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ABSTRACT 

Compressor blades are easy to deviate from their intended 

shape and position because of the manufacturing variability, 

and the geometry will easily be out of tolerance, which always 

causes great economic losses. Stagger angle is a typical kind 

of geometric variability. The present paper introduces an 

approach of a 3D computational fluid dynamic simulation 

combined with the uncertainty analysis based on Gaussian 

probabilistic density function. The numerical simulation is 

conducted from single passage to half period in order to get a 

more accurate and realistic analysis. At the same time the 

predictions of the impact of random stagger angle variability 

on the rear-stage rotor performance of a high-pressure 

compressor is provided. Results indicate that random 

distribution of stagger angle variability in multi-passages 

mostly leads to the different deterioration of the performance, 

and the uncertainty of total performance varies considerably 

with the increase of passage number. Then the initial tolerance 

range from related standards should be relaxed to ±1.5°. 

Finally, the distribution of the smoothly changed stagger 

angles along the circumferential direction is suggested to 

reduce the deterioration of the performance. 

INTRODUCTION 

In recent years, various investigations of the influence of 

geometric variability on the high-pressure compressor 

performance have been performed. Because of the uncertainty 

of manufacturing process, the geometry of the blades will 

easily be out of tolerance, leading to the uncertain 

performance variation and even huge number of scrapped 

blades. Thus, the tolerance of the compressor blades needs to 

be strictly controlled, and thereupon, how the geometric 

variability impact the performance and how to enact a proper 

tolerance range become further questions. 

Many scholars have done much work on the geometric 

variability. Martin et al. [1] investigated the impact of 

geometric variability on compressor incidence range by using 

the MISES CFD code, and found that the presence of 

geometric variation may cause a distinct switch of fluid 

mechanisms, leading to the performance reduction. Victor and 

David [2] have done the similar investigation, using the Monte 

Carlo simulation and MISES code to analyze the variation of 

loss coefficient, blade turning angles, etc. Furthermore, Lange 

et al. [3] have done the intensive and systematic study on the 

impact of manufacturing variability such as stagger angle and 

leading edge thickness on compressor performance. The 

scholars made the measurement and parameterization of huge 

numbers of real blades to get the geometric model, and then 

3D numerical simulation was finished with the analysis of 

total performance variation and their sensitivities [4]. The 

single stage simulation was also broadened to multistage in the 

later work [5]. Lebele et al. [6] investigated the relationship 

between rotor-blade profile and the power output from the 

compressor, and found that the twisting of blade profile caused 

the decreases in efficiency and increases in compressor power.  

All of the investigations mentioned above are assumed in 

the single-passage condition, while in the actual 

manufacturing process, it is common that the blades in 

different passages are not totally the same. It is a random 

variation. The real performance variation should be different 

from the single-passage simulation, thus it is necessary to 

focus on the investigation in multi-passages. However, 
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because of the huge cost of experiments and huge amount of 

computations and workload, the related work on multipassage 

simulation is not so much so far. Roberts et al. [7] analyzed 

the influence of chord length on the transonic rotor 

performance in the full annular environment by experimental 

approach. The experimental samples contained original blades 

and blades of 95% chord length, which were installed in three 

different configurations. Zhang et al. [8] did the numerical 

experiments in both steady and unsteady methods to study the 

variation in stagger angles of a turbine. The variation was both 

uniform and nonuniform. Lange et al. [9] investigated the 

geometric variability in multi-passages on the basis of their 

past research. The computation was just up to eight passages, 

and the results did differ from the single passage. Furthermore, 

the authors speculated the full annular results from the 

variation tendency. 

The present paper mainly focus on the multipassage 

simulation, sequel to Lange [9]. Stagger angle is a typical kind 

of geometric variability, which will be particularly 

investigated with uncertainty analysis in a high-pressure 

compressor rotor. And then, from the numerical results, raise 

some suggestions to the tolerance range from related 

standards, and find some regular distributions of the stagger 

angles to optimize the performance. 

OBJECTS AND METHODS 

A rear-stage rotor of a high-pressure compressor was used 

in this study, and its detailed geometric parameters are shown 

in table 1. Stagger angle is the main parameter in the present 

paper, which is defined as the included angle between the 

chord and circumferential direction. The specified tolerance 

range of the stagger angle in some standards is 1°, while in 

order to further study the uncertain impact of the stagger 

angle, plus or minus 1.5° was chosen as the upper and lower 

boundary. Different stagger angles were randomly collocated 

in different rotor blades along the circumferential direction so 

that the numerical results can be more approximate to the 

realistic. The passage numbers are one, two, four, eight, 

sixteen and thirty-two, respectively from single period to a 

half period.  

