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This work aims at investigating the impact of axial gap variation on aerodynamic performance of a high-pressure steam 
turbine stage. Numerical and experimental cam-paigns were conducted on a 1.5-stage of a reaction steam turbine. This low 
speed test rig was designed and operated in different operating conditions. Two different configurations were studied in 
which blades axial gap was varied in a range from 40% to 95% of the blade axial chord. Numerical analyses were carried 
out by means of three-dimensional, viscous, unsteady simulations, adopting measured inlet/outlet boundary conditions. 
Two sets of measurements were performed: steady measurements, from one hand, for global performance estimation of the 
whole turbine, such as efficiency, mass flow, and stage work; steady and unsteady measurements, on the other hand, were 
performed down-stream of rotor row, in order to characterize the flow structures in this region. The fidelity of 
computational setup was proven by comparing numerical results to measurements. Main performance curves and spanwise 
distributions have shown a good agreement in terms of both shape of curves/distributions and absolute values. Moreover, 
the compari-son of two-dimensional maps downstream of rotor row has shown similar structures of the flow field. Finally, 
a comprehensive study of the axial gap effect on stage aerody-namic performance was carried out for four blade spacings 
(10%, 25%, 40%, and 95%of S1 axial chord) and five aspect ratios (1.0, 1.6, 3, 4, and 5). The results pointed out how 
unsteady interaction between blade rows affects stage operation, in terms of pressure and flow angle distributions, as well 
as of secondary flows development. The combined effect of these aspects in determining the stage efficiency is investigated 
and discussed in detail.

Introduction

The increasingly tighter customers’ requirements lead toward
the design of machines with higher efficiency, power density,
reliability, and reduced costs. In this scenario, one of the parame-
ters which can play a key role is the axial gap between adjacent
blade rows, given its close link with the whole turbine length, and
with the mechanical and the aerodynamic performance. In fact,
this parameter strongly impacts the aerodynamic as well as the
mechanical behavior in terms of wake mixing, wake/shock inter-
action in the case of transonic stages, and the secondary flows
effect on the downstream row. Moreover, blade loading and
aeromechanical forcing on the downstream row is impacted. Gen-
erally, increasing the axial gap reduces the rows interaction. Due
to the high stator discharge flow angle, the stator wake is much
longer in case of high-gap configurations, thus undergoing consid-
erable mixing before entering the rotor. When the spacing is
reduced, the potential interaction significantly alters the picture.

Not only are the incoming wakes less diffused due to their
reduced free path, but also the interaction alters the flow field in
such a way that pressure and flow angle are much more nonuni-
form. As a result of such nonuniformity, both the stator and the
rotor operation can be substantially altered with respect to the
design intent.

The research in this area is currently active. In fact, the need for
understanding how these mechanisms develop and interact each
other has been observed in many experimental and numerical
works: the literature on this topic is really wide. In the past, this
issue has been faced by using correlative approaches, exploiting
empirical or analytical expressions for losses estimation of turbine
blades. Generally, these methods do not specifically account for
the losses associated with the axial gap, but rather include these
losses within the secondary losses. As a consequence, it is not
possible to evaluate the single contribution of the axial gap.
Furthermore, even when these losses are taken into account sepa-
rately from the others, often they are overestimated. Nowadays,
the main goal is in trying to explain the physical mechanisms
through which blade rows interactions alter the flow field and
hence the performance [1]. In particular, the attention is focused
on mixing losses and secondary flows development [2–4], blade
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recent years (Wallis et al. [25], Pfau et al. [26], Rosic et al. [27]).
These studies show that these complex, three-dimensional and
nonuniform flows affect the main flow path, modifying the blade
loading and pressure distribution near the endwalls. They also
change the incidence and enhance the secondary flows in the next
blade row, with a consequent rise of the associated losses. As dis-
cussed by Rosic et al. [28], the need to account for the leakage
flows in a three-dimensional multistage calculation has led to the
development of shroud models with varying degrees of complex-
ity and computational costs.

In this work, a simple one-dimensional model of shroud cavity
was used (Rubechini et al. [29], [30]). For a specific shroud geom-
etry, the model calculates the leakage mass flow, total enthalpy
rise, and change in angular momentum through the cavity and the
flow conditions at the interface between the cavity and the main-
stream. Following an approach similar to that proposed by
McGreeham and Ko [31], the flow through the shroud cavity is
completely modeled, and its interaction with the main flow path is
calculated by imposing coupled source/sink boundary conditions
at the cavity/mainstream interface.

