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ABSTRACT

In this work, the effects of sweep and or skew applied to rotor of axial flow
turbomachines were investigated by means of applying computational fluid dynamics
(CFD) tools, ad hoc experiments and processing experimental data published in the
literature. Low-aspect-ratio rotors of forward and backward sweep have been studied
and compared to unswept datum rotors, at different flow rates and different spanwise
locations. Measurement results from literature sources were processed and analyzed.
Blade section lift and drag coefficients, total efficiency, Lieblein diffusion factor, as
well as ideal and real total pressure rise coefficients have been derived and evaluated
along the blade span. This added to the originally available literature database. The
blade section lift coefficient near the endwalls, which was found to vary due to the
sweep at the design point, was studied, and was found as an appropriate indicator of
local blade load modification.
It was pointed out that the efficiency for the forward-swept rotor is deteriorated
near the tip at the design point.
The sweep-related qualitative trends in the Lieblein diffusion factor and in the
lift coefficient were detected to be similar within the entire operational range under
investigation.
At near-stall conditions, the lift coefficient for forward-swept rotor was found to
be higher than those for unswept and back-swept rotors, along the entire span.
Therefore, the lift coefficient has been qualified as an appropriate indicator of enhanced
blade loading capability, at part-load.
It was concluded that the local drag coefficient and Lieblein diffusion factor is
to be treated with criticism in energetic judgment low-aspect-ratio swept rotors. The
favourable effect of forward sweep was detected at part-load, leading to improvement
of blade load (lift) and total efficiency.
With the aid of CFD code Fluent, the flow field along the entire span of rotor
cascades was examined. Comparative investigations have been carried out using singleiii

block unstructured and multiblock structured grids on circumferentially forwardskewed (FSK) rotor. Afterwards, comparative studies have been carried out on FSK
and unskewed rotors at the design flow rate, by means of developing structured fully
hexahedral mesh of the entire computational domain. The structured meshing technique
offers the moderation of cell number and skewness, and makes possible cost-effective
CFD investigations. Investigation of inlet flow field was carried out at the design flow
rate. It has been pointed out that the forward-skewed blade tip carries out work on the
incoming fluid in advance compared to the blade sections at lower radii, and this effect
influences the incidence conditions and increases the losses along the dominant part of
span.
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CHAPTER 1

INTRODUCTION
Axial flow turbomachinery (such as fans, compressors, pumps) is extensively
utilized for engineering purposes. During the past decades, the operation of axial flow
turbomachines shows continuous growth e.g. in power generation, aeronautics, and
industrial ventilation. The present discussion focuses on isolated rotors of fluid
transporting machines from this point onwards. One of the challenging research and
development (R&D) tasks is to improve the rotor performance characteristics via the
beneficial modification on blade aerodynamics, by means of appropriate modification
of blade geometry. Nowadays, the enhanced computational resources allow the
designer to realize blade design concepts being more sophisticated and complicated
than the “classic” designs, e.g. incorporating blade sweep, dihedral, or skew, with aid of
Computational Fluid Dynamics (CFD) simulations. Three-dimensional (3D) CFD flow
field investigation techniques, as well as advanced flow measurement tools, give
potential to predict effects related to blade sweep, dihedral, or skew, and to consider
them in blade design.
The stacking line (ST) is defined as a line passing through the centres of gravity
of the elemental blade airfoil sections enclosed in cylindrical stream tubes. The chord
line is defined as a straight line connecting the two points of leading edge (LE, the
foremost point) and trailing edge (TE, the rearmost point) of each blade section. Blade
sweep, dihedral, and skew are known as techniques of non-radial blade stacking. A
blade can be modified by sweep and/or dihedral if the blade sections of a datum blade
of radial stacking (RS) line are displaced parallel to and/or normal to the chord,
respectively (Clemen and Stark, 2003) as sketched in Figure 1.1.

1

Figure 1.1. Direction of sweep and dihedral

A blade is swept forward (FSW) or backward (BSW) at a given radius if the
blade sections of a radially stacked datum blade are shifted parallel to their chord in
such a way that a blade section under consideration is upstream or downstream of the
neighbouring blade section at lower radius, respectively (Corsini and Rispoli, 2004),
Sweep is said to be positive (+) or negative (-) near an endwall when a blade section
under consideration is upstream or downstream of the adjacent inboard section,
respectively, as outlined in Figure 1.2.

2

(+)FSW

(-)BSW

(+)BSW
r

(-)FSW

(+) sweep

r

(-) sweep

Figure 1.2. Schematic drawing for the definition of positive/negative
forward and backward sweep

Dihedral is said to be positive [(+)DH] or negative [(-)DH] near an endwall
when the suction surface (SS) of the blade makes an obtuse or acute angle with the
endwall, respectively (Clemen and Stark, 2003), as sketched in Figure 1.3.

3

Casing

Figure 1.3. Definition of positive/negative dihedral
(dashed line is RS datum blading)

A special combination of FSW and dihedral is referred to as circumferential
forward skew (FSK). In this case, the datum blade sections are shifted in the
circumferential direction, toward the direction of rotation (Mohammed and Raj, 1977;
Beiler and Carolus, 1999; Gümmer et al., 2001). Figure 1.4 represents the types of
blades with sweep and dihedral, using their abbreviated names as labels, resulting from
displacement of blade section No. 2 in Figure 1.4 with respect to the blade section No.
1 at lower radius. Blade sections No. 1 and 2 are related to the RS datum rotor. The
blade sections filled with a dotted pattern in this figure are representing the forward,
backward swept blades, negative-positive dihedral and circumferential forward skew.

4

Figure 1.4. Representation of forward and backward swept blades, negative
and positive dihedral, and circumferential forward skew

For additional detailed views of sweep, dihedral, and skew, see (Gallimore et al.,
2002) and (Clemen and Stark, 2003).
In many cases, sweep is applied for control of 3D flow near the annulus walls.
The benefits of using backward sweep near the hub and/or forward sweep near the tip
5

or casing wall have been pointed out e.g. in compressors in general (Clemen and Stark,
2003), in low-speed rectilinear cascades (Shang et al., 1993 and Sasaki and
Breugelmans, 1998), in transonic propfan rotors (Helming, 1996; and Wadia et al.,
1998), in stators of low-speed compressors (Friedrichs et al., 2001) and of transonic
compressors (Gümmer et al., 2001). For low speed fans and compressors, the
application of forward sweep along the entire span is often suggested for loss reduction
and performance improvement (Yamaguchi et al., 1991, Beiler and Carolus, 1999,
Corsini and Rispoli, 2003, Vad et al., 2004; and Vad et al., 2005).
Number of investigations related to forward blade sweep of axial flow
turbomachinery rotors by means of using CFD and experiments tools were focused on
this kind of blading. Forward blade sweeping provides a potential for improvement of
operational characteristics of the turbomachinery unit. Measurements by (Mohammad
and Raj, 1977), (Wright and Simmons, 1990, and (Yamaguchi et al, 1991) as well as
experiments and CFD studies by (Beiler, 1999) and discussion by (Breugelmans, 1997)
confirmed that stage performance and efficiency can be improved by sweeping the
blades forward in an appropriate manner. In the above cases, sweep was found to
contribute mostly to the advantage of suppression of secondary losses in the blade
passages and in the blade tip region. (Wennerstrom and Puterbaugh, 1984) and
(Lakshminarayana, 1996) conclude that by sweeping the blades, onset of
compressibility and the related shock losses can be reduced.
Systematic design optimisation of blade sweep is a great challenge, due to the
complexity of rotor interblade flow and difficulties in judgement of sweep effects on
blade aerodynamics. The optimum measure and manner of sweeping the blades is
sought even in some recent research programs by means of testing various rotors of
blade sweep prescribed in an arbitrary manner e.g. (Glas, 2000); (Beiler and Carolus,
1999); (Glasa, 2000) and (Kuhn, 2000).
By means of circumferential skew, the axial extension of the unskewed datum
blading can be retained, fulfilling the demand of limited rotor size. Figure 1.5 shows a
schematic diagram of blade section at the blade tip where the combination of FSW and
negative dihedral results in FSK. Due to view of figure is from the top, the reference
6

blade section at lower radius is hidden. This figure demonstrates how the axial
extension can be retained. On the other hand, the blade mechanics is expected to be
more favourable for FSK than in case of forward sweep alone.

Figure 1.5. Schematic diagram showing how by sweep and dihedral the
axial extension can be retained at endwall
(EW): Endwall, (BS): Blade Section
The open literature suggests a general consensus that forward sweep/skew gives
potential for the following advantages in the part load operational range (flow rates
lower than design): improvement of efficiency, increase of total pressure peak, and
extension of stall-free operating range by improving the stall margin (Yamaguchi et al.,
1991; Beiler, 1996; Beiler and Carolus, 1999; Rohkamm et al., 2003; Corsini and
Rispoli, 2004; Clemen et al., 2004; and Vad et al., 2006). Nevertheless, the research
results are rather diversified regarding the judgment of performance and loss modifying
effects of forward sweep/skew at flow rates near the design point. In (Clemen and
Stark, 2003), it is pointed out generally that forward sweep near the tip, i.e. “positive
sweep”, gives a potential for reduction of near-tip losses. Based on (Yamaguchi et al.,
1991), application of near-tip forward skew can be recommended for efficiency
improvement over the entire operational range including the design point. (Beiler,
7

1996; Beiler and Carolus, 1999; and Corsini and Rispoli, 2004) suggest that the
application of forward sweep along the entire span is beneficial for loss reduction and
performance improvement. However, forward sweep reported in (Rohkamm et al.,
2003; and Clemen et al., 2004) and forward skew in (Meixner, 1995) were found to
cause the deterioration of efficiency near the design point. In (Vad et al., 2006), the
reduction of efficiency was established for a forward-swept rotor over the dominant
part of the entire stall-free operational range. Backward sweep was reported to be
optimal in (Jang et al., 2006) from the viewpoint of efficiency improvement. The
performance and loss aspects of forward sweep/skew are closely related to the 3D
features of the blade passage flow (Vad et al., 2004, Vad et al., 2006 and Vad, 2006).
Such 3D flow features are especially characteristic for rotors of controlled vortex
design, due to the spanwise blade circulation gradient and the resultant vorticity shed
from the blade (Vad and Bencze, 1998).
The main characteristics of rotors subjected herein to experimental and CFD
studies are as follows. The rotor blades are arranged in an annular cascade. The rotors
are bounded by hub and casing, resulting in constant annulus cross-section. In design,
cylindrical stream tubes have been assumed through the rotor. No inlet or outlet guide
vane effects are considered. The heat transfer has been assumed negligible. The flow is
considered incompressible, with swirl-free inlet.
The structure of the dissertation is presented as follows.
Chapter 2 provides an outline on the objectives of the doctoral work.
The studies presented herein contribute to a more comprehensive understanding
of sweep and/or skew effects, by extending the information available in the open
literature. The non-radial stacking (NRS) effects have been investigated throughout two
separate case studies, by means on applying sweep as well as forward skew on various
axial fan blades. The sweep effects are discussed in Chapter 3, and the skew effects are
presented in Chapter 4. The connection between these two case studies is the presence
of sweep and its effects, involved purely in the first case only. By means of these two
case studies, the swept and skewed blades, being the subject of the present
investigation, represent NRS effects and their influence of some factors such as blade
8

loading, stall margin, turbomachinery performance and efficiency etc., compared to an
earlier unswept blade design. Details of the test rotors, the applied investigation
methods and the data processing techniques are also detailed in Chapters 3 and 4.
Chapter 5 summarizes the new scientific results.
Chapter 6 outlines the practical utilisation of results, and makes suggestions for
future work related to sweep/skew concepts.
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CHAPTER 2
OBJECTIVES
As the literature overview in the previous chapter suggests, NRS, i.e. application
of swept/skewed blading in axial flow turbomachinery, presents an important subject,
due to the potential for improvement of the aerodynamic behaviour of the rotor. Sweep
or skew give opportunity to control the flow, enabling efficient operational ranges. The
effects of sweep and skew on the 3D flow field in axial flow turbomachinery rotors are
not yet fully understood, as indicated in the following discussion.
•

The wide variety of different geometrical and flow conditions, i.e. using various
types of NRS bladings at various operational ranges, causes difficulty in making
a general overview on the related effects. (Jang et al., 2006) declared that the
performance and loss aspects of sweep/skew are still not completely understood.

•

Due to the relatively complex geometry of NRS bladings, elaboration of highquality meshing, such as structured grid, is still not easy to implement in CFD
techniques. As stated in (Ferziger and Peric, 2002), structured grids are difficult
to be constructed for complex geometries.

•

Occasionally, lack of information appears in the literature concerning swept and
skewed rotor designs – for example, why was just the actual sweep or skew
angle chosen –, making difficulty to compare with results of other research
projects.

•

No generally valid concept for aerodynamically optimum prescription of blade
sweep angle along the span has been published in the open literature, as stated
by (Braembussche and Vad, 2004).

•

The limitations of the scope of the previous reports are as follows:
g

The reports are often confined to the comparison of a single swept case study

blading with an unswept datum blading, as in (Lee, G. and Baek, 2003), (Xu
and Amano, 2004), (Braun and Seume, 2006), and (Lotfi, O. et al. 2006).
g

Sweep or skew are often confined to the vicinity of one endwall, e.g. the tip

region, as in (Sasaki and Breugelmans, 1998) and (Clemen and Stark, 2003), if
the endwall loss is intended to be controlled by means of sweep, e.g. in the case
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of low- and high-speed compressors. Such studies are insufficient to judge the
effects of sweep when it is applied along the entire span, e.g. for certain pump
or fan blade layouts.
g

The comparison between swept and unswept datum bladings regards often

only one operating state or only a few operating points in many reports, as e.g.
in (Yamaguchi et al., 1991) and (Corsini and Rispoli, 2003).
g

Although effects of sweep of load- and loss-modifying effects are usually

discussed, comments on their balance, i.e. on the modification of local blade
efficiency, are often missing, as in (Kuhn, 2000), (Forstner et al., 2001), and
(Clemen et al., 2004).
g

The traditional force coefficients such as blade lift and drag coefficients are

used even nowadays for characterisation of turbomachinery blades (Clemen and
Stark, 2003; Clemen et al., 2004; Horlock and Denton, 2005). However, the
literature lacks in processing measurement data on swept blades in order to
provide blade lift and drag coefficients, characterising blade load and losses in a
comprehensive and lifelike manner.
The present work intends to contribute to a more comprehensive understanding
of aerodynamic effects of blade sweep or skew. This gives an aid to establishment of
advanced concepts for incorporation of sweep or skew in blade design – being beyond
the scope of the present work –, for aerodynamic improvement of axial flow rotors.
For this purpose, two comparative case studies have been carried out,
incorporating isolated axial flow rotors with swept as well as skewed blades, considered
as representative examples of industrial turbomachinery rotor configurations.
Incompressible flow has been assumed. The studied bladings are of relatively low
aspect ratio (AR). This implies that sweep or skew, even if they are confined to the
near-endwall regions, influence the blade aerodynamics along the entire span.
In the first case study, low AR rotors have been investigated via
processing formerly published measurement data, for comparison of BSW and FSW
rotors with an unswept (USW) bladed rotor, at various flow rates. In order to obtain an
11

extensive set of investigation cases, the studies have been regarded a number of
operating points rather than only one operating state, in the part-load range (flow rates
lower than design, also including the stalled range), near the design point, and in the
overload range (flow rates higher than design). The design and manufacturing of these
rotors as well as their experimental survey were carried out at the Institute of Hydraulic
Fluid Machinery, Graz University of Technology. To supplement the former
investigations on these rotors, the formerly available measurement data were further
processed and evaluated at the Department of Fluid Mechanics, Budapest University of
Technology and Economics. Such data post-processing aimed at contributing to a more
general understanding of flow physics related to blade sweep effects. For this purpose,
the effects of BSW and FSW on the local performance and loss behaviour of low-speed
axial flow rotor blades have been investigated in the vicinity and also farther from the
endwalls, compared to the USW datum blading. As far as the author knows, this work
is the first one publishing experiment-based data on spanwise distributions of total
efficiency, profile lift and drag, and Lieblein diffusion factor in low aspect ratio
subsonic rotors of various blade sweep. All these investigations and even more will be
covered by Chapter 3.
After a detailed analysis of a wide operational range for the swept-bladed rotors,
the other objective was a comparative study on the USK and FSK rotors at the design
point. In order to obtain information on the interblade flow details, a CFD technique
has been developed, using the finite-volume code FLUENT. The CFD tool was
validated for the design point using measurement data obtained in the wind tunnel fan
facility at the Hungarian Institute of Agricultural Engineering (IAE), Gödöllő. The
performance aspects of circumferential FSK rotor in this low-speed axial fan will be
covered by Chapter 4.
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CHAPTER 3
INVESTIGATION ON UNSWEPT AND SWEPT BLADINGS
Investigation of NRS effects by means of applying sweep-only on axial fan
blades is the aim of the present chapter. Post-processing of experiment-based data has
been carried out for investigation of the aerodynamic behaviour of forward and
backward swept blades, compared with an unswept datum blading, for part-load, neardesign and overload operational ranges. Spanwise distributions of load, loss, total
efficiency, profile lift and drag indicators, and Lieblein diffusion factor (D) were
derived for an extensive operational range, in low AR and low-speed axial rotors of
various blade sweep.
The design, manufacturing, and experimental investigation of the rotors, as well
as preliminary processing and evaluation of the results, were carried out at the Institute
of Hydraulic Fluid Machinery, Graz University of Technology. The data processing and
evaluation of the results presented herein were carried out at the Department of Fluid
Mechanics, Budapest University of Technology and Economics.
The influence of local fluid dynamic behaviour on the overall rotor performance
has been surveyed. In that studies, the details of the 3D upstream, interblade and
downstream flow field have been mapped with concerted application of a twocomponent laser Doppler velocimeter (LDV) system, and a co-rotating five-hole probe
equipment. The total pressure rise has been measured by means of an adjustable steady
total pressure probe. The experiments have been supplemented with Computational
Fluid Dynamics (CFD) studies at the Institute of Hydraulic Fluid Machinery, Graz
University of Technology. The experimental results have been exploited via complex
data processing at our Department. The objective was to give more general
understanding of blade sweep effects, extended to low AR bladings.
For this purpose, the effects of backward and forward blade sweep on the local
performance and loss behaviour of low-speed axial flow rotor blades have been
investigated in the vicinity of the endwalls and also farther from them.
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3.1 TEST ROTORS
The subjects of present investigation are three rotors, with BSW, USW, and
FSW. Figure 3.1 demonstrates the sweep definition and its signs. Sweep is backward
or forward if a blade section at a given radius r +∆r is downstream or upstream of the
adjacent blade section at lower radius r, respectively, and termed negative or positive if
a blade section (“BS”) under consideration is downstream or upstream of the adjacent
inboard blade section (“AIBS”), respectively.

