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ABSTRACT the separate application of each one of the typical 3D design
One key issue in the advanced aerodynamic optimization of techniques.

turbomachinery involves the application of 3D blade design Results from both the experimental and computational
techniques. The complex shape of the resulting blades is often d@nvestigations are presented and discussed in the paper where a
combination of simple techniques suchsasep. Such a blade phenomenological approach has been preferred.

arrangement is often imposed to the designer by structural Measurements of the blade surface pressure distribution,
constrains, space reduction needs, diameter optimization orperformed at several blade heights, support the analysis of the
spanwise blade loading control. pressure field inside of the passage which is mainly based on
This work aims to study the aerodynamic effects produced on numerical results. In particular, the paper shows the influence of
turbine passages by blade sweep; with this term we refer to apressure contours shape on streamwise vorticity inside and
configuration where the flow mainstream direction and the downstream of the passage focusing the attention on secondary
blade stacking axis are not orthogonal. A linear cascade ofstructures. The downstream vorticity field is then discussed
turbine blades, obtained by stacking the same profile with a together with the loss distribution in the same region to provide
sweep angle of 20 degrees, was investigated in a blow downa more exhaustive description.

facility at an isentropic downstream Mach number of 0.65.

Standing the low aspect ratio of the cascade, the blade was built

by simply shifting in axial direction the 2D profile originally INTRODUCTION

used in the reference prismatic blade. Swept blades are quite common in nowadays
The choice to build the swept blade keeping the same 2D turbomachinery aerodynamics assessment. This part of the
section parallel to the incident flow was considered taking into blade design process is addressed to control the flow field
account the blade low aspect ratio. throughout blade rows in order to maximize the stage
Measurements were performed by means of blade surfaceperformances. A useful tool to reach this goal is given by the
pressure taps and five holes probe traversing downstream of theapplication of combined 3D techniques such as sweeping,
cascade; oil and dye flow visualizations were also performed to leaning, compound leaning (bowing) or twisting. Each of these
study the effects on the secondary vortices evolution inside of techniques influence the flow field in terms of blade loading
the passage. Moreover, a commercial CFD code was applied toand of outflow angle (D’lppolitet al [1]).

provide information on the flow field all along the passage. Nowadays the blade design is often the output of an
The same profile was already extensively investigated both by optimization process where the 3D shape results in a complex
measurements and CFD calculations [1, 2] in order to clarify combination of single techniques; since the designer is mainly
the effects of blade lean and bowing. This additional paper focused on the overall result, he is not always able to discern
gives a final contribution addressed to deeply understand thewhat is the role played by each one of these design tools.
aerodynamic effects produced on turbine cascade flow field by
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Therefore a physical interpretation to qualitatively explain downstream
blade lean effects on the flow field was already proposed by the ;iiﬁ?mn‘!
same research group [1] in order to compare two linear d

cascades mounting the same profile: the first one was composed /

by prismatic blades (the profile is stacked along an axis normal ]

to the endwall) while the second one is characterized by blades . s/,

whose profile is still normal to the endwalls, but stacked along a f.'\’:l'lf..'.]:t /| B
straight leaned axis. The same design methodology is focused in plane o il T

the present work on swept axis blades. 1

In technical literature it is possible to find different definitions < tailboard
of “sweep”: meridional and true one [3]. Concerning linear /)

cascades with parallel endwalls, this paper will refer to the 4 4}—;

meridional sweep as the angle between the blade stacking axis f
and the direction normal to the endwalls according to the sketch s,
reported in Figure 1.