The Choice of Test Geometry

The choice of which geometry to test in an experimental rig is
always a trade off between the facility layout and the operating/
geometrical aspects the designer would aspire to reproduce. In the
framework of this work, the focus was the stage module, thus the
goal was in choosing the minimum number of rows which ensures
the actual multistage environment. For this reason, a numerical
campaign was done, aiming at identifying the minimum number
of rows to be tested. Computations were carried out for three con-
figurations, namely 1-, 1.5-, and 2-stage, on a cylindrical flow
path using three different back-pressures. In this way, the first
stage works in the same conditions in any configuration. In order
to save computational costs while ensuring sufficiently accurate
results, three-dimensional runs were performed adopting a coarse
discretization in spanwise direction and with nonviscous endwalls.
The outcome of this analysis is summarized in Figs. 1 and 2,
where the spanwise distribution of exit flow angle and the static
pressure downstream of the first stage rows are shown. The first
stator, as expected, always works in the same way, since the
downstream row is able to set the right potential field in any con-
figuration. The picture is different for the first rotor. In the single
stage case, obviously, there is no downstream row capable of
adjusting the pressure downstream of it. Considering instead the
1.5- and 2-stage cases, it can be observed that the 1.5-stage mod-
ule is enough to mimic the multirow environment of a real
machine: the slight difference in static pressure shown in Fig. 2 is
negligible. On the basis of this consideration, it has been chosen
to test the 1.5-stage configuration, instead of two stages. This has
allowed not only to save time and costs to design and construct
the fourth row, but also to find the best compromise in terms of

Fig. 1 Spanwise distribution of S1 and R exit flow angle

loading modification [5], flow field in the interstage region and 
downstream of blade rows [6–9], stage performance [10], and on 
the proper choice of the computational framework to accurately 
predict these effects [11]. In all these works, as well as in many 
others, blades aspect ratios are generally low, ranging from 0.7 to 
1.5 (2.0 in exceptional case), and Reynolds numbers are low com-
pared to the ones of a real application (from about 3.0 � 105 to 
8.0 � 105). On one hand, this choice often depends on the best 
compromise between test rig layout and Reynolds number that 
can be obtained. On the other hand, as a matter of fact, these con-
figurations have high secondary flows and enhanced rows interac-
tion, thus they are the best candidates to study all the flow 
structures previously mentioned. As far as the stage performance 
is concerned, there is still a sort of uncertainty on the axial gap 
value that ensures the highest aerodynamic performance, as well 
as on the shape of efficiency gain trend. Looking for example at 
the works of Refs. [5], [8], and [10], the maximum efficiency is 
obtained in a range of axial gap between 20% and 40% of blade 
axial chord, and the shapes of efficiency gain are quite different. 
The study of the effect of axial gap between blade rows is an issue 
that can become very lengthy and costly to be faced experimen-
tally. The high maturity level of computational fluid dynamics 
(CFD) can play an important role in replacing such campaigns 
with numerical simulations, which are increasingly fast and 
reliable. In fact, the development of the numerical codes allows 
for high-fidelity viscous, three-dimensional unsteady analysis, 
including many real-geometry details of the machine layout such 
as shroud leakages, with a good trade-off in terms of time-
consumption and model complexity.

This work aims at investigating the impact of axial gap varia-
tion on aerodynamic performance of a high-pressure steam turbine 
stage. After the description of the numerical framework and of the 
experimental test rig, the fidelity of the computational setup will 
be proven by comparing numerical results to measurements, in 
terms of main performance curves, spanwise distributions and 
two-dimensional flow field maps downstream of the rotor. Finally, 
a comprehensive study of the axial gap effect on stage aerody-
namic performance will be addressed for four blade spacings 
(10%, 25%, 40%, and 95% of S1 axial chord) and five aspect 
ratios (1.0, 1.6, 3, 4, and 5). The results of this analysis will be 
presented and discussed in detail.

Computational Framework

The Flow Solver. All the computations presented in this work 
were performed using the TRAF code. It is a steady/unsteady, 
multigrid/multiblock flow solver for the three-dimensional 
Reynolds-averaged Navier–Stokes equations. A detailed descrip-
tion of the numerical scheme can be found in Arnone [12]. The 
available turbulence closures are some of the commonly used 
ones for computations in the turbomachinery industry (e.g., 
Spalart–Allmaras [13], Wilcox’s k–x [14], and Menter’s SST 
model [15]). The code is recently parallelized for both distributed 
and shared memory systems, following the trend of high perform-
ance computing cluster architectures. The distributed memory 
parallelization is based on the message passing interface (MPI) 
standard for communication, while the OpenMP standard was 
adopted for the shared memory parallelization. These two 
approaches can be independently selected or combined in a 
hybrid, master-only OMP-MPI parallelism at the compiling level.