Casing

Casing
BSt
AIBSt

(r +∆r)t
rt

BACKWARD
NEGATIVE

(r +∆r)m
rm

Flow
AIBSh
BSh

BACKWAR
POSITIVE

(r +∆r)h
rh

Hub

BSt
AIBSt

FORWARD
POSITIVE

(r +∆r)t
rt
(r +∆r)m
rm

Flow
AIBSh
BSh

FORWARD
NEGATIVE

(r +∆r)h
rh

Hub

Backward Sweep

Forward Sweep

Fig. 3.1. Illustration of terminology related to sweep
The design and manufacturing of the rotors is described in detail in (Kuhn,
2000). The rotors were designed and tested for water handling (pump rotors); however,
the results of investigation are considered to be valid also for low-speed compressors
and especially for fans, given that the low AR and the solidity characterizing these
rotors are typical for industrial fans of high specific performance. The USW datum
rotor is of free vortex design of ψd = 0.298 (spanwise constant design blade circulation)
with swirl-free uniform axial inlet condition, and uniform axial outlet condition of ϕ1d =

ϕ2d = Φd = 0.388. Tables 3.1 and 3.2 show the main geometrical, design and
operational characteristics as well as blade geometry of the USW datum rotor. The
blade profiles have been selected from the NACA 65 series, with maximum and
minimum thickness of 12 and 6 percent at the hub and the tip, respectively (NACA 65012 and NACA 65-006, respectively), and with interpolation of profile geometry at the
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intermediate radii. As documented in detail in (Kuhn, 2000), the geometry of the blade
sections have been carefully optimized for the design conditions on the basis of cascade
data reported by Lieblein (Lieblein, 1965). The AR and the moderate solidity
characterizing the rotors discussed herein are typical for industrial fans of high specific
performance and for pumps. In this work, the classic sign convention and interpretation
by Smith and Yeh (Smith and Yeh, 1963) applies, i.e. the sweep angle λ – the angle
between the stacking line and the radial direction – is positive for backward sweep and
is negative for forward sweep. Therefore, reducing the sweep angle means sweeping
the blade toward the upstream direction. The backward- and forward- swept rotors
BSW and FSW have been derived from USW by simply shifting the blade profiles on
coaxial surfaces in the relative downstream or upstream design flow direction,
respectively, parallel to their chord. The design relative flow angles β∞d are specified in
Table 3.2.

Table 3.1. Main geometrical, design and operational characteristics of USW rotor
dt

282 mm

φd

0.388

v

0.508

Ψd

0.298

N

5

η*d

0.88

τ

0.0029

n

1100 rpm

Re

1.995x106

AR=S/Cm 0.564

Table 3.2. Blade geometry of USW rotor
Fraction of span σ
Profile thickness,
(%chord)
Solidity
(c/s)
Inlet angle of camber line*,
(deg)
Outlet angle of camber line*,
(deg)
Design relative flow angle β∞d *,
(deg)

0
hub
12.00

0.05

0.25

0.75

0.95

9.00

0.50
mid
7.50

6.50

6.03

1
Tip
6.00

11.20

1.242

1.200

1.057

0.919

0.812

0.738

0.720

39.21

37.45

31.55

25.59

20.36

16.95

16.14

77.39

71.71

54.36

41.56

34.39

30.48

29.77

48.61

46.03

37.97

31.15

26.44

23.59

22.98

*measured from circumferential direction
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Spanwise constant sweep angles of λ = 45 deg and λ = - 45 deg have been
adjusted for BSW and FSW, respectively, i.e. stacking lines without blend points
(Sasaki and Breugelmans 1998, Clemen et al., 2004) were applied. For explanation of
flow angles, see Eqs. (A2) and (A3) in Appendix A. Despite the recommendations in
the literature for sweep correction in order to retain the performance of the unswept
blading, e.g. (Smith and Yeh, 1963), the swept blades have deliberately been left
uncorrected

since

no

information

was

available

whether

the

correction

recommendations are valid for such low AR bladings. This provides novel information
on the unloading effects for this kind of bladings due to sweep. Figure 3.2 shows the
comparative view of the three rotors.

Flow

BSW

USW
Fig. 3.2. View of test rotors

16

FSW

3.2 INVESTIGATION METHOD
3.2.1 EXPERIMENTAL TECHNIQUE
The water test rig has been described in detail in (Kuhn, 2000 and Forstner et
al., 2001) so only a brief account is given here. In the closed-loop facility, a water
reservoir of 9.0 m3 volume precedes the rotor test section with capabilities of
adjustment of rotor upstream static pressure by means of comprising a facility for
regulation of the air pressure over the water surface, the reservoir is equipped with
adjustment capability of rotor upstream static pressure within the range of – 0.9 to 5
bar, relative to atmospheric. By this means, cavitation tests as well as studies in
cavitation-free flow can be carried out. For the investigation presented herein,
cavitation-free flow was guaranteed by setting the upstream pressure to 2.5 bar, relative
to atmospheric. A controllable energy dissipator and a booster pump driven by a speedcontrollable electric motor are connected to the reservoir, making possible the
adjustment of the volume flow rate within the range of 0 to 0.45 m3/s. With appropriate
modification of the elbows and pipe sections connecting the booster pump to the
reservoir, the direction of flow through the test section can be reversed, thus making
possible pump as well as turbine studies.
The rotor test section, preceded by an introductory straight pipe with
honeycombs, is connected to a 45 deg pipe bend downstream. The shaft of the rotor
enters through this bend. Far downstream of the rotor test section, a Venturi meter is
installed with upstream and downstream honeycombs for volume flow rate
measurements. The Venturi meter is equipped with a Rosemount differential pressure
transducer. The rotor test section, preceded by a flow equaliser and an introductory
straight pipe of 10 rotor diameter length, is connected to a 45 deg pipe bend
downstream. The shaft of the rotor enters through this bend. The pump rotor is driven
by a speed-controllable DC motor of 60 kW maximum power, equipped with
hydrostatic bearing. This DC motor acts as a generator in turbine studies. For
measurement of unit shaft input power, a balance torque meter and a rotor speed meter
are connected to the shaft. The torque is obtained as the product of the length of the
balance-beam (900 mm) and the tangential force measured at the end of the beam. The
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latter is deduced from the measurement of the oil pressure in a hydraulic cylinder
equipped with a piston connected to the beam.
Downstream of the meter, a throttle and a booster pump are located. The
pressure pipe of the booster pump is connected to the water reservoir. A number of
pressure taps have been installed on the facility for characteristic curve measurements,
in accordance with the related standards (Kuhn, 2000). For measurement of shaft input
power, a torque meter and a rotor speed meter has been connected to the shaft.
Downstream of the rotating blades, an adjustable steady total pressure probe (STPP)
was built in for spanwise resolved measurement of pitchwise mass averaged
downstream total pressure. These data, with reference to the measured upstream total
pressure, supply information on the spanwise distribution of total pressure rise ∆pt
performed by the blading. The STPP is a rectangular bent pipe with inner diameter of
0.8 mm, probe nose of 23 mm length, and radially directed probe support. The accurate
alignment of the STPP with the absolute flow direction was based on the detailed LDV
measurements.
The acceptability of the method for pitch-averaged total pressure measurements
using an STPP was supported by comparative rotating five-hole probe measurements
carried out on geometrically similar blade rows in air flow (Forstner et al., 2001). The
total pressure difference measurements are carried out using a Hottinger differential
pressure transducer. The applied sampling frequency is 1 kHz.
The specialty of the test section is the rotor casing, being made of plexiglass in
order to guarantee optical access for the LDV and cavitation studies. It has polished
cylindrical inner and octagonal outer surfaces. The rotor hub and the blades are
lacquered flat black in order to minimise the adverse effects of light reflection during
the LDV measurements. The rotor test section has been equipped with a twocomponent Dantec LDV system, supplemented by a BURSTware burst spectrum
analyser, for simultaneous measurements of absolute axial and tangential velocities vx
and vu. Nylon particles, having less than 5 µm diameter and density of 1 020 kg/m3,
were used as LDV seeding material.
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The measurement data supplied by the water test rig were supplemented with
measurements carried out on an air test stand. This facility has been described in
(Forstner et al., 2001 and Forstner, 2002). The air test stand is an open circuit type. The
model hub with a built-in rotating five-hole probe (R5HP) equipment enables the
measurement of the 3D velocity vector and the static pressure. The two-component
LDV system has also been connected to this facility. The rotor test section of the air test
rig as well as the model bladings BSW, USW and FSW studied on the air test stand are
in rigorous geometrical similarity to those in the case of the water test rig. The tip
diameter of the air test rotors is 590 mm. During the measurements on the air test
facility, Re = 7.62x105 has been realized and was considered sufficiently high
compared with Re = 1.995x106 for the water test to carry out a reliable concerted
evaluation of water and air test data in this work. For the air tests, the Mach number
calculated with rotor tip speed and room air temperature of 20 °C was 0.13, and
therefore, the flow has been considered truly incompressible just as for the water tests.
Figure 3.3 presents the rotor test section (water and air test rigs are merged in
the figure with appropriate scaling), with location of the inlet and outlet measurement
planes and with measuring locations as well as the related measuring technique (LDV,
R5HP and STPP equipments, for the water or air test). Although LDV and R5HP
measurements have been carried out on several coaxial and planar surfaces (Kuhn,
2000, Forstner et al., 2001 and Forstner, 2002), the figure shows the measurement
locations only for which experimental data are presented in this work. The hub is
equipped with an inlet cone of fluid dynamically optimized shape and with a long
cylindrical introductory section, in order to approach the uniform axial design inlet
condition as far as possible. The LDV measurements at the inlet indicated that the flow
over the inlet cone is attached. No inlet or outlet guide vanes were applied. At Plane
“1” (inlet plane), the axial velocity profile was found practically identical for the three
rotors, and the inlet swirl was found negligible over the dominant part of the
operational range under investigation (Kuhn, 2000; Vad et al., 2004).
Table B1 of Appendix B presents the estimated uncertainty of the measured
quantities on the basis of (Kuhn, 2000 and Forstner at al., 2001).
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1

dr

BSW
USW
FSW

2
0.923 S

2.087 S

r

Flow

Stacking line of USW
Fig. 3.3. Rotor test section, with indication of planes 1 and 2.

The experimental studies were supplemented with CFD investigations for the
water test. The CFD technique is described in detail in (Glas, 2000). The CFD tool has
been carefully validated on the basis of measured flow details as well as global
performance (Kuhn, 2000 and Forstner, 2002). The commercial CFD-code TASCflow
was carried out at the Institute of Hydraulic Fluid Machinery, Graz University of
Technology. This code was used to an adaptive O-grid involving approximately
150,000 nodes covering a region from one midspan chord length downstream to one
chord length upstream of the blading. The inlet boundary conditions were obtained on
the basis of inlet LDV data.

3.2.2 OVERALL PERFORMANCE
In the following diagrams, the height of markers corresponds pessimistically to
the approximate average uncertainty of the quantities due to the experimental
uncertainty of source data. Figure 3.4 shows the characteristic and efficiency curves of
the three rotors for the water test, for the entire flow rate range above the stall margin.
The rectangular vertices of the triangles indicate the design point. The flow
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rate data were supplied by the Venturi meter. The total pressure rise data were
computed by mass-averaging of the total pressure rise for plane 2 in the annulus. The
total efficiency has been derived as product of volume flow rate and mass-averaged
total pressure rise in the annulus per shaft input power (deduced from torque meter and
rotor speed meter data). The figure shows that sweeping the blades forward and
backward causes a shift of total pressure peak toward lower and higher flow rates,
respectively, in agreement with the results presented in e.g. (Yamaguchi et al., 1991,
Corsini and Rispoli, 2004): ΦP FSW <ΦP USW <ΦP BSW. The swept-bladed rotors generally
realize reduced total pressure rise compared to USW, behaving as expected on the basis
of e.g. (Smith and Yeh, 1963; Beiler and Carolus, 1999). FSW is characterised by a
reduced efficiency compared to the two other rotors over the dominant portion of the
operating range. Such behaviour, for which an account was already given in (Vad et al.,
2004), opposes the view that forward sweep is optimal from the aspect of efficiency
improvement (Yamaguchi et al., 1991).
In the following, the behaviour of each rotor will be analysed in three ranges of
flow rate:
i) Flow rates lower than the flow rate corresponding to the total pressure peak of
the rotor with larger sweep angle (i.e. ΦP BSW is considered when analysing USW, and

ΦP USW is considered when analysing FSW.) By this means, the expected advantageous
tendencies due to “sweeping more forward” (Yamaguchi et al., 1991, Corsini and
Rispoli, 2004), i.e. reducing the sweep angle via BSW⇒USW⇒FSW, can be presented
at part-load in a lifelike manner. This operating range, Φ <ΦP, is termed herein as „low”
flow rate range.
ii) Flow rates higher than the flow rate corresponding to the total pressure peak
of the rotor with larger sweep angle, but not higher than the design flow rate. This
operating range, ΦP <Φ ≤ Φd , is termed herein as „moderate” flow rate range.
iii) Flow rates higher than the design flow rate. This operating range, Φ >Φd , is
termed herein as „high” flow rate range.
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Fig. 3.4. Characteristic and efficiency curves
All ranges of flow rates derived from STPP and LDV measurements related to
Plane “2” (Figure 3.3) have been investigated. Furthermore, three specified values of
flow rates were chosen for more detailed investigation: lower than and higher than the
design flow rate, as well as the flow rate of maximum efficiency.

3.3 SPANWISE RESOLVED DATA
In order to obtain quantities characterizing the fluid dynamical and energetic
properties of the test rotors along the blade span for part-load, near-design and overload
operational ranges, it has been judged useful to post-process the measurement data.
Characteristics such as ideal total pressure rise, local total efficiency, profile lift and
drag coefficients, and Lieblein diffusion factor (Lieblein, 1965) were calculated and
analysed. The characteristic quantities presented in the following figures have been
pitch averaged and spanwise resolved for all ranges of the flow rates. The calculation
method of these characteristics is included in Appendix A.
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3.4 LOAD AND LOSS INDICATORS
The effects of sweep are characterised with use of the following indicators:
•

Load indicators: ϕ 2, ψ id, ψ, CL, D

•

Loss indicator: CD

•

Local total efficiency: η

The data analysis suggests that the effects of sweep are governed by phenomena
for which the following simplified explanations can be given.

3.4.1 LOAD MODIFYING PHENOMENA
- “Sweep Effect Near the Endwall on the Load” (abbrev. SNEL effect):
Changing the sweep angle in such a way that the sweep at the endwall becomes more
positive/negative tends to result in local unloading/uploading of the blade, and shift of
blade load away from/toward the endwall. Such load-modifying effects were first
explained theoretically for a pair of symmetrically arranged swept wings, with
incoming flow direction parallel to the symmetry plane. Viewing the symmetry plane as
an impermeable surface, i.e. an endwall, the theory has been applied later to swept
turbomachinery blades in the near-endwall region, e.g. (Helming, 1996; Kuhn, 2000;
Friedrichs et al., 2001; and Forstner et al., 2001; Clemen and Stark, 2003; and Clemen
et al., 2004).
- “Sweep Effect Farther from the Endwall on the Load” (abbrev. SFEL effect):
Farther from the endwalls, increasing/decreasing the absolute value of the sweep angle
(by sweeping the blade in any direction) of an airfoil of spanwise constant sweep angle
(no blend points are present) results in unloading/uploading of the airfoil sections. This
effect can be demonstrated qualitatively on an infinite airfoil (Smith and Yeh, 1963).
Resolving the incoming flow into components parallel to and normal to the stacking
line, only the normal component, tailored by the sweep angle, will contribute to the
development of lift.
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- “Sweep-Based Control of Stagnating Fluid, and the Associated LoadModifying Effects” (abbrev. SCSL effect): At low flow rates, the high-loss fluid in the
suction side boundary layer tends to move radially outward (Yamaguchi et al., 1991).
In the case of tip-stalling machines (Goltz et al., 2004), the high-loss fluid accumulates
near the blade tip, leading to stall. Reducing the sweep angle, i.e. BSW⇒USW⇒FSW,
tends to allow the stagnating fluid to evacuate from the blade passage, thus retarding
the inception of stall. Retarding the inception of stall liberates the blading from flow
separation, thus allowing the development of increased load. Just the opposite tendency
is expected if the sweep angle is increased, i.e. FSW⇒USW⇒BSW.