Endwall
\ 0\ Figure 2 Test section

radial \

—— \ component normal to blade swept axis. Therefore the cited
taraais \\ paper co_nflrmed how, for a blade with high aspect ratio, the
\ right section to be considered for the aerodynamic design is the
\ one normal to the stacking axis.
\ Many works can be found in open literature and a helpful
reference is provided by Gallimoet al. [5] who showed how
the combined use of the sweep with the dihedral design can
increase the stage efficiency of compressor blade rows by
Figure 1 Definition of meridional sweep controlling the blade loading and therefore reducing regions of
inverse flow.
A classical application of swept blades can be found in the The paper presents the results of a work carried out at the
design of axial steam turbines of intermediate and especially Laboratorio di Fluidodinamica delle Macchine (LFM) of
low pressure stages. The large expansion through each stag@olitecnico di Milano: it represents the final step of a wide
causes a significant increase of specific volume, so aresearch plan focused on both the understanding and the
remarkable flare angle has to be applied to the tip casing.explanation of the flow field effects associated to various basic
Moreover, it has to be noticed that the streamlines of the actual3D design techniques.
approaching flow can be skewed with respect to the blade axis, = The aim of this paper is to provide a phenomenological
even if the profiles stacking line was designed to be approach that can help to indentify the role played by pressure
perpendicular to the inlet flow. gradients inside the passage and downstream the swept cascade
Massive application of 3D blade design takes place also in providing a qualitative tool to support designer activity. The
modern aero-engines where several constrains, such asffect of blade swept on secondary flows is easily explained and
minimizing CQ, emissions and emitted noise, lead to increase a simple model aiming to qualitatively predict the associated
the machine bypass ratio as more as possible. Therefore amodifications of secondary phenomena is also provided.
continuous growth of the difference between low pressure (LP)
and high pressure (HP) stage diameter induces a S-shape floiNOMENCLATURE
path in the meridional view. A main consequence is that high

Endwall

swept bladesie 40° + 60°) can be found in both turbine and B axial chord
compressor. C chord
Pullan discussed the effect of the sweep technique on theH blade height

blade loading at midspan for the case of a turbine \igte HP High Pressure
aspect ratio in [4]. Referring to a blade section enough far away LP Low Pressure
from endwalls and parallel to the incident flow direction, a LE Leading Edge
modified Zweifel’s loading coefficient was formulated: thus the M Mach Number
blade loading can be calculated by means of the velocity PS Pressure Side
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PV Passage Vortex

Re Reynolds number

S pitch

SS Suction Side

SV Shed Vortex

TE Trailing Edge

X,y axial and tangential coordinates

z coordinate perpendicular to endwalls

B blade metallic angle (from tangential direction)
0 secondary deviatior & y — )

] downstream outlet angle (from tangential direction)
0 lean angle (from z-direction)

A blade meridional sweep angle (from z-direction)
4 local kinetic loss coefficient

w flow vorticity

Subscripts

is isentropic

TE trailing edge

WK wake projection (on a x-constant plane)

SwW streamwise

Tip Wake trace

; econdaw plane trace
tip endwall
=
=
hub endwall secondary plane

Figure 3 Blade geometry and wake lean definition

EXPERIMENTAL EQUIPMENT

LIIIXIXL
W n
OO0
awoNo

gt 02

PRESSURE TAPS v

Figure 4 Blade static pressure measurements:
arrangement with pressure taps at z/H

Figure 3 shows a 3D view of the cascade evidencing that
the meridional sweep of the blade leads to a leaned trailing edge
according to:

6, = tan'(tanicosp) (1)

where andf are respectively the blade sweep angle and the
metallic angle of the 2D profile.

In order to obtain a satisfactory 3D periodicity condition, the
moveable tailboard located downstream of the cascade was
designed with a lean angle in accordance to Equation 1.

Table 1 Blade geometrical characteristics and fluid
dynamics parameters

Blade Chord C [mm] 60
Axial Chord B [mm] 43.3
Blade Height H [mm] 50
Pitch — Chord ratio S/C 0.8
Metallic Angles [deg] 15
Sweep Angled [deg] 20
Stagger Angley (fromy direction) 425
Design Reynolds number 0.88-10°
Design Mach number 0.65

Flow measurements were performed by traversing a five
hole probe with a head diameter of 1.8 mm on a plane located at

The paper presents the results of an experimental campaigrb0 percent of the axial chord downstream the cascade
performed on two linear cascades mounting the same 2D profile(*measuring plane” in Figures 2 and 6). The probe was
stacked along different linear axes: for prismatic blades the calibrated in the range25 deg andt 16 deg in yaw and pitch
stacking axis is perpendicular to the endwalls, while for angles respectively and for Mach number ranging from 0.2 up

meridional swept blades it bends of 20 degrées Figure 1).
Cascades were tested at the same flow incidence (i=0).

to 1.4. The estimated probe accuracy for static and total
pressure ist0.5% of the dynamic pressure, while for flow

The experimental investigation was performed in a blow- angle measurement #&0.2 degrees.

