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Abstract 

Efforts aiming at improvement of 
compressor efficiency and an increase in stall 
margin and total pressure ratio using less 
number of HPC stages in advanced turbofans 
entail an increase in compressor stage 
aerodynamic loading. Numerical and 
experimental investigations of a high-loaded 
typical HPC middle stage model with respect to 
effects of longitudinal bending of rotor blades 
and stator vanes on stage performances are 
presented in this work. Several versions of the 
compressor stage are studied. A noticeable 
increase in adiabatic efficiency is 
experimentally found for the optimum stage 
version with "sickle-like" rotor blades. In this 
version stagger axes of rotor profiles are bent in 
the circumferential direction in such a way that 
pressure sides are concave. Moreover, airflow 
and total pressure ratio are higher. 
Calculations of stationary viscous flow and 
parameters of the stage with straight blades are 
in good agreement with the experiment, but to 
the present time calculations can’t give 
evidences of a considerable improvement of 
parameters for the optimum version of the 
experimental stage. 

Nomenclature 
Gcor – corrected air flow; 
π* – total pressure ratio; 
η*ad – adiabatic efficiency; 

σ– total pressure recovery coefficient; 
λ – flow velocity coefficient relatively to critical 
sound 
НТ – theoretical head coefficient 
Subscripts: 
1 – rotor inlet 
2 – rotor outlet 
3 – before stator 
4 – after stator 
Cor – corrected parameters 

Introduction 
Three-dimensional blades are widely used 

today in aircraft engine compressors and 
turbines. Bending and inclinations of supersonic 
fan rotor blades in axial and circumferential 
directions are their specific features. Moreover, 
the blade inclination and bending are not equal 
in different sections along the blade height. This 
blade shape is a result of flow optimization 
aiming at wave loss decrease and reduction of 
secondary flows intensity as well as blade 
profile optimization to provide required 
strength. 

An important requirement to compressors 
of advanced engines is an increase in total 
pressure ratio but using less number of stages, 
that results in an increase in aerodynamic 
loading causing problems in achievement of 
specified high efficiency and stall margins. For 
increasing these parameters three guide vane 
rows of a four-stage high-loaded HPC were bent 
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and have a scimitar profile. Despite of a small 
blade height (~14 mm) and medium HPC 
dimensions, the efficiency reaches η*

ad=0.87 at 
pressure ratio π*

к>5. 

The objective of this CIAM’s research 
work [2] is to study the effect of blade profile 
stagger axis bending in the circumferential 
direction on characteristics of the stage as well 
as applicability of rotor blades with a bent 
longitudinal axis for stages with high 
aerodynamic loading in advanced turbofan 
compressors. It is considered that bending of the 
blade longitudinal axis in the circumferential 
direction changes pressure gradients, modifies 
flow deceleration along the profiles, 
aerodynamic loading distribution along the 
blade row height, losses and lag angles, as well 
as intensity of secondary flow and flow in 
docking areas of the blade with the hub and the 
outer casing. 

At the end of 1980s, CIAM completed 
comparative experimental investigations of 
stator vanes with curvilinear longitudinal axis 
without modification of rotor blades. 
Irrespective of stator vane bending direction, 
there was an increase in efficiency by 1-2% 
with simultaneous twice decrease in the periodic 
component (multiplies to the passing frequency) 
of total pressure pulsation at the stage outlet 
[2, 4]. That time it was found that an 
improvement of stage performances was not a 

result of decreased intensity of secondary flows 
as could be anticipated but, to a great extent, an 
improvement of rotor performances that was 
unmodified in comparative tests of the stage 
with different stators. The test results have not 
been verified by stationary flow calculations on 
the basis of various mathematical models. 
Authors [2, 4] & et al made an assumption that 
mathematical models for straight and bent 
blades should take into account a displacement 
of phase of unsteady interaction of rotor and 
stator cascades of elementary stages located on 
different axisymmetrical streamline surfaces 
along the height. 

For more detailed analysis of blade bending 
effects this work describes numerical-
experimental investigations of a high-loaded 
stage being a prototype of a HPC middle stage 
for an advanced turbofan. 

1 Test object and its instrumentation 
The stage has a constant outer diameter - 

Drotor=576 mm and the following design 
parameters: HT=0.404; C1a=0.516; 
Gair.cor=11.8 g/s η*

ad=0.88; π*
stage=1.52; 

Utip cor=327 m/s. 
The stage consists of three blade rows: 

IGV, rotor and stator. The IGV provides 
required flow swirling (α1=65°) and is located 
at a proper distance to prevent the influence of 
its wakes on rotor parameters as well as for 
instrumentation mounting. The distance 
between IGV and rotor axes is 115 mm. It is 
supposed that HPC rotor will have a drum-type 
design and stator vanes – cantilever-type. To 
simulate these conditions, the rotor is provided 
with a part of the drum rotating under the stator 
vanes. 

The stage is designed in such a way that 
flow inlet and outlet angles are identical and 
constant along the radius (α4=α1=65°). There is 
an increase in the hub diameter within the 
section from IGV trailing edge to the rotor inlet 
that results in flow acceleration with an increase 
in absolute flow velocity angle by 5°. To 
provide the specified angle at the rotor inlet 
(α1=65°), the flow outlet angle at IGV outlet is 
taken equal to αout= 60°. 