The computational framework is validated against field data 
to compute transonic/supersonic cascade flows [16,17] as well as 
stator/rotor interaction in axial turbines [18,19], compressors 
[20–22], and turbo-expanders [23,24].

Shroud Leakage Model. In shrouded turbines, the leakage 
flows play an important role in the overall turbine performance. 
The physics of these secondary flows and their interaction 
with the mainstream flow have been intensively investigated in
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Zweifel number of about 0.8 and a flow deflection of about
80 deg. S1 and S2 have the same blade count, while the blade
count ratio is about 1.13. The stage was arranged in two configu-
rations which differ in the blades axial gap: 40% (hereafter
referred to as “nominal” gap) and 95% (hereafter referred to as
“large” gap) of S1 axial chord. The second configuration has such
a high gap in order to ensure sufficient room for interstage meas-
urements. In order to mimic the repeating stage environment, in
which these stages usually are employed, blade rows are preceded
by an inlet guide vane (IGV) row. The IGV and the stators are
mounted on the inner part of the machine, rather than being hung
to the external casing, which is rotatable. This solution allows the
investigation of the flow field over the entire annular channel,
and the tangential traversing of probes between the rows while
keeping the same IGV - S1 - S2 clocking positions.

For each axial gap, measurements were performed at two rota-
tional speed, 2000 and 3000 RPM, and for several pressure ratios,
in order to draw a complete loading curve of the stage. A sum-
mary of experimental conditions and measurement uncertainty is
reported in Tables 1 and 2. As far as the measurement setup is
concerned, two different branches of investigation have to be dis-
cerned. The first is focused on the performance measurements,
and it is based on steady probes (provided by Oil&Gas Technol-
ogy Laboratory of Florence, Florence, Italy) applied at the inlet
(Plane 0) and at the outlet (Plane 3) of the test section. In each of
these sections, there are three rakes of Kiel sensors for the total
temperature, one rake of Kiel sensors for the total pressure and
one rake of three-hole probes for the flow angle. The second
branch, instead, focuses on the characterization of the unsteady
aerodynamics downstream of the rotor, and relies on the use of a
fast response pressure probe. The next paragraph provides more
details about the probe, as well as about the data reduction techni-
ques applied.

Fig. 2 Spanwise distribution of S1 and R nondimensional exit
static pressure

Fig. 4 The test section and the measurement planes of FRAPP
probe (plane P2) and rakes (planes P0 and P3). The tangential
traversing is obtained by rotating the external casing.

Table 1 Experimental conditions

Inlet total pressure 1.0–1.25 bar
Inlet total temperature 290–310 K
Pressure ratio (pt,0/ps,3) 1.05–1.45
Blades is. exit Mach 0.20–0.40
Reynolds 1.5� 105 to 3.5� 105

Rotational speed 2000 and 3000 RPM
Turbulence intensity Low

Table 2 Measurement uncertainty

Total and static pressure 60.3%
Total temperature 60.1%
Yaw angle 60.25 deg
Pitch angle 60.30 deg

Fig. 3 The low speed closed-loop test rig. Technical scheme 
and main components: (a) turbine stage, (b) torque sensor, (c) 
axial compressor, (d) DC motor, (e) centrifugal blower, (f) Ven-
turi nozzle, and (g) heat exchanger.

aspect ratio, radius ratio, and Reynolds number, since the axial 
width of the rig was fixed.

Experimental Test Rig

The test facility is a subsonic closed loop wind tunnel for 
turbine stages (Fig. 3). The flow rate is provided by a centrifugal 
blower with variable rotational speed and maximum power of 
500 kW. It allows a maximum capacity of 18 m3/s and a maxi-
mum pressure ratio of 1.3. The turbine is braked by a two-stage 
axial compressor equipped with inlet guide vane (IGV) and varia-
bles stator vanes, in order to widen as much as possible the 
operational range. Compressor and turbine are installed on differ-
ent shafts, connected through a high accuracy torque-meter. The 
fine setting of the rotational speed is guaranteed by a DC motor 
coupled with the compressor shaft. The extra pressure ratio pro-
vided by the axial compressor allows a maximum expansion ratio 
up to 2.1 across the turbine section. Finally, the measurement of 
the flow rate is performed by means of a calibrated Venturi noz-
zle. Further details on the design of this facility are provided by 
Paradiso et al. [32,33].