down facility located at the LFM. The transonic wind tunnel is

A prismatic 3 hole probe and a thermocouple were used for

fed by 6000 kg of air stocked at 20 MPa. The test section is 50 continuous monitoring of inlet total pressure and temperature.
mm high and 400 mm wide allowing to install 8 blades (Figure
2) which main geometrical parameters are reported in Table 1.
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o Flow Visualization
Bl ™ e Oil flow visualizations were performed by using a
wall-shearstress [Pal: 20 50 80 110 140 170 200 combination of oil, diesel and Ruthilium (TiO With such a
mixture it is possible to obtain a map of wall shear stress,
providing an accurate picture of the flow onto blades and
endwalls.

Visualization results are a useful reference to check CFD
code reliability in reproducing and correctly locating main flow
structures. An example of such a comparison is reported in
- ‘ , Figure 5 where a superimposition of test picture and calculated
- o\ > - wall shear stress map, reveals a remarkable accordance between
the two result sets.

Figure 5 Oil and dye surface flow visualization on blade
suction side and superimposition with computed wall shear

stress NUMERICAL TECHINIQUES

The numerical investigation was performed by means of a

In order to provide proper CFD inlet boundary conditions, commercial CFD code (Fluéht The closure of the RANS
a miniaturized total pressure probe was traversed in the system was set with adc-turbulence model in the Shear Stress
upstream boundary layer. Transport formulation.

The cascade central blade was instrumented with 40 The 2D mesh topology (Figure 6) adopted for this work is
pressure taps of 0.4 mm diameter (25 on suction side and 15 onthe same applied for previous investigation in [1] and [2] as
the pressure side) located along the original profile, which resulting from grid dimension sensitivity analysis. The overall
means on a section parallel to the endwalls. Since the effect ofdomain results to be splitted in subdomains meshed with H-type
the sweep extends along the blade height, the instrumentedyrid except for the one adjacent the blade where O-type grid
swept blade was built with a particular arrangement. It consists ywas used.
in piling up a certain number of blade slices as pictured in The 3D mesh is obtained by stacking the same 2D mesh
Figure 4, where a small gap between different slices was left in glong the blade axis and the overall size consists of 1.5 million
order to clarify the blade setup. Therefore, the radial location of hexahedral cells. The'yas kept below 1 onto the blade and
the instrumented section can be moved towards hub or tip bypelow 2 onto the endwalls.
adding or removing slices respectively: measurements were  |nlet and outlet boundaries were located respectively at
performed at five different spanwise positions: z/H=0.1, 0.3, x/B=-0.75 and x/B=2.2 to avoid boundary effects influence on
0.5,0.7,0.9. the flow field.

According to experimental measurements, a total pressure
profile along channel height and constant total temperature were
2k imposed at the inlet, while averaged static pressure value was
set for the outlet condition (Table 2).

X/B=1.5 { measuring plane )

Table 2 Boundary conditions

! Total Pressure (average) [Pa] 130000
Inlet Total Temperature [K] 300
nle
0.5 Turbulent Intensity [%] 3
Y B=0.2 Turbulent Viscosity Ratio [-] 0.1
0 Outlet Static Pressure (average) [Pa] 88200
RESULTS PRESENTATION
05 In the first part of this section the influence of the sweep
I angle on the blade loading will be discussed by considering

CFD results carried out on both blades for the design Mach
y number of 0.65.
The second part of the section is dedicated to the

Figure 6 2D mesh at midspan understanding of the flow field development through the linear
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cascade mainly making use of numerical data, thanks to the :
higher spatial resolution. The influence of sweep on seconda 5
structures dqwnstream _the cascade vyﬂl be d|scussed.prowd|r.1g 06 04 02 0 02 04 06 08 1 12 14 16
comprehensive analysis of the main phenomena influencir | %/B
turbomachinery aerodynamic design. Figure 9 ¢ ande’ along meidional directiot
) o midspan. It is possible to appreciate a good agreement between
Surface I sentropic Mach number distribution experimental and numerical data. The same figure also reports

