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Analysis of the Variable
Geometry Effect in Radial
Turbines
The influence of variable geometry stators on the stage behavior is analyzed from both
theoretical and experimental points of view. A theoretical analysis of the trajectory of
some pressure-ratio lines in a loading-to-flow-coefficient diagram leads to the definition
of a specific dimensionless parameter: the reduced section. This parameter is represen-
tative of the stator geometric configuration and is thus expected to be a good candidate
to describe the variable geometry problem. From a theoretical point of view, this param-
eter is no less than the formal expression of the link between the geometric configuration
of the stator and the behavior of the stage. An experimental approach decomposed in
three phases is then led to evaluate this assessment. The results clearly demonstrate the
crucial influence of the reduced section in the operating point definition. It leads to the
conclusion that from a theoretical point of view, the two solutions mainly used in the
industry for variable geometry stages (variation of the height or of the opening position
of the stator blades) are equivalent provided that they are sanitized of their respective
technological drawbacks. It has also been shown that the geometric configuration of the
stator chosen to reach a specific value of the reduced section has some incidence on the
efficiency of the stage. This observation gives some opportunities for optimization, for
which some axis of reflection is given. �DOI: 10.1115/1.4003713�
Introduction
Basically, the only purpose of a turbine stage is to supply en-

rgy to devices such as electric generators or compressor stages.
his energy is taken from the total enthalpy of the inlet fluid,
hich varies with the flow conditions and with the application

onsidered. The stage design is focused on this set of information,
hus defining the stage specification. Designing is a subtle process
equiring as much empiric experience as theoretical knowledge.
he development gets even more complex if the stage is meant to

un under severe variations of functioning conditions. In this case,
he specification �design point� is no more unique. The perfor-

ance objective might be redefined. For example, an average ef-
ciency level over a wide range of functioning can be preferred to
xcellent peak efficiency over a limited operating range. In the
esign process of a radial turbine, it usually leads to consider the
ecessity of a stator, as it is generally admitted that a vaned stator
mproves the peak efficiency since it tightens the operating range.
n analysis over a large number of stages �1� confirms this as-

essment. Anyway, a discussion of this conclusion is proposed in
ef. �2�, as the configurations �roughness and specific speeds� of
aneless stages were generally not suitable to good efficiency. A
trict comparison is then proposed whose conclusions tend to dis-
gree with the general assumption.

Prior to efficiency optimization, the designer should be con-
erned by the basic ability of a single stage to reach given points
n the map. Even with the benefit of the diameter reduction term
n the Euler equation, which increases the influence of rotational
peed, the characteristic evolution of the mass-flow of a radial
urbine is not much wider than that of a simple nozzle �as pre-
ented, for example, in Ref. �3��. The operating range of the stage
s thus restricted to this characteristic zone of the map: The rest of
he map is not accessible. This exclusion of possible operating
point can be a problem in some applications. For example, in the
case of turbocharging, it limits the good matching between the
turbine stage and the engine on its whole operating range. Variable
geometry stages have been developed for that purpose. By modi-
fying the stage permeability through the variation of a geometric
section in the static part, the reduced mass-flow and the pressure-
ratio values are partially discoupled. Different technical solutions
exist, focusing on the casing modification �see Ref. �4�, for in-
stance� or on the alteration of the vaned stator properties. In the
latter, the principle is to adapt the stator throat section to inlet flow
conditions, as presented in Ref. �5�. This variation is generally
obtained by �i� the modification of the incidence of the stator
blades and �ii� the variation of the height of the vanes by using a
sliding shroud. On the one hand, the choice of a variable-opening
stator raises the necessity of mechanical clearances between the
stator blades and the casing where severe secondary flows de-
velop. A quick estimation of the losses generated is accessible in
Ref. �6� and, more accurately, in Ref. �7�. Moreover, the clearance
is often created by intrusive spacers whose wakes interact with the
blades, as presented in Ref. �8� or Ref. �9�. On the other hand, the
movable-wall solution imposes partial admission on the height of
the rotor with severe secondary flow at the leading edge of the
blades. The first solution presents better efficiency levels, accord-
ing to Ref. �10�, due to better inlet incidence adaptation along the
operating range.

