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The Aerodynamic Effects of the
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Abstract: In this study, the effect of tangential blade lean on the aerodynamic
characteristics of low-transonic, high-aspect-ratio axial flow compressor rotor has been
investigated by using the computational fluid dynamics. The B-Spline curvature with
four control points of 25%, 50%, 75% and 100% of span have been used to define the
blade stacking line. Various leaned rotors have been created by rotating the
circumferential position of control points and they have been simulated by
Computational Fluid Dynamics (CFD). At the best state, the leaned blade improves the
adiabatic efficiency and total pressure ratio of compressor about 0.55% and 0.75%,
respectively. The results show that, lean angle at 100% span has most effect in the peak
adiabatic efficiency rather than lean angle at other control points. Also, the results
indicate that, in low-transonic, high-aspect-ratio rotor blades, the tangential change of the
stacking line only causes the reduction of secondary flow, while the previous studies on
high-transonic low-aspect-ratio rotor blades, such as NASA Rotor 37 and NASA Rotor
67 revealed the movement of shock wave toward the downstream and the reduction of
the secondary flow.
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1 INTRODUCTION

Today, the axial transonic compressors play an
important role in the performance of advanced Turbojet
engines. Using high efficiency and pressure ratio
compressors, the reduction of stages causes the
reduction of fuel consumption, size and weight of the
engines. Leaned rotor blades are one of the science-
based methods used for improving the transonic
compressor efficiency. According to the related
literatures and based on two sets of perpendicular axes,
there are two definitions for a leaned blade:

1- Moving the blade sections perpendicular to the local
chord line which in some references is called
“Dihedral”.

2- Moving the blade sections tangential with the
rotational direction which is the most common
definition and is used in this study. In some
literatures, this definition was referred as Bowed,
and Skewed blade.

Weingold et al. numerically and experimentally studied
the effects of bowing on the high-performance
compressor stator blades. He showed that, due to the
generation of radial forces, the bowed stators lead to
the reduction of diffusion rates in the suction surface
corners. Consequently, the onset of corner separation
postpones and the compressor efficiency improves [1].
Sasaki and Breugelmans experimentally investigated
the effects of two stacking lines (sweep and dihedral)
on a linear cascade compressor. The geometries of both
stacking lines consist of a straight central section which
is symmetrical with the mid-span, either on the swept
or dihedral sections toward the end-walls.

They observed that, on the positive dihedral (i.e. the
angle between the suction surface and the end-wall),
the blade loading reduces at the end-wall and then
increases at the mid-span. They also discovered that,
the corner stall and the secondary flow are reduced and
the positive dihedral blades are more effective than the
swept blades in a wide range of incidence angles [2].
Gummer et al. numerically and experimentally studied
the effects of BR710 engine compressor stators with
sweep and dihedral on the performance. He revealed
that, the positive dihedral causes the improvement of
radial loading distribution and the development of
three-dimensional end-wall boundary layer leading to
the reduction of end-wall losses and the enhancement
of operating range on compressor stators [3].

Gallimore et al. numerically and experimentally
investigated the usage of sweep and dihedral in the
axial flow of multistage compressor blading (Trent
engines) and in the low-speed Deverson compressor
rotor. He stated that, the positive dihedral can reduce
the hub corner and tip clearance losses [4], [5]. Roy et
al. studied the effects of sweep and dihedral on low-
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speed compressor cascades. He also investigated a
straight, swept, and dihedral cascade, separately.
According to his study, both of the sweep and dihedral
cascades have lower end-wall losses than the straight
cascade and in the positive dihedral, the span-wise
pressure gradient reduces near to the mid-span region,
however, the chord-wise pressure gradient enhances
near to the mid-span [6]. Bergner et al. showed that, by
using lean, a significant change happens in the shock
pattern [7].

Fisher et al. investigated the effect of strongly bowed
stator vanes on a four-stage, high-speed axial
compressor with controlled diffusion airfoil (CDA)
blading. His numerical and experimental results
showed that, the bowed stator vanes move the flow
from the near-wall regions toward the mid-span in the
front parts of the vanes. This behaviour causes lower
loading close to the wall at the deceleration part of the
vane and reduces or eliminates the corner stall at the
hub. Then, the overall static pressure, total pressure and
the overall efficiency are increased due to the
postponement of separation [8]. Ahn and Kim
optimized the stacking line of the axial flow rotor
(NASA Rotor 37) by changing it to a tangential
direction (the positive lean at the hub and the negative
lean at the tip) and by doing so, they improved the
efficiency to 0.7% [9]. Denton and Xu investigated the
effects of sweep and lean on the performance of
transonic fan. They showed that, although the blade
sweep or lean produces very little changes in the peak
efficiency, the forward swept blade improves the stall
margin significantly [10].

