Chinese Journal of Aeronautics, (2016), 29(4): 893-913

N\
\\VJ'

CSAA

Chinese Society of Aeronautics and Astronautics

& Beihang University o
AERONAUTICS

Chinese Journal of Aeronautics

cja@buaa.edu.cn
www.sciencedirect.com

Characterization of component interactions ) s
in two-stage axial turbine

Adel Ghenaiet »*, Kaddour Touil”

& Laboratory of Energetics and Conversion Systems, Faculty of Mechanical Engineering, University of Sciences and
Technology Houari Boumediene, BP32 El-Alia Bab-Ezzouar, 16111 Algiers, Algeria
® Laboratory of Thermal Power Systems, Applied Mechanics, EMP BP17 Bordj-el-Bahri, 16046 Algiers, Algeria

Received 26 February 2015; revised 25 January 2016; accepted 11 April 2016

Available online 22 June 2016

KEYWORDS

CFD;

FFT analysis;

Pressure fluctuations;
Two-stage axial turbine;
Unsteady flows;
Vane/blade interactions

* Corresponding author.

Abstract This study concerns the characterization of both the steady and unsteady flows and the
analysis of stator/rotor interactions of a two-stage axial turbine. The predicted aerodynamic perfor-
mances show noticeable differences when simulating the turbine stages simultaneously or sepa-
rately. By considering the multi-blade per row and the scaling technique, the Computational
fluid dynamics (CFD) produced better results concerning the effect of pitchwise positions between
vanes and blades. The recorded pressure fluctuations exhibit a high unsteadiness characterized by a
space—time periodicity described by a double Fourier decomposition. The Fast Fourier Transform
FFT analysis of the static pressure fluctuations recorded at different interfaces reveals the existence
of principal harmonics and their multiples, and each lobed structure of pressure wave corresponds
to the number of vane/blade count. The potential effect is seen to propagate both upstream and
downstream of each blade row and becomes accentuated at low mass flow rates. Between vanes
and blades, the potential effect is seen to dominate the quasi totality of blade span, while down-
stream the blades this effect seems to dominate from hub to mid span. Near the shroud the prevail-
ing effect is rather linked to the blade tip flow structure.

© 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Axial turbines of modern aero-engines are designed at high
loading factors, hence leading to inherently complex flows
which are in essence unsteady owing to the relative motion

E-mail address: agl964@yahoo.com (A. Ghenaiet). between nozzle guide vanes (NGV) and rotor blades. Each
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row generates non-uniformities in the downstream flow field
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due to potential and viscous effects which are ingested by the
following vanes/blades’ rows. Among the most important
non-uniformities in the case of hp turbines are wakes, sec-
ondary flows, shocks and hot-streaks. Early flow models used
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simplifying assumptions such as the through-flow' methods
neglecting the circumferential variations and unsteadiness
related to the relative motion between rotating and stationary
parts. After advents of CFD tools, and since experiments are
cumbersome and in many cases impossible, it has become pre-
sumably possible to predict the details of flow structures and
direct investigations towards the most challenging unsteady
phenomena, especially the stator/rotor interactions.

The flow computations based on one blade per row is still
used when predicting the turbomachinery performance. How-
ever, Dieter and Jing” have concluded that with a computa-
tional domain restricted to one blade, there is a variation in
the turbine stage efficiency about 0.52% among different
clocking positions. Therefore, there is still a need for reducing
the computational domain in multi-component machinery
without affecting too much the flow physics. In this issue many
workers accounted for the non-integral blade counts, such as
Erdos et al.’> who first developed the “phase lagged method”
to compensate for the non-integral blade counts without mod-
eling the entire blades rows. Adamczyk® after introducing the
mixing-plane method® proposed the average-passage method
in which the rotor domain is expanded upstream and down-
stream. Giles® modified the “phase lagged method” and elim-
inated the assumption of temporal periodicity by using the
time inclined computational plane. A way of calculating
rotor-wake interaction is to use ordinary unsteady CFD with
the time lagged periodic boundary condition, i.e., the choro-
chronic periodicity”* and the Fourier representation near peri-
odic boundaries. Gerolymos et al.® gave a detailed analysis of
the chorochronic periodicity and proposed a new methodology
for predicting the unsteady aerodynamics of the interactions
between two blade rows based on Fourier series both in time
and circumferential direction. By comparing with the measure-
ments made for a 1.5 stage turbine, the ability of this technique
in studying stator/rotor interactions was clearly shown. Miller
et al.” studied the interaction of an hp transonic turbine stage
followed by an intermediate vane, focusing on the upstream
potential effects of the vanes on the rotor blades, which seemed
to be only affected downstream the throat. Later, Miller et al.'’
described accurately the flow structure of vane and the shock/
wake interaction and migration of flow across the rotor and
the interference of both rotor and second vane potential fields
on the coming flow.