Test Section and Measurement Setup. The geometry under 
investigation is representative of an actual 1.5-stage for high/
intermediate pressure drums for reaction steam turbines (Fig. 4). 
The geometrical scale factor between the actual turbine and the 
test article was 1:1. The flow path is cylindrical and features high 
aspect ratio (AR ’ 3, based on rotor chord) and low radius ratio. 
Rows are composed of prismatic shrouded blades, using the same 
airfoil geometry for all rows (50% reaction). They experienced a
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The FRAPP Probe and the Data Reduction Techniques. The
fast response aerodynamic pressure probe (FRAPP) used in this
campaign was designed in Politecnico di Milano [34], and was
already successfully used in other research scenarios [35,36]. It is
essentially a miniaturized single-sensor cylindrical probe, oper-
ated as a virtual multihole probe. The pressure readings, therefore,
are taken sequentially as the stem rotates around its axis. A total
of 5 stem rotations are considered, spaced by 45 deg, where the
central one corresponds to the mean rotor swirl angle, which is
known from previous investigations. Each acquisition lasts for 1 s,
and the sampling frequency is set at 1 MHz. Along with the pres-
sure signals, a 1�Rev trigger signal is acquired, in order to be
able to phase-align the data during the postprocessing. Finally,
the measurement plane consists of 50 radial points and 10 circum-
ferential points, covering a full stator pitch. The first step of the
classical treatment for unsteady data is the so-called triple
decomposition

qðtÞ ¼ �q þ hqðtÞi þ q0ðtÞ (1)

where q(t) is a generic signal, �q is its time average, hqðtÞi repre-
sents the purely periodic component and, finally, q0ðtÞ denotes the
random fluctuations. Using the information provided by the trig-
ger signal, it is possible to align every signal to the same rotor
phase, and then to perform an ensemble average. This procedure
returns the following quantity:

~qðtÞ ¼ �q þ q0ðtÞ (2)

Main Performance. First of all, a comparison of main per-
formance prediction was addressed. Measurements were available
in terms of total-to-total efficiency (gtt), work coefficient (k),
power output, and mass flow of the whole turbine, for both nomi-
nal and large gap configurations. Results are presented for the
2000 RPM case only. Figures 6 and 7 show the comparison in
terms of efficiency trend and loading curve, respectively. The gen-
eral comment is that numerical and experimental results are in
good agreement, with errors within the experimental uncertainty.
As far as efficiency trend is concerned, the shape of the curve is
typical for this type of blading. A wide and flat high efficiency
region is observed near the design point, together with a good off-

Fig. 5 Computational grids for the large axial gap

Fig. 6 Efficiency versus work coefficient. Numerical (lines and
filled symbols) and experimental results (open symbols) for
nominal and large axial gap.

Fig. 7 Power output versus mass flow. Numerical (lines and
filled symbols) and experimental results (open symbols) for
nominal and large axial gap.

This means that the unsteadiness unrelated to the rotor rota-
tional frequency is suppressed. After this treatment, the evolu-
tion of the flow field can be visualized as a sequence of 
snapshots, each one related to a specific rotor phase. Finally, 
since the visualization of a wider plane (with respect to the 
single stator pitch acquired) can enhance the comprehension of 
the flow structures, an extension algorithm was implemented. 
This was necessary in order to take into account the phase-lag 
introduced by the different blade count of the rotor and 
the stators.

Assessment of Numerical Setup

Prior to face the issue of axial gap variation, the fidelity of 
computational setup was proven by comparing numerical results 
to measurements.

All the numerical results reported hereafter came from three-
dimensional, viscous, unsteady computations, adopting phase-
lagged boundary conditions [18], allowing to significantly reduce 
the computational costs, and Wilcox’s k–x model as turbulence 
closure. A switching RMS residual value ten times lower than 
the single precision machine zero was considered, resulting in 
about 5–10 subiterations per time step. As far as the time-
averaged performance computation is concerned, efficiency as 
well as loss coefficients were defined considering the time-
averaged mass–weighted total enthalpy and entropy, and work-
averaged total pressure [37–39]. To accurately resolve blade 
rows interaction and secondary flows development, attention was 
paid to select time-sampling and rows discretization. Time-
sampling was imposed considering the trade-off between accu-
racy and computational costs. The number of time-steps was 
selected after a sensitivity analysis carried out using three differ-
ent values: 25, 50, and 100. Fifty time-steps per blade passing 
period ensured the independence of the solutions from time-
steps. Rows discretization was done by means of O-H-type grids 
with a yþ value lower than 1 and using 160 cells in the spanwise 
direction, resulting about 14 � 106 cells overall. The computa-
tional mesh used for the large gap configuration is shown in 
Fig. 5. Finally, spanwise distribution of measured pt, Tt, and a, 
at plane P0, and ps, at plane P3, is adopted as boundary condi-
tions for the computations.
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with probes aligned to S2 leading edge. Results are presented for
the 3000 RPM case only.