Oyama et al. optimized the shape of the transonic axial
flow blade (NASA rotor 67) by using an evolutionary
algorithm and the three-dimensional Navier-Stokes
solver. By modifying the stacking line (positive lean at
the hub and tip) and blade profiles, he reduces the
entropy generation to 16% [11]. The experimental and
numerical investigations of end-wall flow in a bowed
compressor cascade have been done by Takahashi et al.
[12]. He observed that, in bowed stator, the blade
loading at the end-wall region is lower than the
straight-stacking blade, therefore, the vortexes are less
and weaker than those in the straight stator blade. Jang
et al. optimized the transonic axial compressor rotor by
using sweep, lean and skew stacking lines. His results
reported the reduction of hub corner and tip losses.
Also, in the optimized blade, the passage shock and
boundary layer interferences on the blade suction
surface entail the movement of separation line toward
the downstream. He also discovered that, among the
sweep, lean and skew blades, the skew blade
(tangentially leaned) is the most effective factor for
improving the adiabatic efficiency of compressor rotor
[13]. Yang et al. optimized the low-pressure axial fan
blade using skew. He indicated that, the total pressure
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drop significantly reduces near the hub and shroud end-
wall regions, however, the total pressure drop slightly
enhances at mid-span [14]. Zhang et al. studied the
effect of camber angle on flow domain in the linear
bowed compressor stator with low Mach number. He
found that, the bowed blade has more positive effect on
the high aerofoil camber angle cascade [15].

Benini performed a multi-objective optimized design
on NASA Rotor 37 and showed that, by using proper
tip blade lean on the direction of rotation (negative
lean), due to the modification of shock structure in
blade passage, the overall efficiency can be
significantly improved [16]. Benini and Biollo
numerically investigated the effect of sweep and lean
on the transonic axial compressor rotor (NASA Rotor
37). They showed that, the leaned blades in compressor
rotor can change the shock structure and improve the
adiabatic efficiency up to 1.2% (by using negative
lean), however, the choking and stall mass flow rates
are not obviously changed [17]. Sun et al. studied the
effects of bowed stators on transonic fan in a distorted
inlet. He showed that, in the distorted inlet, especially
at design points, the bowed stators can significantly
improve the fan performance [18].

Chen et al. experimentally studied the twisted-bowed
stators in an axial transonic fan stage and concluded
that, the twisted-bowed stators with larger camber
angles improve the aerodynamic performances in the
high-loaded transonic fan stages [19]. Razavi and
Boroomand, for increasing the efficiency, operating
range and pressure ratio, optimized the leaned rotor
blades (NASA Rotor 67) and by doing so, the
optimized leaned blade effectively causes the increase
of efficiency, safe operating range and pressure ratio
[20].

The reviewed literatures show that, the leaned blade
causes the reduction of secondary flows and moves the
leading edge shock wave toward the downstream;
therefore, the performance characteristics are
improved. However, the leaned blade technology
implement is used only in high transient, low-aspect
ratio blades. Also, according to the references, the
deterministic recommendations about the proper
curvature in the tangential stacking lines of rotor have
been not presented.

In present study, some leaned blades in tangential
directions have been investigated for Dbetter
understanding of curved stacking line effects on the
aerodynamic behaviour of a low-transonic, high-aspect
ratio compressor rotor. For this reason, the central area
of stream wise blade at 0.25%, 50%, 75% and 100% of
span are considered as the control points. The stacking
line is formed by connecting the control points. A large
number of the geometrical models of blades are created
by rotating the tangential position of these control
points. All of the blades are numerically analysed by an

accurate CFD model. The static test conditions are
considered in the numerical simulation and by
changing the back pressure, different inlet axial
velocities have been reached. By using these methods,
the compressor map is simulated for 11 operational
points of compressor.

2 OPERATIONAL CONDITIONS AND GEOMETRY

The studied rotor is the first stage of J85’s compressor
and has high-aspect-ratio with the rotational speed of
16640 rpm. The standard sea level air conditions are
considered as inlet conditions, Po et and To_jniet. The
value of outlet static pressure of compressor (Po_outlet) iS
60 kPa (near the chock condition) to 95 kPa (near the
stall condition) in 11 steps.