Rai and Madavan'' concentrated their study on the scaling
technique to overcome the problem of non-integral blade
counts by scaling the blade pitch while maintaining a constant
solidity ratio. Arnone and Pacciani'” carried out the domain
scaling technique for a two-stage transonic turbine having 22
vanes and 38 blades. The scaled configurations were succes-
sively: 1/2 (scaling ratio 0.87), 3/5 (scaling ratio 1.036), 4/7
(scaling ratio 0.987) and 7/12 (scaling ratio 1.0076). Their con-
clusion is that the 1/2 configuration led to a premature choking
in the rotor passages and the pressure distributions were signif-
icantly affected, but these effects were largely reduced in the
3/5 configuration and even nonexistent in the 4/7 configura-
tion. Clark et al.'* and Yao et al.'* have shown the importance
of modeling the actual blade counts in multi-stage simulations
for accurate predictions of the entropy migration and the fre-
quency spectrum resulting from stator/rotor interactions.
Clark et al."” investigated the effect of blade count and scaling
on the unsteady pressure field for a configuration of an axial
turbine representative of a modern design, consisting of 36

vanes and 56 blades of the hp stage and 36 vanes of the Ip
stage. They showed that as the scaling was used (holding the
mid-span axial gap) to reduce the computational domain to
only 2 vanes and 3 blades for the first stage and 2 vanes for
the second stage (1/18th of wheel), errors in the unsteady pres-
sure amplitudes could arise. Also Yao et al.'?, based on simu-
lations for a 1.5 stage axial turbine of vane/blade counts 36, 41
and 36, showed that for the configurations 6/7/6 (scaling ratio
0.9762) and 1/1/1 (scaling ratio 1.14), the time-averaged pres-
sure distributions over the vanes and blades were not signifi-
cantly affected, and concluded that the scaling ratio should
be kept close to unity. He and Chen'® applied the unsteady
Navier-Stokes equations to analyze the stator/rotor interac-
tions in an axial turbine with 32 vanes and 48 blades, and con-
cluded that the computational domain consisting of 2 vanes
and 3 blades produced unsteady pressures that were compared
well with the experimental data. The aforementioned studies
showed a veritable challenge for the CFD codes in providing
acceptable details of the main flow features, especially the sta-
tor/rotor interactions which involves the potential interaction
propagating both upstream and downstream. The magnitude
of this effect depends on the Mach number and the axial
inter-distance. Unlike the potential influence, the blade wake
is only convected downstream and the static pressure does
not vary significantly. In the transonic regime, shock structure
provokes intense unsteady effects. The most significant contri-
bution to unsteadiness is the periodic chopping of wakes'® and
secondary flow vortices from the upstream blade row by the
downstream blade row.'”'® Also the interactions of convected
secondary flow vortex/tip leakage vortex with the periodic
wake or potential field should be considered. According to
the literature there are few published works on the unsteady
interactions between leakage flows and adjacent vane/blade
rows in axial turbines. Behr et al.'” have indicated that the
pressure field of the second vane has an influence on the devel-
opment of tip leakage vortex of the rotor. Qi and Zhou [20]
performed an experimental and a numerical investigation in
the blade tip region and concluded that the upstream wakes
are shown to reduce the strength of the tip leakage vortex,
and owing to the unsteady effects of wakes there is appearance
of counter-rotating vortex pairs within the tip leakage vortices
which cause a significant pressure fluctuation.

This study concerns the determination of aerodynamic per-
formance of an hp two-stage axial turbine and the analysis of
stator/rotor interactions by means of the code Ansys-CFX.
Because the computing power was very limited, the technique
of domain scaling was applied to reduce the computational
domain and grid size. This latter required a careful treatment
for the blade profiles and aspect ratio while adopting a scaling
ratio close to unity in order to conserve the physical periodicity
and not altering too much the aerodynamic performance. The
fluctuations of static pressure were recorded at different points
and lines and the FFT was used to analyze the flow unsteadi-
ness characterized by a space—time periodicity, leading to the
determination of different frequencies and spatial modes char-
acterizing these interactions.

2. Geometry and computation grids

This two-stage hp axial turbine (Fig. 1) drives an hp compres-
sor of an old turbofan engine. The determination of the
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