Table 1 Geometric parameters of deterministic 
model 

Geometric parameters Value 

Blade number 64 

Inlet hub-ratio 0.913 

Outlet hub-ratio 0.926 

Aspect ratio 1.71 

Solidity 1.233 

Chord length 24.98 (mm) 

Stagger angle 37.6 (°) 

The three-dimensional numerical simulation presented in 

the paper was performed with NUMECA software. Spalart-

Allmaras turbulence model, central difference scheme and 

fourth order Runge-Kutta method to accelerate the iteration 

were respectively adopted as the mathematical model, spatial 

discretization and time marching method. At the inlet 

boundary, absolute total pressure, absolute total temperature 

and flow angles were given, while at the outlet boundary, the 

static pressure from radial equilibrium function was given. All 

the calculations were performed by Fine Turbo 10.2. In order 

to validate the accuracy of the numerical method, the 

NACA65-(12)10 airfoil [10] with abundant experimental data, 

which is also the blade profile of high-pressure compressor 

rear-stage, was used to do the comparison. With the condition 

of zero-incidence and 0.69 inlet Mach number, the comparison 

of static pressure coefficient between the numerical and 

experimental results is shown in fig.1. The numerical results 

from SA turbulence model are basically consistent with the 

experimental data, which means the high reliability of the 

present numerical methods. 

 

(a) Geometry of NACA65-(12)10 [10] 

 

(b) Comparison of Cp between numerical 
simulation and experiment 

Fig.1 Validation of numerical methods 

To obtain a proper accuracy for the numerical results, the 

grid independence analysis is equally important to the 

validation. As shown in fig.2, several schemes of grid were 

performed and the efficiency and total pressure loss were 

calculated. The performance starts to be stable from the 330 

thousand grid number. The difference of efficiency and total 

pressure loss between 330k with 490k is only about 0.05% and 

0.5%. Considering that the grid number of multi-passages 

should be controlled to reduce the work of calculating, the grid 

number of single passage was finally chosen as 330 thousand. 

Then the grid number of a half period was about 10.5 million. 

The final computation mesh is shown in fig.3. 

In the real manufacturing process, the distribution of the 

geometric variability basically follows some probabilistic 

models. The most suitable rule is probabilistic density 

function (PDF) [11], such as Gaussian, symmetric beta and so 

on. In the present paper, Gaussian PDF with the mean of 0 and 

standard deviation of 0.5 ( = = 0， 0.5 ) was applied to the 

stagger angle variation, as shown in the following formula (1) 

and fig.4. When the variation of stagger angle distributes in 

different range, the corresponding probability is different, 

which can be calculated by formula (2). 
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Fig.2 Grid independence analysis 

 

Fig.3 Computation mesh 

 

Fig.4 Gaussian probabilistic density function 
In the multipassage simulation, the blades in different 

passages were not entirely identical. All the stagger angle 

variation was based on the PDF, thus we could get mass 

different blades with the range from -1.5 ° to +1.5 °.  

Random function was employed to randomly arrange the 

blades into single passage, two, four, eight, sixteen and thirty-

two passages, respectively, by using NUMECA Autogrid5. 

Hence, the numerical results would be random as well, and be 

more accordance with the actual working situation. 

RESULTS AND DISCUSSION 

With the numerical simulation for each of the single and 

multipassage models, detailed results will be discussed in the 

following section. Because of the random distribution of the 

rotor blades with uncertain stagger angles, the final results are 

uncertain as well. 

Total Performance 

The total performance such as isentropic efficiency, total 

pressure loss and mass flow of different models calculated 

from the same computational conditions and the efficiency 

characteristic line are shown in fig.5. It can be seen that the 

results of different passage numbers are obviously different, 

while they are all in the sections between -1° and +1°. And the 

scatter range of total performance becomes smaller with the 

increase of passage number. The performances of most sixteen 

and thirty-two passages are deteriorated compared to the 

original model, while some two or four passages have the 

performance improvement.  