The detailed specifications of rotor and the inlet guide
vane (IGV) are presented in Table 1. The IGV includes
15 blades and their leading edge metal angle is zero.
The trailing edge metal angle of IGV blades, from hub
to mid-span, is zero and then, it changes to 6 degrees at
the tip. The meridional view of IGV and the first stage
rotor of axial compressor are shown in Fig. 1.

Table 1 Design specification of IGV and rotor

Number of IGV blades 15
Number of rotor blades 22
Rotor hub to tip radius ratio 0.392
Rotor aspect ratio 2.92
Rotor tip solidity 1.01
Rotor Tip clearance (% span) 0.646 mm (0.5)

Fig.1  Meridional view of the IGV and the first stage rotor
of axial compressor.

Staking line is formed by connecting the central area of
stream wise blade sections. The new geometries of the
rotor are created by rotating the initial blade stacking
line on the circumferential direction. As it is shown in
Fig. 2, the initial stacking line of the rotor is modified
by passing B-Spline from four control points in 25%,
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50%, 75% and 100% of the height of span from the
hub.
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Fig. 2  Radial and B-Spline stacking line with control
points.

According to Fig. 2, the angle between radial stacking
line and the line connecting each control point to the
center of rotor disk is called lean angle and is indicated
by 6. Table 2 presents the variations of lean angle
ranges in all of the control points.

Table 2 The variations of lean angle ranges in each control

point
Lean angle Variations limit (deg)
o1 [-0.5,0.5]
) [-1.0,1.0]
(%) [-2.0,2.0]
04 [-3.0,3.0]

According to the values of 6; to 0., a large number of
blades have been designed. However, due to the
structure, weight and manufacturing limitations, just 40
designs have been selected for the numerical
simulation. It should be noted that, the blade designs in
which their blade length is more than 10% of radial
stacking line, have been neglected.

3 METHODOLOGY

A three-dimensional commercial solving package is
used for simulating the flow field. By using finite
volume method, this package solves the three-
dimensional Reynolds-averaged Navier—Stokes
equations. Also, an algebraic multi-grid method based
on Additive Correction Multi-grid strategy (ACM) has
been used (Hutchinson and, Raithby [21]).

The high-resolution advection scheme has been used as
a method for discretizing the finite-volume equations.
The high-resolution advection scheme is a smart
discretization method which uses the first-order
discretization scheme in low-variable gradient regions
and in order to prevent the overshoots and undershoots
and maintain robustness in areas with sharp gradients,
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applies the second-order discretization scheme. For
solving the turbulent boundary layer, SST turbulence
model (Launder and Spalding [22]) with the automatic
wall functions has been used. A composite grid system
structured with H/J/C/L topology has been used to
represent the complex configuration of the axial
compressor. Approximate to the wall of IGV and the
rotor blade surfaces, the grid spacing has been adopted
for y*<1. The computational domain, showed in Fig. 3,
includes of 800,000 cells (about 300,000 for IGV and
500,000 for rotor domain).

(a): IGV & Rotor domain

(b): IGV domain mesh

Shroud

Interface | Outlet

(c): Rotor domain mesh

Fig. 3  Computational domain grid of IGV and Rotor,
(a): IGV & Rotor domain, (b): IGV domain meshes and
(c): Rotor domain meshes.
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The overall performance of different leaned blade
rotors is evaluated based on the adiabatic efficiency
which is defined as:

(r-1)
. POfOutIet 7 TOfOutlet (1)
7 =| | 2=0utlet. —1 /|| 2=t | g
P07 Intlet T07 Intlet
Respectively, Po outer and To_outer are the area averaged
of total pressure and temperature at domain outlet.

4  VALIDATION

Experimental results of NASA Rotor 37 presented by
Moore and Reid [23] have been used for validating the
results of this study. The transonic axial rotor of NASA
Rotor 37 consists of 36 Multiple Circular Arc (MCA).
The detailed specifications of this rotor are summarized
in Table 3.

Table 3 Geometry and Design specifications of NASA

Rotor37
Inlet hub to tip radius ratio 0.7
Blade aspect ratio 1.19
Tip solidity 1.29
Tip clearance gap (% span) 0.356 mm (0.45)
Number of blades 36
Design pressure ratio 2.106
Design efficiency 0.877
Design mass flow rate 20.19 (kagls)
Measured-choking mass flow 20.93 (kgls)
rate
Design wheel speed 17188.7 rpm (1800
rad/s)
Nominal tip speed 454 m/s

The computational domain is discretized to multi-
blocks and then each block is meshed by a structured
grid (Fig. 4). An H-type grid is used for both of the
inlet and outlet blocks, while a J-grid is utilized for the
passage block. Since using an SST turbulence model
adopts the boundary layer mesh around the blade, so
that y*<1. The total number of cells, including tip-
clearance gap, are about 430,000 cells.

