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1 Introduction

Blade-tip acrodynamics are largely determined by (i) nonlinear
interactions of tip-leakage flows, (ii) skewed end-wall boundary
layers, and (iii) secondary blade passage flows. The complexity of
these blade-tip aerodynamic mechanisms determines the rotor op-
erating margin in tip-stalling rotors because the aerodynamics es-
tablish the blade spanwise loading and loss distributions and the
turbomachine’s aero-acoustic signature [ 1-3]. As demonstrated by
Ganz et al. [4], the physical mechanisms governing the tip-region
flow around blades in turbomachinery compressors also apply in
industrial ventilation and cooling fans. The diminished perfor-
mance associated with the presence of these flow mechanisms has
prompted the designers of fans and compressors to devise new
design features that minimize the adverse aerodynamic effects of
tip gap. In doing so, their objective is to manage the tip-clearance
flow in a manner that reduces the self-generated noise without
sacrificing aerodynamic efficiency. This objective can be achieved
either by reducing the leakage flow rate or by enhancing the
primary-secondary flow momentum transfer.

For industrial fans and turbomachinery compressors, research
efforts in pursuit of the above objective can be categorized into
two approaches. The use of casing treatments in the shroud por-
tion over the blade tip was first reported in the early 1970s. This
provided an improved stable flow range by weakening the tip-
leakage vortex (TLV). Noticeable contributions have reported the
use of grooves and slots [5,6] and stepped tip gaps [7]. More
specifically, in terms of fan technology, recirculating vanes and
annular rings were proposed as antistall devices [8]; indeed, these
are now in routine commercial operations.

A second broad approach consists of passive control tech-
niques. Various passive approaches were proposed with concepts
based on blade-tip modifications by means of antivortex append-
ages, such as those investigated by Quinlan and Bent [9], or those
advocated by patents for industrial patents for ventilating fans
[8,10-12].

Recently, Corsini et al. [13—15] investigated the application of
profiled end-plates to the blade tips of a family of commercially
available industrial fans. They reported benefits in terms of aero-
dynamic and aero-acoustic performance as a result of the adoption
of these modified blade-tip configurations. In particular, the adop-
tion of a constant-thickness end-plate that had originally been de-
signed at Fldkt Woods Ltd. (Colchester, UK) for an industrial fan
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determined to control the chordwise evolution of the leakage vortex rotation number. The
results confirm that the new end-plate configurations provide a mechanism by which
leakage vortex bursting can be avoided. As such, the modified rotors represent an effec-
tive means of passive control of vortex breakdown. [DOI: 10.1115/1.3145017]

(designated as AC90/6/TF) provided an effective control of
leakage-flow phenomena over the fan operating range. However,
in spite of the aero-acoustic gains, the aerodynamic tests of the
AC90/6/TF configuration revealed a diminution in performance in
association with the occurrence of leakage vortex bursting over
the tip end-plate. This breakdown was characterized by the abrupt
expansion of the swirling core into a bubblelike circulatory zone.

The aim of the present paper is to present a new configuration
of the thickness distribution of the antivortex tip end-plate and to
provide details of its design concept [16]. This new configuration
consists of a variation in thickness, which aims to control the
chordwise evolution of the leakage vortex rotation number. The
new end-plate configuration thus provides a passive control
mechanism whereby leakage vortex bursting can be avoided. Vor-
tex breakdown is an intriguing phenomenon of practical impor-
tance. It occurs in swirling flows and, depending on the applica-
tion, can be considered as a positive or negative phenomenon.
Control of the phenomenon was of interest to scholars for 2 de-
cades and continues to be an active area of research—especially in
aeronautical applications (for example, delaying delta wing vorti-
ces or accelerating trailing tip vortices [17]) and in combustors,
valves, and cyclones [18]. In the present study, the modified con-
figuration aims to influence the onset of vortex breakdown by the
use of a variable chordwise end-plate thickness distribution. The
aim is to promote an enhancement of near-axis swirl [19,20] by
influencing the momentum transfer from the leakage flow and by
inducing some waviness into the leakage vortex trajectory, as sug-
gested by Srigrarom and Kurosaka [21] with respect to the delta-
wing platform design.

The remainder of this paper is organized as follows. First, the
family of test fans is described and the background quantitative
experimental investigations are summarized. This is followed by a
survey of leakage flow in the tip region of fan AC90/6/TF to
provide evidence of the presence of vortex breakdown. The ratio-
nale for the proposed end-plate thickness distribution configura-
tion is then briefly described. Section 6 of this paper presents a
comparative assessment of the end-plate aerodynamics.

