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Abstract. Research of exhaust hoods operation combined with the turbines’ last stages at reduced
volume flow rates is of high scientific importance. With a decrease of load in the diffusers, flow
passage the bushing circulation zone of the separated flow increases, which affects the efficiency of
the turbine outlet part. During the first phase, an aerodynamic experiment was executed, that studied
an outlet hood model of the powerful steam turbine, as well as the turbine’s last stage. Based on the
results of the experiment carried out in wide operating modes range of the turbine last stage, it was
determined that the installation of a wide-mode deflector at the inlet to the diffuser allows to reduce
the separated circulation flows and the nonuniform flow in the outlet hood, as well as to reduce the
total loss coefficient. During the second phase, computational studies were performed that used CFD
four design forms of an axial-radial diffuser, distinguished by presence or absence of deflectors. It
was determined that in the studied range of operating modes, all design forms of the diffuser with a
wide-mode deflector have a positive effect on the flow — the total loss coefficient decreases and the
efficiency of the turbine outlet part increases respectively, while the dimensions of the bushing
circulation zone significantly decrease. The research results can be used both in the development of
new exhaust hoods designs and in the modernization of the operated turbines flow path.
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Introduction

Nowadays, many powerful steam turbines are operating at reduced volume flow rates for a
long time [1]. The flow pattern in these operating modes contains flow separation from the diffuser
walls of the outlet hood and developed circulation zones. This pattern significantly affects the turbine
efficiency and the blade row reliability of the steam turbine’s last stage. Therefore, the study of the
turbine exhaust hoods operation within a wide operating modes range and the improvement of their
aerodynamic characteristics is contemporary and is a promising method to increase the efficiency of
turbomachines. This research contains comparative results of experimental and computational studies
of steam turbine exhaust hoods using a wide-mode deflector. The aim of the given computational
study is to confirm the effectiveness of the wide-mode deflector installation, and to verify performed
calculations.

Numerous studies about the operation of the “last stage with exhaust hood” steam turbine
compartment are aimed at investigating the three-dimensional flow fields in the diffuser and finding
ways to improve their characteristics. Various options are proposed in order to reduce the exhaust
hood resistance by optimizing its geometry parameters [2-5]. Several works [6-9] are dedicated to the
investigating and finding possible ways to decrease the flow parameters circumferential
nonuniformity downstream of the turbine’s last stage by changing the flow path of the stage and
improving characteristics of an axial-radial diffuser, and to minimize the separated flows [10-12].
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Efficiency increase is achieved by optimizing the design of the turbine’s last stage and by modifying
the geometry of the turbine’s outlet diffuser [13].

On the other hand, the available literary sources in this research area are very limited.
According to experimental studies of the low pressure cylinder’s last stages of a steam turbine [14,
15], the low load operating mode of the last stages is characterized by streamlines contraction to the
flow path periphery and the formation of a wide root zone of the separated flow, the size of which
increases as the load decreases. Concurrently, the speed of the reverse steam flow in the circulation
zone is quite high, which, due to the removal of moisture from the condenser, leads to the erosion of
the rotor blades trailing edges of the turbine’s last stage [16-18]. Recent studies of the flow in the
exhaust hoods under low load operating modes allowed developing several designs with movable and
fixed elements for more efficient flow control in a wide range of operating modes [3, 12, 19-20].

Research methodology

The research was executed in two steps. At first, aerodynamic experimental studies were
performed to investigate the axial-radial diffuser models of the outlet hood of a powerful steam
turbine, as well as its last stage. The "last stage and diffuser" compartment of a powerful steam
turbine, made on a scale of 1:10, was studied at the air turbine stand. Three diffusers designs were
tested, that had the same external and internal contours, but different elements inside the flow part:
type 1 - with a toroidal deflector, type 2 - without any deflectors, type 3 - with a wide-mode deflector.
The flow parameters were measured in four sections I, 11, I, IV (Fig. 2, a) along the diffuser (I -
inlet, IV - outlet). The experiments were executed in three operating modes of the last stage with U/C
=0.6; 0.74; 1.22-1.28 (U/C is operating mode characteristic parameter, circumferential to fictitious
velocities ratio), that corresponded to the relative volume flow rate of the working fluid GvV2 ~ 1, 0.8
and 0.55. The influence of U/C on the compartment efficiency 7com and on the total loss coefficient
¢t with its components, internal and leaving losses, was determined.

Secondly, computational studies were performed using the ANSYS Fluent software for
similar diffuser models under the same operating modes. The boundary conditions at the diffuser inlet
corresponded to the experimental distribution downstream the last stage. Four designs of axial-radial
diffusers were studied, where a rectangular mesh is built with clustering near the wall surfaces. The
inlet section of the diffusers up to the shroud is divided into 11 segments to simulate the distribution
of parameters behind the last stage (Fig. 1). The flow pattern in the flow part, as well as loss
coefficients were determined.
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Figure 1. Models of diffusers

Results

A) Experimental studies

The influence of the last stage operating modes U/C on the flow in the diffuser flow path, the
compartment efficiency #7com and losses was determined. In design mode U/C = 0.6, the flow at the
outlet of the last stage is close to axial, the flow is contracted to the diffuser peripheral contour due
to the leakage flow through the radial clearance of the rotor blade. Total loss coefficients are the same
for both designs, but the values of their components are different: with a deflector installed, the
leaving losses are reduced, which is compensated by the increase in internal losses. In the outlet
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section of design 3, the streamlines are more rarefied near the internal contour. This flow is associated
with an additional diffuser effect that occurs in the channel under the deflector.

