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Abstract 
An optimum aerodynamic design method for centrifugal compressor impeller has been developed. The 

present optimum design method is using a genetic algorithm (GA) and a two-dimensional inverse blade 

design method based on a meridional viscous flow analysis. In the meridional viscous flow analysis, an 

axisymmetric viscous flow is numerically analyzed on a two-dimensional meridional grid to determine 

the flow distribution around the impeller. Full and splitter blade effects to the flow field are successfully 

evaluated in the meridional viscous flow analysis by a blade force modeling. In the inverse blade design 

procedure, blade loading distribution is given as the design variable. In the optimization procedure, the 

total pressure ratio and adiabatic efficiency obtained from the meridional viscous flow analysis are 

employed as objective functions. Aerodynamic performance and three-dimensional flow fields in the 

Pareto-optimum design and conventional design cases have been investigated by three-dimensional 

Reynolds averaged Navier-Stokes (3D-RANS) and experimental analyses. The analyses results show 

performance improvements and suppressions of flow separations on the suction surfaces in the optimum 

design cases. Therefore, the present aerodynamic optimization using the inverse method based on the 

meridional viscous flow analysis is successfully achieved. 
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INTRODUCTION 
 

Much design methods for turbomachinery have been 

developed to improve aerodynamics performance such as 

efficiency, pressure ratio and operating range. In the recent 

years, inverse design and optimization methods have been 

receiving remarkable attention and spreading for the 

compressor designs. 

Zangeneh has been developing the inverse design 

method for turbomachinery [1-3]. The design tool named 

Turbo Design 1 is one of the most well-known inverse blade 

design tools for turbomachinery. Based on the assumption 

of potential flow, the blade geometry is obtained by the 

inverse method from a predetermined blade loading 

distribution. Secondary flow in flow passeges of vaned 

diffusers, centrifugal and mixed flow impellers are 

successfully reduced using the Turbo design 1. 

As for the optimization method, multi objective design 

methods for the centrifugal compressors have been 

developed. R.A. Van den Braembussche et al.[4] had 

developed an aerodynamic optimization method using an 

Artificial Neural Network (ANN) and a genetic algorithm 

(GA).  The aerodynamic performance of the designed 

compressors was successfully evaluated by the ANN based 

on the three-dimensional CFD results. The optimum design 

method provided improvements of aerodynamic 

performance. In addition, the recent optimizations of the 

turbomachinery have been achieved by an adjoint method. 

Multistage design optimizations [5,6] and a multipoint design 

optimization were successfully performed with the adjoint 

method. 

The authors have been developed an optimum 

aerodynamic design method using a meridional viscous flow 

analysis and applied to a diffuser augmented wind turbine 

design [8,9]. The rotor and diffuser geometries were 

simultaneously optimized and the aerodynamic performance 

was improved by the optimum design based on the 

meridional viscous flow analysis. In this paper, the optimum 

design method has been updated and applied to the 

centrifugal compressor impeller design. The remarkable 

feature of the present optimum design method is that the 

meridional viscous flow analysis performed on a 

two-dimensional grid is utilized to evaluate the aerodynamic 

performance in the procedure. Since the inverse method based 

on the meridional viscous flow analysis is combined with the 

optimization method, the optimum blade loading distributions 

can be obtained. Thus, global optimum blade design cases in 

different flow conditions may be easily obtained by the 

optimum blade loading distributions and the inverse method. 

Three-dimensional Reynolds Averaged Navier-Stokes 

(3D-RANS) and experimental analyses have been carried out 

to compare the flow fields and the aerodynamic performance 

between the optimum and conventional design cases. 
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1. AERODYNAMIC DESIGN METHOD 
Figure 1 shows a flow chart of the optimum 

aerodynamic design optimization method. The aerodynamic 

design flow chart is shown on the left side of Fig. 1. The 

present aerodynamic design consists of the two parts: 

meridional viscous flow calculation and two-dimensional  

inverse design method. The calculation and inverse method 

are performed repeatedly until the blade geometry and flow 

field are converged. The meridional viscous flow calculation 

is performed on a two-dimensional meridional grid with a 

blade force modeling in order to obtain the flow distribution 

around impeller. Using the flow distribution and the 

predetermined blade loading distribution, the 3-D impeller 

geometry is obtained by the inverse method. 