A first comparison is reported in Fig. 9, where the time-averaged
spanwise distribution of absolute exit flow angle is shown. As
general comment, a good agreement between computations and
experiments is observed along the whole span. The figure allows to
highlight qualitatively the secondary flows structures resulting
from the stator/rotor interaction, and the effect of leakage flow at
blade tip. Secondary flows have a higher intensity in the hub
region, where the penetration along blade height reaches 25% of
the span, and flow over/under turning is about 10 deg. Lower
impact is observed in the tip region, where the superimposed
effect of leakage flows in increasing the exit flow angle is
observed.

Figures 10 and 11 show instantaneous contours of static pres-
sure and relative Mach number on three stator pitch. With respect
to calculations, experiments span from 0.02 to 1.1, indeed, experi-
mental layout allows to perform interstage measurements in the
shroud region. The comparison of static pressure contours high-
lights a general agreement of the shape of potential field, hence
the pressure gradient downstream of rotor. In particular, high and
low pressure regions are identified in the same positions and cor-
respond to a stator’s pressure modulation since their periodicity is
one stator pitch. Some differences appear in the shape of the high

Fig. 8 Spanwise distribution of total temperature and pressure
at plane P3: time-average numerical and experimental results
(near peak efficiency)

Fig. 10 Static pressure contours downstream rotor row:
instantaneous numerical and experimental results for three
stator pitch (large gap)

Fig. 11 Relative Mach number contours downstream rotor
row: instantaneous numerical and experimental results for
three stator pitch (large gap)

Fig. 9 Spanwise distribution of absolute exit flow angle down-
stream rotor row: time-average numerical and experimental 
results (large gap)

design behavior. Computations predict the same shape of the 
experimental curve and even absolute values are estimated within 
a tolerance of 1%. Moreover, both results show no or negligible 
difference in terms of efficiency (about 0.05%) between nominal 
and large axial gap. In the same plot, CFD results of stage per-
formance are shown. Comparing this curve with the one of whole 
turbine, it can be observed that they have the same shape, but 
now, the nominal gap configuration held a constant efficiency 
gain of about 0.15%, by varying the operating conditions.

Finally, a comparison of spanwise distribution measured at 
plane P3 is reported in Fig. 8, for total temperature and pressure. 
For conciseness, only the results of an operating point near peak 
efficiency are shown. CFD results fit very well with experimental 
measurements along the whole span, which suggests the right pre-
diction of losses and work exchange of the whole turbine. The 
only aspect to discuss could be the different trends of total temper-
ature near endwalls. The opposite trend of measurements with 
respect to calculations would suggest the presence of a heat trans-
fer issue. However, the overall comparison suggests a negligible 
effect of this aspect on the results.

Flow Field Downstream Rotor. Since the focus of the present 
work is the effect of blade axial gap on stage performance, the 
fidelity of computational setup is proven comparing results with 
measurements downstream of rotor row. Time-averaged and 
unsteady measurements were available for comparison purposes
at 0.5 Cax,R, for the large gap configuration only. Unsteady meas-
urements were carried out in the absolute reference frame and
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pressure region, which are very well defined in the CFD results
with respect to measurements.

Relative Mach number contours allow to highlight the details
of the flow field downstream of the rotor. Looking first at compu-
tational results, in Fig. 11, the tilted low velocity and high loss
region corresponds to the trace of rotor wake. Moreover, another,
wide, low velocity region can be identified at about 20% of the
span. This is the outcome of the interaction between S1 secondary
flows with the rotor ones. The rotor passage vortex can be seen,
close to the wake on the suction side, and the trace of passage vor-
tex of the upstream row. Indeed, these two flow structures have a
periodicity that meets rotor pitch (the first one) and stator pitch
(the second one), respectively. Smaller secondary flow structures
are observed in the tip region, where the rotor passage vortex can
be seen. These results well agree with the spanwise distribution of
absolute flow angle of Fig. 9. As for the others comparison, a gen-
eral agreement is observed between experiments and computa-
tions. The same main flow field structures are recognized in both
results, even if numerical ones outline them with more precision.
In fact, the passage vortices, highlighted in the computation, are
glued in a single wide low velocity region at hub, relatively far
from rotor wake. And the tip vortex is less evident due to the
stronger interaction with leakage flow.