Shroud

Outlet

Fig.4  Computational grid domain of NASA Rotor 37.

For the inflow boundary condition, the stagnation
pressure and temperature are constant amounts, while
at the outflow, the average static pressure is applied.
Lateral surfaces of the flow domain are implied as a
periodic boundary and the walls are considered as
adiabatic. A corresponding angular velocity is applied
to the domain.

The experimental and numerical rotor performance
maps are presented in Fig. 5. The mass-flow rates are
normalized by using the corresponding mass-flow at
choking condition. The CFD model predicts the
choking mass-flow at 20.95 kg/s, while the measured
value is 20.93 kg/s, which shows good compatibility
between the numerical and experimental results.
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Fig.5  Experimental and Numerical performance map of
NASA Rotor 37.

5 RESULTS AND DISCUSSIONS

Changing the static pressure at the outlet region of the
rotor causes some changes in the inlet axial velocity of
compressor and rotor pressure ratio. For each designed
leaned rotor blade, the flow field has been simulated
around the blade and the rotor characteristic map has
been predicted for all pressure ratios.

According to each rotor characteristics map, Table 4
presents the first ninth high-peak efficiency leaned
blade and radial stacking line blade (Original) with
their corresponding pressure ratio (PReak). As seen in
this table, in all new geometries, the value of 64 is 3o.
In addition, at this value of 64, by changing the lean
angle in other control points, the changes of nPeak and
PRPeak become nominal, showing that, there is no
significant effect on the nPeak and PRPeak. On the
other hand, about the efficiency increment, leaning the
blade in the outer part of the blade is more effective
than the inner part of the blade.
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Table 3 The geometrical characteristics of the high adiabatic
efficiency leaned blades and original blade

Case No. 01 02 03 | 04 | nreak | PRpeak
16 0.5 1 18| 3 89.41 1.356
38 0.5 0 0 3 89.41 1.355
8 0 0 041 3 89.40 1.355
9 0 0 02] 3 89.40 1.355
18 -05|-08 |04 | 3 89.39 1.355
3 0 0 0 3 89.39 1.355
40 -0.5 0 0 3 89.39 1.355
13 -0.5 0 041 3 89.38 1.355
17 01| 07 | 15| 3 89.38 1.356

Original 0 0 0 0 88.86 1.346

The choking mass flow rate of different blades
calculated by CFD, are presented in Fig. 6. The results
show that, the maximum increment of choking mass
flow rate was about 0.4% which is a negligible amount.

25.35

Leaned blades
Original Blade

N

o

w
1

N
o
N
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N
I

g mass flow rate (kg/s)

Chockin
&
>
I

(G50 521 1 1 | SR WPSI G B S
2510 5 10 15 20 25 30 35 40

Case Number

Fig.6  Choking mass-flow rate of different leaned blades.

In comparison with all 40 designs, case 16 (Fig. 7) has
a significant effect on the compressor rotor map. The
lean angles of this blade at 0.25%, 50%, 75% and
100% of span are 0.5, 1.0, 1.8 and 3 degrees,
respectively. The comparison of characteristics map
between the proper leaned rotor and the original rotor is
presented in Fig. 8.
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— | Original Blade Leaned Blade

o

/

Fig. 7  Geometrical comparison of proper leaned blade and
original blade..

The results show that, proper skewing stacking line of
the blade in the tangential direction can increase the
peak adiabatic efficiency from 88.86% to 89.41%
(about 0.55% of increment). As it is seen, the total
pressure ratio increases from 1.346 to 1.356 (nearly
0.75%).
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Fig.8  The comparison of proper leaned blade and original
blade characteristics map, (a): Adiabatic efficiency and
(b): Total pressure ratio.
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The radial distributions of performance quantities of
proper leaned rotor and the original rotor at the peak
efficiency condition in rotor outlet are compared in
Fig. 9. Results show that, comparing to the original
blade, in leaned blade, the total pressure ratio and the
total temperature ratio are increased at the major part of
the span. Also, the adiabatic efficiency increases in all
parts of span, except near to the hub, however, there is
no difference in the adiabatic efficiency at the shroud
of both blades. Substantially, better performance is
observed in leaned rotor blade.