2 Methodology

2.1 Test Fans. The present study was undertaken using a fam-
ily of commercially available industrial cooling fans. In-service
experience had indicated that this family of fans provides good
acoustic performance. The fan featured a six-blade unswept rotor,
with the blade profiles being a modified ARA-D configuration that
was originally designed for propeller applications. The details of
the blade profile for the AC90/6 fan are given in Table 1.

The design specifications for both the data and modified rotors
studied here are given in Table 2. The blade configurations stud-
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Table 1 Blade profile of AC90/6 fan

AC90/6 blade

Hub Midspan Tip
€/t 1.32 0.52 0.31
Stagger angle (deg) 54 58.8 62
Camber angle (deg) 46 44 41

ied, for data and modified rotors, feature a high tip stagger angle,
as is customary for the class of investigated industrial fan opera-
tions. This rotor angular setting was chosen to exploit operating
point at which the vortex flow near the rotor tip has its most
significant effects on the aerodynamic performance and noise
characteristics of the investigated fans.

The two configurations studied were (i) the data rotor (AC90/6)
and (ii) a modified rotor (designated as AC90/6/TF), which was
designed with a view to low noise emission, see Fig. 1. The modi-
fied AC90/6/TF rotor blades differed from the data blades in the
blade tip vicinity. The configuration of the AC90/6/TF blade tip,
which was originally inspired by designs developed for tip-vortex
control and drag reduction in aircraft wings and catamaran hulls,
differed from the data fan by the addition of an end-plate. This
end-plate ran along the blade pressure surface and ended on the
blade trailing edge (te) with a square tail. The addition of this
end-plate means that the blade section was locally thickened by a
factor of 3 with respect to the maximum thickness at the tip of the
data blade. This dimension was determined in proportion to the
radial dimension of the leakage vortex chosen on the basis of
previous studies, both of axial compressors [22] and fans [23], in
which the vortex dimension to be controlled was estimated to be
0.1-0.2 blade spans.

2.2 Background Investigations. Recent studies by Corsini et
al. [13-15] have assessed the performance associated with the
modified end-plate configuration of the AC90/6/TF rotor. These
studies have demonstrated that the modified end-plate configura-
tion effectively controlled the leakage-flow phenomena over the
fan operating range. In doing so, the end-plate improved the three-
dimensional (3D) loss behavior, moved the peak efficiency pla-
teau toward the lower flow rate, and markedly reduced the fan’s
aero-acoustic signature.

Table 3 shows the overall aerodynamic and acoustic perfor-

Table 2 Design specifications of AC90/6 family of fans

Design specifications

Blade number 6
Blade tip stagger angle (deg) 62

Hub-to-casing diameter ratio v 0.22
Hub diameter D), (mm) 200.0
Casing diameter D, (mm) 907

Rotor tip clearance y (% span) 1.0

Rotational frequency (rpm) 900-935
y
) y
\\ o \ e
-
a) p b) =

Fig. 1 Fan rotors: (a) data fan and (b) modified AC90/6/TF fan
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Table 3 Overall aerodynamic and acoustic performance of
fans

Data rotor AC/90/6/TF rotor
Apga Apga
Aerodynamic (Pa) 7 (Pa) n
D point 134.8 0.49 126.2 0.51
P point 184.4 0.44 179.4 0.49
A- A-
Unweighted  weighted  Unweighted  weighted
SWL SWL SWL SWL
Acoustic (dB) (dB(A)) (dB) (dB(A))
D point 72.38 70.85 70.17 66.92
P point 72.72 71.85 69.66 67.44

mance for two operating points: (i) the near-design condition (des-
ignated as “D point”) with a volume flow rate of 7 m3/s and (ii)
a near-peak pressure condition (designated as “P point”) with a
volume flow rate of 6 m?/s. In addition, the overall noise perfor-
mance is provided in terms of the unweighted and A-weighted
sound-power levels (SWLs) at a distance of 6 m from the fan
outlet, Table 3.

2.3 Numerical Method. The Reynolds-averaged Navier—
Stokes equations were solved by an original parallel multigrid
(MG) finite element flow solver [24]. The fluid dynamics of in-
compressible 3D turbulent flows in a rotating frame of reference
was modeled with a topology-free low-Reynolds variant of a non-
linear k-& model [25].