 
Stage flow passage 
 

Straight blade of 
the initial stage  

Sabre stator 
vanes 

Sickle rotor 
blades 

 

Fig. 1 Stator vane and rotor blade bending scheme 
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The previous research work of high-loaded 
stages showed that it is advisable to increase the 
axial velocity component to the outlet. For this 
reason the flow passage area was decreased 
from the IGV and behind it, but only in the rotor 
(due to an increase in the hub diameter); and a 
cylindrical flow passage is used in the stator 
(d1=0.863, d2=0.893, d4=0,893). 

Rotor blade profiles were found earlier as a 
result of special research works. They are 
variable along the blade height; number of rotor 
blades is Zr=67; blade solidity is b/t=1.5 and 
constant along the radius. Profiles with 
decreased transverse pressure gradients and 
lesser losses in the tip clearance are chosen in 
tip sections. Profiles that are efficient in 
cascades with increased blade thickness are 
chosen in hub sections. Standard initial blade 
profiles are used in middle sections. To prevent 
blade–casing contact, the tip (mounting) 
clearance between straight and bent rotor blades 
was 0.5-0.6 mm – the same as for straight 
blades. 

A decrease in axial velocity component in 
the tip sections of guide vanes causes a need for 
an increase of blade solidity. The assumed blade 
solidity is less than the required value by 25% 
and is equal to b/t=1.4 in the middle radius and 
b/t=1.65 - in tip sections. Number of stator 
vanes is Zst=104. Stator vane chord is b=23.13 
mm in middle sections and increases up to 
b=26.36 mm at the hub and b=29.53 mm at the 
tip. Superposition of bade profiles is provided 
along the trailing edge, therefore the leading 
edge has a variable sweep along the height as 
shown in Fig. 1 and Fig. 2. To prevent stator 
vane - drum contact, the tip clearance between 
the hub and swept vanes is increased up to 0.55-
0.70 mm as compared with 0.4-0.5 mm for 
straight vanes. 

The stage was tested at the CIAM’s test 
facility. 1000-KW electric motor was used as a 
drive of the test facility. Drive power was 
transmitted via a speed increaser. Torque is 
measured on the shaft between the speed 
increaser and the compressor by a torquemeter. 
Power consumption by the compressor shaft 
friction was estimated on the basis of calibration 
of running parts in idling for the compressor 
with a smooth rotor disk. 

The stage IGV was an auxiliary row, 
therefore total pressure losses in IGV were 
excluded in measurements of the stage 
performances. Three seven-point pressure rakes 
were mounted at IGV outlet for measurements 
of these losses. The IGV casing was movable. 
Total pressure was measured for 10 positions of 
the casing with respect to IGV spacing. These 
rakes were removed in measurements of stage 
performances, and total pressure losses were 
calculated on the bases of losses - air flow 
approximating dependence, σin(Gair). 

Flow parameters at the stage outlet were 
measured by 6 seven-point pressure rakes and 3 
seven-point thermocouples. The rakes were 
fixed in the rotating ring. Parameters were 
measure in 5 positions with respect to IGV 
spacing. An additional five-point total pressure 
rake was mounted at the rotor outlet. Static 
pressure on flow passage walls was measured at 
three points along the circle in inter-blade 
sections and at the stage outlet.  

Four stage configurations produced by 
combining 2 rotor blade versions and 2 stator 
vane versions are studied. Rotor blades and 
stator vanes in the initial stage version are 
straight. Rotor blades in the 2nd version are 
sickle-like (Fig.2) and stator vanes – sabre-like, 
i.e. stagger axes are bent in the circumferential 
direction in such a way that rotor blade pressure 
sides and stator vane suction sides are concave. 

Among four versions under study the 
optimum version is chosen that is distinguished 
by sickle swept rotor blades and straight stator 
vanes. Tests of the optimum version show a 
noticeable increase in adiabatic efficiency by 
∆η*

ad ∼ 1.7÷2.0% at ncor=0.8÷0.9 of the 
nominal value and ∆η*

ad ∼ 0.7% at ncor=1.0. 
Moreover, there is an increase in airflow and 
pressure ratio (see Fig. 3). Application of sickle 
stator vanes is not advisable because of 
decreased efficiency by δη*

ad= 1.5% 
atncor= 0.7–1.0. 

2. Calculations of steady 3D flow and 
pressure characteristics of the stage and their 
comparison with experimental data 
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For the purpose of experimental 
investigations as well as revealing the grounds 
of a bending beneficial effect on parameters, a 
mathematical model was developed and viscous 
three-dimensional steady flows and integral 
performances of all stage versions were 
calculated. 

The calculation procedure is based on the 
numerical solution of 3D Navier-Stokes 
equations averaged by Reynolds with semi 
empirical turbulence models and wall functions 
on the basis of Godunov's implicit high order 
numerical scheme [1, 3, 5, 6]. Either the 
Baldwin-Lomacs algebraic turbulence model or 
differential models can be used for closing the 
system of equations. The two-parametrical 
turbulence model k-ω was used in calculations 
presented herein for estimation of turbulent 
viscosity. 

