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Abstract

A three-dimensional viscous inverse design method is improved and extended to multirow blades environment. The
inverse method takes load distribution as optimization objective and is implemented into the time-marching finite-
volume Reynolds-averaged Navier—Stokes solver. The camber line of rotor blade is updated by virtual displacement,
which is calculated by characteristic compatibility relations according to the difference between target and actual load so
as to control the location and intensity of shock wave, and realize the optimization of flow structure and reduction flow
separation. The inlet and outlet geometry angles of stator blade are adjusted in real time according to the inlet and outlet
flow angles. Thus, it is computationally ensured that the blade row interactions are accounted and optimization process
is carried out under the design condition. To preserve the robustness of calculation, the maximum virtual displacement is
limited by Y+ <10 and the camber line is smoothed via cubic B-spline interpolation. The complete blade profile is then
generated by adding the prescribed blade thickness distribution to the camber line. The effectiveness of the method is
demonstrated in the optimization of Stage35 compressor stage. Numerical results showed that this inverse method can
effectively improve the internal flow structure and optimize the matching between blade rows, and this method is robust,
efficient, and flexible.
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Introduction The early inverse design method is based on poten-

With the continuous development of computer per-
formance, computational fluid dynamics (CFD) tech-
nology plays an increasingly important role in blade
design and flow field analysis of turbomachinery. At
present, most designers still adopt the direct
approach, in which the designer first carries out one-
dimensional and two-dimensional design to obtain
initial blade profile, then determine whether it meets
the requirements with three-dimensional CFD calcu-
lation; if not, the blade profile is repeatedly modified
according to the relevant experience of the designers
until it meets the requirements. Due to the complexity
of turbomachinery internal flow and the increase
design index for advanced aero-engine compressor,
the traditional design method often requires a lot of
design time and cost, and relies heavily on experience
and theoretical knowledge of designers. In this situ-
ation, the inverse method which determines a blade
shape by a specific aerodynamic target can be a better
choice since it allows direct control over local aero-
dynamic parameters which is required.

tial and stream function, which is generally limited to
inviscid, incompressible and irrotational flows.! The
method was first applied in the design of two-dimen-
sional blades. The three-dimensional method devel-
oped by Hawthorne et al.”> designed blades from a
specified average mean swirl (radius multiplied by tan-
gential velocity). Later, the method was extended to
transonic flows and some viscous effects were
included.>* However, the methods were implemented
under many assumptions and simplified conditions,
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and still had great limitations in practical application.
Modern inverse methods, which is based on Euler and
Navier—Stokes equation, breaks through the limita-
tion of potential equation and can be used in three-
dimensional compressible rotational flow. There are
mainly two kinds of inverse design methods that
make full use of CFD technique. One is based on
transpiration boundary conditions, which uses tan-
gent condition of fluid on the blade surface to gener-
ate the blade profiles. This approach was first
proposed by Léonard and Van Den Braembussche’
and later extended to three-dimensional applications
by Demeulenaere and Van Den Braembussche.®
Dang’s”? group also developed a similar approach
which employed a camber line generation equation
constructing by tangent conditions to modify blade
profile iteratively. The method presents higher calcu-
lation speed and robustness. However, due to the lim-
ited consideration of viscous effect by using slip
boundary condition, the application in viscous flow
field is limited. Another representative method uti-
lized a virtual displacement, which was calculated
from the difference between the current and target
pressure on the blade surfaces to adjust the blade pro-
files. The method was first proposed by Thompkins
and Tong'® and applied to the design of a two-dimen-
sional blade profile. The convergence of this method is
slightly poor, but it is easy to use in combination with
most modern solvers and different grid structures;
moreover, the selection of blade boundary conditions
and turbulence model is not limited. Daneshkhah and
Ghaly,11 Page et al.,'”> Arbabi et al.,'’ Nasrazadani
et al.,'* Yang et al.'>'® improved and extended the
method to the full three-dimensional viscous flow
field and achieved good results.