The numerical integration of partial differential equations
(PDEs) was based on a stabilized Petrov—Galerkin formulation to
control the instability that affects the advective-diffusive incom-
pressible flow limits and the momentum and turbulent scale-
determining equations. The latter related, respectively, to the Co-
riolis acceleration and to the dissipation/destruction terms in the
turbulent scale-determining equations [25]. Equal-order linear in-
terpolation spaces (Q1-Q1) were used for primary-turbulent and
constrained variables, which effectively eliminated the undesir-
able pressure-checkerboarding effects. A hybrid full-linear MG
accelerator was built into the in-house overlapping parallel solver.
This numerical technique was previously validated with transi-
tional compressor cascade flows and with high-pressure industrial
fan rotors [14,23,24].

The Krylov iterations in the smoothing/solving of the MG
phases were parallelized using an original additive domain-
decomposition algorithm. The message-passing operations were
managed using message-passing interface (MPI) libraries. Using
this technique, the fully coupled solution of the subdomain prob-
lem involves an efficient nonconventional use of Krylov subspace
methods. The preconditioned Generalized Minimal Residual
(GMRES)(5) and GMRES(50) algorithms were used, respectively,
as smoother and core solver.

2.4 Fan Rotor Modeling and Boundary Conditions. The
mesh was built in a nonorthogonal body-fitted coordinate system
by merging two structured h-type grid systems: (i) mesh in the
main flow region (surrounding the blade) and (ii) embedded mesh
in the tip-gap region.

The mesh had 154 X 68 X 58 nodes in the axial, pitch, and span-
wise directions, respectively. In the axial direction, the node dis-
tribution consisted of 20% of nodes upstream of the leading edge
(le), 50% of nodes in the blade passage, and 30% of nodes down-
stream of the blade passage. Additionally, there were 14 grid
nodes to model the tip clearance along the span. The computa-
tional grid had an adequate clustering toward the solid boundaries,
with the ratio of minimum grid spacing on solid walls to midspan
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Fig.2 Streamlines in the rotor tip gap at D operating point and
vortex bursting visualization

blade chord being set at 2 X 1073 on the blade tip, casing wall, and
blade surfaces. The grid refinement toward the solid surfaces con-
trolled the dimensionless distance &* value at about 1 on the first
node row.

2.5 Boundary Conditions and Investigated Flow
Conditions. Standard boundary conditions were adopted in accor-
dance with those used in recent quantitative studies of high-
performance fans [23].

The Dirichlet conditions for the relative velocity components
were imposed at the inflow section, half a midspan chord up-
stream of the leading edge. The velocity profile was obtained from
the flow simulation in an annular passage of identical hub-to-
casing diameter ratio that included an upstream spinner cone. The
inlet distribution of the turbulent kinetic energy (k) was obtained
from an axisymmetric turbulence intensity (TI) profile derived
from previous studies of ducted industrial fans. The TI profile
featured a nearly uniform value in the core region (about 6%),
which increased markedly approaching the endwalls (about 10%).
The inlet profile of turbulence energy dissipation was based on the
length scale (I,) set to 0.01 of the rotor pitch at midspan. Flow
periodicity upstream and downstream of the blading, and Neu-
mann outflow conditions (homogeneous for k and & and nonho-
mogeneous for the static pressure), completed the set of boundary
data.

The fan leakage-flow patterns for the tested fans were then
investigated and compared under near-design conditions (D) with
a volume flow rate of 7 m?/s and a global flow coefficient ® of
0.278. The Reynolds number (based on tip diameter and rotor tip
speed) was 8.3 X 10° for normal air conditions.

3 Leakage Vortex Breakdown

3.1 Evidence of Vortex Breakdown. As previously noted,
Corsini et al. [13-15] assessed the performance gains that are
offered by the modified end-plate concept of rotor AC90/6/TF. In
particular, the leakage flow was studied to identify the mecha-
nisms that produce the improved aero-acoustic signature. Accord-
ing to Corsini et al. [26], the aerodynamic appendages at the blade
tip gave rise, under near-design operating conditions, to a bursting
of the tip-leakage vortex. To provide greater insight into this phe-
nomenon, the 3D streamline behavior in the tip gap of rotor
AC90/6/TF was visualized (see Fig. 2) under D operating
conditions.