Beside the discussion over the benefits and drawbacks of each
of these technical solutions, it is the variable geometry nozzle
concept in itself that should be studied. No clear detail of the
physical process is found in the literature. Sporadic design rules
are proposed, and few corrections of models were implemented.
When found, it is done by considering a variable geometry stage
as a derivation of a fixed geometry stage. The adjunction of vari-
able geometry is just treated as another design step, and not as a
specificity of the stage, which should lead to a specific design
from the beginning. Some attempts were made �Ref. �11�, for
instance� but lack hindsight in the global variable geometry ap-
proach. The present work aims at the global comprehension of the
variable geometry effect, whatever the technical solution, and at

the identification of the relevant parameters of the problem. In a
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rst part, an original theory will be recalled and applied to the
ariable geometry concept. This theoretical consideration is the
asis on which the experimental approach is built and presented in
second part. In the third part of the paper, results are presented

nd then discussed in a conclusion.

Theoretical Issues
From a theoretical point of view, four dimensionless parameters

re required to describe the behavior of a radial turbine stage
when neglecting the Reynolds number influence and the gas
roperties’ variations�. Usually, those parameters are the reduced
ass-flow, the reduced speed, the pressure-ratio, and the effi-

iency. However, other dimensionless parameters could be used
uch as flow and loading coefficients defined as follows:

� =
ṁ

�i4U4�
D4

2

4

�1�

� =
�H

U4
2 �2�

ecent work �12� has demonstrated the relevance of these param-
ters by expressing a formal link between them:

= � ·
�

4
��� . �ts�1/��S3

��−1

+ �Pi5

P5
�1−�/�D5

D4
�S5

��−1�ts�1 − �ts�1 − � 1

�ts
��−1/�		
 − �D5
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�2

�3�
here

S3
� =

S3

D4
2D3

D4
sin�	3�

�4�

S5
� =

S5

D4
2 tan�
5�

�5�

nd

� =
P5

P4
�6�

his equation represents the trajectory of a functioning line in a
−� map. It has thus been shown that for pressure-ratio lines

�ts=const� of a given stage, the trajectory is linear �in that case,
q. �3� reduces to �=A�−B� with a slope A mainly depending on

Fig. 1 Pressure-ratio lin
he pressure-ratio value itself and on two dimensionless cross sec-
tions representative of the stator geometry at the throat �S3
�� and of

the rotor geometry at the outlet �S5
��. The intercept B is defined by

the trim of the rotor. Figure 1 illustrates this theoretical result and
the features of this alternative turbine map describing the stage
behavior.

This assessment gives a new perspective to the variable geom-
etry concept. Generally, the variable geometry effect is associated
with a variation of a geometric section of the stator. Actually, the
behavior alteration is more likely to originate from a variation of
the reduced section. For a given pressure-ratio, shifting the stator
geometry changes the value of S3

�. Subsequently, the slope of the
pressure-ratio line is modified: The functioning trajectory has
changed.

This property of pressure-ratio lines has been observed in both
experimental �see Ref. �12�� and numerical �see Ref. �13�� results
with quite good agreement. However, reality differs slightly from
the theory concerning the intercept of the lines. According to Eq.
�3�, the intercept is constant and common to each of the lines. A
displacement of this point has been observed and correlated with
the evolution of the intermediate pressure-ratio �. Anyway, S3

�

seems to be a good candidate as a parameter to describe the vari-
able geometry problem. Its presumed importance in the process is
at the very core of this experimental study, the approach of which
we will now describe.

3 Experimental Approach

The theoretical analysis leads to consider that the value of S3
� is

most important in the variable geometry process. In that line, three
statements follow.

1. If the reduced section variation is the dominant effect, then
both of the classical solutions �opening or blade’s height
variation� are equivalent provided that they are sanitized of
their technological drawbacks �spacers, stator clearances,
partial loading at the inlet of the rotor, etc.�.