 

2. MERIDIONAL VISCOUS FLOW ANALYSIS 

The meridional viscous flow calculation is introduced 

to determine the flow distributions around the impeller for 

the blade design and aerodynamic performance for the 

optimization. The meridional viscous flow calculation is 

performed based on the assumption if the axisymmetric and 

viscous flow. The inviscid blade effect is evaluated by a 

blade force modeling which is introduced as a body force to 

the governing equations of the meridional viscous flow 

calculation. The circumferential component of the blade 

force can be written as 

m

rc

r

c
F m

b 


 
   (1) 

Here cm and cθ represent the meridional and circumferential 

components of the absolute velocity, respectively, m is the 

distance along the meridional streamline, ρ is the density of 

air, r is the radius from the axis of blade rotation. All the 

flow quantities in the right hand side of the above equation 

are given as circumferentially-averaged values. The axial 

and radial components of the blade force, Fz and Fr, are 

calculated from the assumption that blade force acts 

perpendicular to the blade camber, because the blade force 

introduced in the present analysis includes no viscous force 

acting on the blade [8-10]. As mentioned above, the 

meridional viscous flow analysis is performed on the 

two-dimensional meridional grid. Since the geometries of the 

full and splitter blades are different from each other, the value 

of ∂rcθ ∂⁄ m is calculated from the averaged value of the 

flow angle β of the full and splitter blades. Any loss models 

are not included in the meridional viscous flow analysis 

except for the k-omega turbulence model. 

The meridional viscous flow calculations in the present 

study are performed in the region from the compressor inlet 

to the diffuser outlet. The scroll region is not calculated in the 

present analysis. Figure 2 shows the meridional velocity and 

static pressure distributions in a conventional design case 

obtained from the meridional viscous flow analysis. The 

impeller geometry in the conventional design case is shown 

in the following sections. Boundary layers are observed on 

the shroud and hub surfaces in Fig. 2 (a). The actual static 

pressure ratio at the diffuser outlet in the conventional design 

case is less than 2.0. However, the static pressure ratio 

obtained from the meridional viscous flow analysis is higher 

than the actual static pressure ratio as shown in Fig. 2 (b). The 

excessive pressure ratio in the meridional viscous flow 

analysis is caused by the assumption that the slip effect and 

the losses such as friction loss on blade surface and tip 

leakage loss are not included in the meridional viscous flow 

analysis. The aerodynamic design and the optimization are 

carried out using the meridional viscous flow analysis result. 

The calculation time for the single meridional viscous flow 

analysis using Intel® CoreTM i7-3970X processor without 

parallelization technique is less than 10 minutes, which is 

significantly shorter than that for the 3D-RANS analysis. 

 

 

Fig. 1  Flow chart of optimum aerodynamic design method 
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3. TWO-DIMENSIONAL INVERSE METHOD 
The 3-D impeller geometry is obtained from the 

meridional viscous flow calculation result and the 

predetermined blade loading distribution. Equations (2) and 

(3) give the circumferential velocity cθ distribution inside 

the rotor blade. Δpmax is determined from the design 

specification. 





m

m
mb

dm
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r

pN
c

r

r
c

1
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1

)(

2

1

  (2) 

     )(max mFpp   (3) 

where F(m) is the normalized chordwise blade loading 

distribution. The circumferential velocity at the blade inlet 

cθ1 is obtained from the meridional viscous flow calculation 

result. The relative flow angle β is determined from the 

circumferential velocity cθ and the meridional viscous flow 

calculation result: 

      







 
 

mc

rc  1tan  (4) 

In this way, the camber lines are determined from the 

relative flow angle β distribution. The 3-D impeller 

geometry is constructed from the camber lines and blade 

thickness distributions. 