The antivortex effect produced by the end-plate acted as a
physical obstacle to the pressure surface-flow migration and pre-
served the pressure-side tip vortex, thus producing a vena con-
tracta effect. As a consequence, the leakage flow (as visualized
with 3D streamlines) revealed that the reduction in flow leaking
altered the swirl-to-axial vortex velocity component ratio, which
gave rise to an unseparated bubble-core about midchord followed
by a large bubble-type separation in the aft portion of the blade
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Fig. 3 Streamlines and vortex axial isosurface

velocity
(w,rLy=0) in the rotor tip gap at D operation

passage. This finding was in accordance with the existence of a
vortex breakdown (because the flow reversal is indicative of the
critical bursting phenomenon [27]). Moreover, according to Lei-
bovich [28], the appearance of the vortex bursting in the bubble
form can be interpreted as a consequence of a sufficiently large
swirl level.

As observed by Escudier and Zehnder [29] and Inoue and Fu-
rukawa [30], the bubble form of the vortex breakdown is increas-
ingly steady with the level of swirl, which supports the proposi-
tion that the bubble-separation core (provided by the steady
simulation) is evidence of the occurrence of tip-leakage vortex
breakdown. The midchord bubble core can therefore be consid-
ered as evidence of the onset of the bursting of the rear vortex.

To assess the veracity of the above conjecture, tip-leakage vor-
tex axial velocity zero isosurfaces were drawn, as shown in Fig. 3,
together with the 3D streamlines in the blade-tip region. A zero
w,rLy core was located by coincidence with the unseparated
bubble-core (see Fig. 2), which was identified as the onset of the
vortex breakdown. This finding is in accordance with the obser-
vation of Spall et al. [17], who first identified the presence of a
stagnation point along the vortex axis as a necessary condition for
the breakdown to appear. A second (and larger) zero-velocity iso-
surface, Fig. 2, limits the bursting core featuring the flow reversal.

As a last criterion for the detection of vortex breakdown, the
tip-leakage vortex structures were investigated using a normalized
helicity (H,) based on the absolute vorticity [2,30] as a detection
tool. H, was defined and normalized as H,=(&-w;)/(|€||w|) with
i=1,...,3, where & and w; are the Cartesian components of the
absolute vorticity and relative velocity vectors, and | and |w| are
their norms. When plotting the normalized helicity H,, contours on
cross sections, Fig. 4, for the data rotor and the AC90/6/TF rotor,
the probing planes were located at 0.25 blade chords, 0.43 blade
chords, 0.65 blade chords, 0.89 blade chords, and 1.2 blade chords
from the tip-section leading edge. The normalized helicity distri-
bution was then plotted with the vortex cores.

As shown in Fig. 4, the AC90/6/TF rotor (Fig. 4(a)) demon-
strated a modified tip-leakage phenomenon in comparison with
the data rotor (Fig. 4(b)). In particular, at about midchord, the
main tip-leakage vortex featured a gradual reduction in H, as a
result of the weakening of the flow vortex and the deflection of the
vortex core. This finding is in accordance with the hypothesis of
mass leaking reduction along the chord, which gives rise to
leakage-flow structures adjacent to the blade’s suction surface. In
the aft portion of the blade, the reduction in the flow leaking was
such that the main TLV collapsed and became a counterclockwise
vortex under the influence of trailing-edge leakage flow streams,
which rapidly washed out the vortex behind the rotor. Correspond-
ingly, on the 1.2¢ plane, no coherent vortex structure was appar-
ent.
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Fig. 4 Normalized helicity H, contours on cross sections and vortex cores
at the tip, D operating point: (a) AC90/6/TF rotor and (b) AC90/6 data rotor

These findings can be considered additional evidence in support
of the proposition that vortex breakdown occurred. The most dis-
tinctive feature was the helicity inversion, which occurred as a
result of the counter-rotation of the vortex exiting from the burst-
ing region. This phenomenon, which is accepted as evidence of
vortex breakdown in compressor rotors [30], is consistent with the
criterion based on the angle of the velocity and vortex vectors.
Several studies have attempted to explain the vortex breakdown
on the basis of the behavior of the azimuthal vortex component; in
particular, Leibovich [31] stated that a change in sign of the azi-
muthal vortex is definitive evidence of the existence of vortex
breakdown.

3.2 Vortex Breakdown Rossby Number Analysis. Almost
all of the studies on vortex breakdown, including those on linear
stability and phase velocity [32] and those on wave trapping [33],
have attempted to identify a critical condition for the appearance
of vortex bursting using swirl-based parameters. Leibovich [28]
explained a vortex breakdown as a change in the structure of the
vortex initiated by a variation in the ratio between tangential ve-
locity components and axial velocity components.

In a similar vein, Ito et al. [34], who undertook a theoretical
study of unsteady and steady vortex breakdown, proposed an in-
terpretive criterion based on the use of the Rossby number (or
inverse swirl parameter) defined as

Ro=V/(rQ) (1)

in which V, r, and () represent characteristic velocity, length, and
rotation rate scales.