_ Five planes have been analyzed (z/H=0.1, 0.3, 0.5, 0.7, 0.9)gyperimental isentropic Mach number distributions close to the
in order to investigate the effects of sweep on the surface gngwalls (z/H=0.1, 0.9) evidencing the same trend already
isentropic Mach number distribution aI(_)ng th_e blade_ height. gpserved in [3]. As well known, sweep technique application
The charts gre_plo_tted_ along the non dimensional axial chqrd alters the blade loading along the span. In particular, keeping
and every dlstrl_butlon is refer_red to the Corresponde_r_lt profile midspan section as a reference, the forward sweep in analysis
leading edge in order to improve plots readability and |eaqs to a more aft-loaded tip profile and a more front loaded
comparison; therefore all plots have been shifted to the samepp gne. The Mach number distribution differences along the

axis origin. _ span are not remarkable because of the low blade aspect ratio,
Figure 7 shows the comparison between measured andyg petter detailed in the following.

computed Mach number distributions along the axial chord at A comparison with CFD results was here restricted to mid

span section because their reliability close to the endwalls is
I critical as already shown by Potts [6].
==L Figure 8 shows the comparison of isentropic surface Mach
) number at midspan for the prismatic and the swept cascade. The
two charts are almost the same, confirming that for low aspect
ratio blades, the flow stream surfaces differ from the one
expected in the case of infinite blade length. Moreover, in this
case, the correct aero-design has to be based on a section
parallel to the endwalls. Therefore the idea that the profile
defining the actual loading is the one normal to the stacking axis
(Smith and Yeh [7]) results to be not realistic for a such low
aspect ratio blade .

0.6

MIS

04

0'2 7 "; .

' Flow Passage
T Y S T Y A detailed analysis of the general behaviour of the flow
x/B throughout the cascade is reported in this section.
The discussion will be based on CFD results and different
planes at various meridional positions were extracted to support
the subsequent analysis.

Figure 8 Profile Nt comparison between prismatic
and swept blades at midspan
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Figure 9 will be taken as reference for the following
physical analysis.

130000 Pa

a) Upstream flow

Frames in Figure 10 show the effects of the sweep on the
upstream flow field by considering CFD results. Frame
reports pressure contours on a plane located at x/B=-0.3, while
Frameb reports a sketch in order to clarify the sweep induced
pressure gradient upstream of the cascade.

The 3D shape of the blade clearly produces a pressure
gradient generated by the flow stagnation on the blade leading
edge. Pressure contours plots are reported in Figure 10(a)
together with the indication of the thrust acting on the flow
represented by means of white arrows. As sketched in Figure
x/B =-0.3 10(b), pressure contours lie on secondary planes enough far

(@) upstream, but they tend to align with blade axis while
approaching the blade leading edge.

AP o =200 Pa

TIP
Flow Upstream En d wa 11

(p stat < ptot)

b) Blade passage
In this section the effects of the pressure gradients

Tralling generated by the sweep in the blade channel are presented and
discussed in terms of:

- induced radial forces pushing the flow spanwisely and

along z-direction
- pressure contour maps
- loss and vorticity field downstream the cascade.
Figure 11a reports computed pressure contours onto blade

p+
Leading Edge
(p stat = ptot)

z  isopressure|lines\ p-
j—d

HUB Endwall suction side, while Figure 11b reports pressure contours onto
blade pressure side. The swept blade under analysis is
(b) characterized by a low aspect ratio, typical of middle and high

) pressure steam turbine; as a consequence, the effects of blade
Figure 10  Effect of a swept blade on the upstream flow  gyeep are as more emphasized as the aspect ratio increases, sc
field more significant boundary effects have to be expected with
It is interesting to start the flow field analysis by respect to blades with higher aspect ratio. In Figures 11a and
introducing the two coefficients defined in equations 2 and 3:  11b it is possible to observe how pressure contours are anyway
approximately aligned with swept blade axis in the midspan

v region. The difference from infinite blade is here due to the
¢(X)=\7Zf10# 2 pressure contours bending approaching the endwalls. The
% boundary effects now forces pressure contours to bend close to
¢.()A():% _Pu—P 3) the endwall assuming a direction almost perpendicular to hub
Xy Xur =X |, and tip surfaces in the front part of the blade. This effect

extends quite far from the endwall reducing the overall
influence of sweep design.