In the mode U/C = 0.74 in a diffuser 2, a flow separation from the internal contour appears,
which is followed by a circulating flow from section Il to section IV. More than 1.5% of the total
flow rate of working fluid through the stage is involved in the circulating motion. With a deflector
installed, no significant changes in the flow pattern are observed, however, the size of the circulation
zone and the circulating flow rate decrease by 1.6 times.
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Figure 2. Flow in diffuser designs 1, 2 and 3 at operating modes U/C = 1.22-1.28

In the operating mode U/C = 1.22, the circulation zone in design 2 takes more than half of the
diffuser area and extends beyond the outlet section IV. Up to 25% of the total flow rate of the working
fluid through the stage is involved in the circulation motion (Fig. 2, b). The streamlines are contracted
to the diffuser peripheral contour. In design 3, the resistance of the diffuser with a deflector decreases
and the last turbine stage operates in the mode U/C = 1.28 (Fig. 3). The circulating zone does not
expand beyond the outlet section, and the flow rate of the circulating working fluid is only 5% of the
total flow rate of active flow.
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Figure 3. Dependence of total loss coefficient and efficiency on U/C ratio

The installation of the deflector leads to a change in the flow pattern in the diffuser. At the
periphery of section I, the speed decreases, and it increases in the central zone. In sections Il and IV,
the flow becomes more uniform, and the circulation zone decreases due to the powerful flow jet
formed under the deflector. In section IV of the diffuser with a deflector, the distribution of the flow
rate component of velocity is almost uniform. The interaction of the flow with the deflector leads to
a twofold increase in internal losses, however, at the same time, the leaving losses decrease by more
than 2 times, and leading to a relatively low value of the ¢. The use of a fixed wide-mode deflector
in the diffuser makes it possible to keep the efficiency 7ncom at an unchanged level in the operating
modes U/C =0.3...0.74, and to increase it by reducing the total loss coefficient in the operating modes
U/C > 0.74.

B) Computational studies

Four models of axial-radial diffusers were studied. The first three models, 1st, 2nd and 3rd
designs, are similar to the diffusers that were studied at the air turbine stand. The 4th design of the
diffuser - with toroidal and wide-mode deflectors Fig. 1 was studied for the first time. The idea was
to test the performance of the wide-mode deflector under the conditions of an already existing
standard toroidal deflector installed in the exhaust turbine hoods.

The Fig. 2 shows the comparison of the calculated equal flow rates lines distribution with
experimental ones in the operating mode U/C = 1.22-1.28 of 1, 2 and 3 diffuser designs. The flow
performance of the 1st diffuser design almost does not differ from the one of the 2nd design. The
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flow velocity near the surface of the external diffuser contour is 1.5 times higher than in other zones
due to the flow contraction and curvature changing. The circulation zone takes most part of the
diffuser flow channel. Within the 3rd diffuser design the dimensions of the circulation zone decreased
by ~ 2.5 times, and the flow rate of the working fluid involved in the circulation motion decreased by
~ 5 times.

The comparative computational study of the modernized diffuser model 4 and the original
model 1 was executed Fig. 4. Installation of a wide-mode deflector has little effect on total loss
coefficient, but it causes some improvement of the flow in the diffuser when simulating the modes
U/C = 0.6 and U/C = 0.74. In off-design mode U/C > 0.74, the wide-mode deflector starts producing
a more positive effect on the flow. When simulating the mode U/C = 1.28 in the modernized design
4 of the diffuser, the main flow is deflected by a wide-mode deflector to the diffuser bushing, the size
of the circulating flow decreases. Concurrently, the total loss coefficient decreases by almost 1.5
times.
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a—U/C=1.22-1.28 b-U/IC=0.74 c-U/C=0.6

Figure 4. Design distribution of velocity (m/s) in diffuser’s design 1 (top row)
and design 4 (bottom row) in transient operating modes

Conclusions

A computational model of the diffuser was tested, which makes it possible to reliably and
efficiently simulate complex distributions of boundary conditions at the inlet to the diffuser of the
exhaust hood, especially when simulating variable operating modes of the turbine last stage.
Comparison with experiment showed that the flow pattern in various diffusers designs is adequately
simulated even in off-design operating modes with flow separations and developed circulation zones.

The results of aerodynamic experimental and computational studies of axial-radial diffusers
of the steam turbine exhaust hood show that the installation of a wide-mode deflector in the diffuser
has a positive effect on the flow in the diffuser at variable operating modes. At the off-design modes,
such a modernization can significantly reduce the size of the circulating zones and the total loss
coefficient.
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