The breakdown criterion based on the Rossby number was
completed by Spall et al. [17], who proposed scale definitions for
the velocity distribution consistent with swirling flows, leading-
edge vortices, and unconfined trailing wing-tip vortices. These
definitions were adopted in the present study in the context of a
confined tip-leakage vortex, which is typical of axial decelerating
turbomachinery. In detail, the following scales were used.

* r was taken to be the radial distance from the vortex axis at
which the swirl velocity was at its maximum, in accord with
the characteristic viscous length scale suggested by Leibov-
ich [35].

* V=w,py Was taken to be the axial velocity at r.

* () was taken to be the rotation rate in the wing-tip vortices
due to the solid body rotationlike structure (estimated near
the vortex center).

The choice of w,ry as a velocity scale was consistent with the
swirl scale Qr=w,r y and the critical Ro number values men-
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tioned in the relevant literature. This ranged from 0.64 for a con-
fined axisymmetric vortex breakdown [36] to 0.6 for wing-tip
vortices with bubble or spiral type vortex breakdown [37].

The chordwise distributions of the tip-leakage vortex Rossby
numbers for the data rotor and the AC90/6/TF rotor under design
operating conditions, Fig. 5, indicate that the AC90/6/TF fan fea-
tured a vortex breakdown and confirm that the unseparated bubble
core at midchord (as previously illustrated in Fig. 2) corresponded
to the attainment of the Rossby number critical value. This finding
provides evidence for the validity of the Rossby breakdown con-
cept in assessing the swirling flows of axial rotor turbomachinery
[38].

The findings with respect to chordwise Ro distributions also
indicate that the trend in the Rossby number, as it approached the
critical value, was related to an incipient breakdown. Ro values
below the critical threshold are apparent, Fig. 5, for both the data
rotor and the AC90/6/TF rotor. The Ro distributions also reveal
that the approach to the breakdown is driven by a similar chord-
wise descent of the vortex rotation number. This suggests that the
control of the tip-leakage vortex Rossby number could be based
on a near-axis swirl supply or subtraction, which could be imple-
mented by a modification of the end-plate configuration with a
view to establishing an original design concept for blade-tip aero-
dynamic appendages.

design point

08

0.6 __ _______________________________________ RD:(,Q [36}

breakdown region

pabm )

: 0.4 045 06 0.7 05
fraction of chord

Fig. 5 Chordwise distributions of tip-leakage vortex rotation
Ro number at design operating point (dashed line: data fan;
solid line: AC90/6/TF fan)
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Fig. 6 AC90/6TF and AC90/6TFvte end-plate geometries (not
to scale) [16]

4 Tip End-Plate Design Concept

To suppress the tip-leakage vortex-bursting phenomenon in the
operation of the AC90/6/TF fan rotor, a new end-plate design was
recently proposed [16,39] here labeled as AC90/6/TFvte. The pro-
posed configuration controls the onset of vortex breakdown by
means of an end-plate of variable chordwise thickness. The aim of
the new concept is to enhance near-axis swirl [19,20] by recon-
figuring the end-plate at the tip with a view to influencing the
momentum transfer from the leakage flow and to force some
waviness into the leakage vortex trajectory, as suggested by Sri-
grarom and Kurosaka [21] in the delta-wing platform design. Ac-
cording to the analysis of tip-leakage vortices in terms of the
Rossby number behavior, Fig. 4, the shape of the end-plate is
based on the definition of a safe rotation number chordwise gra-
dient.

The rationale of the present investigation was to compute the
end-plate thickness distribution (z¢,(s.)) by combining a simplified
law for the tip-gap pressure drop with a stability criterion of the
TLV by prescribing a safe chordwise distribution of the vortex
Rossby number, Fig. 5. The pressure losses within the tip gap at
each chordwise abscissa s. were modeled by studying the leakage
flow as a two-dimensional flow orthogonal to the chord line. The
pressure drop could thus be expressed as a function of the follow-
ing:

* the geometry of the gap (height 7,,, and width #,,)

 the kinetic energy of the leakage flow, as given by the leak-
age velocity component normal to the chord (w;,)?

* the friction factor f7, which is itself a function of the leakage
flow Reynolds number Rey,,=f (7, and wy,, velocity scale)
and

* the end-plate thickness 7.,(s,)

Tgap

Details concerning the design concept are given in Ref. [39].