 

4. OPTIMUM AERODYNAMIC DESIGN METHOD 

The optimization flow chart by a genetic algorithm 

(GA) is shown on the right side of Fig. 1. In the present 

study, the Non-dominated Sorting Genetic Algorithm II 

(NAGA-II) [13] which is a well-known optimization 

method by its performance was used as evaluation and 

selection models. The Real-coded Ensemble Crossover 

(REX) [14] was used as a crossover model. In this 

optimization procedure, initial impellers are designed from 

randomly decided initial design specifications. The 

aerodynamic performance in the designed impellers is 

evaluated from the meridional viscous flow analysis results. 

Based on the design specifications are created due to the 

section, mutation, crossover processes. Thus, the 

aerodynamic optimization of impeller based on the 

meridional viscous flow analysis is carried out. 

 

 

5. DESIGN VARIABLES 
The blade loading distribution is defined by Akima 

interpolation method fitted to 27 points located on the 

meridional plane shown as red circle symbols in Fig. 3. The 

values of the blade loading at each 27 points are treated as the 

design variables. The blade loading distribution for the full 

and splitter blades are decided by 18 and 9 variables, 

respectively. The same design specifications except for the 

blade loading distribution, such as rotational speed, 

meridional geometry and number of blades are adopted in the 

present study. 

 

Fig. 3  Design variables locations 

  for blade loading distributions 

 

6. PARETO OPTIMUM DESIGN CASES 
The total pressure ratio π and the adiabatic efficiency η 

obtained from the meridional viscous flow calculations are 

the objective functions for the present aerodynamic 

optimization. 

      03 / tt pp  (5) 

       
 
  1/

1/

03
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





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TT

pp 


  (6) 

where pt0 and pt3 are the total pressures at the inlet and the 

diffuser outlet, respectively. Tt0 and Tt3 are the total 

temperatures at the inlet and the diffuser outlet, respectively. 

Figure 4 shows the total pressure ratio π and the adiabatic 

efficiency η in the design and conventional cases obtained 

from meridional viscous flow calculations. In the figure, the 

ordinate denotes the adiabatic efficiency and the abscissa 

denotes the total pressure ratio, respectively. Pareto optimum 

solutions named opt A and opt B and the conventional design 
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Tip
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Tip

 
(a) Meridional velocity 

 

(b) Static pressure 

 

Fig. 2  Meridional flow distribution in conventional 

design case obtained from meridional viscous flow 

analysis 

Fig. 4  Aerodynamic performance obtained from 

meridional viscous flow analysis results 
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case are indicated as red, blue and black symbols in the 
figure, respectively. In this study, opt A and opt B are 

chosen because they locate on the Pareto front and show 

both high total pressure ratio and high adiabatic efficiency 

compared with the conventional design case. The 

compressor geometry for the conventional design case 

except for the impeller geometry is the same as that for the 

present optimum design cases. The figure shows the 

performance improvement in the optimum design cases. 

Figure 5 shows the blade loading distributions for the 

conventional, opt A and opt B design cases. In Fig. 5, the 

abscissa denotes the non-dimensional chord at each span 
height and the ordinate denotes the blade loading Δp 

normalized by atmospheric pressure, respectively. Using the 

meridional viscous flow calculation result, the design blade 

loading distribution can be extracted from eq. (1). In 

addition, the blade loading distribution at the tip section in 

the conventional splitter blade is higher than those in the 

optimum design cases. On the other hand, the blade loading 
from the mid-chord to the trailing edge at the tip section at the 

conventional full blade is significantly lower. Figure 6 shows 

the geometry comparisons between the optimum and 

conventional design cases. Figure 6 indicates the inlet flow 

angle difference between the conventional and optimum 

design cases.  

 

7. 3D-RANS ANALYSIS 
As mentioned above, the present optimization is carried out 

using the meridional viscous flow analysis. The validation of 

the present optimization is performed using three- 

dimensional simulations and experiments. Three-dimensional 

flow field in the optimum and conventional design cases in 

one pitch region was analyzed by the 3D-RANS simulation.  