In the design of multirow blades, the aero-match-
ing between blade rows has always been a difficult
problem. The rotor—stator interactions which increase
the complexity of flow field is a three-dimensional
phenomenon induced by the wakes and vortices
from upstream blades. The interaction between
rotor and stator cannot be simulated accurately by
traditional two-dimensional through-flow method.
So the blade revision process to achieve proper match-
ing is implemented in the three-dimensional diagnos-
ing process, evaluating the performance of the
matching state and modifying it as a function of cal-
culation results based on design experience. This
approach can be very time consuming and the result
of optimization is strongly dependent on the experi-
ence of designers. The inverse method, which allows
the direct modification of geometries to obtain an
imposed performance, is a promising and attractive
method. However, the existing inverse problem
design methods of turbomachinery are mainly applied
to the optimization design of single-row blades. Few
studies have been done to apply them to the design of
multirow blades and multistage turbomachinery. In
the existing literature, only Van Rooij et al.'”!®

have systematically studied the blade rows matching
problem via three-dimensional inverse design method.
They developed a pressure loading manager, which
can automatically adjust pressure loading distribu-
tions to adapt the interaction between the rotor and
stator. They compared the optimization results of
rotors redesigned in single-row environment and mul-
tirow environment, and found that the obtained rotor
blade produces pressure-loading distributions closer
to design object when multirow inverse method is
employed.

The inverse method shows an efficient design
approach compared with the direct design method;
however, it has not been widely used in the industrial
design process.'® The main problem is that the robust-
ness of the inverse design methods still needs to be
improved. Moreover, the functional relationship
between the aerodynamic parameters and blade
shape has not been fully investigated,'® especially in
multirow blade environment. There are two key fac-
tors are needed to be considered when dealing with
multirow matching problems. Firstly, the given design
objectives must be physically achievable, and sec-
ondly, an effective blade modification strategy that
lead to optimal aero-matching should be proposed.

In this paper, an improved inverse method with
multirow blades optimization capability was devel-
oped and validated. In order to deal with the aero-
matching of rotor and stator blades flexibly, different
methods are used to optimize the stator and rotor
blades. For rotor blades, the blade profile was
updated by virtual displacement calculated by the
characteristic compatibility relations. For stator
blades, the blade inlet angle and outlet angle were
first adjusted according to the variation of inlet and
outlet flow angle. Secondly, the blade profile was
updated with smoothed target load distribution using
virtual displacement method. The effectiveness of this
approach was demonstrated by an application of a
highly loaded transonic compressor stage. By compar-
ing the aerodynamic performance parameters of ori-
ginal and optimized compressor, the effectiveness of
the multirow inverse design method was verified.

Numerical method
The basic flow solver

To implement the study, a program for the internal
flow of turbomachinery was developed. The program
can be run in either flow analysis mode or inverse
design mode, both sharing the same core solver. The
core CFD solver used in the program is based on the
integral form of the three-dimensional Reynolds-aver-
aged Navier-Stokes (RANS) equation, given by
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where W is the vector of flow variables, F, is the con-
vective flux vectors, F, is the viscous flux vectors, Q is
the source item, € is the control volume, and n is
the outward unit vector of the control volume
boundary S.

The solver is pressure-based and uses traditional
control volume discretization along with a time-step-
ping scheme. The advection upstream splitting
method?® scheme is used to calculate the convection
flux, and the monotone upstream-centered schemes
for conservation laws interpolation is used to improve
the accuracy, while the inviscid fluxes are calculated
based on the central difference scheme. The implicit
lower-upper symmetric Gauss—Seidel”! method is
used for time-marching integration. To facilitate the
data processing in rotating coordinates, the equation
is discrete in cylindrical coordinates.