Calculations of steady viscous three-
dimensional flows were made in «Mixing 
plane» approximation. Non-stationary 
interaction of cascades was not taken into 
account because flow was averaged by a blade-
to-blade spacing on the surface separating 
steady and rotating grid cells. The averaging 
procedure assumes constancy of momentum 
flux and energy through this surface. In this case 
there is an increase in entropy that simulates 
losses in distortion equalization caused by 
mixing. 

The calculation domain covers three rows 
and consists of three rectangular (hexagonal) 
blocks. Each block of the grid covers one blade 
channel of each raw. Calculations are competed 
for a grid having (120*64*64 + 150*64*64 + 
150*64*64) = 1720320 cells. In the tip 
clearance between rotating rotor blades and the 
fixed outer casing as well as between motionless 
stator vanes with cantilever attachment and the 
rotating drum-type hub are 12 cells. The tip 
clearance values in operating conditions are 
chosen equal 0.27 mm or 0.76 % of the rotor 
blade height and 0.15 mm or 0.5 % of the stator 
vane height. The computational grid in the rotor 
and in the stator is shown in Fig. 5. 

Distributions of total pressure, temperature, 
an angle between the absolute velocity vector 
and the meridian plane, and an angle between 
the velocity vector meridian component and the 

stage axis are specified as the boundary 
conditions at the inlet. Static pressure at the hub 
is specified at the outlet and pressure 
distribution along the channel height is derived 
from the condition of an approximate radial 
equilibrium. Viscous flow calculations are 
completed using the standard boundary 
conditions at the inlet: total temperature = 
288.15оК, total pressure = 101325 Ра, flow 
angles at IGV inlet are equal to zero. 

Fig. 4 shows the comparison of computed 
and experimental characteristics at corrected 
speed values n = 0.8 and 1.0 with straight 
stator vanes and two rotor versions: with 
straight and sickle-like blades. Fig. 6 shows 
Mach number distribution in blade channels for 
the rotor and the stator as well distributions of 
total pressure ratio and adiabatic efficiency 
along the channel height at the stage outlet at 
optimum point of the characteristic n = 1.0. 

While experimental values of the Stage 
parameters with two rotor versions (straight and 
sickle blades) show a noticeable difference in 
adiabatic efficiency, pressure ratio and max. air 
flow, this difference is hardly appreciable by 
calculations. At the same time, calculations are 
in good agreement with tests for straight rotor 
blades. As above-mentioned, in opinion of 
authors [3] et al. a probable cause of this 
difference is a change in conditions of unsteady 
interaction of rotor and stator rows in relative 
motion owing to displacement of phase 
interaction of elementary stages cascades 
located on different axisymmetrical streamline 
surfaces along the height. Other less probable 
reasoning lies in the fact that changes in 
intensity of secondary flows arising in case of 
replacement of a radial blade by a swept blade 
were not taken into account in calculations. 
Numerical and experimental investigations are 
under way in the direction of experimental data 
verification and mathematical model 
improvement. 

Conclusions 
1. Numerical and experimental 
investigations were completed for a high-loaded 
stage being a model of a typical HPC middle 
stage for an advanced turbofan with the 
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following design parameters: Utip cor=327 m/s, 
С1а=0.516, НТ=0.404, π∗stage=1.52, η∗

ad=0.88. 
2. The effects of bending in circumferential 
direction of longitudinal axes of stator vanes 
and rotor vanes were analyzed and applicability 
of rotor blades with a bent longitudinal axis for 
stages with increased aerodynamic loading in 
non-multistage high-loaded HPC of advanced 
turbofan were studied. 
3. Among studied stage versions 
distinguished by various combinations of bent 
rotor blades and stator vanes, sickle rotor blades 
(with a concave pressure side surface) and 
straight stator vanes were chosen as the 
optimum version. 
4. A considerable increase in adiabatic 
efficiency was experimentally measured for the 
optimum version - ∆η*

ad ∼ 1.7÷2.0% at 
rotational speeds ncor.=0.8÷0.9 of the nominal 
value and ∆η*

ad ∼ 0.7% at ncor.=1.0. Moreover, 
there is an increase in airflow and pressure ratio. 
5. Calculated values were compared with 
test results in operating conditions at rotational 
speeds ncor=0.8, 1.0. Calculations were in 
good agreement with tests for straight rotor 
blades. By present time a considerable 
improvement of performances for the stage 
version with sickle rotor blades was not found 
by calculations as it was measured in 
experiment. 
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Fig. 2. Stator and rotor blades with 
curvilinear longitudinal axis 

Sickle-like rotor and sabre-like stator 
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Fig. 3. Effects of rotor blade longitudinal axis shape on the

Stage performances 
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Fig. 4. Comparison of experimental and calculated data 

 

Fig. 5. Computational grids 
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Fig. 6. Calculations of viscous 3D flows. 
Mach number isolines, step= 0.05. Distribution of total 
pressure ratio and adiabatic efficiency along the channel 
height at the Stage outlet 