1~
o8| Proper Leaned Biade Rotor
g
wn 06
?
N
Eoal
o |
=z
02k
0 [ . L i
1.26 1.2 1.3 1.32 .34 1.36 1.38 1.4
Total Pressure Ratio
(a)
1
08
E_ L
o 06~
E Original Rotor Blad
E 6 :2: Pm’plr Leaned Rotor Bisce
s |
=z
021
1 L 15 1 1 1 1
1.08 1.085 1.09 1.09 13 1.105 1.11 1116 1.12 1.125
Total Temperature Ratio
1 A8
08
§
o 06
B ~——&—— Original Rotor Blade
B i~ Proper Leaned Rotor Blade
©
E 04
S £
02
1 1 1 L Lo 1 ol
8. 55 0.6 0.6 85 0.95

5 0.7 0.75 0.8 0.
Adiabatic Efficiency
(c)
Fig.9  Radial distributions of performance quantities at the

peak efficiency condition, (a): Total pressure ratio, (b): Total
temperature ratio and (c): Adiabatic Efficiency.

The suction surface streamlines for the original and
leaned blades are compared in Fig. 10. The streamlines
indicate that, comparing to the original blade, in leaned
blade, both in the chord wise and the span wise
directions, the secondary flow reduces and smaller part
of the suction surface is exposed to the separation.

Original Blade Leaned Blade

Fig. 10 Comparison of the suction surface streamlines in
the original and leaned blades.

Figure 11 shows the static pressure contours on suction
surfaces of original and leaned blades. The contours
illustrate nearly similar shock wave pattern and
location for both blades. However, for high aspect ratio
rotor blade, leaning the blade has no effect on shock
location

a) Original Blade b) Leaned Blade

Fig. 11 Comparison of the suction surface pressure
contours for original and leaned blades.
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In peak efficiency condition and for the original and
leaned blades, the relative Mach number distribution
inside the blade passage is illustrated in Fig. 12 in 98%,
75% and 50% of span. Figure 12 indicates that, the
shock pattern is similar to that of the original and
leaned blades. However, in leaned blade, the shock
intensity increases slightly.

Previous studies of high-transonic low-aspect-ratio
rotor blades such as NASA Rotor 37 (AR=1.19,
Mip=1.48) indicated that, by leaning the blade, there are
two major effects on the characteristics of rotor: First,
reduction of the secondary flow and the second,
movement of passage shock wave toward the
downstream.

However, for low-transonic, high-aspect ratio rotor
blade (AR=2.9, Myj,=1.2), the results demonstrate that,
there is no significant movement of shock location by
leaning the stacking line.
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Fig. 12 Comparison of relative Mach-number distribution
at 98%, 75% and 50% of span respectively in the original and
leaned blades.
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6 CONCLUSION

In present study, the effect of tangential change of
stacking line on a high-aspect ratio transonic
compressor rotor has been numerically investigated by
a CFD code which solves the three-dimensional
Reynolds-averaged Navier-Stokes equations. Too many
blades with new stacking lines have been simulated.
The results show that, the leaning of outer part of the
blade is more effective than the inner part. By properly
skewing the stacking line at four control points (0.25%,
50%, 75% and 100% of span), the adiabatic efficiency
and total pressure ratio are increased up to 0.55% and
0.75%, respectively. In addition, the choking mass-flow
increased about 0.4%. The results indicate that, lean
angle at 100% span has most effect in the peak
adiabatic efficiency rather than lean angle at other
control points. The streamlines on the blade suction
surface indicate that, the leaned blade causes the
reduction of secondary flows and therefore, smaller
part of span becomes exposed by the separation. But,
the low-transonic, high-aspect ratio leaned blade has no
effect on the shock wave location. By comparing the
results of the current study with the studies of NASA
Rotor 37, it can be implied that, leaning of the stacking
line in high-transonic, low-aspect ratio rotor blade
(AR=1.19, M;p=1.48) causes the reduction of
secondary flow and moves the shock wave location
toward a blade rear, but in low-transonic, high-aspect
ratio rotor blade (AR=2.9, M;p=1.2) this issue only
causes the reduction of secondary flow.

7 APPENDIX

Notation

Exp. Experimental

LE Leading Edge

Mip Rotor tip relative Mach number
PRpeak Pressure ratio at max efficiency
Po Total pressure

To Total temperature

SST Shear Stress Transport

y* Non-dimensional wall distance
n Adiabatic efficiency

01 Lean angle at 25% span

02 Lean angle at 50% span

03 Lean angle at 75% span

04 Lean angle at 100% span
Abbreviations

ACM Additive Correction Multigrid
CFD Computational Fluid Dynamics
DCA Double Circular Arc

IGV Inlet Guide Vane

MCA Multi Circular Arc
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