3.4.2 LOSS MODIFYING PHENOMENA
The expression „drag” is applied herein as a synonym of „loss”, in order to
establish acronyms for loss-modifying effects clearly distinguished from loadmodifying effects.
- “Sweep Effect Near the Endwall on the Drag” (abbrev. SNED effect):
Changing the sweep angle in such a way that the sweep at the endwall becomes more
positive/negative results in local unloading/uploading of the blade, and shift of blade
load and the suction peak toward the trailing/leading edge. As discussed e.g. in
(Clemen and Stark, 2003, Clemen et al., 2004), this usually results in reduction/increase
of adverse streamwise and cross-passage pressure gradients, giving a potential to
decrease/increase the profile and endwall losses.
- “Sweep-Based Control of Stagnating Fluid, and the associated DragModifying Effects” (abbrev. SCSD effect): Considering the explanation for the SCSL
effect, it can be expected on the basis of (Yamaguchi et al., 1991) that retarding the
inception of stall by reducing the sweep angle, i.e. BSW⇒USW⇒FSW, leads to
decreased losses, and just the opposite tendency is presumed if the sweep angle is
increased, i.e. FSW⇒USW⇒BSW.
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3.5 DISCUSSION OF RESULTS
3.5.1 DISCUSSION STRATEGY
In this section, the effects of blade sweep are investigated first near the design
flow rate and then at various flow rates. The flow characteristics are presented in
various spanwise distributions, and discussed in detail at three spanwise positions: at
16, 44 and 93 percent span, termed as near-hub (NH), near-midspan (NMS), and neartip (NT) positions, respectively. The classifications of moderate, high and low flow
rates are also taken into consideration. The discussion in the following section has been
organized according to these items.

3.5.2 SWEEP EFFECTS IN VARIOUS SPANWISE DISTRIBUTIONS AT THE
DESIGN FLOW RATE
The experimental results were taken from (Kuhn, 2000 and Forstner, 2002). In
the form presented herein are confined to the vicinity of design point at Φ = 1.03 Φd.
The flow rate is considered as approximate to the design point. The experimental
results have been interpolated along the radius in order to obtain data at equidistant
radial locations. The data have been computed from experimental results obtained on
the water test rig. According to the Euler equation of turbomachines, the ideal total
pressure rise (for inviscid flow) assuming swirl-free inlet flow is ∆ pt id = ρ r ω vu2 (See
Appendix A). Figure 3.5 presents the spanwise distributions of pitchwise averaged
dimensionless inlet and outlet axial velocity, and real and ideal total pressure rise.
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Fig. 3.5. Spanwise distributions of axial velocity and total pressure rise

Incompressible flow has been assumed with swirl-free inlet, in cylindrical
stream tubes through the rotor. The inlet, outlet and free-stream relative velocities
are w1 , w2 and w∞ , respectively. The related flow angles are denoted as β1 , β 2 and β ∞ .
The lift and drag coefficients ( CL , C D ) are defined in Eq. A4 (Appendix A), and
presented also here as follows:

CL =

dFL
dFD
, CD =
2
c dr ρ w∞ 2
c dr ρ w∞2 2

Figure 3.6 presents the lift coefficient as function of spanwise position. The

design values of CL have been derived from the design conditions using Eq. A14 in
Appendix A, with approximations of cos δ ≈ 1 and sin (β ∞ + δ ) ≈ sin β ∞ . The realized
lift coefficients (Figure 3.6) fall below the design values for each rotor.

26

Fig. 3.6. Spanwise distributions of local lift coefficient

Figure 3.7 presents the drag coefficient as function of spanwise position. This

figure shows that, USW rotor tends to increase drag near the tip compared to FSW and
BSW rotors, while at midspan, the drag for FSW is higher than for USW and BSW
rotors.

Fig. 3.7. Spanwise distributions of local drag
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Figure 3.8 presents the characteristics of local lift-to-drag ratio (LDR) as

function of spanwise position. The LDR is defined in Eq. A8 in Appendix A. Figure
3.8 indicates that the BSW rotor tends to increase the LDR particularly at the midspan

which in turn in this case can improve efficiency.

Fig. 3.8. Spanwise distributions of local lift-to-drag ratio

Figure 3.9 presents the Spanwise distribution of lift coefficient ratio (LCR).

LCR is the ratio of lift coefficients in the swept and the unswept datum rotors at a given
radius. This figure includes the line of cosλ = cos(±45 deg) = 0.707, which would
represent the theoretical LCR value in the case of blades of infinitely large aspect ratio
(Smith and Yeh, 1963).
The LCR values (Figure 3.9) are usually higher than cos λ suggested in (Smith and
Yeh, 1963) for airfoils of infinite span. This is in accordance with the experiences in
(Beiler and Carolus, 1999), although the latter authors investigated not the ratio of local
lift coefficients but the ratio of pressure rises of swept and unswept (datum) rotors.
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Fig. 3.9. Spanwise distributions of local lift coefficient ratio

Figure 3.10 shows the Lieblein diffusion factor as function of spanwise

position, compared to values calculated from the design data. D is defined in Eq. A15
(Appendix A) as following:
⎛ sin β1 ⎞ sinβ1
⎟⎟ +
(1 tan β1 − 1 tan β 2 )
D = ⎜⎜1 −
⎝ sin β 2 ⎠ 2(c s )

Fig. 3.10. Spanwise distributions of local Lieblein diffusion factor

Figure 11 shows the local total efficiency profiles at the design flow rate along

the span. Being consistent with the comments on the LDR, the FSW rotor exhibits the
lowest efficiency along the entire span, especially near the tip, where the aerodynamic
29

benefits of (+)SW would be expected on the basis of Clemen and Stark (2003). This
calls the attention that in the aerodynamic evaluation of sweep, i.e. in modification of
performance and efficiency, the balance of modification of both blade load and loss due
to sweep are to be considered. This can be carried out by means of appropriate CFD
tools. In the investigated case, FSW near the tip, i.e. (+)SW, was found to reduce both
the load (represented by the lift) and the loss (represented by the drag) at the tip, but the
reduction of load dominates over that of the loss, causing eventually the deterioration in
local efficiency.

Fig. 3.11. Spanwise distributions of local total efficiency at the design flow rate
3.5.3 SWEEP EFFECTS NEAR HUB, NEAR MIDSPAN AND NEAR TIP AT
VARIOUS FLOW RATES

Unfortunately no data were obtained for the tangential velocity and thus, for
∆ptid near the hub of the USW rotor, because of the lack of coincidence of measuring
volumes of the two-component LDV system, and due to the low signal-to-noise ratio
(Kuhn, 2000). This explains why in the following figures the ψid, CL, D, CD, and η data
are missing for USW for the near-hub position.
Figure 3.12 presents the near-hub, near-midspan and near-tip characteristics of

axial velocity downstream of the rotors, ideal total pressure rise and total pressure rise
as functions of the flow rate. The LDV measurements at the inlet showed that the flow
over the inlet cone is attached (Kuhn, 2000). The inlet axial velocity profile has been
found practically identical for the three rotors (Kuhn, 2000). The inlet swirl has been
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found negligible. The measurement results show significant departure from design data
for which the blading has been designed on the basis of experiments in twodimensional (2D) cascades (Lieblein, 1965). The departure is pronounced in the
vicinity of the endwalls. This suggests that the departure can be mainly dedicated to
endwall effects, which are combined with loading and unloading phenomena due to
blade sweep. It has been judged useful to post-process these data and to deduce
quantities characterizing the energetic properties and fluid dynamics of the elemental
rotors and the blade sections in a lifelike manner. Some characteristics as: local total
efficiency (the ratio between the local total pressure rise and the ideal local total
pressure rise), profile lift and drag coefficients, and lift-to-drag ratio. All these are
defined in an Appendix A.
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Fig. 3.12. Axial velocity and total pressure rise distributions vs. the flow rates near
hub, midspan and tip. Triangles: BSW, squares: USW, circles: FSW.

Figure 3.13 presents the characteristics of lift coefficient as function of flow rate

at near-hub, near-midspan and near-tip.
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Φ /Φd

Φ /Φd
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Fig. 3.13. Local profile of lift vs. all ranges of flow rates near hub, midspan and
tip. Triangles: BSW, squares: USW, circles: FSW.
Figure 3.14 presents the characteristics of drag coefficient as a function of flow rate at

near-hub, near-midspan and near-tip.
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Φ /Φd

Φ /Φd
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Fig. 3.14. Local profile of drag vs. the flow rates near hub, midspan and tip.
Triangles: BSW, squares: USW, circles: FSW.
Figure 3.15 presents the near-hub, near-midspan and near-tip characteristics of

Lieblein diffusion factor, as functions of the flow rate.
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Fig. 3.15. Local profile of Lieblein diffusion factor vs. the flow rates near hub,
midspan and tip. Triangles: BSW, squares: USW, circles: FSW.
Figure 3.16 presents the near-hub, near-midspan and near-tip characteristics of

total efficiency, as function of flow rate.
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Fig. 3.16. Local profile of total efficiency vs. the flow rates near hub, midspan and
tip. Triangles: BSW, squares: USW, circles: FSW.
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3.5.4 DISCUSSION OF RESULTS FOR VARIOUS FLOW RATES

The operational points chosen for the following discussion are classified as
follows:
•

Moderate flow rate: flow rate of 0.86Φd (maximum efficiency)

•

High flow rate: flow rate of 1.20Φd,

•

Low flow rate: flow rate of 0.51Φd.

3.5.4.1 MODERATE FLOW RATE
•NEAR-MIDSPAN TENDENCIES

At the moderate flow rate, the blade load is nearly equally reduced at near
midspan due to sweep by either BSW or FSW rotors, due to the SFEL effect. This
appears in the reduced data of ψ (Figure 3.12), ψid (Figure 3.12), CL (Figure 3.13) and
D (Figure 3.15).
The efficiency plots are consistent with the notes related to Figure 3.4. FSW
shows the lowest efficiency compared to USW and BSW at moderate flow rate as well
as along the dominant portion of span as shown in Figure 3.19. Such behaviour near
midspan is explained by Vad in detail in (Vad et al., 2004).
Sweeping the blade toward the upstream direction (BSW⇒USW⇒FSW) results
in retained or increased CD and retained or decreasedη. This suggests that disregarding
the direction of sweep, the loss behaviour is to be judged with full consideration of 3D
effects including viscous phenomena, interacting along the entire span (Vad et al.,
2004).

•NEAR-ENDWALL TENDENCIES

The previous figures and Figures 3.17 and 3.18 show that the spanwise
distribution of blade load is strongly influenced by blade sweep. At moderate flow
rates, reducing the sweep angle, i.e. BSW⇒USW⇒FSW, tends to decrease the blade
load near the tip (generally decreasing ϕ2 and ψ data) and to increase it near the hub
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(generally increasing ϕ2 and ψ data). This fits to the well-known view that
positive/negative sweep tends to unload/upload the near-endwall blade sections, e.g.
(Clemen and Stark, 2003).

0.86Φ

ϕ2
σ

Fig. 3.17. Spanwise distributions of pitch-averaged of outlet axial velocity
at moderate flow rate. Triangles: BSW, squares: USW, circles: FSW.

ψ

0.86Φd

σ

Fig. 3.18. Spanwise distributions of local total pressure rise
at moderate flow rate. Triangles: BSW, squares: USW, circles: FSW.
Figure 3.19 presents the characteristics of pitch averaged total efficiency along

the span at 0.86Φd. FSW shows increased drag and reduced efficiency near the hub
(Figs. 3.7 and 3.19), and the increased losses are also indicated by the widest near-hub
wake of FSW in Figure 3.22. The advantages and disadvantages of positive and
34

negative sweep cannot be observed in the near-tip regions of FSW and BSW, although
the shift of suction peak toward the TE (FSW) and toward the LE (BSW) can be
recognised.
The values of CL , LDR and η (Figs. 3.6, 3.8 and 3.19) depend on the local flow
circumstances. η is reduced above 60 percent span for each rotor, probably due to
casing wall and tip clearance losses. The generally moderate efficiency of FSW along
the span, especially below midspan where the Euler work of the rotor is the highest,
leads to reduced global total efficiency.

η

0.86Φd

σ
Fig. 3.19. Spanwise distributions of pitch averaged total efficiency at
moderate flow rate. Triangles: BSW, squares: USW, circles: FSW.

The near-endwall tendencies are discussed herein in terms of „increasing the
positivity of sweep” near the endwall, i.e. shifting the near-endwall blade section under
consideration more and more in the upstream direction relative to the adjacent inboard
section. This trend corresponds to the comparison of the following cases:
BSW⇒USW⇒FSW near the tip, and FSW⇒USW⇒BSW near the hub.
The blade load is determined by the combination of SNEL and SFEL effects.
Increasing the positivity of sweep results in decreased or nearly retained load, i.e.
decreased or nearly retained ϕ2, ψid, ψ, CL, and D values. As CD, increasing the
positivity of sweep results in nearly retained losses near the design flow rate, and in
decreased losses at lower flow rates. By increasing the positivity of sweep, the total
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efficiency η is observed to be increased, retained, or even decreased, depending on the
balance of changes in blade load and loss.
The AR is S/cm = 0.564, being relatively low and initiating pronounced endwall
effects. Preliminary computations based on (Smith and Yeh, 1963) forecasted that
endwall effects are expected to extend to the entire span in a pessimistic aspect. Farther
from the endwalls, CD and LDR (Figs. 3.7 and 3.8) have values as expected for highperformance blade profiles. As Figs. 3.4, 3.6, 3.7 and 3.8 show, FSW performs
increased axial velocity and ideal total pressure rise as well as increased lift (less
reduced values compared to design) near the hub. Similar tendency appears in the case
of BSW near the tip. This confirms that negative sweep increases the blade load near
the endwall. Just the opposite trend can be observed in the case of positive sweep, being
in harmony with the observations by a number of researchers (Clemen and Stark. 2003,
Shang et al., 1993, Sasaki and Breugelmans, 1998, Helming, 1996, Friedrichs et al.,
2001 and Gümmer et al., 2001).
The pitchwise-resolved LDV results support the conclusions drawn in this
section. Examples on the basis of (Kuhn, 2000; Forstner et al., 2001) are given herein.
Figure 3.20 and Figure 3.21 show the distributions of relative velocity (w) (Eq.A3.b in

Appendix A) and turbulent kinetic energy (k) (Eq. A17 in Appendix A), calculated
from the LDV data, in the vicinity of one blade of each test rotor at the “near-tip”
position, for 0.86 Φd. Figure 3.22 shows the relative velocity near the hub at the design
flow rate. In Figs. 3.20 and 3.22 the relative velocity is non-dimensionalised by the
(spanwise constant) design inlet axial velocity. w is not a pitch-averaged value but the
LDV-measured local vx and vu data are considered. Figure 3.20, Figure 3..21 and
Figure 3.22 suggest that due to positive/negative sweep (FSW/BSW), the blade load is

shifted toward the TE/LE – as mentioned for the SNED effect –, indicated by the shift
of suction peak (maximum relative velocity). In the case of BSW, a drastic increase of
turbulent kinetic energy and reduction of relative velocity can be observed in the
vicinity of the suction surface, downstream of the suction peak. Probably involving also
tip leakage effects, this is attributed to the increased adverse pressure gradient and less
favourable chordwise loading distribution due to negative sweep.
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FSW

USW

BSW

w/vxd
Fig. 3.20. Distributions of relative velocity at near-tip position, LDV-based
data. Φ = 0.86 Φd.[ Kuhn, 2000]

FSW

BSW

USW

k[(m/s)2]
Fig. 3.21. Distributions of turbulent kinetic energy at near-tip position,
LDV-based data. Φ = 0.86 Φd.[ Kuhn, 2000]

In the case of negative sweep (FSW near-hub, Fig. 3.22; and BSW near-tip, Fig.
3.20), the suction peak, i.e. the locus of maximum relative velocity on the SS tends to
be shifted upstream. The opposite is observed for positive sweep FSW near-tip, Fig.
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3.20; and BSW near-hub, Fig. 3.22). Shift of blade load toward the TE due to positive
sweep tends to reduce the cross-passage pressure gradient near the endwall, initiating
less cross-passage flow, endwall boundary layer separation, corner stall, and secondary
losses; and reducing the tip clearance and endwall losses via a more uniform chordwise
loading (Clemen and Stark, 2003). Contrarily to this favourable behaviour, increased
losses can be expected near the endwall in the case of negative sweep, due to opposite
tendencies. By this means negative sweep and positive sweep can cause the shift of
blade load toward the LE and toward the TE near the endwall, respectively (Clemen
and Stark. 2003, Shang et al., 1993, Sasaki and Breugelmans, 1998, Helming, 1996,
Friedrichs et al., 2001 and Gümmer et al., 2001).
In Fig. 3.10, the values of local Lieblein diffusion factor D fall below the design
data. In the near-hub region of FSW, the trend of increased diffusion and the associated
losses is properly indicated by the maximum values of D. Elsewhere, the Lieblein
diffusion factor is generally the lowest in the case of FSW, which is in contrast with the
lowest efficiency. This suggests that D, based on a two-dimensional cascade concept,
must be treated with criticism in judgment of low-AR swept cascades from
aerodynamics point of view, in which 3D flow effects are pronounced.

FSW

USW

BSW

w/vxd
Fig. 3.22. Distributions of relative velocity at near-hub position. LDA-based
data. Φ = 1.03 Φd [Forstner et al., 2001]
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3.5.4.2 HIGH FLOW RATE
•NEAR-MIDSPAN TENDENCIES

Figs. 3.12 to 3.16 are referred to again. In addition, Figures 3.23 to 3.25 show
further flow characteristics. Above midspan, the drag for FSW is higher than that for
BSW, leading to efficiency reduction, contrarily to the expectations based on literature
results (Clemen and Stark, 2003, Helming, 1996 and Yamaguchi et al., 1991). The
probable reason can be found by studying the inlet and outlet axial velocity profiles.
According to the increased blade load and thus, increased axial velocity below
midspan, FSW must inevitably realize considerable axial deceleration above midspan at
the fixed flow rate, increasing the diffusion and the associated losses. BSW performs
minimum re-arrangement of the axial velocity profile, which contributes to a more
favourable fluid dynamic behaviour.
At high flow rate, similar tendency take place as at moderate flow with
significantly reduced η above 60 percent span of FSW rotor.