A one-equation Spalart-Allmaras®? model in finite-
volume form is used for the turbulence model. The
construction of Spalart—Allmaras model is based on
dimensionless analysis and experience. It is powerful
enough to predict 3D mixing layers, wakes and flow
separation and yields fairly rapid convergence to
steady state, so as to be a good candidate for high
load compressor stage.>

The nonreflective boundary condition is adopted in
the inlet and outlet. At inlet, total pressure, total tem-
perature, and flow angles in circumferential and radial
directions are specified. At outlet, static pressure is
imposed at the 50% blade height, and radial pressure
distribution is determined by the simple radial equi-
librium equation. Nonslip and adiabatic boundary
conditions are used on the wall. For multirow calcu-
lations, the mixing plane model is used and carried
out under the condition of equal flux to ensure the
conservation of mass, momentum, and energy. The
mixing plane model was chosen for the ability to cap-
tured first-order axisymmetric blade row interactions
and computational convenience.’*

The accuracy verification of CFD solver was car-
ried out on Stage 35 compressor stage. Stage 35 is a
low aspect ratio transonic axial flow compressor. It
was designed according to the aerodynamic param-
eters required by a typical high-pressure ratio com-
pressor in aircraft engine. NASA has measured the
internal flow field of the compressor in detail.”® Its
basic design and geometric parameters are shown in
Table 1. A structured H-type grid is used as shown in
Figure 1. Tip clearance is considered by pinching
thickness of blade and set 14 layers of grid. The grid
independence, monotone convergence and order of
convergence of the solution are analyzed. The
number of grids were determined by considering the
calculation speed and accuracy. There are totally
560,000 nodes used in rotor blade and 350,000
nodes used in stator blade. The Y+ on the wall is
kept from 1 to 5. It takes no more than two hours
to get convergence results. Comparison between the
experimental data and the calculated results are

Table I. Design parameters of Stage35 compressor stage.

Parameters Value
Number of rotor blades 36
Number of stator blades 46
Rotor blade aspect ratio 1.19
Stator blade aspect ratio 1.26
Design speed (r/min) 17,188.7
Design mass flow (kg/s) 20.8

Tip velocity (m/s) 454.46
Tip clearance (mm) 0.408

Figure 1. Computational mesh used in the calculations.

shown in Figure 2. It showed good consistency in
isentropic efficiency and total pressure ratio, which
verified the accuracy of the developed solver.

Inverse design methodology
Modification method of the rotor blade

The key to inverse design method is the functional
relationship between prescribed aerodynamic param-
eters and blade profiles. The current inverse method
for rotor blade is based on an improved virtual dis-
placement method. The relationship between aero-
dynamic parameters and blade profile is calculated
by characteristic compatibility relations.

As shown in Figure 3, the static pressure on pres-
sure surface and suction surface of the blade segment
are p* and p respectively, so the magnitude of the
force on the blade is the pressure difference between
the pressure and the suction surfaces, that is, the load
on the blade which expressed in Ap. Assuming that
the blade segment is a plate without thickness and the
virtual movement can occur under the action of load,
in order to obtain the relationship between virtual
displacement and load, the following two simplifica-
tions are made for this physical process. First of all,
the fluid on the blade surface only has the normal flow
component under nonslip boundary condition, so the
3D flow model can be simplified as one-dimensional
model. Secondly, the shear stress along the flow
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Figure 2. Comparison of the overall performance of Stage35
compressor stage: (a) isentropic efficiency; (b) total pressure
ratio.
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Figure 3. Blade profile virtual movement.

direction of fluid in the boundary layer is much
greater than that in the normal direction, so the vis-
cosity effect of the fluid can be ignored when calculat-
ing the normal movement of the fluid. In conclusion,
the physical process is simplified as one-dimensional
inviscid flow process. According to the theory of char-
acteristics, the blade segment satisfies the following
characteristic compatibility relations

—ptetdV+d(Ap) =0 ()

where pT is the density of pressure surface, ¢t is the
sound velocity of pressure surface,V is the velocity
of the fluid on the blade surface. By discretizing equa-
tion (3), we can get the following expression

—P,TC:(V;H-I - Vn) + (Apn+l - Apn) =0 (3)

The subscripts # and (n+ 1) denote the time levels
(n means the current one).

Assuming that no flow separation occurs, the vel-
ocity of the blade is equal to the fluid on the blade
surface. Due to the nonslip boundary condition, the
velocity of the current moment can be set to zero,
which is V,, = 0. The load of the next moment can
be set as the target load, which is Ap,+1 = Apiarger-
Then the wall displacement formula of the blade is

Af = eAiV,iing = gmwm (4)
’Ol’l CIZ

where ny represents the normal vector in the circum-

ferential direction, f represents the circumferential

coordinate value of the camber line, At is the physical

time step of calculation, and ¢ is a relaxation factor to

control the stability of convergence.