Overall, the comparison shows an encouraging agreement
between CFD and measurements in main performance prediction
as well as accurate estimation of flow field structures. In light of
this, numerical setup was selected to study the impact of axial gap
on stage performance.

Axial Gap Effect on Stage Performance

A comprehensive study of the axial gap effect on stage aerody-
namic performance was carried out for four blade spacings (10%,
25%, 40%, and 95% of S1 axial chord) and five aspect ratios
(1.0, 1.6, 3, 4, and 5). Blades geometry and flow conditions were
the same tested during the experimental campaign previously
described. The aspect ratio variation was carried out by varying
the blade height at a fixed chord length, thus preserving the Reyn-
olds number. In order to compare all the results in a homogeneous
manner, all the computations reported hereafter were performed
using uniform inlet boundary conditions, and not the ones meas-
ured during the experimental campaign. For all the configurations,
computations were performed in three operating conditions
around the peak efficiency.

The effect of axial gap variation will be addressed for the
AR¼ 3 case, then the results will be extended to all the cases.
First of all, the impact on stage operation is discussed, focusing
on two-dimensional flow features, associated with blade-to-blade
phenomena. As already said in the introduction, the axial gap

variation modifies potential interaction, which translates in an
alteration of the pitchwise distribution of static pressure and flow
angle, and hence of the blades operation. To highlight this,
Figs. 12 and 13 show the instantaneous pitchwise distributions of
static pressure and blade-to-blade flow angle at stator/rotor inter-
face, at three time instants. For the sake of conciseness, only mid-
span results for two of the four cases studied are presented. As it
can be readily seen, distributions for the reduced axial gap are
more nonuniform in space and time, and therefore the operation
of downstream rotor vanes differs from one another, depending on
the relative position with respect to the stator. The low-subsonic
Mach number experienced by these types of blades leads to a
pressure nonuniformity lower than the flow angle one. In fact, the
last one in corresponding cases almost doubles its variation along
a stator pitch for the lower gap. As a result of this nonuniformity,
the reduction of blade spacings increases profile loss of both rows,
while leading to a lower wake diffusion and mixing before enter-
ing downstream row (Fig. 14). For the closest configurations,
another important aspect of the time-varying, potential interaction

Fig. 13 Absolute exit flow angle distribution at S1/R interface
at midspan: effect of blade spacing (instantaneous CFD results,
AR 5 3)

Fig. 14 Entropy contours at stator/rotor interface (S1/R):
instantaneous numerical results for two extreme axial gap

Fig. 12 Static pressure distribution at S1/R interface at mid-
span: effect of blade spacing (instantaneous CFD results, 
AR 5 3)
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and, as a consequence, the behavior in the endwalls region. Differ-
ent are the conclusions for the rotor row. The reduction of blade
spacings inhibits the development of stator secondary flows in the
interstage space, even if it enhances the flow nonuniformity. The
resulting effect is a progressive reduction of secondary flows pen-
etration along blade height downstream of the rotor with decreas-
ing axial gap, which reflects on stage efficiency. In this case, the
impact is stronger at blade hub, while tip sections undergo a
reduced effect. Walraevens et al. and Restemeier et al. [6,41]
found the same effect in their works.

Looking at Fig. 17, it can be observed how the combined effect
of flow nonuniformity and secondary flows affects the stage effi-
ciency. Here the total-to-total efficiency gain with respect to the
value at axial gap of 95% is reported. Results are presented for all
five aspect ratios considered. Filled symbols represent the results
obtained in the numerical campaign carried out with uniform
boundary conditions, while the open symbols refer to the results
obtained in the test rig environment. Dashed lines are shown to
qualitatively indicate trends.

First of all, it is important to highlight that for AR¼ 3 results
well agree with the one found in the test rig environment, thus
indicating that the use of uniform boundary conditions does not
alter the picture. Similar trends are observed for all aspect ratios.
Starting from the highest axial gap, approaching the blade rows
causes an increase in efficiency. As previously discussed, the
main effect is due to a lower interaction and development of sec-
ondary flows within the rotor row, together with a reduction of
mixing and endwall viscous losses. Due to the relatively high dis-
tance between the blade rows, it is likely that profile loss variation
plays a role of minor importance on global performance. This
statement is true until axial gap reaches values around 15–20% of
axial chord. In fact, when the blades become too close to each
other, the significant alteration of potential field in the interstage
region modifies the stage operation in such a way that it becomes
an important source of losses for the stage. As an outcome, the
global effect is a reduction of efficiency gain. As far as the impact
of aspect ratio variation is concerned, the main effect is to modify
the role played by secondary flows growth on stage performance.
From Fig. 17, a reduction of AR brings to an increase of the gain
up to 0.9% in stage efficiency, without significantly altering the
shape of the curve. At the same time, the position of maximum
gain slightly shifts toward lower axial gap increasing aspect ratio.