ϕ2

1.20Φd

σ
Fig. 3.23. Spanwise distributions of pitch-averaged outlet axial velocity
at high flow rate. Triangles: BSW, squares: USW, circles: FSW.
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ψ

1.20Φd

σ
Fig. 3.24. Spanwise distributions of pitch averaged total pressure rise
coefficient at high flow rate. Triangles: BSW, squares: USW, circles: FSW.

The conclusion drawn on the efficiency in the moderate flow rate range is valid
for high flow rates as well.
Due to sweep in any direction (BSW or FSW, compared to USW), the blade
load is nearly equally reduced, due to the SFEL effect. This appears in the reduced ψ,

ψid, CL, and D data.
Sweeping the blade toward the upstream direction (BSW⇒USW⇒FSW) results in
retained or increased CD and retained or decreased η not only at the midspan but also
along the dominant portion of span. as shown in Figure 3.7, 3.14 and 3.25.
At high flow rates, FSW compared to USW and BSW shows efficiency even
lower than at moderate flow rate as shown in Figure 3.16. The efficiency plot is also
consistent with the notes associated with Figure 3.4. This behaviour is explained in
detail in (Vad et al., 2004).
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1.20Φd φ

η

σ
Fig. 3.25. Spanwise distributions of pitch averaged total efficiency
at high flow rate. Triangles: BSW, squares: USW, circles: FSW.

•NEAR-ENDWALL TENDENCIES

The results in Figs. 3.6-3.8 show no general tendency if change of lift or drag
dominates due to positive or negative sweep near the endwalls. The losses, indicated by
CD, are generally decreased due to increasing the positivity of sweep (USW⇒FSW
near the tip, FSW⇒BSW near the hub). However, an increase can be observed in the
BSW⇒USW case near the tip. This emphasizes again the need for consideration of
incidence-dependent 3D viscous flow effects in performance prediction of swept
blades.
At high flow rates, reducing the sweep angle, i.e. BSW⇒USW⇒FSW, tends to
decrease the blade load near the tip in the main decreasing ϕ2 and ψ data and to
increase it near the hub as shown the influenced by blade sweep in the previous
diagrams as well as Figs. 3.23 and 3.24. This fits to the well-known view that
positive/negative sweep tends to unload/upload the near-endwall blade sections.
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3.5.4.3 LOW FLOW RATE
•NEAR-MIDSPAN TENDENCIES

The load improving effect of SCSL is valid also near midspan. Sweeping the
blade toward the upstream direction (BSW⇒USW⇒FSW) results in retained or
increased ψid, ψ, CL and D. Figs. 3.16 and 3.26 show that, FSW has improved
efficiency at low flow rates and at higher radii, compared to the USW and BSW rotors.

0.51Φd φ

η

σ
Fig. 3.26. Spanwise distributions of pitch averaged total efficiency
at low flow rate. Triangles: BSW, squares: USW, circles: FSW.

•NEAR-ENDWALL TENDENCIES

Increasing positivity of sweep near the endwall (BSW⇒USW⇒FSW near the
tip) causes the increase of absolute value of sweep angle. Accordingly, the load
decreases or is retained (decreased ϕ2; decreased or retained ψid, ψ, CL, and D) as
shown in as Figs. 3.12, 3.13 and 3.15 as well as in Figure 3.27.
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0.51Φd

ϕ2

σ
Fig. 3.27. Spanwise distributions of pitch-averaged of outlet axial velocity
at low flow rate. Triangles: BSW, squares: USW, circles: FSW.

Negativity of the sweep near the tip causes decreasing ψ as well (Figure 3.28).
Contrarily to this, consequently decreased load was observed for this case in the
moderate flow rate range, without any indication of retaining the load. If increasing the
positivity of sweep causes the decrease of absolute value of sweep angle
(BSW⇒USW), the load rather tends to be retained or even increased (decreased or
retained ϕ2 and D; increased or retained ψ ; decreased, retained or increased ψid and
CL). The load appeared to be retained in this case in the moderate flow rate range,
without any pronounced load-increasing effect. The above suggest that the loading
condition near the tip is basically governed by the load-improving SCSL effect, related
to sweeping the blade toward the upstream direction (BSW⇒USW⇒FSW), retarding
the adverse effect of load deterioration due to stall.
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0.51Φd

ψ

σ
Fig. 3.28. Spanwise distributions of pitch averaged total pressure rise
coefficient at low flow rate. Triangles: BSW, squares: USW, circles: FSW.

The load-improving effect of SCSL appears to extend to the entire span,
including the near-hub region. Sweeping the blade toward the upstream direction
(BSW⇒USW⇒FSW) results in improved capability of the near-blade root sections to
overcome the adverse effects of stall (increased ϕ2, ψ, ψid, CL, and D), even though the
positivity of sweep is reduced at the hub by this means. The adverse effect of reduced
positivity of sweep is indicated only by the observation that the breakdown in ψid, ψ,
CL, and D after the peak values is more drastic for FSW than for BSW.
Sweeping the blade toward the upstream direction (BSW⇒USW⇒FSW) results
in consequently decreased CD and improved η for both the near-tip and near-hub
sections, due to the SCSD effect (Figure 3.26).

3.6 SUMMARY AND CONCLUSION

Detailed experimental results have been processed and presented in a manner
more extended than available in the literature, in order to survey the aerodynamics
aspects of sweep in axial flow rotating cascades of low aspect ratio for incompressible
flow. The results have been evaluated by means of considering a reference rotor with
spanwise constant sweep angle λ, and with characteristic flow rates Φd and ΦP. The
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effects of sweep angle modification are discussed with reference to this rotor.
Tendencies due to modification of sweep only in certain directions are discussed herein,
in order to avoid confusion in the explanation. The opposite tendencies can be expected
in the case of sweep modification in the opposite direction. The flow rate ranges Φ <ΦP,

ΦP <Φ

≤ Φd , and Φ >Φd are termed “low”, “moderate”, and “high” flow rates,

respectively. The measurements suggest the following conclusions.
1- Negative sweep tends to increase the lift, the flow rate and the ideal total
pressure rise in the vicinity of the endwall. Just the opposite tendency has been
experienced for positive sweep. Such effects cause significant departure from design
flow data for which the blading has been designed on the basis of experiments in 2D
linear cascades.
2- The local losses develop according to combined effects of sweep near the
endwalls, endwall and tip clearance losses, and profile drag influenced by rearrangement of the axial velocity profile. The measurements prove that the Lieblein
diffusion factor elaborated for 2D linear cascade flows as an indicator of losses must be
treated with criticism in energetic judgment of rotating blade rows of low aspect ratio.
3- Contrarily to the experiences dominating in the turbomachinery community,
the rotor of forward blade sweep showed reduced total efficiency compared to the
unswept and swept-back bladed rotors. Based on detailed measurements, the following
explanation has been given for this behaviour. Due to forward sweep, the blade load
has been shifted toward the leading edge near the hub, causing increased losses below
midspan. The overall blade load, i.e. the lift, and accordingly, the flow rate and Euler
work has also been increased in this region. The dominant increase of loss over the
increase of lift cause reduced local total efficiency below midspan. This, weighed by
the increased local Euler work, manifests itself in reduced global total efficiency.
Above midspan, the loss reducing effects due to forward sweep near the tip, suggested
by the literature, cannot dominate. The reason is that due to the increased axial velocity
below midspan, FSW must inevitably realize considerable axial deceleration above
midspan, increasing the diffusion and the associated losses. This results again in
reduced local total efficiency.
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4- At moderate and high flow rates, increasing the positivity of sweep near an
endwall tends to unload the blade locally, resulting in reduced local axial velocity and
total pressure rise.
5- At moderate and high flow rates, sweeping in any direction unloads the blade
near midspan. No clear trends can be formulated for the near-midspan zone regarding
loss and efficiency modification.
6- At low flow rates, increasing the positivity of sweep near the tip, i.e. reducing

λ (sweeping the blade toward the upstream direction), results in less unloading than for
moderate and high flow rates. The blade load can even be increased. This is due to the
load-improving effect of sweeping in forward direction. Such treatment tends to allow
the stagnating fluid to evacuate from the blade passage, thus retarding the inception of
stall. Retarding the inception of stall liberates the blading from flow separation and
allows the development of increased load, i.e. increased useful performance. The loadimproving tendency due to sweeping in forward direction extends to the entire span,
and helps to avoid stall even at the blade root where the positivity of sweep is reduced
by this means. Sweeping toward the upstream direction results in decreased losses and
improved efficiency near both hub and tip at low flow rates.
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CHAPTER 4
INVESTIGATION ON UNSKEWED AND SKEWED BLADINGS
4.1 INTRODUCTION

The previous chapter dealt with rotors of axial flow turbomachines having only
sweep. In this chapter, more attention will be paid to rotors having a combination of
sweep and dihedral, resulting in circumferential FSK.
This work intends to present a case study contributing to a more comprehensive
understanding of aerodynamic effects of FSK. For this purpose, two rotors, an
unskewed (USK) and a FSK one, are aimed to be compared qualitatively, by means of
CFD. The USK and FSK rotors under investigation are shown in Figure 4.1.

USK rotor

FSK rotor

Fig. 4.1. Virtual isometric views of USK and FSK rotors
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Although part-load operation will also be commented briefly, such comments
just confirm the formerly established consensus suggested by the literature on forward
sweep/skew effects. The comparative study on rotor performance and loss behaviour at
the design flow rate is the main focus of the work.

4.2 TEST ROTORS

Rotor FSK under present investigation operates in the open-type low-speed wind
tunnel facility of the Hungarian Institute of Agricultural Engineering (IAE), Gödöllő,
Hungary. Forward skew was applied to the rotor blades in order to extend the stall-free
operating range. The facility and the related custom-built fan were designed at
Department of Fluid Mechanics (DFM), and were produced by Ventilation Works Ltd.,
Hungary in 2004. A 7 m long introductory duct, including an inlet bellmouth and
honeycombs, precedes the test section. The test section is equipped with a turntable,
and is of 2.5 m length, 2 m width and 1.5 m height. Downstream of it, a 1.5 m long
intermediate section provides a transition from the rectangular to the circular (fan rotor
casing) cross-section. Upstream of the rotor, a steady inlet nose cone is located.
Downstream of the rotor, the fan stage is equipped with outlet guide vanes (OGV) and
an adjustable diffuser plate leading to the atmosphere. At small exhaust cross-sectional
settings, the diffuser plate acted as an adjustable throttle in the experiments. The total
length of the wind tunnel is 13 m. The wind tunnel facility is presented in Figure 4.2.
The main fan characteristics are summarised in Table 4.1. The geometrical
details of the rotor and OGV blading are specified in Table 4.2.

Table 4.1. Main fan characteristics
Casing diameter

2000 mm

ΦD

0.33

Hub-to-tip ratio ν

0.600

ΨD M FSK

0.27

Rotor blade count N

12

OGV blade count

11

Rel. tip clearance τ

0.036
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Table 4.2. Fan blading geometry
ROTOR
Fraction of span σ

0

OGV

0.25 0.50 0.75 1.00

hub

mid

tip

0
hub

0.25 0.50 0.75 1.00
mid

tip

Solidity c/s

1.38 1.01 0.89 0.80 0.72 1.93 1.50 1.32 1.19 1.18

Camber angle, deg

20.3 17.3 16.8 15.8 15.3 60.0 51.5 49.2 47.7 50.1

Stagger angle, deg* 33.9 32.1 30.7 29.9 29.4 57.0 61.7 66.0 68.4 70.0
Skew angle, deg

0.0

0.0

0.3

1.6

3.5

*measured from circumferential direction

Inlet

Test section

Introductory duct

Fan

Diffuser plate

Fig. 4.2. Experimental facility and instrumentation (the supporting struts
for the nose cone and the hub are omitted for simplicity)
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A virtual image of FSK, obtained from the CFD technique, and a front-view
photo are presented in Figure 4.3.

Fig. 4.3. Virtual isometric image and front-view photo of FSK

The FSK blade configuration was generated numerically for the CFD studies as shown
in Figure 4.4.

Fig. 4.4. The shape of FSK blading from various views
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The rotor and OGV blade sections have C4 (10 %) profiles along the entire span,
with circular arc camber lines. Although the rotor speed is controllable by means of a
frequency converter connected to the driving electric motor, results for a constant 416
RPM are reported herein. The Reynolds number, calculated with the blade tip
circumferential speed, the tip chord and the kinematical viscosity of air at 20 °C is
approx. 1.074x106. The Mach number which was computed with the blade tip
circumferential velocity and the speed of sound in air at 20 °C is 0.13 and therefore, the
flow is considered incompressible.
Rotor FSK was originated from the virtual rotor USK of radial stacking line, by
shifting the blade sections of USK in circumferential direction toward the direction of
rotation, without making any modifications to the USK blade section geometry and
stagger angle distribution as shown in Figure 4.5. The blade TEs of both USK and FSK
fit to planes normal to the axis of rotation.

Fig. 4.5. 3D isometric blading. Left: USK, right: FSK

The skew angle in Table 4.2 is defined as the angle between radial lines fitted to
the TEs of the datum and to the shifted blade sections, and is positive if the skew is
applied in the direction of rotation (forward skew). As Figure 4.3 illustrates, the skew
angle is zero at the hub and increases along the span, similarly to the style reported in
(Beiler, 1996). By this means, it was intended to avoid any stacking line blend points,
for which increased losses may be expected (Clemen et al., 2004). Near the hub, the
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rotor blade sections are enlarged. This is favourable from mechanical point of view, and
results in aerodynamically beneficial positive sweep and positive dihedral (Clemen and
Stark, 2003) at the blade root, as potential means of hub loss reduction.
The USK rotor is of “controlled vortex” design (CVD), resulting increasing
Euler work and blade circulation along the dominant part of span in a prescribed
manner (Gallimore et al., 2002). The CVD concept is often applied to rotors of axial
flow turbomachines. This means that contrarily to the classic free vortex concept
prescribing spanwise constant design blade circulation, the circulation – and thus, the
Euler work – increases along the dominant part of the blade span in a prescribed
manner. CVD guarantees a better utilisation of blade sections at higher radii, i.e. it
improves their contribution to the rotor performance. By this means, rotors of high
specific performance can be realised, i.e. relatively high flow rate and total pressure rise
can be obtained even with moderate diameter, blade count, and rotor speed (Vad and
Bencze, 1998, Corsini and Rispoli, 2004). CVD gives a means also for reduction of hub
losses by unloading the blade root (Meixner, 1995), and offers a potential to avoid
highly twisted blades (Lakshminarayana, 1996). Furthermore, in multistage machinery,
it provides a strategy to realise an appropriate rotor exit flow angle distribution
(Gallimore et al., 2002).
For the USK rotor of CVD, the designed blade circulation increases along the
span, according to the following power law (Vad and Bencze, 1998, Corsini and
Rispoli, 2004):
⎛R⎞

ψˆ id 2 D (R ) = ψˆ id 2 D (ν ) ⋅ ⎜ ⎟
⎝ν ⎠

M

(4.1)

The CVD design concept was chosen in order to make possible the preliminary design
of each elemental blade cascade along the entire span using the same cascade
measurement data basis (Wallis, 1983), and to reduce blade twist and maintain chord
length nearly constant with span, for simplicity in manufacturing.
In the following, ^ denotes mass-averaging for ψid2, ψ, ω and ϕr, and areaaveraging for ϕ.
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4.3 EXPERIMENTS

The measurements are considered necessary to prove the validity of the CFD
technique presented later. However, the experimental facility at IAE is not a laboratory
test rig dedicated for turbomachinery R&D; the FSK rotor under investigation is its
auxiliary unit. Consequently, the facility is in absence of instrumentation expected in
turbofan studies. Nevertheless, the Institute gave us the permission to equipping the
facility with an ad hoc, on-site measurement setup, in order to establish an experimental
database for validation of the CFD tool.
The main aims of these experiments are as follows:
•

Measurement of fan stage total pressure rise and overall efficiency as
functions of the volume flow rate, i.e. fan characteristic and efficiency
curves, representing the global aerodynamic performance and its
variation (dependence on the flow conditions) near the design flow rate.

•

Measurement of vx1 along the span, representing the rotor inlet condition
of the blade passage flow.

•

Measurement of vx2 and vu2 along the span, representing the spanwise
non-uniformity of ϕ2 andψid2, being characteristic for non-free vortex
rotor operation and for local blade passage phenomena.

Characteristic curve and efficiency measurements were carried out on the fan stage by
means of measuring the volume flow rate, the total pressure rise, and the input electric
power. The applied measuring technique is outlined in Appendix C.
The overall efficiency η* was set as the ratio between aerodynamic performance
(product of volume flow rate and total pressure rise) and electric power input. It must
be kept in mind that the test rig is not a turbomachinery test facility, and even η*
provides us with basic qualitative information on the energetic behaviour of the fan.
During the measurements, the operating points were changed using the throttle at the
outlet.
The measured performance curves are shown later in Figure 4.28. The
characteristic curve has a relatively broad “plateau” without a drastic breakdown after
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the pressure peak point, in contrary to the behaviour of most fan rotors of CVD with
radial stacking (e.g. Vad and Bencze, 1998 )).
Operating points of Φ = 0.33 (near-peak-efficiency point, corresponding to the
design flow rate, labelled as “Design” point) and Φ = 0.27 (near-peak-pressure point,
labelled as “Pressure peak” point) were selected for detailed flow velocity
measurements. The “Design” and “Pressure peak” points appear in Figure 4.26 at

Φ/ΦD=1 and Φ/ΦD = 0.82, respectively.
The velocity field was measured using hot wire anemometry, in constant
temperature anemometer (CTA) mode. The locations of measuring vx1, vx2 and vu2 along
the span are specified in Appendix C. In this Appendix, the applied components,
equipment and software are also indicated.
The velocity distributions representing the individual blade passages have been
circumferentially averaged. The CTA data are presented later in Figure 4.26.
The uncertainty analysis has been carried out using the “root sum square”
method. Table C1 (Appendix C) summarizes the pessimistically estimated relative
standard uncertainty of the measurement-based quantities. The overall measurement
uncertainty ranges are indicated by error bars in the diagrams in the vicinity of the
measurement data points.
The measurements had to be realised in an ad hoc and quick manner. As a
consequence of this, the controllability of the measurement conditions was limited,
resulting in experimental uncertainty higher than usually expected from an adequately
instrumented turbo-lab facility (e.g. ± 0.6 percent and ± 2.0 percent uncertainty in the
hot-wire measured velocity reported in (Goto, 1992) and (Beiler, M.G. and Carolus,
1999), respectively).
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4.4 CFD TECHNIQUE

The CFD investigations were carried out by using the commercially available
finite-volume CFD code FLUENT (FLUENT 6.2.16, 2004).

