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ABSTRACT 

The aerodynamic design of multi-stage transonic axial-flow compressors plays a critical role in the overall 
performance of aeronautical engine, gas turbine and industry compression unit. Despite a series of new design methods 
have been successfully proposed in the research and development of advanced axial-flow compressors, redesign methods 
are still one of the most effective measures in the development of available advanced products to meet new requirements. 
In this work, a geometry scaling technique is proposed in which 1D mean-line analysis and 3D parametric geometric 
modeling are used to define a series of key redesign criteria with as minor variations as possible in the aerodynamic 
performance compared against the original design. The motivation behind this technique is to develop a CFD validation 
rig while keep both the aerodynamic performance and CFD prediction accuracy unchanged with reduced partial annulus 
model. The proposed scaling technique is then verified by the redesign of a 3.5-stage transonic axial-flow compressor with 
geometry scaling of blade/vane numbers and IGV-rotor-stator axial spacing. The CFD prediction shows that the variation 
in overall performance of redesigned compressors is generally within one percent, verifying the effectiveness of the 
proposed scaling technique. 

INTRODUCTION 
In multi-stage turbomachinery design system, redesign or upgrade of existing compressors is one of the most effective 

ways to meet particular performance, such as zero-staging and de-last staging (Wadia et al., 2002), or to improve the current 
performance like increasing the pressure ratio, flow capacity and efficiency (Ikeguchi et al., 2012; Novak et al., 2013). 
Geometry scaling technique, as the essential part of redesign process, directly determines the performance improvement 
and structural reliability. Besides, geometry scaling technique is also regarded as an effective treatment in the unsteady 
aerodynamic flow simulation. Since full-annulus calculation requires enormous computational cost (Liu et al., 2018; Li et 
al., 2019), periodic flow assumption is usually made to reduce the full annulus blade passages to partial annulus blade 
sectors. The motivation behind this work is to propose a geometry scaling technique tailored to partial annulus blade 
sectors-based CFD prediction model without the loss of CFD prediction accuracy. This is especially beneficial to the 
unsteady design optimization of multi-stage axial compressor. 

The fundamental requirement of such geometry scaling technique is to keep as minor variations as possible in the 
aerodynamic performance compared against the original design. However, the number of design variables for multi-stage 
compressor is huge and it is difficult to extract key design criteria from numerous flow parameters. The similarity principle, 
which is to construct dimensionless similarity numbers to reduce the number of original dimensional variables, can give 
assistance to keep the similar performance as long as the geometric, kinematic, dynamic and thermodynamic similarity are 
guaranteed. For multi-stage compressor, kinematic and dynamic similarity corresponds to the similarity of inlet velocity 
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triangle and machine Mach number respectively, which both regards the geometric similarity as a prerequisite. However, 
it is usually difficult to guarantee the geometric similarity in the scaling process.  

Over the last decades, some scaling techniques have been applied to cope with the geometric treatment mainly by 
changing the blade/vane numbers. The scaling technique was firstly applied in 2D unsteady calculations on the turbine 
single stage (Rai and Madavan, 1990; Arnone and Pacciani, 1996). The solidity of blade was guaranteed when altering the 
blade/vane numbers but the impact on the overall performance of the stage was unclear. Yao et al applied the scaling 
strategy on Aachen 1.5 stage turbine by using a large-scale unsteady CFD code to investigate the effect of blade number 
on the prediction accuracy of aerodynamic performance and unsteady flow physics (Yao et al., 2002). The strategy was to 
keep the same solidity and minor difference of total pressure ratio was observed. Mayorca et al described a scaling 
technique to maintain the solidity, thickness, inlet and outlet radius of flow passage and used the technique to predict the 
aerodynamic forcing on a transonic fan stage (Mayorca et al., 2011). The configurations with different scaling ratios were 
calculated by using unsteady CFD method to investigate the sensitivity of scaling technique on the mode excitability. 
Despite of the above limited number of research works on the geometry scaling technique, the impact of geometry scaling 
on the overall performance of multi-stage compressor has not been explored yet. 