2. It should be possible to reproduce the behavior of a variable-
opening stator without changing the opening angle.

3. Two different geometric stator configurations generating the
same value of reduced section should behave the same way.

In order to examine these assessments, series of stator geometries
are tested on a reference stage.

3.1 Geometric Configurations of the Stator. The definition
of S3

� in Eq. �4� expresses an implied dependence to geometric
factor constituting the stator. More specifically, for a given blade
section, the value of S3

� can be modified by changing �see Fig. 2

volution in a �−� map
e e
for illustration� the following:
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• the angle of the blades �	b�
• the height of the blades �Hb�
• the radial position of the blades �Rb�
• the chord of the blades �cb�
• the number of blades �Nb�

It has been decided that the reference on the blade to set the
adial position Rb should be a fixed position from the leading
dge. This particular point �XRb

� is thus at a fixed distance from
he leading edge, whatever the actual chord of the blade. It is also
he point for which the blade’s angle 	b is measured. This point
ould be the position of the pivot on a classic variable-opening

tator.
The dependence of the reduced section to these parameters can-

ot be expressed by an analytic expression. A specific routine,
aking the airfoil section into account, has been developed to ob-
ain the value of the geometric cross section �S3� at the throat of
he stator. The characteristic radii and angles are also estimated in
rder to build the reduced section of a known stator geometry as
ccurately as possible. However, a given value of S3

� can be ob-
ained by different combinations of the geometric factors.

Three groups of stator configurations are defined according to
he three aforementioned statements. The first deals with the com-
arison between the two variable geometry solutions �height or
pening variation�. This group is a series of declinations of the
eference stator, by variation of the opening angle �five values of
b from closed to open position�, and of the blade’s height �three
alues of Hb�. Fifteen stator configurations are thus implemented
n the stage without clearances at the hub and shroud. In order to
void partial loading at the inlet of the rotor, it has been decided to
atch the rotor inlet to the stator blade’s height, even if it implies
modification of the rotor geometry. The trimming configuration

f the inducer of the rotor is thus adapted to the modifications of
he height of the stator blades; the rotor outlet diameter is identical
or all of the geometries. At initial blade’s height, the stators are
uoted from 1 �closed position� to 5 �open position�. Stator 3 is
he reference stator. Then, “small” stators 1s–5s �small height of
lades� are defined together with the “high” stators 1h–5h �high
eight of blades�. The characteristics of the stators are given in
able 1.
The second group of stators aims at the segregation of the in-

uences of the reduced section and the opening position. In that
urpose, four stators were built with the opening angle of the
lades fixed at the reference opening position. Modifications of
he other parameters are then applied in order to match the re-
uced section value of the successive opening position of the ini-
ial geometries. These configurations are the “modified” configu-
ations: 1m, 2m, 4m, and 5m whose characteristics are recalled in
able 2. For example, configuration 1m has the same reduced
ection value as configuration 1 for the same opening angle of the
lades as the reference configuration �stator 3�.

The last group is a set of four different configurations having
he same reduced section value as the reference stator, still for the
eference opening angle. The extensive variation of opening angle

Fig. 2 Geometric
t the fixed reduced section is a forthcoming step of the study,
which has not been conducted yet. Those stators are thus declina-
tions of stator 3: 3a, 3b, 3c, and 3d. The characteristics are also
given in Table 2.

In the two latter groups, one can note that some configurations
are rather “exotic.” Both 5m and 3a propose a very small number
of blades with/or a small chord. An illustration of these configu-
rations is proposed in Fig. 3. A bad guiding of the flow can be
there expected. Despite the fact that setting the geometric param-
eters to match a given reduced section is not an easy process and
does not propose an infinity of possibilities due to construction
constraints, those combinations could have been avoided. But, the
response of such unreasonable configurations seems interesting to
gauge the limitations of the reduced section influence.