4.4.1 TYPE OF MESHING GRIDS USED

Before carrying out the comperetive investigation of FSK and USK rotors, an
examination was done for the FSK rotor at the design flow rate as a case study, by
means of using structured and unstructured grids. In the following section, a
comparative investigation will be presented between single-block unstructured (in 2D:
triangular, in 3D: tetrahedral) and multiblock quadrilateral/hexahedral structured grids.
The structured grid is usually applied to relatively simple configurations.
However, the FSK blade geometry under study has been considered as a relatively
complicated one, as a result of application of both sweep and dihedral to the 3D annular
cascade. This work offers a concept that structured grids still have the applicability to
facilitate and analyze the complicated geometry by means of splitting the configuration
to smooth multiblocks, and offer more capability to present a precise simulation of the
3D turbulent flows around hidden parts of complicated configurations. The detailed
CFD results on flows can be effectively demonstrated and utilised by this means, which
can never be acquired by a single-block unstructured grid approach. This comparative
study has been done to gauge the accuracy and exploitation of the results between these
two techniques.
A grid is called structured if all interior cell vertices belong to the same number
of cells (Wesseling, 2001) of the control volume into which domain is broken up. The
grid can be mapped onto a rectangle (in 2D) or a block (in 3D) while unstructured grids
subdivide the domain into simple, usually triangular (in 2D) or tetrahedral (in 3D),
elements with no implied connectivity (Wenneker, 2002). The structured grids are
always quadrilateral (2D) or hexahedral (3D), such that every element has a unique
address in the I,J, K space, where I, J, and K are indices used to number the elements in
each of the three computational directions (Marshall and Bakker, 2003). Owen (Owen,
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1998) declared that the structured mesh can be recognized by all interior nodes of the
mesh having an equal number of adjacent elements. Schäfer (Schäfer, 2006) describes
the structured mesh in the similar way as the regular arrangement of the grid cells
having directions along which the numbers of grid points is always the same, where,
however, certain regions (obstacles) can be “masked out”. These regions can be
warped, but logically they are rectangular (or cuboidal in three dimensions) while there
is no regularity in the arrangement of the grid points in unstructured grids. The
construction of the grid is involved by the structure of the cells in which the triangular
or tetrahedral cells are classified as unstructured grid, and quadrilateral or hexahedral
cells as structured grid. Earp (Earp, 2005), showed in his work of a combination of
sweeping with another algorithm known as “Grafting” that the best results are achieved
when this Grafting is used on structured meshing. He mentioned also that, although it is
generally efficient to both create and run analysis on structured hexahedral meshes,
they are limited in the geometry to which they can be applied. Biswas and Strawn
(Biswas and Strawn, 1996) declared that, hexahedral meshes yield more accurate
solution than their tetrahedral counterparts for the same number of edges. Beside that,
the computational time and cost for unstructured mesh computations are generally
higher than the structured mesh approach, especially when applied to large-scale threedimensional problems (Jinsheng et al., 2006). Structured quadrilateral mesh is a mesh
that has a form of four edges as being a boundary of a cell face. Such an organization to
the mesh, as pointed out by (Earp, 2005), the hexahedral meshes as well as multiblock
grids can be either structured or unstructured grids. Figure 4.6 shows as example of
surface face of structured and unstructured grids in which the quadrilateral meshes
arrangement takes place for both cases.
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a) 2D-Structured grid (25 cells)

b) 2D-unstructured grid (25 cells)

Fig. 4.6. Schematic illustration of structured and unstructured grids

Block-structured grids are locally structured within each block, but globally
unstructured (irregular block arrangement) and in this sense can be viewed as a
compromise between the geometrically inflexible structured grids and the numerically
costly unstructured grids (Schäfer, 2006). Since as mentioned by (Armin and Vedat,
1995) that, the rapid construction of suitable multiblock structured computational grids
is still one of the pacing issues in CFD applications. Multi-grid methods are very
effective to accelerate convergence of a time-marching scheme (Jinsheng et al., 2006),
because it is possible to run whole blocks in parallel on a multi-processor system.
The most commonly used structured staggered grid is the one in which the
pressures reside in the cell centers and the normal components of the velocity are
positioned at the cell faces as stated by (Wenneker, 2002). It must be noted that
discretization of the flow equations on unstructured grids is considered to be more
difficult than on structured grids (Wenneker, 2002). Therefore one should start with
structured grid first to avoid non-orthogonal problems, because numerical diffusion is
high when the computational cells are created in such away that they are not orthogonal
to the fluid flow. However, by unstructured grids one can refine or adapt any high
gradient regions without supplying low gradient regions. Nevertheless, structured grids
adaptation can be simply applied by means of using local refining or coarsening by
adding or removing grid points as well as by moving the grid points as the physical
solution (without adding or removing grid points) so that grid points may be
concentrated in regions of large variation to enhance accuracy, and coarsened where the
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solution has little variation as utilized by (Liu, 1998). In fluid mechanical applications,
Schäfer (Schäfer, 2006) studied cases where the number of grid points is much high,
and therefore aspects of the efficiency of the solver become more important, and
concluded that, block-structured grids are still favoured.
A comparative study of structured grid of relatively complicated geometry
(skewed blading) to unstructured one was done by means of smooth splitting scheme
intended for applying hexahedral meshes all over the geometry. The objective in this
section is to focus on the need of a multiblock structured grid tool compared to single
block unstructured grid for use in relativity complex geometry.

4.4.2 CASE STUDY

This geometry of FSK rotor has the same specification as in Section 4.2. FSK is
represented in this section by means of using unstructured single-block as well as
structured multi-block meshing, at the design flow rate.
● PARAMETERS APPLIED

The rotor geometry was imported into the Gambit in the form of iges files from
a Rhinoceros package. The domain cells were created then exported in the form of a
FLUENT mesh file to FLUENT. The flow fields in structured and unstructured grids
were simulated by means of the commercially available finite-volume CFD code
FLUENT (FLUENT 6.2, 2004). The computational domains for both types of grids
have the same geometric specifications. The total number of cells in the unstructured
grid is approximately 300000 tetrahedral cells and for the structured is approximately
490000 hexahedral cells. The memory requirement for both types was 1 GB. Structured
grid allows for quicker computational investigation. However, the computational time
and cost for unstructured mesh computations are generally higher than the structured
mesh approach. This is especially so when applied to large-scale three-dimensional
problems (Koh et.al, 2005). Using Pentium-4, 1.7 GHz PC, the computation time for
structured and unstructured grid of FSK domain having almost equally number of
iterations, was approximately 6 and 10 hours respectively.
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The equiangle skewness of a cell is defined as the maximum value of the ratio of
actual and possibly highest deviation from the optimum angle, considering each vertex
(FLUENT, 2004). Decreasing of equiangle skewness was achieved in structured grid.
The grid design ensures that 99 % of the cells have equiangle skewness less than 0.7,
and the maximum skewness value is 0.82. However, near the LE and TE and over the
dominant part of the SS and PS, the skewness is less than 0.25, whereas, the maximum
equiangle skewness of the cells over unstructured grid is 0.88. The average
nondimensional wall normal cell size (y+) for structured grid fell within the range of 30
to 100, while for structured grid it is about 200, fulfilling the requirements of the
applied law of the wall. The standard k-ε turbulence model (Launder and Spalding,
1972) has been applied for both types of meshing, with enhanced wall treatment of
FLUENT (2004).
The Second Order Upwind (SOU) method of discretisation of the convective
momentum and turbulent quantity fluxes was applied for the unstructured grid while,
the QUICK scheme (not applicable in this case to unstructured grid) was applied for
structured grid because, as declared by Wenneker (Wenneker, 2002), the spatial
discretization used on the structured grid introduces less numerical diffusion than the
spatial discretization on the unstructured grid. This can be attributed to the fact that the
gridlines used in the structured grid are aligned with or perpendicular to the flow, while
this is not the case for the unstructured grid. Boundary condition is set for both methods
at the inlet as a uniform axial velocity with same conditions of VAD et al. (VAD et al.,
2005).
In general, 2-D structured meshes take place in three essential forms: H-grids,
O-grids, and C-grids. In this work, two types of meshing in 2-D in structured grid case
are applied: C-type mesh for blading LE and TE flows, while H-type topology is
applied to the entire rotor blade passage and the remaining cascade flow region;
Consequently, the final overall mesh resembles an O-type meshes where it has lines of
points where the last point wraps around and meets the first point. In order to resolve
the flow at the vicinity of the blade surface, condensed quadratic meshing towards the
blade surface was applied on structured grid provided by minor jumps in displacement
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between adjacent cells, while specified boundary layers were created and controlled on
unstructured grid by means of prism layers of GAMBIT tools as shown in Figure 4.7.

a) Structured meshing

b) Unstructured meshing

Fig. 4.7. Mesh topology in the tip clearance region

Boundary-fitted grid type is used for both unstructured and structured grids
which is demonstrated by the fact that all boundary parts of the rotor domain are
approximated by grid lines

● MAPPED MESHING

In 3D structured grids, mapped meshing is another way of ensuring the flows are
aligned with the design geometry. Owen (Owen, 1998) stated that quadratic mapped
meshing generally produces the most desirable result. Creating each single block with
mapping mesh scheme can take place when the number of grid nodes is equal on
opposite edges and via sweeping the so-called source surface towards the so-called
target surface. In this study, more than 95% of the computational domain has been
formed in mapping quadratic meshing approach; similar technique was employed by
(Owen, 1998).

60

● PERIODICITY ISSUE

To utilise the features of the annular cascade configuration, and to take the
advantage of the periodicity, boundary conditions of periodicity were applied for both
methods. Axisymmetric blade rotor was defined in such away that, the axis of rotation
is the x-axis of the cartesian coordinates and the outer boundary of the circumferential
rotational domain was specified as periodic boundary condition. Only two boundaries
were applied for the unstructured grid type, while in structured multi-block meshing,
appropriate multi-blocks has been chosen by means of the computational domain is
broken into several multi-blocks with matched boundaries. Since this periodicity is one
of the most important restrictions in the structured meshing, therefore more attention
was taken into account. The meshing points and arrangement of each periodic edge
were defined just identical, (say) edge 3-4 and edge 3’-4’ in our case, in Figure 4.8.
The corresponding interior meshing points towards the center should have the same
meshing points. These meshing points meet different interior body (blade) in which by
this meaning some difficulties can take place, and consequently the interior body will
be restricted by limited meshing number.

Fig. 4.8. Part of grid of multi-block structured grid at hub surface with
some periodic edges
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● DOMAIN SPLITTING

In some cases, it not easy to use structured grid in complicated geometry. As
mentioned by Ferziger and Peric (Ferziger and Peric, 2002), that structured grids are
difficult, sometimes impossible, to construct for complex geometries. However, by
smooth splitting such geometries to appropriate real volumes and faces, it is possible to
simplify the domain. The multiblock structured grids are attached throughout the
adjoining faces of the blocks; the unmatched grid interface may occur when there is no
one to one communication between the cell faces on both sides of a common interface
between adjacent mesh parts. The so called non-scalable topology can occur as well
and this may reduce the grid quality. To avoid any interfacing faces of the hexahedra
with different faces, more effort was taken by eliminating triangular faces or any
different faces from the domain. For this reason manual splitting of the computational
domain has been employed to structured multiblocks by means of dividing the domain
geometry with adequate real faces. After that, each block was meshed individually, then
these meshed blocks were reconstructed and assembled as one block. This kind of
meshing imprints on all faces that are shared as common neighbours by the faces to
which the meshing are attached. This kind of meshing allows flow features of aligned
hexahedral cells to be matched with each other and consequently results such as
vortices and wakes can be more accurately resolved. By this means, no hybrid meshes
is applied as well as non-conformal interface mesh was avoided. Figure 4.9
demonstrates an example of attaching two structured faces by one common edge, the
edge BE along with its mesh nodes is shared with face ABEF and face BCDE after the
splitting process. The consequence of such splitting should ensure that the edge BE is
presented as a common single edge for both faces and accordingly single common face
for two meshing volumes.
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Fig. 4.9. Illustration of two structured faces attached by one common edge

By such means, the availability of fully inter-grid connectivity of the
computational domain can be ensured and non-overlapping meshing can be granted as
well as the presence of grid interfaces problems such as interpolation errors or nonconformal interfaces can be avoided. The final computational domain for structured
multi-blocks is shown in Figure 4.10.

Fig. 4.10. The splitted computational domain of structured grid
(The casing is hidden for clarity)
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It is possible to create another small block without the need for manipulating
other blocks. As an example, blade tip clearance, which is an interesting region to work
with, where to observe the effect of applying several gap sizes between the blade tip
and rotor casing, as seen in Figure (4.11c), block structured approach allows us to
handle whatever dimension needed. It is done by means of splitting only this gap block
(tip clearance) straightforwardly into specified desired dimension in a short time.
Consequently, the computational convergence time will be faster and the cost will be
lower in this case. For more details of applying various modifications of the tip
clearance and its influences along the entire span, see the work published by Vad et al
(Vad et al., 2007).

a)

b)

c)

Fig. 4.11. Outlet plane and blade tip clearance meshing of structured mesh

Since the good mesh quality is essential for performing a good CFD analysis, it
is important to build a high-quality grid to control the sensitive parts of the domain such
as blade tip clearance zones, blade hub surfaces and where the flow details are needed.
Schäfer (Schäfer, 2006) announced that, the multi-block structural grid approach allows
using specified local structural grids at different locations. Figure 4.12 shows the
possibility of using a smooth hexahedral structural grid at the tip of the blade LE as a
part of multi-blocks, compared to an unstructured one.
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a) Structured meshing

b) Unstructured meshing

Fig. 4.12. 3D meshing at the tip of blade LE

One of the many advantages of using multi-block structured grids is the ability
to control the grid gradient near the wall by means of cell aspect ratio, or, as in this
case, by applying successive ratio edge meshing. Structured grid offers greater accuracy
to acquire all relevant flow features and allows better boundary layer resolution around
sharp leading and trailing edges than an unstructured grid. This increases the resolution
along the surface especially if the grid lines are aligned with the flow. This is not easy
with unstructured meshes. Figure 4.13 is an example showing the benefit of the
structured meshing of the portion of blade trailing edge located in the near-hub region.

a) Structured meshing

b) Unstructured meshing

Fig. 4.13. 3D meshing at the bottom part of blade trailing edge
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In many cases of unstructured grid, it is not possible to control mesh quality
such as the jumps in volume between adjacent cells. Figure (4.14a) represents the view
of unstructured grid of the outlet 2D plane of the blade passage. One can see there is a
kind of big jumps in skewness in cells on the outlet plane compared to quadratic
meshing of structured grid (Figure 4.11a). Such quality of unstructured meshing might
be a source of poor results. On the same basis, this poor results can take place at the
blading SS as well (Figure 4.14b).

a) triangular meshing at outlet

b) tetrahedral meshing at blading SS

Fig. 4.14. View of outlet and 3D blading meshing of unstructured grid

● COMPARISON OF RESULTS

The outcome of the structured mesh and unstructured mesh computations are
presented in this section for the purpose of validating the applicability of structured
mesh by means of CFD tools for relatively complicated geometry. The computational
results obtained for structured and unstructured meshes are compared qualitatively. The
multi-blocks structured grid has been constructed for many purposes, since it is possible
to convert to an unstructured one, but not necessarily visa versa. As presumed on the
basis of Wenneker (Wenneker, 2002), a structured grid approach offers advantages in
solution algorithm efficiency and ease of data structure handling. Furthermore, the
particular benefits of using a partition region is the ability to create a refined meshing at
the expected local regions where the flow details are important to be captured, for
example, in the vicinity of the blade surfaces. It is often required to demonstrate flow
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details in partial regions of the entire simulated flow field, by means of CFD postprocessing. Fluid pathlines provide an excellent tool for visualization of complex threedimensional flows. Figure 4.15 shows an example of visualization of pathlines near the
surface of tip at leading edge of the suction surface. Thanks to the features of the
structured mesh, clear visualization of pathlines coming from the sample region
labelled by number 1 in Figure (4.15a) can be guaranteed, whereas region 2 (part of
blade tip wall) and region 3 (part of blade pressure side) are not included in the
visualization process.

a) blade with LE at tip details

b) Pathlines form side view and top view

Fig. 4.15. Visualization of pathlines from tip part of blade LE of structured grid

Accordingly, comprehensive visualization can be carried out, without
overlapping with flow coming from other regions. This advantage can never be
established by one-block unstructured grid, even using the so-called created line or rake
at the region of interest, which feature is provided by Fluent. Figure 4.16 shows that by
means of partitioning our case study geometry of multi-blocks structure, a clear
pathline visualization of flow field can be achieved over the blade leading edge of
suction side alone, compared to the complete blade used for the unstructured single
block.
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a) Structured meshing

b) Unstructured meshing

Fig. 4.16. Visualization of pathlines over structured and unstructured grid

In Figure 4.17, the flow pathlines colored by particle zone ID are released from
only the blade leading edge of suction surface, for the structured meshing type. By such
means, it can be observed that at the blade tip, two flow patterns roll up about each
other, as also seen in Figure 4.15. Another flow phenomenon can be detected near the
the hub, with an eventual radial outward deflection near the TE. Such results are quite
difficult to observe for unstructured meshing type. The same figure shows a schematic
representation of this kind of flows.