The theory of characteristics is derived from the
assumption of 1D inviscid fluid. So, the equation is
applicable when the tangential velocity is very small.
And we can see from equation (3) that the larger the
difference between the target load and the actual load
is, the larger the wall displacement will be; the larger
the difference is, the more easily the blade will be dis-
torted and the calculation will easily diverge.
Therefore, in order to maintain the robustness of
the calculation, the maximum wall displacement will
be limited. Y+ can be used to judge the flow state of
wall boundary layer. When Y+ is small, the viscosity
of the fluid dominates, and the tangential velocity is
small. So the maximum wall displacement can be lim-
ited by Y+, i.e.

Afstep = min(Afa Afmax) (5)

where Afy,, is the improved wall displacement, and
the maximum value of virtual displacement Af,,,,. can
be estimated by the following formula,?® which is used
in NUMECA

7 1
Vie\ ¢ [ Loo/\F
st =6(") (57) 7 ©)

where reference velocity V,.r and reference length L.,
can be replaced by the average velocity of inlet and
the chord length at the middle span of blade respect-
ively. In our test, we find that the stability and con-
vergence of the calculation are good when Y+ is less
than 10. After the wall displacement is obtained, the
circumferential coordinates of the camber line can be
updated by the following formula

fn+l =.ﬁ1 + Afstep (7)

In order to maintain the stability of the iterative
process, the smoothness of the blade profile should be
guaranteed. Before generating the blade profile, cubic
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B-spline interpolation is used to smooth the blade
camber line. As shown in Figure 4, where the aero-
dynamic parameters fluctuate greatly, the virtual dis-
placement between adjacent grid points will deviate
greatly, which will lead to the distortion of blade
camber line. So, the modification of blade camber
line is carried out on a series of selected control
points, which can be distributed uniformly along
chord or skipped where large load gradient exists,
and the rest points are obtained by interpolation.
After the blade camber line is updated, the prescribed
blade thickness is added to the new camber line, and
hence the complete blade profile is obtained.

Modification method of stator blade

The inlet and outlet flow angles of the blade is an
important parameter for the matching design of the
multirow compressor. The outlet flow angle of the
rotor blade directly determines the inlet flow angle
of the stator blade. At the design point of a compres-
sor blade, the incidence close to zero degrees is pref-
erable. In this case, the flow deflection in the passage
is realized by the camber of the blades. When there is
a positive incidence, the flow impinges on the pressure
surface of blade, so the flow on the suction surface
must accelerate rapidly near the leading edge. This
results in very high local diffusion near the blade lead-
ing edge. The high local diffusion will lead to the tran-
sition of boundary layer, and the loss of blade is
greater. At a very high incidence, the flow may separ-
ate and even lead to stall.

For high loaded transonic compressor stage, the
flow field of rotor blade is complex, often accompa-
nied by shock wave, transition, flow separation, and
strong secondary flow. The method based on virtual
displacement used in this paper can effectively control
the shock intensity and position of the rotor blade,
but it has limited effect on the modification of flow
angle. The flow of stator blade is generally in subsonic
state, and the degree of flow separation and secondary
flow is weak. Therefore, the matching task of flow
angle is completed by the stator blade.

When optimizing multirow blades by using inverse
problem design method, the rotor blade profile varies
according to the given load distribution, and the
outlet flow angle of the rotor blade changes corres-
pondingly, so the inlet flow angle of stator blade

O Grid points

@® Control points

Figure 4. Cubic B-spline interpolation.

varies accordingly. This has two main effects on the
optimization results. Firstly, the variation of the flow
angle increases the incidence, thus introducing add-
itional mismatching losses. Secondly, the current
working condition will deviate from the design condi-
tion due to the variation of incidence, so the adjust-
ment of the rotor blade profile is carried out under
off-design condition, which deviates from the
designer’s intention and may lead to the failure of
convergence.