Starting from these results, an attempt is made to quantify the
contribution of blade-to-blade phenomena and of secondary flows
to the efficiency gain. If it is assumed that endwalls viscous losses
are included within secondary losses, the comparison between the
gain obtained for AR¼ 4 and AR¼ 5 cases indicates that the 1.5
tenth of gain (at maximum) of AR¼ 5 case can be attributed to
potential and mixing losses only. In fact, it is reasonable to

Fig. 15 Static pressure contours at stator/rotor interface
(S1/R): instantaneous numerical results for two extreme axial gap

Fig. 17 Stage total-to-total efficiency gain for several axial
gap and aspect ratio: CFD results near peak efficiency for
Re 5 0.3 3 106

Fig. 16 Spanwise distribution of absolute exit flow angle 
downstream S1 and R row: effect of blade spacing (time-
average CFD results, AR 5 3)

is that the suction surface of the vane trailing edge and the rotor 
leading edge can form an effective throat in some relative posi-
tions, thus leading to a periodic motion of a low pressure region 
that is the main responsible for the alteration of stator blade load-
ing and hence of the profile losses. Figure 15 highlights this 
phenomenon.

As far as secondary flows are concerned, as well illustrated by 
Sharma et al. [40], their generation mechanisms, especially at the 
hub, are strongly influenced by the upstream circumferential 
distortions, such as the wakes of the preceding stator. It is worth 
noting that the periodic variation in size and strength of the sec-
ondary vortices, observed experimentally, equated to almost 40%
variation in the rotor secondary losses. In the present case, to 
catch the impact of axial gap variation on secondary flows, one 
can look at the time-averaged solution downstream S1 and R 
rows. Figure 16 shows the time-averaged spanwise distribution of 
absolute exit flow angle downstream of the stator and rotor row. 
Looking at the figure, on the stator row, the effect on secondary 
flows development is limited. In fact, for the smaller axial gap 
only, the high potential interaction modifies the mean solution,
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All these considerations emphasize the importance of account-
ing for the aspect ratio when choosing the axial gap of a turbine
stage. This is, in particular, in case of low/medium aspect ratio
blades, because of its impact on efficiency.

Summary and Conclusions

This work aims at investigating the impact of axial gap
variation on aerodynamic performance of a high-pressure steam
turbine stage.

A numerical and experimental campaign was conducted on a
1.5-stage of a reaction steam turbine representative of a real
machine layout (full scale). Two different configurations were
analyzed by varying blades axial gap: 40% (nominal gap) and
95% (large gap). Three-dimensional, viscous, unsteady simula-
tions were carried out adopting measured inlet/outlet boundary
conditions. Two sets of measurements were available for
comparison purposes. The first one was focused on performance
measurements, and is based on steady probes applied at the inlet
and at the outlet of the test section. The second set focuses on the
characterization of the unsteady aerodynamics downstream of the
rotor, and relies on the use of a fast response pressure probe. The
comparison of these data with numerical results has proven the
capability of the computational setup to accurately predict main
performance as well as the flow field structures downstream of the
rotor row.

Once the computational framework was chosen, a comprehen-
sive study of the axial gap effect on stage aerodynamic perform-
ance was carried out for four blade spacings (10%, 25%, 40%,
and 95% of S1 axial chord) and five aspect ratios (1.0, 1.6, 3, 4,
and 5). The results have pointed out how unsteady interaction
between blade rows affects stage operation, in terms of pressure
and flow angle distribution, as well as secondary flows develop-
ment. The combined effect of these two aspects together with the
mixing and endwalls viscous losses determines stage efficiency.
Which of these aspects prevails over the other, affecting stage effi-
ciency, strongly depends on the axial gap value. At first, a reduc-
tion of axial gap is associated with an increase of efficiency, due
to a lower intensity of secondary flows and to the reduction of
endwall and mixing losses. Then, when the rows are too close,
wakes and potential interaction become the major source of losses
and the stage efficiency starts to drop. These mechanisms are still
valid when varying the aspect ratio. The differences lie in the way
in which secondary flows grow and propagate downstream, caus-
ing an efficiency gain variation up to 0.9%. Higher values are
expected toward smaller values of AR.