5 Assessment of End-Plate Aerodynamics

Experimental quantitative studies were carried out to assess the
aerodynamic performance of the modified end-plate configuration
of AC90/6/TFvte compared with the data fan and the AC90/6/TF
fan (Fig. 6). The studies were conducted in the ducted configura-
tion under near-design conditions.

5.1 Aerodynamic Performance. The main performance pa-
rameters were the fan total pressure and the efficiency. Measure-
ments of static and dynamic pressure were carried out with four
taps, equally spaced on the casing wall, and a standard Pitot-
probe. The probe was mounted on a traverse mechanism fixed to
the outer wall of the test rig. A Furness digital multichannel mi-
cromanometer (Model FC012, Furness Controls Ltd., UK) with a
2 kPa range and a resolution of 1 Pa was used to read pressure
data. The pressure measurement accuracy was *+0.5% of read
data. The efficiency was calculated as the ratio between the air
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Fig. 7 Measured total pressure and total pressure efficiency
characteristic curves (dashed lines: data fan; solid lines: AC90/
6/TF fan; line-circles: AC90/6/TFvte fan)

power (computed on either static or dynamic pressure rise) and
the electric power. The absorbed electric power was measured
with an ac power analyzer having an accuracy of 0.24% of read
data.

The total pressure and efficiency curves for the data rotor, the
AC90/6/TF rotor, and the AC90/6/TFvte, Fig. 7, revealed a small
performance reduction in the AC90/6/TF rotor as a result of the
interaction of the large vortex structure at the tip clearance with
the suction side (SS) near the surface fluid [35]. However, this
diminution in performance was not apparent in the AC90/6/TFvte
rotor, in which the static pressure rise increased by throttling the
rotor toward the peak pressure.

A comparison of the efficiency curves revealed that both of the
modified rotors demonstrated an improvement in efficiency when
the volume flow rate was greater than the design setting. The
efficiency curves also indicate that the adoption of the tip end-
plates resulted in the appearance of an efficiency plateau, which
shifted the peak efficiency volume flow rate toward the rotor stall
margin.

The rotor performance was quantitatively assessed along the
operating line and compared with the experimental data in terms
of static pressure rise and efficiency (7,) computed in terms of
static pressure rise, Table 4.

The parameters for prediction of performance refer to axial sec-
tions located at (i) the inlet of the domain and (i) 20% midspan
chords downstream of the blade’s trailing edge. The findings con-
firmed the predicted performance.

5.2 Leakage Flow Survey. The effects of the various end-
plate configurations on leakage flow were assessed with a view to
ascertaining how these features related to the control of leakage
vortex swirl.

The chordwise distribution of the tip-leakage vortex Rossby
number Ro for the AC90/6/TFvte rotor was compared with that
for the AC90/6/TF rotor, Fig. 8. The Ro distribution for the new
end-plate with variable thickness indicated that the leakage vortex

Table 4 Predicted and measured fans static overall

performance
Measurements Predictions
Apya Apya
(Pa) Mstat (Pa) stat
Data 134.8 0.49 133.3 0.510
AC90/6/TF 126.2 0.51 126.1 0.504
AC90/6/TFvte 129.0 0.52 128.2 0.516
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Fig. 8 Chordwise distributions of tip-leakage vortex rotation
Ro number at design operating point (line: AC90/6/TF fan; line-
circle: AC90/6/TFvte fan)

rotation number decreased at a reduced rate, reaching the critical
Ro region at about 0.6 chords. It is also apparent that the end-plate
thickness reduction from midchord exerted effective control on
the swirl level of the leakage vortex that appears in the aft of the
blade tip.

Control of tip-leakage vortex rotation on the basis of near-axis
swirl supply was effectively obtained by adopting a nonconstant
end-plate configuration, Fig. 8.

To provide additional information on these phenomena, Fig. 9
compares the leakage velocity (w;y, defined as the velocity nor-
mal to the chord) and the leakage-flow skewing angle (B;y) in the
chordwise direction. The wyy and Sy profiles through the gap
were plotted at various chordwise positions downstream from the
leading edge: at 0.15 chords (Fig. 9(a)), at 0.3 chords (Fig. 9(b)),
at 0.55 chords (Fig. 9(c)), and at 0.75 chords (Fig. 9(d)). It should
be noted that the leakage velocity (wyy) was normalized by using
the bulk velocity.