The values given in Tables 1 and 2 are the theoretical ones in
order to clarify the approach �quoted S3

� in the tables�. A metro-
logic verification of the geometries has been conducted after the
physical construction of the different stators. A difference in terms
of the reduced section has been observed, but in small proportion
as the mean deviation between theoretical and real values is
around 6% �the values obtained are presented in the tables as
S3metro

� �. All the results and correlations presented in the forthcom-
ing section of course display the real values of the reduced section
given by metrology.

3.2 Experimental Device. The test was conducted on our
‘‘Petite TurboMachine’’ �PTM� test rig dedicated to turbocharger
application. This steady flow test rig allows either global or local
instrumentation of small stages for a wide range of inlet tempera-
tures �from 20°C to 620°C� up to 250 g/s. The air is supplied by
a pressure source �6 bars� stabilized by two regulation stages. The
compressor and turbine flows are independent. They are thermally
isolated from the ambient air and from one another. A specific
circuit supplies hot and pressurized oil to the bearings. Inlet and
outlet pressures and temperature are acquired in order to measure
the performance of both of the stages. Mass-flow measurement is
operated through a Coriolis flowmeter. Rotational speed is
counted using a proximity sensor on the compressor stage. For

tors of the stator

Table 1 Characteristics of the first group of stators

Stator
�	b
�deg�

Hb

Hbref S3
�

1 �15 1 0.074
2 �10 1 0.116

3�ref� 0 1 0.215
4 +10 1 0.330
5 +22 1 0.520
¯ ¯ ¯ ¯

2s �10 0.71 0.086
3s 0 0.71 0.154
¯ ¯ ¯ ¯

4h +10 1.13 0.378
5h +22 1.13 0.596
fac
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ore details about the test facility, see Ref. �14�. As the experi-
ental study deals with comparative results, it is the repeatability

uality of the experimental device that mainly imports. The con-
dence ranges are given in Table 3 for the nondimensional quan-

ities mostly considered in the results.
For machining convenance, the prototype stators were built

ith aluminum alloy �AU4G�, which does not sustain high tem-
eratures. The test was then conducted under ambient temperature
or the air flow supplied to the turbine stage. The pressure-ratio
ines are described for different values ��ts from 1.4 to 1.9� by
odifying the loading of the compressor controlled by a discharge

alve. A minimum of four points per line is acquired. For the
eference configuration, the range of the pressure-ratio lines is
idened by using compressor impellers of different diameters.
he results obtained are now presented.

Results
The presentation of the post-treated results is now proposed in

hree sections according to the three axes identified for the ap-
roach. The numerical results for the reduced mass-flow, reduced
peed, and efficiency are given as fraction of the values of a
eference operating point. This point is located on the pressure-
atio line �ts=1.8 for the reference stator �stator 3�.

Table 2 Characteristics of the s

Stator
�	b
�deg�

H

Href Nb

1m 0 0.70 ref+6
2m 0 0.70 ref+1
4m 0 1.13 ref–3
5m 0 0.89 ref–7

3a 0 0.75 ref–2
3b 0 1.13 ref
3c 0 0.70 ref–5
3d 0 0.86 ref+5

ig. 3 Geometries for which a bad guiding of the flow is
xpected

Table 3 Repeatability uncertainty of the bench

Quantity
95% confidence range

�%�

Qrt 0.3
Nrt 0.2
�ts 0.15
� 1
� 0.3
� 1.2
4.1 Relative Influence of Stator Height and Opening
Position. Figure 4 presents the evolution of the pressure-ratio
lines obtained with the different stators in the �−� map. First, the
opening angle is the only parameter modified, the height being
fixed at the reference value �Fig. 4�. Second, both of these param-
eters are altered �Fig. 5�. In Fig. 4, the linearity of the pressure-
ratio lines is remarkable. This observation strongly supports the
theoretical development proposed above. Beside this observation,
the influence of the opening position via the reduced section �S3

��
on the slope of the lines is confirmed. Now, in Fig. 5, the same
mechanism can be observed for a given opening position when
changing the stator height: The stator height modification induces
an alteration of the value of the reduced section, thus changing the
slope of the lines. As fewer points were taken in that configuration
due to the small operating range allowed by the compressor, this
assessment is not strongly perceptible on the figure. The values of
the slope A are thus plotted against the reduced section of the
successive stators for a fixed pressure-ratio ��ts=1.8� in Fig. 6. A
regular decrease is observed. This decrease of A is compared with
a theoretical variation �from Eq. �3�, we expect that A� �S3

��−1�
with quite good agreement.

