base line
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ent to the wall where the oil flow and the Mach number were
stimated in Fig. 6 should be different from the wall static pres-
ure due to the complex flow field, as shown in Figs. 12 and 13. A
elated stage testing for an optimized end wall contouring is cur-
ently being planned.

onclusions
In this study, we employed a numerical, stochastic optimization
ethod, namely, the ES, to investigate the effect of the end wall

ontouring for an ultralow-AR transonic turbine IGV in a small
ize HPT. The target was to investigate the effect of the end wall
ontouring on the aerodynamic performance and to investigate the
econdary flow mechanism in order to find out whether it differs
rom the model obtained from the low speed and linear cascade
onditions. From an aerodynamic point of view, the following
onclusions can be drawn.

• The hub contouring, the tip contouring, and the hub and tip
contouring all reduce the mass averaged overall loss by 4%,
5%, and 10%, respectively, as compared to the base line.
Remember that we define the loss in terms of the inlet total
pressure and not in terms of the exit dynamic head.

• Each contouring significantly influences the flow mecha-
nism related to the secondary flow near the hub end wall
where we observe areas of high losses and a large variation
of the exit flow angle already in the base line experiments.

• The useful design concept is an aft-loaded pattern because
the spanwise �radial� static pressure gradient within blade to
blade is more dominant than the circumferential static pres-
sure gradient.

• The flow mechanism in the small size full annular
ultralow-AR transonic turbine IGV is different from the sec-
ondary flow model obtained from the low speed linear cas-
cade.

• Further investigation is needed to completely clarify the sec-
ondary flow mechanism for a small size ultralow-AR tran-
sonic annular turbine cascade.
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omenclature
ṁ 
 mass flow rate at Station 2

ṁdesign 
 design mass flow rate at Station 2
Pt 
 total pressure
Ps 
 static pressure

r 
 radius
Re 
 Reynolds number, based on true �actual� chord

and midheight exit flow conditions
wi 
 weight in fitness function
X 
 coordinate related to the stator passage

y+ 
 normal distance from the wall
Zw 
 Zweifel loading coefficient
�2 
 exit flow angle at Station 2

�2,design 
 design value of the exit flow angle at Station 2
��2 
 tolerance in the exit flow angle at Station 2
�ṁ 
 tolerance in the mass flow rate at Station 2

� 
 total pressure loss coefficient �=�Pt1-Pt2� /Pt1�

bbreviations
EXP 
 experiment

H 
 pressure side leg of horseshoe vortex
p

ournal of Turbomachinery

aded 19 Dec 2008 to 202.33.79.26. Redistribution subject to ASME
Hs 
 suction side leg of horseshoe vortex

Subscripts
1 
 upstream position
2 
 just downstream stator TE or rotor LE position
3 
 far downstream of stator

ax 
 axial
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