In this work, a geometry scaling technique is established for multi-stage transonic axial-flow compressor to keep the 
variations in the aerodynamic performance as minor as possible in the case of geometric dissimilarity. The geometry scaling 
technique applies 3D parametric geometric modeling and 1D mean-line analysis to define a series of key redesign criteria 
on a 3.5-stage transonic axial-flow compressor. Due to the acceptable prediction accuracy validation of steady model with 
mixing planes on the multi-stage compressor (Wang et al., 2018), the proposed scaling technique is then verified with CFD 
prediction on the scaling geometry with different blade/vane numbers and IGV-rotor-stator axial spacing. The purpose of 
this work is twofold: the first is to explore how to guarantee the similarity of aerodynamic performance with geometric 
dissimilarity for multi-stage compressor; the second is to explore what extend the geometric dissimilarity can influence the 
overall performance when changing blade/vane numbers and IGV-rotor-stator axial spacing.  

METHODOLOGY 

3D Parametric Geometry Modelling 

Method 
Parametric geometric modelling (Durschmidt et al., 2004; Koini et al., 2009; Milli and Shahpar, 2012; Siddappaji et 

al., 2012), as the basis of geometric design, redesign and optimization of axial flow compressor, should follow the principle 
of completeness, flexibility and accuracy. The completeness principle requires all the geometry details of machines to be 
described with a number of design parameters. The flexibility principle refers to the free control of geometric 
transformation, including shape fitting, profile modification, translation, rotation and etc., with as small number of design 
variables as possible. The accuracy principle guarantees the small variation of geometry between the original and 
parametric machines. Based on the requirements mentioned above, the parametric geometric modeling code is built. The 
flow chart is shown in Fig 1. The input data module can allocate the storage space adaptively according to the stage number 
of investigated compressor. And this procedure can achieve the transformation between cartesian and cylindrical 
coordinates. In this work, the investigated compressor is a 3.5-stage transonic axial-flow compressor. The input coordinate 
system is cartesian coordinate. 

The execute mode of the parametric geometry modeling is twofold, i.e., parameter extraction and parameterization, 
according to users’ requirements. Both modes are required on the investigated compressor in this work. The schematic 
diagram of blade section and blade profile is shown in Fig 2. 

    

Figure 1 Parametric Modeling             Figure 2 Schematic of Blade Section and Profile 
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Parameter extraction module is to extract blade section and profile parameters in the case that only spatial coordinates 
of the geometry are provided. The designers mainly pay attention to geometric parameters with clear physical meanings 
such as solidity, chord and so on rather than coordinates of the control points. First, flow passage is specified by the hub 
and shroud profiles. The stream surfaces at different spans can then be interpolated from these endwall stream surfaces. In 
this work, another three stream surfaces are calculated at 0.25, 0.5 and 0.75 blade span respectively. Second, blade sections 
defined by the suction and pressure sides are extracted at the five stream surfaces in (m, rθ) coordinate, converted from 
cylindrical coordinate. Third, (u, v) coordinate is built by rotating the extracted stagger angle and then blade profile 
parameters are obtained.  

Parameterization module is almost the inverse of parameter extraction module. Non-uniform rational B-splines 
(NURBS) interpolation fitting is used to describe the geometry in this work due to good mathematical and algorithmic 
properties (Piegl and Tiller, 1995). The input parameters are shown in Table 1. Firstly, in the flow passage module, the 
control points of endwall curves are also located at the leading edge of the blades. The radius of both curves at the leading 
edge of R1 and the radius of shroud at the leading edge of IGV are fixed, and thus the number of parameters for the radius 
of shroud and hub curves are 5 and 6 respectively. With additional four fixed points in the inlet region and two points in 
the outlet region, each endwall curve is formed by using third-degree UNRBS curves with ten control points. Then the 
stream surfaces are interpolated linearly to place the blade sections. Secondly, for each blade section, blade profile is 
defined by mean camber line and the given thickness distribution. Each mean camber line is parameterized by two-segment 
third-degree NURBS curves with given max camber location and blade angle at LE and TE. Specially rounded treatment 
has been made at the LE and TE as shown in Fig 2. Then the parametric blade section is rotated by stagger angle. Thirdly, 
3D blade is constructed from blade sections at five stream surfaces. The relative locations of blade sections in the cylindrical 
coordinate are defined by the stacking lines of blade leading edge, including sweep and lean distribution. The θ coordinate 
at the hub is fixed, and the clocking effect is neglected. 

Table 1 Input Parameter Number 
 Parameter Amount Total 

Flow passage 
Shroud (z, r) (7, 5) 

25 
Hub (z, r) (7, 6) 

Blade section 

Chord 5×7 

210 
Max camber location (x, y) (5×7, 5×7) 

Blade angle at LE&TE (β1A, β2A) (5×7, 5×7) 
Stagger angle 5×7 

3D blade 
Sweep z 3×7 

49 
Lean θ 4×7 

Total 284 
7 represents the number of blade rows. 