Eventually, the functioning trajectory in the �−� map strongly
depends on the value of the reduced section, whatever is the origin
of its variation �stator opening position or blade’s height alter-
ation�, as was predicted by the theory. To illustrate this equiva-
lence, Fig. 7 gives a classic representation of the turbine map. For
both the small- and the large-height configurations of the blades,
the results of the five opening configurations of the stators have

ond and third groups of stators

cb

cbref

Rb

Rbref S3
� S3metro

�

1.34 0.93 0.074 0.072
1.03 0.94 0.116 0.117
0.97 1.13 0.330 0.350
0.97 1.11 0.520 0.516

0.62 0.89 0.215 0.247
1.01 0.89 0.215 0.228
1 0.96 0.215 0.235
0.57 0.96 0.215 0.216

Fig. 4 �−� map at �ts=1.8 for all the opening positions of the
ec
reference stator
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een interpolated to identify the speed-lines and the efficiency-
ines for a given compressor loading configuration. This artifi-
ially defines two variable-opening stages with different stator
eights. The two maps then built are superposed in Fig. 7; the
umerical values are given as fraction of the reference operating
oint. These two maps here present the characteristic features of a
ariable geometry stage map: a large range of reduced mass-flow
or given pressure-ratio and incurved speed-lines reaching a mini-
um pressure-ratio value near the maximum efficiency zone. The

wo stages do not cover the same regions in the map, but an
verlapping zone is observed at the center of the chart. In that
one, a strong correspondence of the two sets of curves is percep-
ible. Either the speed-lines or the efficiency-lines are almost su-
erimposed from one stage to another, and the isovalue is the
ame. From this zone, the large-height stage extends to the largest
ass-flow values, and the small-height stage to the lesser ones,

ust as if the two stages were in continuity from one to another.
he fraction of this extended map covered by a stage is given by

he range of the reduced section that the geometry is able to pro-
uce. Obviously, when the reduced section is no more variable,
he zone is almost restricted to a single line: It reduces to a classic

ig. 5 �−� map at �ts=1.8 for some combined variations of
tator opening position and stator height

ig. 6 Variation of the pressure-ratio line’s slope with the
�
alue of S3
fixed geometry turbine map.
Figure 8 illustrates the importance of the reduced section value

in the identification of the overlapping zone between the stages.
With S3

� and �ts fixed, and for a given loading of the compressor,
the mass-flow and the rotational speed are identical for the three
stages, even if the physical value of opening angle or height is
different. An overlapping region is found in the map if the reduced
section ranges of the three stages overlap also.

This assessment leads to the conclusion that the two solutions
�opening or height variation� are equivalent provided that the
technological effects are discarded, which is not the case in real-
ity. Basically, the choice to adopt one of the two solutions should
be considered through the actual ability to limit the losses associ-
ated with one or the other. But, in principle, they are of equivalent
validity. The key to the problem is the variation of the reduced
section. If the right variation is ensured, the right operating range
seems almost guaranteed even if some dispersion in the perfor-
mance is observed �efficiency-lines are not strictly superimposed
in Fig. 7�.

Stator opening and height are not the only physical possibilities
to interfere with the reduced section value. As explained in the
first part of the paper, three more geometric parameters are in-
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1.2
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Qrt/Qrtref
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Speed-lines for
large-height stator

Speed-lines for
small-height stator

Efficiency-lines for
large-height stator

Efficiency-lines for
small-height stator

Fig. 7 Superposition of the map for both high and small stator
heights. Numerical values are relative to the reference state.

