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KEYWORDS Abstract The inner flow environment of turbomachinery presents strong three-dimensional, rota-
Database; tional, and unsteady characteristics. Consequently, a deep understanding of these flow phenomena
Laboratory-scale will be the prerequisite to establish a state-of-the-art design system of turbomachinery. Currently
compressor; the development of more accurate turbulence models and CFD tools is in urgent need for a
SPIV; high-quality database for validation, especially the advanced CFD tools, such as large eddy simu-
Tip leakage flow; lation (LES). Under this circumstance, this paper presents a detailed experimental investigation on
Tip leakage vortex the 3D unsteady flow field inside a laboratory-scale isolated-rotor with multiple advanced measure-

ment techniques, including traditional aerodynamic probes, hotwire probes, unsteady endwall static
pressure measurement, and stereo particle image velocimetry (SPIV). The inlet boundary layer pro-
file is measured with both hotwire probe and aerodynamic probe. The steady and unsteady flow
fields at the outlet of the rotor are measured with a mini five-hole probe and a single-slanted hotwire
probe. The instantaneous flow field in the rotor tip region inside the passage is captured with SPIV,
and then a statistical analysis of the spatial distribution of the instantaneous tip leakage vortex/flow
is performed to understand its dynamic characteristics. Besides these, the uncertainty analysis of
each measurement technique is described. This database is quite sufficient to validate the advanced
numerical simulation with LES. The identification process of the tip leakage vortex core in the
instantaneous frames obtained from SPIV is performed deliberately. It is concluded that the
ensemble-averaged flow field could not represent the tip leakage vortex strength and the trajectory
trace. The development of the tip leakage vortex could be clearly cataloged into three phases
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Nomenclature

TLF tip leakage flow

TLV tip leakage vortex

RMS  root mean square

A flow area

D, dynamic pressure of Uy, (Pa)

Py static pressure (Pa)

P, total pressure (Pa)

Cy (Ps out — Ps,in)/ Dy, static pressure rise coefficient

Cps (Ps — Psin)/ Dy, static pressure coefficient

Cpe (Py — Ps )/ Dy, total pressure rise coefficient

Usip tangential velocity of blade tip (m/s)

C,. V., in/Usip, axial velocity coefficient at inlet

C. Z-wise velocity coefficient

V velocity (m/s)

Viip rotor tip velocity (m/s)

V- boundary Z-wise velocity on the boundary of the blockage
area (m/s)

L axial chord length in the blade tip

H span length (mm)

m, mass flow rate in one passage

n rotating speed (r/min)

chord length

blockage coefficient of tip leakage flow

relative total pressure loss coefficient

principle to identify the TLV

circulation (m?/s)

density

flow angle between the absolute velocity and the
tangential direction (°)

b2 flow angle between the relative velocity and the
tangential direction (°)

=

R EA N o We)

=%

Subscripts

in compressor inlet

out compressor outlet

r radial direction

0 circumferential direction

X perpendicular to spanwise in the measurement
slice

y spanwise in the measurement slice

z perpendicular to the measurement slice

according to their statistical spatial distribution. The streamwise velocity loss induced by the tip
leakage flow increases until the splitting process is weak and the turbulent mixing phase is

dominant.
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1. Introduction

Nowadays, in the context of turbomachines, flow analysis and
design are generally carried out with an averaged approach
(RANS: Reynolds-averaged Navier-Stokes), where turbulence
is modelled through statistical moments. This approach yields
a good overall description of the mean flow, but strong dis-
crepancies arise in separated flow regions, where turbulence
is more complex. Such separated flows are found in local
regions (e.g. corner separation and tip-clearance) even under
design conditions, and over most of the flow passages under
some off-design conditions. As known, the modern design sys-
tem strongly relies on the accurate numerical simulations, and
currently the development of more accurate turbulence models
and CFD tools is in urgent need for a high-quality database
for validation, especially the advanced CFD tools, such as
large eddy simulation (LES).

For both the experimental and numerical approach, a
large-scale low-speed rig! will be a fantastic subject to investi-
gate in the context of turbomachinery. The researchers have
performed plenty of investigations using this kind of test rig.
For example, the performance of the compressor and loss dis-
tribution inside the compressor passage could be studied.”>
The flow control techniques are feasible to be applied to such
a test rig.”® Almost all kinds of measurement techniques could
be applied to the large-scale low-speed test rig for assuring a

high level of accuracy.”'” Meanwhile, it is quite suitable to
apply the LES method in this configuration.

This work is an important part in the Sino-French collabo-
rative project which is named as Advanced Experiments and
Simulations of Complex Flows in Turbomachines
(AXIOOM). This project is dedicated to pursuing a better
understanding of the complex singular flows in turbomachin-
ery with the most advanced experimental and numerical meth-
ods contemporarily. As for the content described in this paper,
the objectives are (1) to provide a high-quality experimental
database dedicated to the validation of LES in a laboratory-
scale compressor, and (2) to better understand the complex
tip leakage flow structure in this compressor.

In order to fulfill the objectives, the advanced measurement
technique stereo particle image velocimetry (SPIV) is adopted
together with the traditional measurement method. The parti-
cle image velocimetry (PIV) technique has been well-developed
recently. Ghanem and Steven’ performed an investigation on
the unsteady leakage flow of a propeller using PIV, and found
that some flow variables have to be shifted and scaled to reveal
the real unsteady flow features. It is relatively difficult for the
conventional experimental measurement techniques, compared
with the numerical simulation method, to investigate the evo-
lutionary procedure of the tip flow in the turbomachinery.
Fortunately, SPIV technique is improved a lot nowadays,
and has been utilized to investigate the tip leakage flow.'> They
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