Finally, the finding of this work emphasizes the importance of
accounting for the aspect ratio when choosing the axial gap of a
turbine stage. It is worth noticing that these results are strongly
dependent on the stage operating conditions. Indeed, all those
aspects which could lead to an alteration of rows interaction could
change the picture, such as wake/shock interaction, a different
blade count ratio, or the effect of impinging wakes on the transi-
tional behavior. However, some of the physical mechanisms
involved in the variation on axial gap are identified and can be
useful for the designer to address the aerodynamic design of the
stage.
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Nomenclature

AR ¼ aspect ratio¼H/C
C ¼ chord
h ¼ enthalpy
H ¼ blade height

Fig. 18 Stage total-to-total efficiency gain for several axial gap 
and Reynolds number: CFD results near peak efficiency for 
AR 5 1.0 and AR 5 3.0

assume that secondary flows of a configuration with AR ¼ 5 play 
a little effect on main performance. This result well agrees with 
the two-dimensional outcomes of Venable et al. and Restemeier 
et al. [5,41] in terms of absolute value. They found an efficiency 
variation of about 0.2–0.3%, even if in these works the position of 
maximum gain is located at higher axial gap. Higher efficiency 
gains are expected in case of transonic stages, in which the inter-
action is strengthened by shock waves. In fact, the same authors 
found in these cases a maximum efficiency penalty around 1% for 
the closest configuration [1]. In light of all these considerations, 
when reducing AR, the enhanced efficiency variation with axial 
gap has to be attributed to the modification of the way in which 
secondary flows grow and propagate downstream. Overall, the 
results of Fig. 17 fit the findings obtained by others authors. The 
efficiency gain for AR ¼ 1 agrees quite well with the outcomes of 
Venable et al., Gaetani et al., Yamada et al., and Dring et al.
[5,8,10,42] in terms of absolute value of efficiency gain, even if 
the geometry and the operating conditions investigated are quite 
different. Some discrepancies arise if it is considered the position 
of maximum gain. In fact, they found the maximum gain position 
around the 25–40% of axial gap, while in this work it is located 
approximately in a range of axial gap between 10 and 15%.

Generally real machines applications exhibit a higher 
Reynolds than the one used to obtain the results of Fig. 17 
(about Re ¼ 0.3 � 106). This aspect could lead to a wrong esti-
mation of the role of profile losses and of mixing process in 
determining stage performance when the axial gap is changed. 
In fact, it is well-known that mixing process is a phenomenon 
strongly dependent on the Reynolds number, in particular within 
laminar-to-turbulent transition region. Even if the computations 
reported in this work are in fully turbulent conditions, a verifica-
tion of the effect of the Reynolds number variation was per-
formed for two aspect ratios, 1.0 and 3.0. The results are 
summarized in Fig. 18, where the same data of Fig. 17 are com-
pared with the new results for two higher Reynolds numbers, 
that is Re ¼ 0.6 � 106 and Re ¼ 1.0 � 106. The main outcome is 
that increasing the Reynolds number does not change the shape 
or the position of the maximum of the curves, while it slightly 
reduces the efficiency gain (within one-tenth of point) independ-
ent of the aspect ratio. The reduction of profile losses and 
the augmentation of stage efficiency, as a consequence of the 
Reynolds number increase, change the relative weight of each 
source of loss involved, which translates in the reduction of the 
efficiency gain. In fact, the main differences arise in the region 
of the axial gap around maximum efficiency gain, where 
profile losses play a key role in determining the stage 
performance. The effect of Reynolds number vanishes when 
approaching Re ¼ 1.0 � 106, which is typical of actual machines.
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N ¼ blade count
p ¼ pressure

Re ¼ Reynolds number, Re¼ v2Crotor/�
R ¼ rotor row

S1 ¼ first stator row
S2 ¼ second stator row
T ¼ temperature
u ¼ blade speed
v ¼ velocity magnitude

Greek Symbols

a ¼ absolute flow angle (from axial direction)
b ¼ relative flow angle (from axial direction)
g ¼ efficiency
k ¼ work coefficient¼ 2Dh0/u2

� ¼ kinematic fluid viscosity

Subscripts

ax ¼ axial direction
ref ¼ reference value

s ¼ static
t ¼ total

tt ¼ total-to-total
1 ¼ first stator exit
2 ¼ rotor exit
3 ¼ second stator exit

Acronyms

BCR ¼ blade count ratio¼NS1/NR

CFD ¼ computational fluid dynamics
FRAPP ¼ fast response aerodynamic pressure probe

IGV ¼ inlet guide vane
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