Fig. 8 Mass-flow and rotational speed evolution against the

reduced section for �ts=1.8
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olved in the definition of S3
�. Thus, there might be, for a given

educed section, an optimal geometric construction. The second
tep of the approach then brings the other geometric parameters of
he stator into the study to confirm the importance of the reduced
ection and have a first discussion about performance.

4.2 Generalization to Other Parameters. Here, the results
f stators 1m , . . . ,5m are presented. This succession of configu-
ations aims at reproducing the behavior of a variable-opening
tator without changing opening configuration. All the other pa-
ameters �Hb, cb, Nb, and Rb� are thus modified to perform the
eometry variation. On the �−� map of Fig. 9 are plotted the four
ressure-ratio lines of the modified configurations compared with
he five reference configurations. The linearity is still verified
ompared with the reference machine even if fewer points were
cquired. Configurations 1m, 2m, and 4m are very close to their
elated initial configuration: The experimental points are almost
ocated on the linear regression obtained for the initial geometry
f the stators despite the fact that the opening angle is different.
owever, configuration 5m is quite different from its original dec-

ination. It seems closer to stator 3 rather than stator 5. This kind
f result was expected from the very beginning of the study, as we
ave already pointed out that configuration 5m does not give a
roper definition of the interblade channels due to its low number
f small blades �as was illustrated in Fig. 3�. As a result, it is quite
ifficult to identify a throat and thus an adequate definition of the
educed section. Here, the fact that the result is quite similar to
tator 3 better than stator 5 suggests that some phenomenology,
ost likely separations, reduces the actual geometric value of the

educed section to a lesser effective one. However, without local
ata, this assumption is purely conjectural. Some computational
uid dynamics �CFD� could be most useful in that purpose and is
cheduled in forthcoming work.

The slope values of the lines obtained with configurations
m , . . . ,5m are plotted in the correlation between slope and re-
uced section value �see Fig. 10�. Here, the modified configura-
ions merge completely in the trend of what was defined by the
ariable-opening configurations. It reinforces the predominance of
he reduced section value over any geometric factor to define the
ressure-ratio line in the �−� map. Quite logically, configuration
m is not in the normal evolution and presents a slope higher than
hat could be expected for reasons explained above.
The results obtained are also compared with what was pre-

ented in Fig. 8. In Fig. 11, a best fit evolution has been defined
sing all the configurations of the first step of the study

ig. 9 Equivalence in the �−� map of initial and modified
onfigurations for �ts=1.8
1s ,2s , . . . ,3 , . . . ,5h�; the reference stators’ value has been ex-
plicitly transferred. Here, the pressure-ratio is fixed ��ts=1.8� to-
gether with the compressor loading configuration. The modified
configuration results are thus compared with this expected evolu-
tion. The result speaks for itself either for rotational speed or for
the reduced mass-flow. Except for configuration 5m, the modified
stators describe accurately the expected evolution. In other words,
whatever the geometric factor choice to perform geometry varia-
tion, as long as the reduced section value is kept constant, the
stage behavior is not strongly affected. However, the question of
efficiency is raised. Figure 12 presents the evolution of the total-
to-static isentropic efficiency against mass-flow for the reference
and the modified configurations at the fixed pressure-ratio. The
configurations presented on the first part of the paper were also
plotted. Once again, the modified configuration follows the ex-
pected trend. The typical deviation compared with the reference
configuration is completely in the range of what was observed
when changing the stator blades and height. It confirms the fact
that the choice of the geometric parameter operating the geometry
variation is not such an important choice from a theoretical point
of view. It is the value of the reduced section that defines the