The first coefficient defines the ratio between the mass

averaged Z_Ve'ocity and Ve|ocity magnitude' while the second White arrows in FigureS 11a and 11b indicate the direction
one is the first one derivative. of the thrust on the flow close to leading and trailing edges,
Figure 9 reports the meridional trend@gnde’ from far typical phenomenon of any kind of swept blade. This action on

upstream to far downstream. The idea is to provide an overall the flow is in accordance to the coefficient trend showed in
description of 3D effects induced by the blade sweep through Figure 9. Moreover, the two grey arrows spanwisely oriented
the passage. The attention is focused on radial normalizedindicate the thrust on the flow close to the blade surfaces due to
velocity and acceleration, where the second is proportional to Sweep effects. This acceleration will influence the wake
radial forces. This approach was already applied for the leanVorticity at the trailing edge, because a mismatch in spanwise

technique in [1] where the coefficient was plotted and  Velocity takes place between the two blade sides. As a
discussed. consequence, the shear layer just downstream the blade trailing
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Figure 11 Surface pressure distribution of the suction
and the pressure sides

edge is enhanced by the sweep geometry, as it will be better  Figure 13 reports the pressure distribution on secondary
clarified in Figure 15. planes located at x/B=0.2 and x/B=0. 8 (x/B evaluated at
midspan section and corresponding respectively to the physical

Profile pressure distributions at different blade heights are extension of the passage, i.e. hub leading edge and tip trailing
reported in Figure 12, where again the sweep design influenceedge). Plane locations are chosen in order to make plane pass
on profile loading can be noticed. Tip section appears to be aft-for hub leading edge (x/B=0.2) and tip trailing edge (x/B=0.8).
and lower loaded, while hub is slightly more front loaded. The White arrows help to appreciate how the spanwise pitching of
spanwise pressure variation between hub and tip can bethe flow is controlled by the gradients in z-direction and for the
obtained from Figure 12 by the difference between the plane located at x/B = 0.8 a vertical red line evidences how
distribution at z/H = 0.9 and z/H = 0.1 evaluated by keeping pressure contour bending produces the thrust on the flow tip-to-
constant the x/B coordinates. It is important to observe that hub oriented. Finally, downstream of the trailing edge it takes
spanwise pressure difference between hub and tip is opposite ol =

g g - | g pressure [Pal]
pressure and suction sides. In particular: on the suction side the

130
spanwise pressure difference reaches about 2000 Pa at x/B : ! 133
0.8 and the related thrust on the flow is hub-to-tip oriented, B 116
while on pressure side the spanwise pressure difference reache 109
about 1800 Pa at x/B = 0.8 but now the related thrust on the - 102
flow is tip-to-hub oriented. This effect is in accordance to the 95
previous observation supported by grey arrows in Figure 11. 88 000

X1

1000 x/B=0.2
X
130 (@
ﬁl;: IS LI ELLEY
125 | %zt “"“"‘!!;;..
N ol pressure [Pa]
120 F "a.
I .'0. "
115 | S, .
= L) L
I oy,
o 110 | e "
e, B 2
o F s, "=
5 105 [ e,
3 r g
@ F
@ 100 F
o I
% F . zHo05
F . z/H 0.1
%0 F = 2ZH09 3
85 F x/B =0.8
E L L L 1 L L L L L L L 1 L L L 1 L L L J (b)
8 g 0.2 0.4 06 038 1

x/B Figure 13 Effect of a swept design on the main flow.

(a) View from upstream - Pressure contours on a plane

located at x/B=0.2. (b) View from downstream - Pressure
contours on a plane located at x/B=0.8

Figure 12Blade pressure distributiol
at different blade heights
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Prismatic Sweep

TIP
Endwall i s

Leading Edge

p+

Trailing
Edge

r.

L= Endwall

Figure 14 Effect of the sweep on the flow field
downstream the cascade

Figure 16 Experimental data: Effect of the sweep on the

T Sweep Effect generation of the downstream loss and vorticity fields on a
—- —7 plane at x/B=1.5 from midspan
f e/ fe + / Prismatic Sweep
) O/

N
PN

PS ss

Figure 15 Effects of the sweep design on vorticity
downstream

place the same physical scheme proposed upstream of theR
leading edge, as Figure 14 demonstrates. The thrust on the flow
changes its sign again pushing low flow energy fluid towards
the midspan region as it will be evidenced in subsequent
discussion.