Fig. 4.17. Flow pathlines released at the blade leading edge, and schematic
representation of the flow. Structured meshing type.
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In order to find a way to get additional practical comparison between the
structured and unstructured grid methods, it is presumed that it is fair to compare these
methods by some selected distributions of local flow quantities such as ϕ and η at
outlet as well as Cp on the blade suction surface. However, it must be kept in mind that
in this section the aim is to deal only with the qualitative comparison from point of
view of meshing effect on both grid types rather than aerodynamics effects of
circumferential forward skew rotor. Comprehensive studies on effects of blade skew in
an axial flow rotor were reported using structured and unstructured grids separately
(Vad et al., 2005 and Vad et al., 2007). Data are presented for the design flow rate. The
outlet plane is created as an annular sector downstream of the computed blade passage
in a plane normal to the axis of rotation, 6 percent midspan chord downstream of the
TE in axial direction. The CFD results are presented in the form of isolines. Figures
4.18 and 4.19 represent the isolines of local axial flow coefficient and local total

efficiency at the outlet. Figure 4.20 represents isolines of static pressure coefficient on
the SS of blade for both types of grids. Considering the blade wake at about the middle
of the patterns in Figs. 4.18 and 4.19, one can clearly see the benefit of structured grid –
smooth isolines –, compared to the irregular isolines representing less accurate results
obtained using the unstructured grid, labelled by dotted ellipses in the figures. The
reason for such difference comes most probably from the difference between meshing
quality.

a) Structured meshing

b) Unstructured meshing

Fig. 4.18. Local axial flow coefficient ϕ at the outlet
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a) Structured meshing

b) Unstructured meshing

Fig. 4.19. Local total efficiency η at the outlet

Similarly, the irregularity of pressure isolines in the vicinity of LE on the SS (Figure
4.20) is dedicated to the limited quality of meshing related to the unstructured grid.

a) Structured meshing

b) Unstructured meshing

Fig. 4.20. Static pressure coefficient Cp on the suction surface
(TE on the right-hand side)
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● CONCLUSIONS OF COMPARATIVE CASE STUDY

The qualitative comparison between multi-blocks structured grid and single
block unstructured grid is summarized as follows.
By using multi-block structured grid, it is possible to achieve more control on
mesh quality, such as smooth change of jumps in volume between adjacent cells, aspect
ratio (especially at the regions of interest), skewness, as well as appropriate boundary
layer mesh. Since grid quality and computational time are highly depending on the use
of the type and the number of grid cells, the quality of grid meshing and therefore
quality of results can be enhanced by using multi-blocks structured grid. The
computational time by using this kind of grids is found to be less than that for the
unstructured grid.
By eliminating interface faces, flow features of aligned hexahedral elements can
be added, avoiding unmatched grid interface. By such means, more accurate results can
be obtained. Using structured grid, demonstration and investigation of flow details of
specific regions of interest can be effectively carried out. It has been concluded that the
multi-block structural grid enhances the efficiency of computations.

4.5 CFD BY STRUCTURED GRIDS FOR USK AND FSK ROTORS

The flow fields in USK and FSK were simulated by means of the same CFD
codes. Referring to e.g. (Beiler, 1996, Beiler and Carolus, 1999, Benini and Biollo,
2006) reporting on computations for swept and leaned fan and compressor rotors, the
standard k-ε turbulence model Launder and Spalding, 1972) has been used. The
enhanced wall treatment of FLUENT was applied, incorporating a blended model
(Kader, 1993) between the two-layer model and the logarithmic law of the wall. Among
the two-equation turbulence modelling options built into FLUENT, this technique was
found to give the most reasonable agreement with the measurement results presented
later.
Utilising the features of the annular cascade configuration, boundary conditions
of periodicity were applied, as presented in Figure 4.21.
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Inlet plane

Periodic
boundary
condition

Inlet
Outlet

Outlet plane

Fig. 4.21. Periodic boundary condition

The computation domain for FSK and USK rotors has been regarded one blade
pitch only. Typical computational domains for FSK and USK rotor are presented in
Figure 4.22. The domains extend to approx. 8 and 3.5 midspan axial chord lengths

upstream and downstream of the rotor blading in the axial direction, respectively. The
inlet face is a sector of the circular duct with 30 deg central angle. Downstream of the
inlet face, sectors of the steady inlet cone and the rotating hub with one blade in the
middle of the domain are included for both types of blading.
At the inlet face, a swirl-free uniform axial inlet condition corresponding to the
actual flow rate has been prescribed. The inlet turbulence intensity has been set to 1
percent, and the casing diameter was taken as the hydraulic diameter for the calculation
of the turbulence length scale. A zero diffusion flux condition has been used for all
flow variables at the outlet boundary (outflow condition in FLUENT (FLUENT 6.2.16,
2004)).
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Fig. 4.22. Computational domain for FSK (upper) and USK (lower)

Taking the work of (Benini and Biollo, 2006, Wu et al., 2006) as preliminary
references, a structured hexahedral mesh has been developed for the entire
computational domain. Following the guidelines in (Johnson et al., 2003) emphasizing
the necessity of good grid quality, this meshing technique is felt promising from the
viewpoint of computational accuracy. Furthermore, it offers a means to reduce the
computational cost by moderating the cell number. About 50 percent of the cells are
located in the refined domain in the vicinity of the blade. Taking up the challenge of
relatively complicated blade geometry, due to skew above midspan and LE sweep near
the hub, the domain consists of 31 blocks. Figure 4.23 shows representative details and
views of the mesh for FSK near the LE, TE and tip.
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Fig. 4.23. Finer mesh for FSK near the LE, TE, and tip

The tip clearance is resolved with meshing technique established on the basis of
(Benzley et al., 2001). While the real FSK blades have tips with slight “natural
rounding” due to the manufacturing technology, the CFD model considers blade tip
with sharp edges on the suction and pressure sides (SS and PS, respectively). This
discrepancy was not considered critical since it has been concluded in (Van Zante et al.,
2000) that rounding the blade tip in the model is not of primary influence on the fidelity
of the CFD solution. As Figure 4.23 indicates, the meshing strategy in the tip gap
ensures a convenient means for CFD investigation of influence of tip clearance size on
rotor performance (see later). Assigning the cell layer(s) being farthest from the casing
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wall to the blade instead of the air gap, and refining the remaining air gap mesh as
appropriate, the tip clearance size can be virtually reduced.
A C-type mesh topology has been built around the LE and TE, while H-type
topology is applied to the entire rotor blade passage. Figure (4.7a) presents an example
of the C-type meshing topology, ensuring smooth meshing gradient from the blade SS
towards the periodic boundary.
The equiangle skewness of FSK rotor is defined in Section 4.2. Figure 4.24
shows the skewness values of the near-blade cells for USK along the axial chord, with
zero axial position at the LE at midspan. The grid design ensures that 99 % of the cells
have equiangle skewness less than 0.7, and the maximum skewness value is 0.82. As
the figure suggests, the highest skewness values appear near the LE and TE. Over the
dominant part of the SS and PS, the skewness is less than 0.25.

Fig. 4.24. Distribution of cell equiangle skewness near the blade of USK

During the computations, most of y+ values fell within the range of 30 to 100.
The discretisation of the convective momentum and turbulent quantity fluxes were
carried out for USK and FSK rotors by the QUICK (Quadratic Upstream Interpolation
for Convective Kinematics) method. Typical computations required approximately
3000 iterations. The solutions were considered converged when the scaled residuals
(FLUENT 6.2.16, 2004) of all equations were resolved to levels of order of magnitude
of 10-6.
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4.5.1 TIP CLEARANCE SIZE AND GRID SENSITIVITY STUDIES

Four discretisation levels were used for the computation. Taking the “coarse”
mesh consisting of about 204000 hexahedral cells as a basis, nearly uniform refinement
in axial, pitchwise, and spanwise directions resulted in the “mid”, “finer” and “finest”
meshes (about 301000, 494000, and 694000 cells, respectively). The “finer” mesh,
forming the basis of CFD results presented in the work, consists of 45 nodes along the
span. For the finer mesh, the outer domain (H-mesh) consists of 203, 27 and 54 grid
nodes in axial, circumferential, and spanwise directions, respectively.
Sensitivity of computed rotor performance to the tip clearance size was studied,
taking the advantage of relatively easy adjustment of tip clearance in the CFD model
(see earlier). Figure (4.25a) shows the ψ̂ id 2 plots computed using the finer mesh for
various tip clearances of FSK at the design flow rate. Fitting to (Clemen et al. 2004), the
results confirm that the modification of the tip clearance influences the rotor flow along
the entire span, and this suggests that the appropriate CFD modelling of tip clearance –
from the aspects of both clearance size and grid resolution – is of great significance.
For the realistic FSK tip clearance of τ = 0.036 – also guaranteeing the best
overall correlation with the later presented CTA data – , clearance meshes resolved in
spanwise direction by 5, 9, and 17 nodes were tested, taking the finer mesh as a basis.
As Figure (4.25b) demonstrates, application of 9 nodes in the clearance is necessary,
but further refinement is not essential for the fidelity of the numerical solution.
Applying 9 nodes in the clearance in spanwise direction is a reasonable compromise
between coarse and finer tip clearance meshes reported in (Corsini and Rispoli, 2004) (5
and 11 spanwise grid nodes, respectively).
Figure (4.25c) presents the ψ̂ id 2 data computed for FSK at the design flow rate

using the four discretisation levels. The grid-independency of results based on the finer
mesh is achieved on an acceptable level from the aspect of present studies.
As in (Corsini and Rispoli, 2004), the computational data presented from this
point onwards are based on the finer mesh numerical results.
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Fig. 4.25. Influence of a) tip clearance size, b) tip clearance resolution, and c)
overall mesh refinement on the numerical solution. FSK, design flow rate
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4.5.2 VALIDATION ANALYSES

The validation has been carried out with reference to (Corsini and Rispoli,
2005), which was found to be the most complete work providing guidelines for
validation of CFD tools applied to rotors of CVD at both design and near-peak-pressure
points utilizing detailed flow field data. Figure 4.26 shows the measured spanwise

ϕˆ 1 ,ψˆ id 2 , and ϕ̂ 2 distributions established on the basis of measurement data for the
“Design” (Φ/ΦD = 1) and “Pressure peak” (Φ/ΦD = 0.82) points. The experimental data
are compared in the figure with the distributions computed for FSK at the axial
positions of the measurements.
● Pitchwise-Averaged Data: “Design” Point

The ϕ̂1 diagrams show the approximate realization of the uniform axial rotor
inlet condition used in blade design. The computed ϕ̂1 data fall below the measured
values near the hub, and the related “displacement effect” results in increased computed
axial velocity above midspan. The discrepancy of the near-hub data is dedicated to the
difference between the realised and modelled inlet geometries, with special regard to
the inlet cone shape. Although the simulation considers an inlet nose cone with smooth
surface, the inlet cone has eventually been assembled from conical segments, as seen in
Figure 4.3, for manufacturing simplification being accepted for industrial fans. The

edges appearing at the connection of the segments act as turbulence generators
refreshing the hub inlet boundary layer otherwise being thickened.
The rotor inlet axial velocity underpredicted by CFD leads to higher flow
incidence and blade load (lift) below midspan. Considering nearly unchanged freestream relative velocity w∞, the increased blade lift of an elemental cascade leads to
increased outlet swirl and ideal total pressure rise, according to the following classic
approximate relationship (Lakshminarayana, 1996, Clemen et al., 2004, Wallis, 1983),
assuming swirl-free inlet far upstream:
2 v̂
c
CL ≈ u2
s
ŵ∞

(4.2)
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Black dots: measurements, lines: CFD
Fig. 4.26. Measured and computed flow details for FSK

Just the opposite tendency, i.e. decreased incidence, lift, outlet swirl and ideal
total pressure rise is expected above midspan where the rotor inlet axial velocity is
overpredicted in comparison with the measurements. The trends explained above
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appear in the ψ̂ id 2 plots where the computed data are higher and lower than the
measurement-based ones below and above midspan, respectively. The “theoretical”

ψ̂ id 2 distributions specified in Figure 4.26, calculated from 20 to 80 percent span using
the model described in Appendix D, correlate fairly well with the CFD- as well as with
the measurement-based ψ̂ id 2 diagrams. This confirms the physical relevance and
consistency of both the measured and computed ϕˆ 1 ,ψˆ id 2 , and ϕ̂ 2 data sets.
Besides the above described incidence effect, another reason for the discrepancy
above midspan, especially near the tip, appears to be the limited capability of the
applied turbulence model. The ψ̂ id 2 simulation data obtained using the Baldwin-Lomax
algebraic turbulence model in (Clemen et al., 2004) and the standard k-ε model in
(Corsini and Rispoli, 2005) are also lower above midspan than the experimental results.
However, even with the presence of the incidence effect, the relative differences
between the computed and measured ψ̂ id 2 and ϕ̂ 2 data reported here do not exceed, up
to 90 percent span, the maximum differences valid for a representative forward-skewed
fan (AV30N fan, 30 deg FSK) studied in (Beiler, 1996, Beiler and Carolus, 1999)
involving standard k-ε modelling. It should be noted that the validity of the CFD
technique in (Beiler, 1996, Beiler and Carolus, 1999) has been accepted for widespread
investigation of CVD rotors with non-radial blade stacking.
All of the qualitative features judged to be essential for the validity of the CFD
tool on the basis of (Corsini and Rispoli, 2004, Corsini and Rispoli, 2005) – i.e. the
overturning (increased ψ̂ id 2 ) near the rotating hub; the spanwise increase of ideal total
pressure rise, fitting to the CVD concept (Vad and Bencze, 1998); the peak in ψ̂ id 2 near
the blade tip due to the presence of high-loss fluid; and the decrease of swirl near the
casing due to the underturning effect of the stationary casing wall and the leakage flow
– are resolved by the computation.
The validity of the CFD method enables the representation of the following
trends observed in the measured ϕ̂ 2 data: axial velocity reduction near the blade root
due to the hub boundary layer; increasing axial velocity along the dominant part of
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span, due to the CVD concept (Vad and Bencze, 1998); and velocity defect near the
casing, due to the presence of high-loss fluid as well as the casing boundary layer and
leakage flow. The ϕ̂ 2 values below midspan and the predicted location and value of
maximum axial velocity are in fair agreement with the experiments. The computed
velocity defect is overestimated at the highest radii, and the related blockage effect
results in overpredicted velocity farther from the casing, as demonstrated in Figure
4.27. Such features, observed in other validation processes (Beiler, 19967, Beiler and

Carolus, 1999, Clemen et al., 2004, Corsini and Rispoli, 2005) as well, are dedicated
mainly to the limitations of the applied turbulence models (see earlier). It must also be
noted that increased blockage and even a reverse flow region may be expected near the
casing for the tip clearance size range being representative for the rotors studied herein
(Inoue and Fukuhara, 1986). However, the applied CTA technique is unable to resolve
such reverse flow.

Fig. 4.27. Flow visualization of ϕ values for FSK
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● Pitchwise-Averaged Data: “Pressure Peak” Point

The discrepancies between measurement and computation due to the incidence
effects established for the “Design” point can also be observed, although they are less
evident, for the “Pressure peak” point (reduction of computed ϕ̂1 and increase of ψ̂ id 2
below midspan; and the opposite trend above midspan up to 0.7 σ). The measured ψ̂ id 2
data show a drastic increase toward the casing above 0.7 σ due to the increased offdesign blade load and the presence of high-loss fluid. This trend is captured well by the
computation. Moving from midspan toward the casing, the computed ψˆ id 2 data are at
first underpredicted and then farther out overestimated, following the trend obtained in
(Corsini and Rispoli, 2004, Corsini and Rispoli, 2005) even with the use of a nonisotropic k-ε model. The relative decrease of ψ̂ id 2 near the casing is much smaller than
at the design point. This suggests the capability of the model to account for the tipleakage phenomena reproducing the attenuation of the leakage-driven underturning
effect, being cited in (Corsini and Rispoli, 2004, Corsini and Rispoli, 2005) as a feature
being important for the validity of the numerical solution.
The ϕ̂ 2 plots show a significant overprediction of the axial velocity defect near
the casing, and the resultant blockage causes overpredicted axial velocity over the
dominant portion of the span. This is again dedicated to the limited capability of the
turbulence model. Similar underestimation of axial velocity, although less drastic, was
experienced also in (Corsini and Rispoli, 2005) when the standard k-ε model was used.
Isotropic turbulence models are widely applied to turbomachinery flows (Gallimore et
al., 2002, Beiler, 1996, Rohkamm et al., 2003, Clemen et al., 2004, Jang et al., 2006,
Benini and Biollo, 2006), due to their relative simplicity. The non-isotropic k-ε model
reported and validated in (Corsini and Rispoli, 2004 ,Corsini and Rispoli, 2005), but
presently not implemented in the applied CFD package, offers a potential for model
improvement at both design and off-design operating conditions.
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● Global Performance; Comparison of Computed FSK and USK Performance
Curves

The measured and computed characteristic and efficiency curves are shown in
Figure 4.28.
ΨM FSK /ΨD M FSK
ΨCFD USK /ΨD M FSK
ΨCFD FSK /ΨD M FSK

Φ /ΦD

η*M FSK /η*M D FSK
η CFD USK /ηCFD D FSK
ηCFD FSK /ηCFD D FSK

Φ /ΦD

Fig. 4.28. Measured and computed global performance curves

ΨCFD has been calculated on the basis of the difference between the computed
mass-averaged static pressures at the rotor outlet and inlet CTA measurement locations
in the annulus. The total pressure and flow coefficient data are normalized by the
83

corresponding values of the measured FSK design point (ΨD M FSK = 0.27, ΦD = 0.33).