Although the data rotor and the TF rotor had similar onset of
leakage flow, it is apparent from the velocity distributions of the
TFvte blade in proximity to the leading edge (Fig. 9(c)) that the
leakage jet was not present at 0.15 chords in this variable-
thickness configuration. This finding appears to be correlated with
the leakage-flow skewing-angle distribution (underturned at the
blade tip and overturned at the casing).

At about 0.3 chords (Fig. 9(b)), the TFvte velocity profile sug-
gested that the leakage flow originated from the blade tip. More-
over, in the same position, the TF rotor appeared to control the
leakage velocity distribution by reducing wyy at the higher radii.
It should also be noted that the velocity distributions indicated the
presence of a clear separation at the tip, as indicated by the pres-
ence of a tip-separation vortex.

At the midchord (Fig. 9(c)), as a result of the reduction in tip
appendage thickness in the TFvte configuration, the velocity pro-
file provided evidence of an augmented momentum transfer to the
leakage flow already rolled up into a vortex. This in-axis swirl
supply was obtained with a slight increase in the skewing angle.

In the aft portion of the blade (Fig. 9(d)), the variable thickness
end-plate was shown to increase the velocity close to the casing
and, simultaneously, to reduce the skewing angle at which the
flow leaked and supplied the vortex core.

Control of the leakage flow phenomena as a result of the adop-
tion of the improved tip configurations was also assessed by com-
paring the predicted tip-leakage mass flows for the tested operat-
ing point, Table 5.

The predicted leakage flow rates confirmed that the new end-
plate produced identical control of the leakage flow as compared
with the TF configuration.
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Fig. 9 Tip leakage flow velocity and skewing angle distribu-
tions through the gap: (a) 0.15 chord, (b) 0.3 chord, (c¢) 0.55
chord, and (d) 0.75 chord (dashed lines: data fan; solid lines:
AC90/6/TF fan; line-circles: AC90/6/TFvte fan)

5.3 Influence of Spanwise Rotor Flow Behavior. The pres-
ence of the tip-appendages was found to influence the spanwise
re-arrangement of flow in rotor blade passages.

Figure 10 compares the pitch-averaged distributions of axial
(¢,) and radial (¢,) flow coefficients behind the rotor on an axial
plane 1.2 chord downstream the blade leading edge. The main
evidence of the role played by the end-plates along the span was
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Table 5 Predicted tip-leakage mass flow

Data AC/90/6/TF AC/90/6/TFvte
rotor rotor rotor
Leakage Leakage Leakage
flow/inflow flow/inflow flow/inflow
(%) (%) (%)
D point 1.40 1.03 0.95

given by the axial flow coefficient profiles. The adoption of TF or
TFvte geometrics to control the leakage flow resulted in healthier
boundary layers at the blade root. The reduced fluid centrifugation
on blade pressure surface, consequence of the end-plate, contrib-
uted to the suppression of the hub separation bubble featuring data
rotor aerodynamic behavior.

On the other hand, the radial re-arrangement throughout the
vane was also partially affected by the blade configuration at the
tip.

In Fig. 10, the radial flow coefficient profiles for TF and TFvte
blades featured a reduction in the inward peak velocity at the
higher radii compared with the data distribution. Moreover, the
TFvte behavior in the proximity of the tip, featuring higher out-
ward radial velocities, appeared in accordance with the design
criteria of this end-plate based on the control of leakage vortex
swirl.

When looking at the work distribution along the span as mea-
sured by the swirl coefficient ¢, Fig. 11, it was shown that the tip
appendages aerodynamics was not driven by blade unloading. As
far as the TF distribution was concerned, it featured a localized
swirl reduction on the outer end-wall as a consequence of the
discussed tip vortex bursting, whereas the TFvte swirl profile
showed that the end-plate geometry modification succeeded in
recovering the aerodynamic performance penalty given by the
presence of the aerodynamic appendages already demonstrated by
the test, Fig. 7.

Rotor loss behavior at the blade tip was investigated under
near-design conditions (D point) in terms of the local total loss
coefficient ({), which was defined as

{= Poin— Po/0-5p7p, 2
in which p is the local total pressure and pg;, and O.Spv?izrl are,
respectively, the reference pitch-averaged relative total and dy-
namic pressures computed at the inlet midspan plane.

The total loss coefficient distribution within the blade passage
was obtained by probing the flow fields in the vicinity of the
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Fig. 10 Spanwise distributions of axial (¢,) and radial (¢,) flow
coefficients behind the rotor (dashed lines: data fan; solid
lines: AC90/6/TF fan; line-circles: AC90/6/TFvte fan)
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Fig. 11 Spanwise distributions of swirl flow coefficient behind
the rotor (dashed lines: data fan; solid lines: AC90/6/TF fan;
line-circles: AC90/6/TFvte fan)

blade’s leading edge at about midchord and in the region behind
the blade (at approximately 25%, 65%, and 120% chords from the
leading edge).