Table 3 CFD Mass Averaged Yaw Angle

Figure 17 CFD: Effect of the sweep on the generation

¢ prismaic_[deg] 17.38 of the downstream loss and vorticity fields on a plane at a
@ swept  [deg] 18.50 fixed distance of 0.5 x/B from the blade trailing edge.
¢) Downstream flow produces spanwise directed flows close to blade surfaces in the

The discussion on the downstream flow field is supported
by the analysis summarized in Figure 15, that clarifies how
spanwise pressure gradients can influence the vorticity

generation downstream. the trailing edge these two opposite oriented flows get in

.The f|r_st_ frame repr_oducgs a view from _downstrearr_\ of a contact producing a shear layer as sketched in the second frame.
typical vorticity scheme in which passage vortices (blue circles) The overall result is a sort of superimposition of vorticity

and shed vortices (red circles) are evidenced. Positive magnitudes; in particular, in the hub region the two shed

streamywse vqrtlcny sign _in thes_e VIEWS corresponds. to vorticity are characterized by the same sign, then the overall
clockwise rotation sense. The application of sweep technique

trailing edge region, as previously observed in the analysis
summarized in Figure 11. By assuming a separation of the
effects (just for descriptive reasons), immediately downstream
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It is interesting to notice how, keeping both the profiles and
the inlet boundary layer unchanged, the sweep design reduces
the flow deflection (see Table 3), but meanwhile loss cores
values and extension are increased because of the stronger
mixing process taking place downstream of the trailing edge.

an

a0

7o

B0 —— Sweep angle RS
—a— Swweep Angle 15 . i X
5 —é—Sweep Angle 135 Wake inclination downstream the cascade
AU ["]40 —”—2W39*’i”9:egj: Figure 16 shows another consequence of sweep
—h— Swvee| ngle . .
_,(_Sweezmzleﬁas application: as for leaned blades, the blade wake trace on a
3 Lean conventional secondary plane (tangential-radial) results inclined

with respect to the radial direction. This can be very important
from the point of view of the turbine engineer, in order to

design the downstream stage. The simple geometrical relation
reported in Equation 4 can be used as a first approximation with

20

oD 20 30 40 50 B0 70 80 90 the aim to calculate the wake mean leaning angle downstream
By [°] of a swept blade. Equation 4 has been derived under the
Figure 18 Wake inclination by the use of lean hypothesis of constant exit angle along the span:
and sweep technique
. - . . . _ - tané, -
result is a vorticity strengthen. In the tip region the opposite G g =tan 1( TE sinﬂ)‘tan 1(“"”%&“[;) 4

feature takes place because the two vorticity have opposite sign.
Observations drawn until now are confirmed by L . . . .

experimental data reported in Figure 16 showing measurement In the simplified m_odel su_mmanzed n Equat_lon 4 the_ exit

performed on a plane at x/B = 1.5 (x/B evaluated with respect angle has been substituted with the corresponding metallic one

to midspan). Loss and vorticity cores for the swept cascade flow (P): ,bUt more complgx_ expressions based on ggometr!cal
field are more shifted towards midspan than in the prismatic considerations or predictive criteria can be used for improving

condition supporting the analysis of pressure gradient at the € Prediction accuracy.

trailing edge previously presented. Moreover, shed vorticity Furthermore, it is easy to verify that the leaning imgle of
core is stronger and larger than for the prismatic blade, the _blade correspondls to the lean angle_ Of itS Wele1ckn=0). i
supporting the model just above proposed. In Figure 17 the functions for the evaluation of the wake leaning

Figure 17 reports computed maps of losses and streamwise?ngle for Iganed and/or. sweep blades are plotted.
vorticity for prismatic blade (left) and swept blade (right) In particular Equation 4 shows that, in the case of a swept
respectively. Results for the swept blade only are reported on gblade, the inclination of the wakg is a function of tyyo variables:
plane defined by the tangential direction and a direction parallel the sweep anglé and the metallic angl@ at the trailing edge.
to the swept trailing edge. The plotting plane is then swept with BY composing Equation 4 and 5 under the same hypothesis of
respect to the axial direction. As a consequence the trailing edgefOnstant angle along the span, it is possible to carry out a
distance from the plane represented in Figure 17 is now gen_eral formulation in the case of lean and sweep combined
constant along the whole blade height for both cascades;d€Sign:
furthermore, the two cases experiences the same mixing effect
on wake losses and streamwise vorticity. By =0+ tan’l(ta”%anﬂ) (5)