Fig. 10 Pressure-ratio line’s slope of the modified
configurations

Fig. 11 Reproduction of the variable geometry behavior with-

out opening-configuration modification
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perating point and an order of magnitude for the performance for
given pressure-ratio and a given loading configuration of the

ompressor. However, we can observe that some configurations
ive better results than others. For example, stator 2m proves
ore efficient than the reference geometry. This means that be-

ides the obtention of a given operating point, some latitude for
mprovement is available. Surprisingly, configuration 5m is defi-
itely integrated to the evolution, but not at the expected location:
he results are very similar to those of a lower reduced section
onfiguration, which once again points out that some blockage
ust occur.
We have then proved that the value of the reduced section de-

nes the operating point for a given pressure-ratio. This is true
rovided that the stator has a “reasonable” construction �i.e., a
ood guidance of the flow is supplied by the stator blades�. How-
ver, quite logically, some variations in the performance for given

3
� have been observed. It leads to focus on the influence of the
eometric construction on the efficiency of a given reduced sec-
ion. This analysis is now performed.

4.3 Importance of Geometric Construction. Even if the re-
uced section defines the operating point, we have shown above
hat it does not constrain efficiency. For a given value of S3

�, dif-
erent geometric configurations are possible to design, but are not
quivalent in terms of performance. This dependence of the effi-
iency to the geometric construction is due in part to the complex
ocal process of rotor/stator interaction, difficult to apprehend and
eyond the scope of this paper. However, some observations can
e made. The stators 3a , . . . ,3d have been designed in order to
resent the same value of S3

� as the reference configuration. The
ame stage behavior is then expected from all of these configura-
ions. In Fig. 13 are presented the results of the stators in the �
� map compared with the reference stator at �ts=1.8. The evo-

ution is still linear for each of the configurations. The slope of the
ine is quite the same as the different lines are almost perfectly
arallel to the reference stator line. However, an offset is observed
etween the evolutions.

The stage behavior is presented by using the usual indicators in
ig. 14. The variations of reduced mass-flow and rotational speed
gainst the pressure-ratio display a deviation between the different
onfigurations. It is very small regarding the rotational speed �less
han 2%�, but the mass-flow differs by 5% compared with the
eference configuration. Here, the metrologic control of the geom-
tries has proved useful, as it revealed the fact that the actual

Fig. 12 Efficiency evolution with the mass-flow for �ts=1.8
educed section of configuration 3a was slightly greater than the
reference configuration, as was presented in Table 2. The differ-
ence of geometry should explain most of the deviation. But, the
possibility of interference of the geometric construction on some
local phenomenology exists. For example, configuration 3c is
close to the reference stator in terms of the actual value of the
reduced section and still presents a deviation in the mass-flow
value, which is not fully understood.

However, beside the exact reproduction of the operating point,
the evolution of efficiency is most interesting. In Fig. 15 is pre-
sented the evolution of the efficiency against the reduced tip-
speed for the four declinations of the reference stator compared
with the reference geometry �a polynomial interpolation has been
operated for the reference stator�. Two pressure-ratio lines are
considered ��ts=1.4 and 1.8� for each configuration. Two main
observations are retained: First, the two pressure- ratio lines are
almost in continuity from one to another in this diagram, whatever
the configuration considered. This is the expression of the impor-
tant correlation between reduced tip-speed and efficiency for ra-
dial turbine stages. This has been widely presented and explained
in the literature with the well known optimum found around
U /Cs=0.7. In fact, a lot of prediction process makes the assump-
tion of the unicity of this evolution for a given stage in order to

Fig. 13 �−� map at �ts=1.8 for the different geometries hav-
ing the same reduced section value „3a , . . . ,3d…
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btain the order of magnitude of efficiency. The second observa-
ion is the clear hierarchy between the configurations. Configura-
ion 3c is a match for the reference configuration and configura-
ion 3b clearly presents the worst performance. The explanation of
his difference cannot be simple since it is an expression of the
omplex physical phenomenon occurring between the rotor and
he stator. Choosing a global indicator expressing local behavior
n order to classify the configurations is thus challenging. One
hoice is the free space parameter found in Ref. �15� whose ex-
ression is recalled in Eq. �7�,