Validation and Verification 
CFD simulation is carried out by NUMECA Fine/Turbo. The Spalart-Allmaras turbulence model is adopted to treat 

the turbulence viscosity and four-step Runge-Kutta scheme is used to treat the time integration. The inlet boundary 
conditions are set as total temperature 288.15K, total pressure 101325Pa and no-swirl inlet velocity. The outlet boundary 
condition is set as static pressure. The rotor-stator interface is dealt with mixing plane method. The solid wall is set as the 
adiabatic and non-slip boundary.  

To further validate the accuracy of the numerical method and reliability of the mixing plane method, NASA Stage 35 
is applied due to the open experimental data and similar transonic characteristics with the investigated compressor. The 
comparison between CFD prediction and experimental data is shown in Fig 3. The calculated adiabatic efficiency is 
consistent well with experimental data. The predicted total ratio presents a similar trend but lower value. The error at peak 
efficiency and near stall conditions are 0.5% and 1.8% respectively. Considering the simplification of geometry and 
technological effects, the numerical method meets the requirement of accuracy. 

The multi-block structured grids are generated by using NUMECA AutoGrid5, as shown in Fig 4. The O4H grid in 
mainstream region, H grid in inlet and outlet region, and butterfly-type grid in tip clearance region are generated. The local 
grids at tip clearance and LE are present in Fig 4(b-c). The y+ is kept below 5.5 .  

To verify the mesh independence, three grids are used to predict the performance of the investigated compressor. The 
mesh number of coarse, middle and fine grid are 3.69, 7.69 and 16.05 million respectively. The relative errors at three 
typical operating conditions, i.e., peak efficiency, near stall and near choke, are shown in Fig 5. Considering both 
computational accuracy and cost, the mesh number is considered to satisfy the grid independence if relative error is 
approximately below 0.1% compared with the performance calculated with fine grid. Therefore, the middle grid with 7.69 
million meshes is used in the CFD calculation. 
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To verify the 3D parametric geometric modelling method, the performance curves of the original and parametric 
compressor are compared and relative error of mass flow rate, adiabatic efficiency and pressure ratio at typical operating 
conditions are analyzed. As shown in Fig 6, the predicted curves of parametric compressor agree well with those of original 
compressor. The relative error of mass flow rate at peak efficiency point, near stall and near choke are 0.1%, 0.37% and 
0.34% respectively. Mass flow rate of parametric compressor is a little larger than that of original compressor because the 
leading edge of parametric blades is a little sharper due to the fitting error of thickness distribution in the parameter 
extraction procedure. At peak efficiency point, the relative error of adiabatic efficiency and total pressure ratio is 0.35% 
and 0.07% respectively. At near stall point, the performance prediction error increases a little but the error is still within 
1%. The predicted total pressure ratio of parametric compressor is a little lower while the adiabatic efficiency is higher 
compared with the results of original compressor. The results can also be contributed to the sharper leading edge. For 
transonic compressor, the work capacity is mainly dependent on the shock wave. The sharper leading edge is more likely 
to induce oblique shock wave, which is weaker and causes less loss compared with normal shock loss. The lower work 
capacity and less shock loss give rise to lower total pressure ratio and higher adiabatic efficiency. Overall, the developed 
parametric geometric modeling method is feasible and accurate. 

         

(a) Adiabatic efficiency                (b) Total pressure ratio 

Figure 3 Comparison between Numerical Prediction and Experimental Data of NASA Stage 35 

   

       (a) Grids                      (b) Grids in tip clearance (c) Grids at LE 

Figure 4 Block-structured Grids 
 

 

 

Figure 5 Grid Independence 
Verification 

(a) Adiabatic efficiency          (b) Total pressure ratio 

Figure 6 Comparison of Performance Curves between Original 
and Parametric Compressor 
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1D Geometry Scaling Criteria 
Geometry scaling technique is a way of scaling a configuration with as minor variations as possible in the aerodynamic 

performance compared with the original design. For this purpose, a geometry scaling technique is proposed for the 3D 
parametric compressor based on 1D mean-line analysis, as shown in Fig 7. Despite 3D CFD-based method can guarantee 
the sufficient fidelity of aerodynamic performance prediction, it is difficult to extract key design criteria from numerous 
flow field details. Besides, redesign of currently available products are usually required to meet particularly overall 
performance, which is challenging to be carried out by only using 3D CFD-based method. 1D mean-line analysis, as a 
rapid aerodynamic performance prediction tool with geometric and aerodynamic simplifications of multi-stage axial 
compressor, can give assistance to screen out the key geometric and aerodynamic parameters. Then the overall performance 
of multi-stage compressor is obtained by axially stacking the aerodynamic performance of each stage, which is calculated 
with a series of flow equations and empirical models.  