In order to reduce the interference of interaction
between stator and rotor blade rows in the process of
inverse optimization, the stator blade is adjusted with
the variation of rotor blade profile. In more detail, for
every iteration the rotor blade is corrected, the inlet
flow angle of stator blade is recalculated, and the inlet
blade geometry angle of stator blade is adjusted to
match the inlet flow angle, i.e. the incidence is kept
at 0 degrees during the inverse design process. For
stator outlet, considering that the design of the next
stage is based on the aerodynamic parameters of the
stator outlet in order to reduce the bending and twist-
ing degree of the next stage, it is necessary to ensure
that the outlet flow angle distributes uniformly along
spanwise. Therefore, for stator outlet, the uniform
distribution of outlet flow angle along spanwise is
taken as the adjustment principle. In each iteration,
the average value of the outlet flow angle of the stator
blade is calculated, and the outlet geometry angle of
each section is adjusted according to the average
value. Finally, in order to avoid the distortion of
blade profile caused by the direct change of inlet
and outlet blade geometry angle, the virtual displace-
ment method is used to fine-adjust the stator blade
profile after adjusting the inlet and outlet blade geom-
etry angle. Different from the method used in rotor
blades, the target load distribution is smoothed by
cubic B-spline interpolation based on the current
load distribution and changes dynamically with the
iteration process.

When applying the inverse design method pro-
posed in this paper, the solving steps are shown in
Figure 5. Firstly, the initial blade profile data are
used to generate grids, and the CFD solver is used
to simulate the flow field. Secondly, the load distribu-
tion data of the rotor blade are extracted and com-
pared with the target load distribution, and the virtual
displacement is calculated to modify the blade profile.
At the same time, the inlet and outlet flow angles of
the stator blade are calculated according to the com-
puted flow parameters. Then, the rotor blade profiles
are modified according to the virtual displacement,
the stator inlet geometry angle is adjusted according
to the stator inlet flow angle, and the stator outlet
geometry angle is adjusted according to the radial
average value of the stator outlet flow angle. At last,
the blade camber line is smoothed and the blade thick-
ness distribution is added to generate the new blade
profiles. If the calculated load does not conform to the
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Figure 5. Flowchart of the inverse design method.
RANS: Reynolds-averaged Navier—Stokes.

target load distribution, repeat the above process until
the load distribution is satisfied.

Inverse design implementation
Target load adjustment

To verify the effectiveness of the proposed algorithm,
the Stage35 compressor stage was selected for this
verification. Stage35 compressor is a typical transonic
compressor rotor with small blade bend angle. Unlike
subsonic compressor, it relies mainly on shock wave
to increase pressure. The intensity and position of
shock wave are related to the load distribution on
the blade surface. Therefore, the shock wave and
aerodynamic parameter distribution in the flow pas-
sage can be controlled by adjusting the load on
the blade surface to improve the compressor
performance.

In order to obtain a reasonable blade load adjust-
ment strategy, the Stage35 compressor with the ori-
ginal blade geometry was analyzed at the design
point. The contours of relative Mach number of the
original blade profile are shown in Figure 6. It can be
seen that the performance of the compressor is
affected by the unexpected flow field distribution
and three important conclusions can be obtained by
inspection. (1) There is a bow shock at the leading
edge of the blade, extending from the leading edge
of the pressure surface to the middle of the suction
surface, and intersecting with a channel shock at
Z=10% of chord, which forms a Z-shaped shock
structure. This makes the aerodynamic parameters

(@)

Figure 6. Relative Mach number contours of the original
blade profile: (a) R=90% span from hub; (b) R=50% span
from hub.

fluctuate sharply in this region, generates a vortex dis-
sipation structure and introduces additional losses. (2)
There is a region with high Mach number at Z = 50%
of chord on suction surface, which is similar to the
flow field structure of Laval nozzle and has a negative
impact on the pressure rise. (3) In addition, a large
flow separation zone can be observed at the suction
side near trailing edge, which is caused by the large
load on the blade trailing edge. Therefore, the per-
formance of the rotor blade still has the potential to
be improved.