ηCFD was calculated as the product of computed global total pressure rise and volume
flow rate data divided by the computed shaft power input. The efficiency data have
been normalized by appropriate reference values taken at the design flow rate.
The [ΦD, ΨD M FSK] design point and the slope of the Ψ M FSK (Φ) curve near the
design flow rate are fairly well captured by the simulation. The measured and computed
trends of efficiency variance from the design point toward moderately lower flow rates
are also in fair agreement. Although the overall shapes of the computed performance
curves represent the measured trends, the drop of total pressure rise and efficiency due
to throttling are overpredicted by the simulation below Φ/ΦD = 0.9. Such discrepancy
indicates the overestimation of losses, mainly dedicated to the overprediction of neartip stalled zone due to the limitation of the applied turbulence model, as was pointed
out discussing the ϕ̂ 2 plots for the “Pressure peak” point.
Figure 4.28 offers a comparison between the performance curves computed for

USK and FSK. Despite the limited capability of the applied turbulence model, the
computed Ψ (Φ) curves represent the following well-known qualitative features
dedicated to forward sweep/skew: i) If no blade correction is applied for retaining the
original Euler work, Ψ is reduced near the design flow rate (Meixner, 1995, Beiler,
1996, Beiler and Carolus, 1999, Vad et al., 2006a, Vad et al., 2004), ii) The total
pressure peak is shifted toward lower flow rates and iii) Ψ is improved at flow rates
considerably lower than the stall margin of the rotor with radially stacked blades
(Corsini and Rispoli, 2004, Yamaguchi, 1991, Clemen et al., 2004). The computed η
(Φ) plots show that the deterioration of total efficiency is less drastic for FSK when
throttling from the design flow rate.
The total efficiency computed for FSK at the design point falls below the value
for USK. This observation, fitting to former experiences in (Meixner, 1995, Rohkamm
et al., 2003, Clemen et al., 2004, Vad et al., 2006a), is the aspect provoking the
discussion in the following section.
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4.6 COMPARATIVE FLOW SURVEY OF USK AND FSK ROTORS AT
DESIGN FLOW RATE

The validation analyses indicated the applicability of the presented CFD
technique for the qualitative comparison between USK and FSK at the design flow rate,
which is the aim of this section.
4.6.1 PITCHWISE AVERAGED DATA
Figure 4.29 presents the spanwise distribution of pitchwise averaged values for

the dimensionless rotor inlet and outlet axial velocities as well as radial velocity, ideal
total pressure rise, and total pressure loss coefficient at the outlet. The inlet (“1”) and
outlet (“2”) planes have the axial position of -20.0 and 113.0 percent midspan axial
chord, respectively, where the zero axial position indicates the LE at midspan.
As the figure suggests, the applied blade skew has an influence on the rotor inlet
flow field: the inlet axial velocity for FSK is increased near the tip and is reduced at
lower radii, as was observed for FSK rotors also in (Meixner, 1995). The outlet axial
velocity is increased below midspan for FSK. The difference in radial rearrangement of
fluid for USK and FSK, i.e. radially inward dominant flow for FSK, as in (Meixner,
1995, Beiler, 1996), is visible on the outlet radial velocity plots. As the ideal total
pressure rise an axial velocity plots show, FSK performs increased and decreased Euler
work compared to USK below and above midspan, respectively. Such trend appears in
(Beiler, 1996) as well (AV30N fan). The Euler work at the tip is reduced due to nonradial blade stacking, as was observed in (Clemen et al., 2004).
Figure 4.29 presents also the ψˆ id 2 D and ϕˆ 2 D distributions that were determined

as outlined in Appendix D. These distributions indicate the increase of ψˆ id 2 D and ϕˆ 2 D
along the span due to the CVD concept. They served as a basis for the preliminary
design of the rotor blade sections farther from the annulus walls. Considering the nonuniformity of CFD-predicted axial rotor inlet condition, which differs from that used in
the design concept, the agreement between the design and USK distributions is fair
farther from the endwalls. However, increased discrepancy can be observed between
the design and FSK distributions.
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Fig. 4.29. Pitchwise-averaged data. White dots: USK, black dots: FSK (continued)
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Fig. 4.29. Pitchwise-averaged data. White dots: USK, black dots: FSK (concluded)

Although the total pressure loss is reduced near the tip, it is increased over the
dominant part of span due to skew. The same tendency was reported in (Clemen et al.,
2004) for a rotor with forward sweep at the tip.
The above tendencies will be explained in the following section, by means of
analysis of the detailed flow field. Rotor inlet and outlet flow maps will be presented.
Furthermore, the flow field will be surveyed at 20 and 90 percent span, being two
representative locations where significant differences occur in the fluid mechanical
behaviour of USK and FSK, as partially shown in Figure 4.29.
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4.6.2 FLOW DETAILS
Figure 4.30 presents the maps of ideal total pressure rise, axial and radial

velocities, and total pressure loss coefficient at the rotor outlet. The regions
downstream of the SS and PS, separated by the blade wake zone, are indicated by
appropriate labels. These data reflects the trends seen in Figure 4.30. For USK,
spanwise increase of ψid2 dominates along the span, according to the CVD concept
based on Eq. (4.1). The spanwise gradient of Euler work and blade circulation results in
increasing axial velocity along the dominant part of the span, according to the physical
concept described in Appendix D, and in vortices shed from the TE. The TE shed
vorticity induces radially inward and outward flow on the PS and SS, respectively, as
observed also in (Gallimore et al., 2002, Corsini and Rispoli, 2004, Corsini and
Rispoli, 2005).

Circumferential forward skew causes substantial changes in the 3D blade
passage flow structure. The spanwise gradient of ψid2 is reduced for FSK, for reasons
explained later. This trend was observed also in (Meixner , 1995, Beiler, 1996). Based
on the physical principle expressed by Eq. (D5) in Appendix D, the moderation of
spanwise ψid2 gradient causes the moderation of spanwise variance of ϕ2. The
“theoretical” ϕ̂ 2 plots in Figure 4.29, composed as described in Appendix D, and
correlating fairly well with the CFD data, justify this physical trend. The reduction of
d ϕ̂ 2 /dR corresponds to an increase and a decrease of ϕ2 below and above midspan,
respectively, as was found also in (Meixner, 1995, Beiler, 1996, Beiler and Carolus,
1999, Yamaguchi et al., 1991). According to continuity, this yields the dominance of
inward flow in terms of pitchwise averaged radial velocity (negative ϕ̂ r 2 values for
FSK in Figure 4.29, corresponding to the amplification and the attenuation of radially
inward and outward flow on the PS and SS, respectively. The moderation of dψ̂ id 2 /dR ,
i.e. reduction of spanwise blade circulation gradient, results in the attenuation of TE
shed vorticity (Vad and Bencze, 1998, Lakshminarayana, 1996) for FSK, also
contributing to the moderation of radial outward flow on the SS.
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Fig. 4.30. Outlet flow maps. Left column: USK, right column: FSK
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The mechanism by which forward skew attenuates the SS radial outward flow is
demonstrated in Figure 4.31. Due to forward skew, the isobars in the decelerating
region are inclined “more forward” for FSK than for USK. Therefore, the local radial
outward flow is moderated, the flow is guided “more inward” for FSK on the SS. Such
radial flow controlling effect has been described qualitatively in (Yamaguchi et al.,
1991).

Fig. 4.31. Distribution of static pressure coefficient Cp on the SS
Left: USK, right: FSK

Figure 4.30 indicates increased loss on the SS of FSK along the entire span. The

loss is higher also on the PS, having a loss zone thickening toward the hub where a loss
core can be observed. The thickened blade wakes of the skewed rotors in (Meixner,
1995) also suggest this trend.
The moderation of dψ̂ id 2 /dR detected for FSK is explained as follows. Figure
4.32 shows the axial velocity and ideal total pressure rise maps at the rotor inlet.
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Fig. 4.32. Inlet flow maps. Left column: USK, right column: FSK

The upstream regions where the forward effect of SS and PS phenomena can be
detected are indicated by appropriate labels. A zone of pronounced suction effect can
be observed upstream of the SS of the near-tip region of FSK, indicated by increased
axial velocity and counter-swirl compared to USK. Upstream of the PS of FSK, locally
reduced axial velocity and increased swirl appear, compared to USK. The generally
increased depression and overpressure on the near-tip, near-LE part of FSK SS and PS,
respectively, related to the above observations, can be detected in the static pressure
plots in Figure 4.33.
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Fig. 4.33. Flow characteristics at 90 percent span (continued)
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Fig. 4.33. Flow characteristics at 90 percent span (concluded)

Pitchwise-averaging points out that the Euler work and ϕ̂1 (see Figure 4.29) are
higher for FSK near the tip at the rotor inlet. This is suggested also by the generally
increased ψid and ϕ data near the FSK LE in Figure 4.33. The reason for the above
mentioned is that the near-tip part of the forward-skewed blade protrudes into the
upstream relative flow field, and carries out work in advance compared to the blade
sections at lower radii. According to the conservation of mass at the prescribed design
flow rate, increase of inlet axial velocity near the tip results in the reduction of inlet
axial velocity at lower radii of FSK, as was already indicated in Figure 4.29. The
reduced axial velocity results in increased flow incidence angle, manifesting itself in
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increased lift, i.e. increased depression and overpressure on the SS and PS, respectively.
This is illustrated in the static pressure plots of Figure 4.34. As Eq. (4.2) suggests, the
higher lift being valid for FSK at lower radii potentially leads to increased Euler work
and blade section performance. Indeed, as Figure 4.34 indicates, FSK performs higher
ideal total pressure rise and axial velocity at lower radii, compared to USK, as was
suggested already by Figure 4.29.
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Fig. 4.34. Flow characteristics at 20 percent span (continued)
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Fig. 4.34. Flow characteristics at 20 percent span (concluded)
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As Figures 4.30 and 4.34 suggest, blade sections away from the tip also have
increased loss on the SS. This is mainly due to the increased flow incidence angle and
the resultant higher adverse pressure gradient. The increase of losses farther from the
endwalls in a rotor of forward-swept tip was also dedicated in (Clemen et al., 2004) to
the unfavourable conditions in the SS boundary layer.
The radial velocity and loss distributions in Figure 4.33 indicate that a
significant portion of fluid with high loss generated near the tip migrates radially
inward. The increased loss on the PS of FSK, visible in Figures 4.30 and 4.34, is
probably due to the intensified inward migration and near-hub accumulation of such
high-loss fluid.

4.7 SUMMARY AND CONCLUSIONS

Having studied the flow details in (Meixner, 1995), the efficiency deterioration
for FSK rotors in (Meixner, 1995) is dedicated to the described load and loss modifying
effects. Nevertheless, unchanged efficiency was reported in (Beiler, 1996, Beiler and
Carolus, 1999), and efficiency improvement can also be observed due to FSK for
further rotors in (Meixner, 1995). This suggests that the modification of load and loss
due to FSK as well as their balance are dependent on the individual features of the USK
blade geometry and the flow conditions (for (Beiler, 1996, Beiler and Carolus, 1999)).
Furthermore, avoiding the stacking line blend point and negative tip dihedral, as in
(Corsini and Rispoli, 2004, Yamaguchi et al., 1991), offer a potential for efficiency
improvement. Tailoring of optimum blade geometry for efficiency gain necessitates the
full consideration of 3D flow and geometrical features. Since ad hoc, trial-and-error
blade design techniques provide diversified results, the systematic optimisation is to be
carried out with use of CFD-based turbomachinery design systems, e.g. (Jang et al.,
2006).
Comparative CFD studies have been carried out on USK and FSK rotors at the
design flow rate, without geometrical correction of the elemental blade cascades of the
skewed blading.
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The studies on the flow field related to bladings with non-radial stacking focus
on the interblade and downstream flow phenomena (e. g. Yamaguchi et al., 1991;
Clemen et al., 2004). They usually report negligible effect of non-radial stacking on the
upstream flow field, as in Clemen et al., (2004), probably due to the too large distance
of the upstream investigation plane from the leading edge. The inlet flow field has been
investigated for USK and FSK. Sufficiently closely to the leading edges (20 % chord)
in the upstream flow field, the forward effect of skew has already been detected in the
studies presented herein. The studies indicated that the circumferentially forwardskewed blade tip carries out work on the incoming fluid in advance compared to the
blade sections at lower radii, due to its protrusion into the upstream relative flow field
and to the negative dihedral increasing the LE load. This results in increased and
decreased inlet axial velocities near the tip and at lower radii, respectively. The
decreased axial velocity at lower radii leads to increased incidence, lift, and blade
performance. Such uploading below midspan, coupled with unloading above midspan
due to sweep, reduces the spanwise gradient of Euler work.
Increased total pressure loss was found along the dominant portion of the span
of FSK. This was dedicated due to the off-design cascade conditions, i.e. increased flow
incidence and the related higher SS adverse pressure gradients, at lower radii. Due to
the reduced global ideal total pressure rise and increased losses, the global total
pressure rise and total efficiency of FSK are reduced compared to the unskewed rotor.
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CHAPTER 5
NEW SCIENTIFIC RESULTS

The new scientific results are summarized herein in the form of thesis points.
THESIS POINT 1

Related publications: [1][5]

In the low-aspect-ratio rotors of axial flow turbomachines having swept blades,
measurement-based evidence has been provided that the blade section lift
coefficient CL is an appropriate indicator of local blade load modification near
the endwalls due to sweep, at the design flow rate.
THESIS POINT 2

Related publications: [1][5]

At the design flow rate, the forward-swept rotor was found to perform reduced
efficiency along the entire span, especially near the tip, where, dedicated to
positive sweep, just the opposite tendency was expected. Taking this example, it
has been pointed out that in the aerodynamic evaluation of sweep, i.e. in
modification of performance and efficiency, the balance of modification of both
blade load and loss due to sweep is to be considered.
THESIS POINT 3

Related publications: [1][5]

The sweep-related qualitative trends in the Lieblein diffusion factor D and in CL
were detected to be similar at the design flow rate. D was found to be the lowest
along a large portion of the span for the forward-swept rotor, also exhibiting the
lowest lift-to-drag ratio and efficiency, as well as increased drag coefficient at
certain locations. On this basis, it has been concluded that D as a usual design
criterion for loss reduction is to be treated with criticism, if low-aspect ratio
blades with non-radial stacking are considered. The probable reason is that
three-dimensional flow effects are pronounced for such bladings, whereas the D
criterion is based on two-dimensional cascade measurements.

98

THESIS POINT 4

Related publications: [5]

At near-stall and stalled conditions, the CL data for the forward-swept rotor were
found to be higher than those for the unswept and back-swept rotors, along the
entire span. Therefore, CL has been qualified as an appropriate indicator of
enhanced blade loading capability, at part-load.
THESIS POINT 5

Related publications: [5]

The efficiency improving effect of forward sweep was detected along the entire
span at the lowest flow rates, including even the near-hub region featuring
negative sweep. The extension of load- and efficiency gaining effect of forward
sweep to the entire span can be attributed to the low aspect ratio, at the lowest
flow rates.
THESIS POINT 6

Related publications: [5]

The sweep-related qualitative trends in the Lieblein diffusion factor D and in CL
were detected to be similar within the entire operational range under
investigation.
THESIS POINT 7

Related publications: [6][7]

Comparative CFD studies have been carried out on circumferentially forwardskewed and unskewed rotors at the design flow rate. A qualitative model has
been established, contributing to the explanation of load-and loss-modifying
effects. It was observed that the near-tip part of the forward-skewed blade
protrudes into the upstream relative flow field, and carries out work in advance
compared to the blade sections at lower radii. This results in locally increased
inlet axial velocity near the tip. According to the conservation of mass at the
prescribed design flow rate, increase of inlet axial velocity near the tip results in
the reduction of inlet axial velocity at lower radii of the rotor.
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THESIS POINT 8

Related publications: [6][7]

In the near-field upstream of the rotor, the decreased inlet axial velocity at lower
radii was found to result in increased incidence, lift, and blade performance.
Such uploading below midspan, coupled with unloading due to sweep, modifies
the Euler work distribution of the rotor along the entire span, relative to the
unskewed datum rotor.
THESIS POINT 9

Related publications: [6][7]

The increased (off-design) incidence at lower radii was found to cause increased
adverse streamwise pressure gradient on the blade suction side, leading to
increased profile loss. As a consequence, increased total pressure loss was
observed along the dominant part of span of the forward-skewed rotor. The
efficiency and performance modification of a rotor, due to introduction of
forward skew, depends on the balance of the aforementioned load and loss
modifying effects.
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CHAPTER 6
PRACTICAL UTILISATION OF RESULTS, FUTURE WORK