The main idea of the technique, as presented in the yellow section of Fig 7, is to define a series of 1D key scaling 
criteria to establish the relationship between geometric parameters and key aerodynamic parameters, which have major 
influence on the overall performance of the axial compressor. According to the 1D mean-line analysis, the overall 
performance is dependent on the inlet and outlet velocity triangles of each blade row. In other words, to keep the similar 
overall performance is to keep the similar velocity triangles at the inlet and outlet blade rows. The inlet velocity triangle is 
derived from the outlet condition of previous blade, and guarantees the conservation of mass, momentum and energy 
between two adjacent blade rows. The outlet velocity triangle is quantified by the conservation of mass and different types 
of empirical models, that is, incidence angle models(Hu et al., 2011), deviation angle models (Cetin, 1987; Wennerstrom, 
2000; Boyer and O’Brien, 2003), profile loss model(Koch and Smith, 1976; Wennerstrom, 2000), shock loss model(Koch 
and Smith, 1976; Cetin, 1987; Wennerstrom, 2000; Boyer and O’Brien, 2003), and aerodynamic blockage models (Jansen, 
1967). It should be mentioned here that the widely used empirical models are considered in the analysis since too many 
models have been published in both academic and industry communities. More detailed information about 1D mean-line 
prediction analysis is present in our previous work (Zhang et al., 2020).  

 

Figure 7 Concept of Geometry Scaling Technique 
The corrected reference incidence angle and reference deviation angle corrected with the effect of incidence angle are 

dependent on the blade profile parameters and inlet velocity triangle. It demonstrates that if we keep the same solidity, 
stagger angle, inlet and outlet blade angle, blade maximum thickness to chord ratio, the corrected reference incidence angle 
and reference deviation angle corrected with the effect of incidence angle can remain the same after geometry scaling. 
However, the empirical model of aerodynamic blockage shows that the blockage is related to the axial length of the 
configuration. If we keep the blade solidity unchanged in scaling the blade/vane number, the blade axial chord must be 
varied which eventually leads to the variation of the whole length of flow passage. The contradiction of the blade solidity 
and axial length of the configuration suggests that the similarity of aerodynamic blockage cannot be completely guaranteed. 
The dissimilarity of blockage can have an impact on the outlet triangle and in turn on the other aerodynamic parameters. 
In other words, if blockage is kept constant together with the geometric parameters described above, the similarity of profile 
and shock loss and the correction term of deviation angle can be achieved as well as the overall performance. In summary, 
the scaling criteria are blade solidity, stagger angle, inlet and outlet blade angle, thickness to chord distribution. It should 



6 

be noted that the axial spacing of adjacent blade rows is unchanged and the hub profile is refitted to adapt the modified 
axial location of the blade rows and diminish the dissimilarity of aerodynamic blockage. 

RESULTS AND DISCUSSION 
In the section, two redesign strategies are carried out to verify the geometry scaling technique. One is to scale the 

configuration with different blade/vane numbers. The other is to scale the IGV-rotor-stator axial spacing. 

Scaling Configurations 
The number of blade sectors is defined as greatest common divisor of blade numbers for all blade rows. To verify the 

geometry scaling technique, the configuration with four blade sectors, named as 4 Domain-scaled case, has been designed 
first, of which the blade/vane numbers for all blade rows are reduced and thus the axial length is extended. Then IGV-
rotor-stator axial spacing of 4 Domain-scaled case is increased 1.5 times, named as 1.5 AS case, to further investigate the 
feasibility of the proposed technique.The parametric configuration is regarded as the baseline. The blade/vane numbers of 
each blade row and axial length variation of three configurations are shown in Table 2 and the meridional passages of the 
original, parametric, 4 Domain-scaled and 1.4 AS configurations are shown in Fig 8.  