The blade profile is modified in a section-by-section
way. The inversely designed sections can be distribu-
ted uniformly along spanwise, or clustered where
larger radial gradients exists. For Stage35 compressor,
nine uniform sections from R=10% to R=90% span
are selected as calculation sections, and the load dis-
tribution of each section are adjusted respectively.
Based on the above analysis, the specific revision prin-
ciples are as follows. (1) Appropriately increasing the
load and moving the position of the peak load to the
leading edge of the blade, so as to improve the shock
wave structure. (2) Reasonably smoothing the load
distribution after shock wave to reduce the high gra-
dient area of the load and make the load distribution
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uniformly. (3) Properly reducing the load near blade
trailing edge to reduce flow separation phenomenon.

Results and discussion

According to the above three principles, the original
load distribution on the blade surface was adjusted,
and was taken as the target load distribution. The
time consumed in the calculation of the inverse
design process is almost the same as the time con-
sumed in the convergence of the flow field. The mod-
ified load distribution is shown in Figure 7. It presents
smoother variation, and the load decreases from lead-
ing to trailing edge. The peak load moves from
Z=10% of chord to the leading edge of the blade.
Figure 7 compares the specified and inversely
obtained load at different radial sections. It can be
seen that the inversely obtained load distribution
satisfies the specified target load well. It shows that
the calculation results meet the design objectives and
verify the stability and convergence of the method.
Figure 8 shows the contours of relative Mach
number at R=90% and R=50% span of the mod-
ified blade. Compared with Figure 6, the flow struc-
ture in the blade passage was optimized according to
the design intent. The A-shaped shock wave near the
blade leading edge is replaced by a normal shock
wave. Compared with original blade, the Mach
number at Z=50% of chord on the suction surface
decreases obviously, and more uniform distribution of
aerodynamic parameters is obtained. The region with
lower Mach number on the suction side of the trailing
edge represents that the flow separation is significantly
reduced. Figure 9 compares the static pressure distri-
bution on the rotor blade at R=90% and R=50%
span before and after optimization. It can be seen that
the static pressure of the pressure side at the front of
the blade increased and the static pressure of the suc-
tion side at the back of the blade decreased. Part of

o Target
— Original
— Modified

Figure 7. Comparison of original and modified 3D load
distribution of rotor blade.

the load acting on the back of blade is transferred to
the front, which forms a forward load distribution.
Above all, it can be seen that the internal flow struc-
ture of the blade is more reasonable after the opti-
mization, and the expected goal of the design is
achieved.

Figure 10 shows the spanwise distribution of the
inlet blade geometry angle obtained from inverse
design compared to the inlet flow angle and the ori-
ginal inlet blade geometry angle. It can be seen that
the stator blade inlet geometry angle is in good agree-
ment with the inlet flow angle. The deviation from the
inlet flow angle is about 1°, which is due to the blade
profile smoothing process. As a matter of experience,
the positive incidence is beneficial to the off-design
condition, so the small incidence was retained.

Figure 11 shows a comparison of the spanwise dis-
tribution of the outlet flow angle before and after
optimization. It can be seen that the outlet flow
angle obtained from inverse design method fluctuates
less along the spanwise direction, indicating that the
aerodynamic parameters are more uniform along
spanwise. It is beneficial to the design of the next
stage rotor blade. The degree of bending and twisting

(b)

Figure 8. Relative Mach number contours of the optimized
blade profile: (a) R=90% span from hub; (b) R=50% span
from hub.



Proc IMechE Part C: | Mechanical Engineering Science 0(0)

(a) 200

~f— Modified}}
{-==- Original |-

175 i

150 -

A

=)

S
T

2%
(b) 175

. beevee T Modified]+-----
150 f--- o ---- Original [

125 |- £k

Ap/kPa

100 b L5 .. s -

3l - S IO T S

50 |-

0 20 40 60 80 100
Z%

Figure 9. Comparison of the original and modified static
pressure distribution of rotor blade: (a) R =90% span from hub;
(b) R=50% span from hub.

of the next stage rotor blade can be reduced, thus
reducing the difficulty of blade modeling.