The qualitative guidelines presented herein contribute to the departmental
experiences on design, analysis and operation of axial flow rotors. The practical
utilization is twofold:
The results give an aid for refinement of methodology applied in ad hoc design
as well as research and development (R&D) of axial flow industrial fans incorporating
sweep or skew, in order to improve the efficiency and to realize the prescribed design
point more accurately. The ad hoc design regards the preliminary design (first cut) of
blading geometry. The ad hoc R&D regards the trial-and-error improvement of blade
aerodynamics via iterative attempts incorporating various versions of blade geometry.
The results can contribute to the development of an algorithmized, automated,
computer-aided blade optimization methodology, such as in Lotfi et al. (2006). The
most significant parameters and the appropriate parameter ranges can be identified and
refined on the basis of qualitative guidelines.
The future continuation of activity reported in the present work is suggested,
since many aspects were either not possible to study or were not the aim of the doctoral
programme. Some suggestions for continuation are listed below.
• Further investigations should be carried out on further combinations of sweep
and dihedral.
• A real test rig instead of an ad hoc one is suggested for further work, equipped
with more precise instrumentation, and providing more definite geometrical
and other inputs for CFD. For example, increased discrepancy was observed
between the CFD and measured data for the FSK rotor near the hub. The
source of this discrepancy may be due to the edges appearing at the
connection of the segments of the real inlet rotor cone, acting as turbulence
generators and preventing the hub boundary layer to thicken intensely. Such
effect was not considered in CFD.
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• Incompressible flow has been assumed for all investigations. The expanding
for compressible flows may be the subject of future work.
• Overcoming the limitations of the applied k-epsilon turbulent model to predict
complex flows, more appropriate turbulence models could be implemented.
• Inclusion of guide vanes in the studies is suggested.
• Combined effects of controlled vortex design and non-radial stacking should
be investigated.
• The acoustic aspects of non-radial stacking, controlled vortex design, and their
combination should be investigated, by means of computational aeroacoustics as well as experimentation.
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APPENDIX A
Calculation of spanwise resolved data
This appendix contains a derivation of the blade section forces and the related
parameters:
According to the Euler equation of turbomachines, the total pressure rise for
inviscid flow – termed ideal total pressure rise – assuming swirl-free inlet flow is
∆pt id = ρ r ω vu2

(A1)

Incompressible flow is considered with swirl-free inlet. Cylindrical stream tubes
are assumed through the rotor, as a compromise making possible a simple analytical
treatment when obtaining load, loss, and efficiency indicators; and also connecting the
analysis to the two-dimensional cascade theory used in design (Lieblein, 1965). 3D
loss-generating effects, e.g. a 3D separation bubble leading to reduced local lift and
increased local drag, manifest themselves in the local values of CL and CD in the
validation process. Fig. 3.3 shows an elemental stream tube of radius r and radial
extension dr. Fig. A1 presents a blade section of the elemental rotor cascade of radius r
and radial extension dr enclosed in this stream tube.
To be consistent with the assumption of cylindrical stream tubes for
incompressible flow, the continuity law yields that a constant axial velocity must be
assumed through the rotor at a given radius. Adopting the methodology applied in
arbitrary vortex design in which the inlet and outlet axial velocity profiles are different
(Wallis, 1983), this hypothetic axial velocity vx12 is calculated at each radius as the
mean value of the inlet and outlet axial velocities, vx12 = (vx1 + vx2)/2, and this mean
value is used for computation of further flow characteristics. The utilisation of such
axial mean velocity in the cascade analysis is also suggested in (Lakshminarayana,
1996) if the inlet and outlet axial velocities are different.
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Fig. A1. Blade section dynamics (δ exaggerated)

The inlet, outlet and free-stream relative velocities and flow angles are
approximated as follows:
w1 = v x212 + (r ω )

2

w2 = v x212 + (r ω − vu 2 )

2

β 1 = arc sin (v x12 w1 )

w∞ = v x2 12 + [r ω − (vu 2 2 )] (A2)

β 2 = arc sin (v x12 w2 ) β ∞ = arc sin (v x12 w∞ )

2

(A3.a)

The relative velocity used the LDV-measurement is approached as
w = v x2 + (r ω − vu )

2

(A3.b)
H

In Eq. (A3.b) the LDV-measured local vx and vu data are considered not pitchaveraged values. w is non-dimensionalised by the (spanwise constant) design inlet axial
velocity.
The definition of lift and drag coefficients is the following:
CL =

dFL
dFD
, CD =
2
c dr ρ w∞ 2
c dr ρ w∞2 2

(A4)

Where dF is the force acting on the elemental blade section, and the indices L and D
denote lift and drag forces (elemental force components acting normal to and parallel to
the free-stream relative velocity), respectively.
Applying the angular momentum equation to the elemental stream tube in Fig.
3.3 reads as follows, neglecting the effect of tangential viscous forces on the cylindrical
stream surfaces:
dM = ρ vu2 vx12 2 π r2 dr

(A5)

Where dM is the shaft torque acting on the elemental rotor enclosed in the stream tube.
This torque can also be expressed as follows, according to Fig. A1:
dM = rN

ρ w∞2
2

c dr CL

sin (β ∞ + δ )
cos δ

(A6)

Where the characteristic angle δ is

δ = arc tan (1 LDR )

(A7)

The lift-to-drag ratio defined as:
LDR = C L C D

(A8)

Applying the linear momentum equation to the control volume indicated in Fig.
A1 (bounded by Planes “1” and ”2” as well as by relative streamlines repeated
periodically after one blade pitch, and having radial extension dr), the w∞ -wise
component equation reads

[− w1 cos(β ∞ − β1 ) + w2 cos(β 2 − β ∞ )]vx12 ρ s dr =
= ( p1 − p2 )s dr sin β ∞ − ρ

w∞2
c dr CD
2

(A9)

I

The real total pressure rise is approached as
⎛

v2

v2 ⎞

v2 ⎞ ⎛

∆p t = ⎜⎜ p 2 + ρ x12 + ρ u 2 ⎟⎟ − ⎜⎜ p1 + ρ x12 ⎟⎟
2
2 ⎠ ⎝
2 ⎠
⎝

(A10)

The total efficiency is defined as

η=

2 r π dr v x12 ∆p t
dM ω

(A11)

The combination of Eqs. (4) to (11), with substitution of Eqs. (A1) to (A11), and
applying non-dimensionalisation, leads to the following approximate formulae:

η=

ψ
ψ id

LDR =

(A12)
1 − X cos β ∞
X sin β ∞

(A13)

Where
⎛ ψ id
R ⎞
⎟
X = cos β ∞ + sin β ∞ ⎜⎜
−η
ϕ12 ⎟⎠
⎝ 4 R ϕ12

CL =

ψ idϕ12

R(w∞ uref )

2

(A13a)

cos δ
(c s ) sin (β ∞ + δ )

(A14)

Using Eqs. A(8), (A9) and (A12) to (A12), the local efficiency, and lift and drag
coefficients have been approximated from the experimental data.
The Lieblein diffusion factor D is defined as follows (Lieblein, 1965):
⎛ sin β1 ⎞ sinβ1
⎟⎟ +
(1 tan β1 − 1 tan β 2 )
D = ⎜⎜1 −
(
)
c
s
β
sin
2
2 ⎠
⎝

(A15)

And the lift coefficient ratio according to the sweep bladding is defined as
LCR =

C L BSW
C LUSW

or LCR =

C L FSW
C L USW

(A16)

The turbulent kinetic energy is approximated as follows:
2
2
[
RMS (v~x )] + [RMS (v~u )]
2
2
~
~
[RMS (vx )] + [RMS (vu )] +
2
k=
=
2
3
[ RMS ( v~x ) ] 2 + [RMS ( v~u )] 2
=
4

{

}

J

(A17)

APPENDIX B
Experimental uncertainty for swept/unswept rotors
Uncertainty analysis: In order to control the temperature-dependent effects, the

water temperature has been measured, and its experimental uncertainty was considered
in the error propagation analysis. The uncertainty of the experimentally determined
quantities was estimated as follows (Kuhn, 2000), based on the traditional guidelines in
a number of standards discussing fluid flow measurements. If a quantity y under
consideration has been derived as the function y = f(a1,…,ai,…,aq) of variables ai of
absolute uncertainty ±Ui , the absolute uncertainty of y was estimated as
⎞
⎛ ∂f
U y = ± ∑ ⎜⎜
U i ⎟⎟
i =1 ⎝ ∂ai
⎠
i =q

2

(B1)

Maximum absolute uncertainty Uy, being representative for the entire
measurement range in a pessimistic approach, was calculated for each experimentbased quantity used in obtainment of the dimensionless quantities presented later. The
results, related to 95 percent confidence level, are specified in the left-hand side column
of Table B1. These values were used in the pessimistic calculation of uncertainty of the
dimensionless characteristics documented in the work. Such calculation was based on
Eq. (1), processing the definitive formulae of the characteristics, giving the results
presented in the right-hand side column of Table B1. The following comparative
diagrams are to be evaluated with consideration of the uncertainty data.
All experimental results are uncertain to some degree. Even the operation of the
LDV was operated properly; it still produces signals with uncertainties like any
instrument does. Here are a number of cases:
B.1 Volume flow rate. The temperature dependence of water density and

kinematic viscosity has been considered on the basis of literature data. The Venturi
meter was calibrated at constant water temperature for the entire operational flow rate
range in order to establish the Reynolds number dependence of the metering factor.
Each differential pressure transducer involved in the experiments presented herein was
also calibrated. The following main uncertainty sources were identified and quantified:
K

uncertainties of i) water density and ii) the metering factor, due to temperature changes,
iii) uncertainty of the pressure difference measurement.
B.2 Mass-averaged total pressure rise in the annulus. This quantity was

computed by mass-weighting of the ∆pt results of STPP for Plane “2” (Fig. 3.3) in the
annulus on the basis of LDV-measured vx data. The related uncertainty was dedicated to
the following main effects: uncertainties of i) the pressure measurement using the
STPP, ii) the vx velocity used in mass-weighting, iii) numerical integration over the
annulus cross-section.
B.3 Unit shaft input power. This quantity was computed as the product of

measured shaft torque and rotor angular speed. The uncertainty was considered to be
due to i) uncertainty of the pressure measurement related to the torque determination,
ii) Coulomb friction of the balance mechanism, iii) uncertainty of the rotary encoder.
B.4 Local flow data. The uncertainty of ∆pt was dedicated to the uncertainty of

the pressure transducer connected to the STPP. The uncertainty of vx and vu was
estimated on the basis of the data acquisition process and documentation of the applied
LDV technique.
Table B1 Experimental uncertainty for swept rotors
Quantity

Quantity

U

m3/s

U

Φ / Φd ± 3⋅10-3

Q

± 4⋅10-4

∆p t

± 700

Pa

Ψ

± 5⋅10-3

P

± 90

W

η*

± 1⋅10-2

∆pt

± 300

Pa

ϕ

± 3⋅10-3

m/s

ψid

± 3⋅10-3

ψ

± 3⋅10-3

CL

± 1⋅10-2

D

± 2⋅10-2

CD

± 3⋅10-2

η

± 7⋅10-3

vx , vu ± 4⋅10-2

ρ

3
± 2⋅10-2 kg/m

N

± 4⋅10-2

1/s

L

APPENDIX C
EXPERIMENTS FOR THE SKEWED ROTOR

The open-type low-speed wind tunnel facility incorporating the FSK rotor is
operated at the Hungarian Institute of Agricultural Engineering.
The measuring methods for each parameter are specified in this section. The
volume flow rate was measured using the inlet bellmouth as an inlet cone (ISO 52211984 (E) 1984), calibrated on the basis of detailed velocity measurements made in the
test section. The total pressure rise was considered as the difference of static pressures
measured downstream of the OGV and upstream of the rotor in the annulus of constant
cross-section (equal upstream and downstream dynamic pressures were assumed in the
annulus). The differential pressures playing a role in the flow rate and total pressure rise
measurements were determined using Betz liquid micromanometers. The rotor speed
was checked by means of a laser stroboscope.
Since the test rig is not a turbomachinery test facility, it has not been equipped
with shaft torque and rotor speed meters for efficiency measurements. Instead, the
overall efficiency η* was established as a ratio between the product of volume flow
rate and total pressure rise and electric power input to the frequency converter,
measured by a clamp meter. η* inevitably includes the losses of the speed control unit,
the electric motor, the belt drive, and the bearings.
vx1 as well as vx2 and vu2 were measured along the radial span having an axial
position of -74.5 and 126.6 percent midspan axial chord, respectively, where the zero
axial position indicates the leading edge (LE) at midspan. The radial traverses were
carried out from 0.025 S to 0.975 S, with resolution of 0.025 S. Considering the cut-off
frequency of the CTA equipment, determined from a square wave test (Jørgensen,
2002), data was acquired for further processing at 10 kHz. Since N = 12 and n = 416
RPM, this sampling rate provides 120 measurement readings per blade passage at each
radius along the circumference. The measurements were taken at each radial position
for a duration of 15s, covering the progress of each blade passage 104 times. For the
CTA-based data presented herein, the velocity distributions representing the individual
blade passages have been circumferentially averaged.
M

Table C1 summarizes the pessimistically estimated relative standard uncertainty

of the measurement-based quantities presented in the work, at 95 % confidence level,
listing the most significant uncertainty sources. The uncertainty analysis has been
carried out using the “root sum square” method, following the methodology in (Vad et
al., 2006a, Jørgensen, 2002). Any sub-value of U in the table is not necessarily the error
due to the related uncertainty source in itself but the uncertainty propagating due to this
error (e.g. the U sub-value specified for the differential pressure measurement for Φ/ΦD
is not the measurement uncertainty of the manometer in itself). The overall
uncertainties of the quantities presented herein are taken as the square root of sum of
squares of U sub-values.
Table C1 Experimental uncertainty for the skewed rotor
Quantity
Φ/ΦD

Source of uncertainty
Uncertainty of inlet cone calibration
Variation of operating state
Uncertainty of differential pressure measurement

Φ/ΦD
Ψ/ ΨD

Overall
Variation of operating state
Uncertainty of differential pressure measurement

Ψ/ ΨD
η*/η*D

Overall
Uncertainty of volume flow rate
Uncertainty of total pressure rise
Uncertainty of electric power measurement

η*/η*D
σ
ϕˆ 1 ,ϕˆ 2 ,ψˆ id

Overall
Uncertainty of measurement of endwall relative position
Uncertainty of adjusted volume flow rate
Angular misalignment
Temperature and pressure variation
Uncertainty of velocity calibration
Linearization error; voltage signal processing and A/D board resolution limits

ϕˆ 1 ,ϕˆ 2 ,ψˆ id

Overall

U[%]
± 1.5
± 1.0
± 0.5
± 2.0
± 1.0
± 0.5
± 1.2
± 2.0
± 1.2
± 1.0
± 2.5
± 0.5
± 2.0

± 2.0
± 1.4
± 1.4
± 0.7
± 3.5

The limited measured operational range, the sparseness of data and their
variance are due to the ad hoc measuring technique. Furthermore, they were carried out
in an industrial environment where the unsteady environmental conditions caused
variance in the air pressure and temperature as well as in the fan operating state.
N

APPENDIX D
CALCULATION

OF

APPROXIMATE

THEORETICAL

SPANWISE

DISTRIBUTIONS OF FLOW CHARACTERISTICS

Pitchwise averaged quantities are considered herein. The superscript ^ has been
omitted for simplicity.
At a given radius, the total pressure rise realised by the rotor is
⎛

∆pt = η ∆pt id = pt 2 − pt1 = ⎜⎜ p 2 + ρ
⎝

v22 ⎞ ⎛
v2 ⎞
⎟⎟ − ⎜⎜ p1 + ρ 1 ⎟⎟
2⎠ ⎝
2⎠

(D1)

The following simplifying assumptions are taken:
The flow is incompressible, i.e. ρ = constant.

•

Although the local total efficiency in Eq. (D1) varies along the span, it is
assumed to be constant farther from the endwalls at the design flow rate, on the basis of
measurement data in (Vad, et al. 2006a)
•

The inlet swirl is neglected, i.e. vu1 = 0, and the streamlines are parallel
upstream of the rotor, i.e. the normal component of Euler equation in the
natural coordinate system reads p1 (r) = constant.
The radial velocity components are neglected, i.e. v12=vx12, and

•

v22=vx22+vu22.
Taking the radial derivative of Eq. (D1), and applying the above simplifications,
reads

η

d (∆pt id )
dr

=

dv
dv
dv
dp2
+ ρ v x 2 x 2 + ρ vu 2 u 2 − ρ v x1 x1
dr
dr
dr
dr

(D2)

The Euler equation of turbomachines for swirl-free inlet is as follows:

∆pt id = ρ u vu 2

(D3)

According to the Euler equation, dp2/dr is expressed as (Vad et al., 2006)

v2
dp 2
= ρ u2
dr
r

(D4)
O

Substituting Eqs. (D3) and (D4) to Eq. (D2), rearranging, and putting into a
dimensionless form reads

dψ id 2 ⎛ ψ id 2 ⎞ ⎛ dϕ 2
dϕ ⎞
− ϕ1 1 ⎟
⎜η − 2 ⎟ = 2⎜ ϕ 2
dR ⎝
dR
dR ⎠
2R ⎠ ⎝

(D5)

When determining the “theoretical” ψid2 (R) distributions in Figure 4.26, the measured
as well as the computed ϕ1 (R) and ϕ2 (R) distributions were approximated as linear
functions from 20 to 80 percent span, using the least squares method. This provided for
local approximate data of ϕ1, dϕ1/dR, ϕ2, and dϕ2/dR to be substituted into Eq. (D5).
The differential equation (D5) was solved for ψid2 (R) numerically for the spanwise
region of axial velocity linearization, retaining the computed ψid2 data at midspan as
boundary condition. For determination of the “theoretical” ϕ2 (R) distributions in
Figure 4.28, the ϕ1 (R) and ψid2 (R) distributions were linearised, and Eq. (D5) was

solved numerically, retaining the computed ϕ2 data at midspan as boundary condition. η
= 0.90 was set for each case as representative value, based on (Vad et al., 2006).
The ψid2D (R) and ϕ2D (R) distributions shown in Figure 4.28 were determined on the
basis of Eqs. (D1) and (D5), but assuming uniform axial inlet condition, applying
empirical corrections considering the spanwise change of efficiency and the blockage
due to the annulus wall boundary layers, and taking the prescribed ΦD and Ψ D data as
integral conditions.
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