The number of computational cells for the 3D-RANS 
analysis is about 50 million cells. The y+ condition calculated 

from the minimum gird spacing to the solid wall satisfied less 

 
 (a) conventional (full blade) (b) conventional (splitter blade) 

 
 (c) opt A (full blade) (d) opt A (splitter blade) 

 
 (e) opt B (full blade) (f) opt B (splitter blade) 

Fig. 5  Design blade loading distributions for conventional and optimum design cases 
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than 1. The calculation region for the 3D-RANS analysis is 
the same as that for the meridional calculation, namely, the 

scroll region is not included in the 3D-RANS and the 

meridional viscous flow analyses. A fully-implicit scheme 

with a cell-centered finite volume method based in-house 

CFD code was used for the 3D-RANS analysis [15,16]. The 

inviscid and viscid fluxes are evaluated using the SHUS 

(Simple High-resolution Upwind Scheme) [17] and Gauss’s 

theorem, respectively. As for the evaluation of the eddy 

viscosity, the k-omega two-equation turbulence model [18] 

was employed. 
A critical-point concept was applied to the flow 

visualization technique. The trajectory of the vortex core 

identified by the critical-point concept was colored by the 

normalized helicity defined as [19,20]; 

      wwHn   /  (7) 

where ξ and w denote vectors of the absolute vorticity and the 

relative flow velocity, respectively. The normalized helicity 

 
(a) Opt A and conventional design cases 

 
(b) Opt B and conventional design cases 

Fig. 6  Impeller geometries of optimum and conventional design cases 

  
(a) Total pressure ratio (b) Adiabatic efficiency 

Fig. 7  Aerodynamic performance obtained from 3D-RANS analysis results 
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indicates the relative swirl direction of the vortex relative to 
the velocity component. 

 

8. AERODYNAMIC PERFORMANCE 

Figure 7 shows the aerodynamic performance in the 

opt A, opt B and conventional design cases obtained from 

3D-RANS analysis results. In Fig. (a) and (b), the ordinates 

denote the normalized total pressure ratio and the 

normalized adiabatic efficiency, respectively. The abscissa 

denotes the normalized flow rate. The normalized flow rate 

is defined by normalizing the flow rate on the basis of the 
design flow rate. The total pressure ratio and the adiabatic 

efficiency are normalized by those evaluated from the 

3D-RANS analysis of the conventional design case at the 

design flow rate, respectively. Figure 7 (a) includes 

experimental results of the total pressure ratio in the 

conventional design case. It can be seen from Fig. 7 (a) that 

the 3D-RANS analysis results of the performance 

characteristic in the conventional design case shows good 

agreement with the experimental results. The total pressure 

ratios in the opt A and opt B cases are superior to that in the 

conventional case, except the operating region around the 

maximum flow rate.  Figure 7 (b) shows that the adiabatic 

efficiencies in the optimum cases are much higher than that in 
the conventional case, except the operating region around the 

maximum flow rate. 

 

9. THREE-DIMENSIONAL VORTICAL FLOW FIELD 
Figure 8 shows vortex cores identified by the 

critical-point concept, limiting streamlines on the blade 

surfaces and entropy function distributions at the impeller exit 

in the conventional and optimum design cases. In the figure, 
the vortex cores are colored by the normalized helicity 

defined by Eq. (7). The entropy function is defined by the 

following Eq. (8):  

      
  1

0

0
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/
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
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
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As seen in Fig. 8, tip leakage vortices are observed from the 

leading edges of the full and splitter blades in each design 

case. In addition, leading edge separations on the blade 
suction surfaces are also observed. The tip leakage vortices 

and the leading edge separation vortices cause loss 

generations as seen in the entropy function distributions at the 

impeller exit. Figures 8 (b) and (c) indicate that the loss 

  

(a) conventional (a) conventional 

  

(b) opt A (b) opt A 

  

(c) opt B (c) opt B 

Fig. 8  Vortex structures around impeller, 

 limiting stream lines on impeller surface and 

 entropy function distribution at impeller exit 

 

Fig. 9  Relative Mach number distribution at 

90 percent span height and vortex structures 

 around impeller 
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generations are successfully suppressed in the optimum 
design cases, compared with the conventional design case 

shown in Fig. 8 (a).  