�R� =
R3 − R4

H cos�	3�
�7�

his indicator is a nondimensional expression of a trajectory esti-
ation of the particles in the free space between the stator and the

otor. An optimum was observed and reputed to be found around
R�=2. It is obvious that this criterion will not allow to take into
ccount the full complexity of the loss process occurring in the
eal flow, but has the advantage to be built with data available at
he very beginning of the design process. A correlation between
he performance of the different configurations and the free space
arameter is proposed in Fig. 16. A global trend is observed,
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Fig. 16 Efficiency evolution against the free space parameter
reaching an optimum almost centered on 2, for two different val-
ues of the pressure-ratio. But, the fact that few geometries were
tested and the range of �R� being restrictive does not allow to be
strictly conclusive about the relevance of the parameter. More
specifically, one can note the deviation of configuration 3d from
the trend, which appends to be the configuration having the most
important number of blades. It thus leads to consider the necessity
of other criteria describing the performance potential of a given
geometry, as it is needed in the classic stator design. But, it must
be reminded that in the variable geometry context, some choices
appearing good for a given position of the nozzle can prove di-
sastrous for another one. Finally, the choice of the design nozzle-
position has as much importance as the design itself.

5 Conclusion
Both theoretical and experimental analyses have been con-

ducted in order to understand the variable geometry process in
radial turbines. The use of an alternative to the usual turbine map
eases the understanding of such an effect, highlighting the nondi-
mensional section of the stator as a key parameter to the problem.
Based on the presumed importance of this reduced section in the
variable geometry process, a specific approach involving the ex-
tensive variation of parameters of the geometry has been built,
and tests were conducted. The results allowed discussing the state-
ments expressed at the beginning of the paper. Summarizing, we
have shown the following.

1. From a theoretical point of view, yes, both the solutions
found in the industry for variable geometry stages �variable
opening or variable height� are equivalent, but are not in
reality because some technological drawbacks are unavoid-
able.

2. Yes, it is possible to reproduce the exact behavior of a
variable-opening stator without changing the stator opening
angle.

3. Two configurations with different geometric configurations
but with the same value of reduced section tend to behave
the same way.

Some divergence from the expected behavior, predicted by the
theory, was observed. Some of those divergence were due to a
perfectible conformity of the geometry built, but other were inher-
ent to the stage functioning. This was expectable as the complex
tridimensional flow occurring in the stage cannot be completely
modeled by a one-dimensional approach. Even if they proved of a
small order of magnitude, those divergence need more local data
in the stator region to deepen the analysis. But, small divergence
can have dramatic consequences on the efficiency of a stage. In
that field, we presented the free space criterion as a good candi-
date to apprehend the performance potential of a geometry for a
given reduced section value. Other criteria exist and should be
gathered from the literature focused on the design process of the
stator. In the author’s view, the right combination of them is prob-
ably necessary to propose adequate correlations. A judicious para-
metric study at constant reduced section could also precise these
correlations since the geometric factors constituting the stator
should be classified in importance. Anyway, some part of the op-
erating range of a variable geometry stage can be favored com-
pared to other ones, since it might not be possible to match the
proper design criteria for all of the stator positions. This should be
taken into account in the very first steps of the design process, and
not analyzed subsequently.

Nomenclature

Roman
A � gradient of the pressure-ratio lines

Cb � chord of the blades

Cs � isentropic speed



G

S

R

D � diameter
H � enthalpy
ṁ � mass flow rate

Nb � number of blades
Nrt � nondimensional rotational speed

P � pressure
Qrt � nondimensional mass flow rate

R � radius
S � geometric cross-section area

S� � reduced cross-section area
U � tip-speed

reek
	 � absolute flow angle

	b � opening angle of the blades

 � relative flow angle
� � specific heat ratio
� � efficiency
� � intermediate pressure-ratio
� � pressure-ratio
� � density
� � flow coefficient
� � loading coefficient

ubscripts
3 � stator outlet
4 � rotor inlet
5 � rotor outlet
ts � total-to-static state

ref � reference state
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