The predicted loss evolutions under design operating condi-
tions, as shown in Figs. 12(a)-12(c), were in accordance with
previous studies of low-speed rotors [23] and with the other aero-
dynamic tests carried out in the present study. At the rotor inlet, all
rotor distributions demonstrated loss cores that were mainly con-
centrated on the hub annulus walls. Moving toward the aft of the

~———— 025 {

Fig. 12 Evolution of total pressure loss coefficient { inside the

blade passage: (a) data rotor, (b) AC90/6/TF rotor, and (c)
AC90/6/TFvte
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blade, the loss maps were characterized by loss core directly re-
lated to the development of primary tip vortices traveling through
the blade vane. As a result of the vortex breakdown, a larger peak
loss core was associated with the modified tip configuration of the
AC90/6/TF rotor (Fig. 12(h)). A comparison of the AC90/6/TF
rotor and the data rotor loss map at 1.2¢ revealed that the im-
proved tip rotor featured a beneficial spanwise loss distribution; it
outperformed the data fan within the wake and on the hub end-
wall where it provided healthier near-wall layers on pressure and
suction side corners.

With regard to the AC90/6/TFvte fan rotor (Fig. 12(c)), there
was evidence that the leakage vortex breakdown was able to re-
duce the high loss core at the tip—both behind the rotor and along
the blade suction side within the interaction region between leak-
age and near surface flows. This can be considered to be a conse-
quence of the reduced 3D flow re-arrangement occurring as a
result of the reduction in mass leaking through the tip gap. The
limited radial migration of near-wall surface fluid induced smaller
hub loss core and the contraction of suction/corner stall (Figs.
12(b) and 12(c)).

6 Conclusions

The aim of the present study was to test a modified tip configu-
ration that was developed to control leakage-flow phenomena and
rotor aero-acoustic signatures in a family of axial flow fans. The
passive control technique explored in the study was based on
blade tips that were modified by the addition of antivortex ap-
pendages as end-plates. The end-plate configuration aimed to con-
trol the chordwise evolution of the leakage vortex swirl level by
preventing the occurrence of tip-leakage vortex bursting by the
enhancement of near-axis swirl. Two configurations were investi-
gated: (i) an end-plate with constant thickness and (ii) an end-
plate with a variable thickness distribution according to the con-
cept of a safe rotation number chordwise gradient.

The aerodynamic tests reported here indicate that the original
tip concept demonstrated reduced performance along the operat-
ing line. The leakage-flow survey has shown that the variable-
thickness configuration was able to exert control over near-axis
leakage vortex swirl. As a result, although the critical Rossby
number region is reached, the end-plate configuration provides
effective control over leakage vortex bursting.

The analysis of the spanwise flow behavior shows that the pres-
ence of the end-plates resulted in a beneficial aerodynamic behav-
ior along the blade span, in particular, featuring the control on the
hub corner separation.

The loss coefficient distributions confirm that the highest loss
regions were always observed in coincidence with the leakage
vortex core with a nearly constant peak loss value. The compara-
tive loss behavior was in accordance with the aerodynamic test
results, and the overall efficiency gain for the investigated end-
plates was found to be a consequence of the reduced 3D flow
re-arrangement caused by the improved tip configurations.
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Nomenclature
BPF = blade passing frequency
C, = static pressure coefficient ((p—p;,)/ 0.5pUZ)
dE,, = nondimensional mechanical energy loss
through the gap
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H, = normalized helicity (&w;/|&|w]|)
= turbulent kinetic energy
blade chord
pressure side
static pressure
radius
nondimensional radius (r/r,)
= blade pitch
U. = casing relative peripheral velocity
V = volume flow rate
v, w = absolute and relative velocities, respectively
x, y, and z = Cartesian coordinates

2RSS
[

- ST
Il

Greek Symbols
& = turbulent dissipation rate
{ = total loss coefficient (oi,—po/0.5p5,)
n = efficiency
v = hub-to-casing diameter ratio
& = vorticity vector
o = blade solidity
@ = global flow coefficient (annulus area-averaged
axial velocity normalized by U,)

¢, = axial flow coefficient

¢, = radial flow coefficient

¢ = swirl flow coefficient

x = rotor tip clearance (% of the span)

® = rotor angular velocity
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