Figure 9 shows relative Mach number distributions at 

90 percent span height and vortex structures in the 

conventional and optimum design cases. As shown in Fig. 9, 

shock waves near the leading edge of the full blades and low 

Mach number regions near the mid chord of the full blades 

are observed. Especially in the conventional case, the low 

Mach number region is widely distributed. In addition, the 

flow separation is observed in the boundary layer on the 

conventional full blade suction surface near the leading 
edge. In the optimum design cases, on the other hand, the 

boundary layer thicknesses on the full blade suction surface 

are thinner than that in the conventional design case. In 

other words, the low velocity area expansion in the 

conventional design case is caused by the leading edge 

separation on the full blade suction surface. In the optimum 

design cases, the blade loading at the full blade inlet is 

relatively smaller than that in the conventional case as 

shown in Fig. 5. As a result, in the optimum design cases the 

large scale leading edge separation is suppressed so that the 

low Mach number region becomes smaller.  
Figure 10 shows the comparison of pitch-wise 

averaged flow distributions at the full blade inlet for the 80 

percent design flow rate. In Fig. 10 (a), the abscissa denotes 

the axial mass flux normalized by the density and the speed 

of sound at the upstream stagnation state, and the ordinate 

denotes the span height normalized by the inlet passage 

height. As shown in Fig. 10 (a), the flows in the optimum 

design cases are accelerated on the blade tip side compared 

with the flow in the conventional design case. The flow in 

the opt B case is, however, different from the one in the opt 

A case. The flow from the tip to the mid-span in the opt B 

case is uniform. On the other hand, in the opt A design case, 
that is not uniform and the flow near 80 percent span height 

is most accelerated. 

In Fig. 10 (b), the abscissa denotes the incidence angle 

at the full blade and the ordinate denotes the span height 

normalized by the inlet passage height. In the opt A design 

case, comparing with the conventional design case, the 

incidence angle is reduced at the tip and on the hub side but 

it is increased at the mid-span. In the opt B design case, the 

incidence over the whole span height is comparatively lower 

than one in the conventional design case. 

Figure 11 shows the vortex cores identified by the 
critical-point concept, the limiting streamlines on the blade 

suction surfaces and the entropy function distributions on 

the full blade suction surface at the 80 percent design flow 
rate in the conventional and optimum design cases. In the 

figure, the vortex cores are colored by the normalized helicity 

defined by Eq. (7). The entropy function is defined by Eq. (8). 

In Fig. 11, the differences in the leading edge separation 

vortex and the limiting streamlines between the conventional 

and optimum design cases are observed. As shown in Fig. 11 

(a), the radially outward flow is observed in the limiting 

streamlines near the leading edge. In optimum design cases, 

the radially outward flow is suppressed near the leading edge. 

Especially near the hub side of the leading edge in the opt B, 

where the incidence angle is approximately zero as shown in 
Fig. 10 (b), and the leading edge separation and the radially 

  
 

(a) Axial mass flux (b) Incidence angle 

Fig. 10  Pitch-wise averaged flow distributions 

at full blade inlet (80 percent design flow rate ) 
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Fig. 11  Vortex structures around impeller, 

 limiting stream lines on impeller surface and 

 entropy function distribution at impeller inlet 

(80 percent design flow rate) 
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outward flow are not observed because of the decrease in 
the incidence angle of the opt B. These facts results in the 

decrease in the leading edge separation region 

corresponding to the high entropy function region shown in 

Fig. 11 (c) and the suppression of the high-loss fluid 

accumulation at the impeller outlet shown in Fig. 8 (c) in the 

opt B design case. As a result , the adiabatic efficiency of 

the opt B case at 80 percent design flow rate is higher than 

the other design cases as shown in Fig. 7 (b). 