It is possible to notice the higher loss level in the wake for
the swept blade than for the prismatic one, supporting the action . L ,
of the sweep induced shear layer just downstream the trailing'n real conditions, secondary dewa‘uo_n effect has to be kept into
edge: furthermore, the vorticity map supports the difference in account, so that the metallic angle in equation above will be
vorticity magnitude and extension between the hub half channel "€Placed by the actual flow angle which is a function of the
and the tip one for the swept blade. Swept blade downstreamsPatial coordinates. Therefore Equation 5 will be reformulated
vorticity can be roughly obtained from the prismatic one by as follows:
adding a positive contribution, which is exactly the sweep
induced effect presented in Figure 15 and above discussed. B = 9+tan‘1(tan%anwj (6)

The sweep design on one hand reduces the flow deflection
(see Table 3), while on the other hand loss cores values and
extension are increased because of the stronger mixing process

downstream of the trailing edge, even by keeping unchangedCOI\lcr:]LUSIONS h h | ¢ ) | q
both the profiles and the inlet boundary layer. T '€ paper Shows t. e results of an experimenta an
numerical investigation aimed to provide a phenomenological
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explanation of the sweep effect in the 3D turbine blade design, [5] Gallimore S.J., Bloger J.J., Cumpsty N.A., Taylor M.J, Wright P.I.,
with particular reference to low aspect ratio cascades. Place J.M.M., “The use of Sweep and Dihedral in Multistage Axial
In order to isolate the sweep effect from others, the Flow Co_r_nprc_essor Blade — Par_t II: Low and High Speed Designs and
investigation was performed on linear cascade; so acting, the'est Verification”, J Turbomachinery, vol 124, pagg 533-541 ~
superimposition of annular effects with the natural radial [6] Potts, 1., 1987, “The Importance of S-1 Stream Surface Twist in
. . . . the Analysis of Inviscid Flow Through Swept Linear Turbine
pressure g_radlent is avoided. The work is _addressed_ to_ theCascades,” Proc. Inst. Mech. Eng., Part C: Mech. Eng. Sci., 258_87_
understanding of flow phenomena by applying a qualitative pp 231-248.
model already employed for the blade lean study. Swept blade[7] Smith, L. H., and Yeh, H., 1863, “Sweep and Dihedral Effects in
was compared with prismatic one and data reduction provided Axial-Flow Turbomachinery,” ASME J. Basic Eng., 85, pp. 401-416.
results in accordance to literature references. [8] Harrison S., 1880, “The influence of blade lean on turbine losses”,
As a first step, it was reminded that the sweep design ASME Paper 80-GT-55 _ o
induces forces orthogonal to the approaching flow and the study [9] A- J. Cooper, N. Peake, " Rotor-Stator Interaction Noise in
of the mass averaged flow velocity along z-direction and its Swirling Flow: Stator Sweep and Lean Effects’, 2006, AIAA
L . . JOURNAL, Vol. 44, No. 5.
derivative evidenced the primary role played by pressure
gradients on secondary planes on the flow pitching.
The second step reports the discussion of flow field close
to the blade surfaces revealing an opposite sign of the pressure
gradient, which influences mainly the wake development in
terms of losses and vorticity. Great attention was focused on
blade suction side, also evidencing how the presence of the
endwalls affects the pressure distribution on the blade surface
close to tip and hub, inducing spanwise pressure gradients.
Their effects can be clearly noticed by observing the spanwise
variation of the blade loading and by comparing prismatic and
swept blade vorticity maps downstream the cascade.
The sweep-induced flows close to blade surfaces produce a
shear layer which interacts with natural vorticity development
just downstream of the trailing edge. In particular shed vorticity
and loss is strengthened by 3D design, in spite of the overall
deflection is lower than for the prismatic cascade.
Finally the inclination of the wakes downstream the blade
was observed and a geometrical relation was proposed to easily
estimate the wake leaning angle in case of combined lean-sweep
design.
The approach employed in this paper pointed out again the
importance of pressure field on 3D blade flow development,
suggesting a qualitative model to evaluate the downstream
consequence of a simple sweep design technique.
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