To explain the necessity of fine adjustment of stator
blade profile by virtual displacement method,
Figure 12 compares the load distribution with and
without adjustment at R=90% span of stator
blade. It can be seen that the load distribution without
fine adjustment fluctuated to some extent, while the
load distribution after fine adjustment tended to be
smooth.

The overall performance of the redesigned blade
under design point is shown in Table 2. The mass
flow rate was basically unchanged, the isentropic effi-
ciency of the compressor was increased by 1.2%,
and the total pressure ratio was slightly increased.
Figure 13 shows a comparison of the off-design per-
formance curves of the compressor. The isentropic
efficiency of the optimized compressor stage was
better than that of the prototype compressor in the
whole working condition. The total pressure ratio was
higher than that of the prototype compressor in high
mass flow condition and was slightly lower in low
mass flow condition, but overall, the performance of
the compressor stage has been improved. Figure 14
shows a comparison of the blade shape before and
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Figure 10. Comparison of original and modified inlet blade
geometry angles of stator blade.
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Figure 11. Comparison of the original and modified outlet
blade geometry angles of stator blade.
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40 et
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Figure 12. Comparison of the load distribution of stator
blade with and without fine adjustment at R=90% span.
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Table 2. Performance comparison of the original and
modified blade profile at design point.

Parameters Original Modified
Mass flow rate/(kg-s ') 21.02 21.04
Total pressure ratio of stage 1.826 1.844
Isentropic efficiency of stage 0.843 0.855
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Figure 13. The overall performance comparison of the
original and modified blade profile: (a) isentropic efficiency;
(b) total pressure ratio.
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Figure 15. Comparison of residual curves under different
treatments.

after optimization. Both rotor blade and stator blade
have been slightly adjusted after optimization.

To demonstrate the advantages of the improved
inverse design method, the two other cases were car-
ried out for comparison. In one case, the geometry
angle of stator blade was fixed. For the other case,
the maximum virtual displacement was set to
Y+ =20. Figure 15 shows the comparison of the resi-
dual convergence curves of the three cases. It can be
seen that when the blade geometry angle was fixed, its
residual curve always fluctuated, indicating that the
operation condition deviated from the design point
and the target load distribution cannot be achieved.
When the maximum virtual displacement was set to
Y+ =20, its residual curve fluctuated more violently,
indicating that the modification of blade shape was
more sensitive to the difference of load. As the
number of iteration steps increased, the distortion
degree of blade exceeded the limitation, thus leading
to the breakdown of the solver.

Conclusion

In this paper, an improved full three-dimensional vis-
cous inverse design method based on the virtual dis-
placement is proposed and adopted in multirow
blades environment. In this method, the virtual dis-
placement is derived from the compatibility relation-
ship and calculated according to the difference
between the target load and the actual load. The max-
imum virtual displacement is limited by Y+ <10. To
enhance the aerodynamic matching between rotor and
stator blade rows, the stator blade inlet and outlet
angles is adjusted according to the inlet and outlet
flow angles. The blade profile is smoothed by cubic
B-spline interpolation.

The effectiveness and robustness of the improved
method are demonstrated through stage 35 compres-
sor stage and the following conclusions are obtained.
The inverse design method developed in this paper
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can be applied to the multirow blades environment
with good stability, convergence, and acceptable com-
putational time consumption. The aerodynamic par-
ameters distribution of the blade can be effectively
controlled and the flow field structure can be opti-
mized by adjusting the target load distribution reason-
ably. The limit of the maximum virtual displacement
has a good effect on the stability of the calculation.
The adjustment of the inlet and outlet geometry angle
of stator blade has an important contribution to the
improvement of aero-matching and calculation stabil-
ity in the optimization process. At the design point,
the flow rate of the Stage35 compressor was basically
unchanged, the isentropic efficiency was increased by
1.2%, and total pressure ratio was also increased. The
newly developed inverse method does not need modi-
fication of core flow solver, and has no requirement
for grid structure. This makes it a potential to be
applied to advanced solvers or commercial software.
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