 

10.  EXPERIMENTAL ANALYSIS 
 One of the Pareto optimum design cases called opt B, 

which has the highest aerodynamic performance at the 

reference operating point obtained from the 3D-RANS 

analysis results, has been investigated by experimental 

analysis. The experimental analyses were carried out at the 

test facility in the R/D center, Mitsubishi Heavy Industries, 

Ltd.. The compressor cover which defines shroud and scroll 

geometries for the optimum design case is the same as that 

for the conventional one. Figure 12 shows the aerodynamic 

performance in the opt B and the conventional design cases 

obtained from experimental analysis results. The abscissa in 

Fig. 10 denotes the relative flow rate, the ordinate in Fig. 12 

(a) denotes the relative total pressure ratio and the ordinate in 

Fig. 12 (b) denotes the relative adiabatic efficiency, 

respectively. The values of the pressure ratio, the adiabatic 

efficiency and the flow rate in Fig. 12 are normalized by 

those at the operating point which has the highest adiabatic 

efficiency in the conventional design case, respectively. As 

shown in Fig. 12, the values of the total pressure ratio in the 

opt B case are superior to those in the conventional case. 

However, surging flow rate in the opt B case is higher than 

that in the conventional case. As shown in Fig. 12, the values 

of the adiabatic efficiency around the reference flow rate in 

the opt B case are slightly higher than those in the 

conventional case. In the meridional viscous flow analysis 

and the 3D-RANS analysis, the aerodynamic performance is 

evaluated from the pressure and the temperature at the inlet 

region and the diffuser outlet. On the other hand, the 

measurement point for the outlet pressure and temperature in 

the experiments is located at the scroll exit. There may be a 

possibility that the scroll performance deteriorated, because 

of the excessive pressure rise in the opt B case. 

 

11. CONCLUSION 

The optimum aerodynamic design method using the 

genetic algorithm (GA) and the two-dimensional inverse 

method based on the meridional viscous flow analysis has 

been applied to the centrifugal compressor impeller. The 
three-dimensional Reynolds-averaged Navier-Stokes 

(3D-RANS) analysis and experimental analysis has been 

performed to investigate the validity of the present design 

method. The results are summarized as follows: 

 

(a) The two-dimensional inverse blade design method 

consists of the meridional viscous flow analysis and the 

two-dimensional inverse analysis. In the meridional 

viscous flow analysis, the axisymmetric 

Reynolds-averaged Navier-Stokes equations with the 

blade force model are numerically solved on the 

two-dimensional meridional grid to determine the flow 
distribution around the impeller and evaluate the 

aerodynamic performance. In the two-dimensional 

inverse analysis, the impeller geometry is designed from 

the blade loading distribution and the meridional viscous 

flow analysis result.  

(b) Using the present optimization method, the optimum 

impeller geometries and the blade loading distributions 

were obtained. The blade loading from the mid-chord to 

the trailing edge at the tip section at the conventional full 

blade is significantly lower than that of optimum design 

cases. 
(c) The total pressure ratios and the adiabatic efficiencies in 

the Pareto-optimum design cases obtained from the 

results of the 3D-RANS analyses and the experiments are 

higher than those in the conventional design case. The 

results of the 3D-RANS analyses indicate that the 

aerodynamic performance improvements in the 

Pareto-optimum design cases are achieved by the 

optimum blade loading distributions. The reduction of 

the blade loading at the leading edges and the tip sections 

suppress the loss generation from the leading edge 

separation and the tip leakage vortex. 

(a) Total pressure ratio 

 

(b) Adiabatic efficiency 

Fig. 12  Aerodynamic performance obtained from 

experimental analysis results 
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NOMENCLATURE 
c :  absolute velocity  

Fb : blade force 

F(m) :  normalized blade loading distribution for design  

Hn :  normalized helicity  
Kb :  blockage factor 

m :  meridional length 

N :  number of blade  

p :  pressure 

pt :  total pressure 

r :  radius  

R:  gas constant 

s:  entropy 

s*:  entropy function 

Tt :  total temperature 

u :  rotor speed 

w :  relative velocity 
γ:  ratio of specific heat 

η :  adiabatic efficiency 

ξ :  relative vorticity 

π :  pressure ratio 

ρ :  density of air 

 
SUBSCRIPTS 

0 :  inlet  

1 :  impeller leading edge  

2 :  impeller trailing edge  

3 :  diffuser outlet  
m :  meridional component  

r :  radial component  

z :  axial component  

θ :  circumferential component 
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