Table 2 Blade Numbers of Configurations 
 IGV R1 S1 R2 S2 R3 S3 Axial length variation (mm) 

Parametric 17 20 22 28 32 34 50 0 

4 Domain-scaled 16 20 20 28 32 32 48 18.98 

1.5 AS  16 20 20 28 32 32 48 30.43 

 
Fig 8 Meridional Passages of Original, Parametric and Scaled Configurations 

Overall Performance Prediction 
The performance curves of parametric and the scaled configurations at design speed are shown in Fig 9, where the 

mass flow rate and pressure ratio are normalized respectively by the choke mass flow rate and stall total pressure ratio of 
the parametric compressor. The errors of overall performance between parametric and scaled configurations at three typical 
operating conditions, i.e., near stall (NS), peak efficiency (PE) and near choke (NC), are present in Table 3.  

        

(a) Adiabatic efficiency                        (b) Total pressure ratio 

Fig 9 Performance Curves of Parametric and Scaled Configurations 
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Table 3 Errors of Overall Performance 
 4 Domain-scaled case 1.5 AS case 

Q ηad ε Q ηad ε 
NS -0.59% -0.10% 0.35% -1.40% 0.15% -0.81% 
PE -0.30% 0.07% -0.19% -0.98% 0.13% -0.02% 
NC -0.37% -0.34% -0.02% -0.93% -0.82% 0.15% 

As for the 4 Domain-scaled case, the performance curves present similar tendency as those of parametric compressor. 
The maximum relative error of adiabatic efficiency and total pressure ratio at three typical operating conditions is 0.35%, 
which indicates the feasibility of the proposed technique. The prediction of mass flow rate shows a little larger relative 
errors especially at off-design conditions. However, the errors are still below the prescribed 1%. Otherwise, the negative 
errors of mass flow rate and leftwards movement of the curves indicate that the scaled configuration has larger flow rate 
blockage compared to the parametric compressor, which is consistent with the increased aerodynamic blockage due to the 
extension of axial length, as described in the previous section.  

As for the 1.5 AS case, the trends of the curves are consistent with the baseline and 4 Domain-scaled case. The relative 
errors of adiabatic efficiency and total pressure ratio are larger compared with those of 4 Domain-scaled case but are still 
satisfied with the prescribed accuracy, i.e., 1%. However, the overall performance curves show a larger leftward drift. The 
errors of mass flow rate at the peak efficiency and near choke conditions are slightly below 1% while that at the near stall 
condition is obviously beyond this prescribed accuracy. The deviation is due to the similar reason that the extension of 
axial length increases the blockage and then decreases the mass flow rate. The results indicate that the similarity of blockage 
cannot be fully guaranteed when the axial length of configuration is varied and this dissimilarity affects less on the peak 
efficiency and near choke conditions but greater on the near stall condition. 

Overall, the proposed geometry scaling technique is feasible and reliable. The ongoing work is focused on further 
evaluation of the geometry scaling technique by the comparative analysis of aerodynamic performance and unsteady flow 
physics between full and partial annulus unsteady CFD simulations. 

CONCLUSIONS 
In this work, a geometry scaling technique is proposed in which 3D parametric geometric modelling and 1D mean-

line analysis are combined to define a series of key redesign criteria with as minor variations as possible in the aerodynamic 
performance compared against the original design. The key redesign criteria determined by the scaling technique include 
blade solidity, stagger angle, inlet blade angle, outlet blade angle, thickness to chord distribution. The proposed scaling 
technique is then verified by the redesign of a 3.5-stage transonic axial-flow compressor with adjustable blade/vane 
numbers and IGV-rotor-stator axial spacing. CFD simulation is carried out to obtain the aerodynamic performance 
parameters of the redesigned configurations.  

The variations of overall performance for scaled configurations with adjustable blade/vane numbers are within 1%, 
verifying the effectiveness of the proposed scaling technique. As for the redesign of IGV-rotor-stator axial spacing 
extension, the variations of adiabatic efficiency and total pressure ratio are kept below 1%, which indicates the feasibility 
of the technique as well. By remaining the key redesign criteria constant, the similarity of key aerodynamic parameters 
including incidence angle, deviation angle and loss is generally guaranteed except the blockage. Although the dissimilarity 
of blockage has a direct impact on the mass flow rate, the proposed scaling technique can diminish a certain degree of 
dissimilarity on the aerodynamic performance. 

To further enhance the effectiveness of the geometry scaling technique, the geometric factors that influence the 
similarity of the blockage should be further explored. 
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