 

(a) Efficiency versus mass flow 

 

(b) Efficiency versus total pressure loss 

Fig.5 Total performance of multi-passages 

In order to get the overall variation trend of the total 

performance more directly, the figures of total performance 

versus passage number are shown in fig.6. The red lines are 

processed from the computational results, which are 

composed of the mean value, and the standard deviation as the 

error bar. Because of the limitation of computation, the red 

lines stop by the end of 32 passages. From the existing data, 

the results of the 64-passage simulation can be extrapolated, 
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which are shown as the green lines. And the values of error 

bar can be fitted into the following function 
( log )a x by e    (3) 

where x means the passage number, and y is the standard 

deviation, i.e. error bar, of the performance parameters. The 

detailed values are listed in table 2. Change the form of the 

function into 

ln logy a x b    (4) 

and plot them in fig.7. It can be found that the slopes of the 

curves are almost the same, which means the variation trend 

of the error bar are very close among the four performance 

parameters. 

Table 2 Coefficients of the fitting function 

y_error bar a b 

Efficiency -0.4807 -5.912 

Mass flow -0.4831 -1.639 

Total pressure ratio -0.464 -5.548 

Total pressure loss -0.6496 -6.042 

As can be seen in fig.6, the mean value and error bar of 

the full annulus got through the extrapolation and 

approximation are almost close to the half period, which are 

no more than 0.5%. Compared to the single passage 

simulation, the scatter range of full annulus shows a 

significant reduction, which means the more stability of the 

performance in the real uncertain stagger angle variation. 

 
(a) Efficiency and mass flow 

 
(b) Total pressure loss and ratio 

Fig.6 The variation trend of total performance 
versus passage number 

 
Fig.7 Fitting function of the error bar 

Through the results mentioned above, it is obvious that 

with the increase of passage number, the performance 

parameters are more and more centralized, and never exceed 

the boundary area of ±1°, as shown in fig.5 (a). Hence, the 

initial tolerance range from related standards should be 

relaxed to ±1.5°, as computed in the present study. Then the 

number of scraped blades and manufacturing cost could be 

largely reduced. 

Flow Field in Passages 

In order to investigate the flow mechanism in different 

cases, detailed flow field analysis will be performed in this 

section. Two sixteen-passage cases with the same stagger 

angles but different distributions were further analyzed, as the 

geometry distribution shown in fig.8 (a) and the statement of 

the blade and passage number in fig.8 (b). In case 1, the 

variation gradient of the stagger angles in most passages is 

extremely great while in case 2, the stagger angles vary 

gradually. Thus as seen in table 3, case 1 has a huge 

performance deterioration, with respectively 0.23% efficiency 

less and 1.4% total pressure loss more than case 2. Hence, at 

the first glance of total performance, large gradient of the 

stagger angle in the multi-passages have the negative impact 

on the performance. Obviously, the interaction between the 

adjacent blades are the main reason of the performance 

variation. For example, in the preliminary observation in fig. 

8 (b), the relative Mach number in the different passages are 

varied from each other, which means the varied pressure field 

and uneven load share between adjacent passages. 

Table 3 Performance of two cases 

 Case 1 Case 2 

Mass flow(kg/s) 20.41 20.40 

Efficiency 0.8761 0.8781 

Total pressure ratio 1.229 1.231 

Total pressure loss 0.0870 0.0858 
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(a) Geometry distribution 

 

(b) Label of blade and passage number 
(Relative Ma of case 1, middle section) 

Fig.8 Sketch map of the geometry and passage 

In-depth investigation on the impact of blade geometry 

distribution on the rotor performance was performed next with 

the comparison of static pressure coefficient, relative axial 

velocity, entropy and tip leakage flow. 

Fig.9 shows the static pressure coefficient (Cp) of five 

individual blades (from blade 8 to blade 12) at 50% span of 

two cases. Obviously, the incidence angle and loading of the 

blades are totally different. In case 1, although blade 9 and 11 

are identical, the distribution of Cp differs from each other 

because of the interaction between the passages, so do blade 8 

and 9 in case 2. But it is obvious that the variation in case 2 is 

smaller than case 1. Hence, it can prove that the blades with 

great variation gradient of the stagger angle cause a more 

uneven pressure distribution. 

The relative axial velocities (Wz) along the 

circumferential direction of the middle section at 30% chord 

and the exit position are shown in fig.10. As seen in fig.10 (a), 

there is a remarkable change between case 1 and the original 

case in the passage 8 and 11. Through fig.8, the stagger angle 

of blade 8 and 9, blade 11 and 12 are both varied in great 

gradient, especially the latter one, leading to a sudden change 

of Wz along the circumferential direction in passage 11. 

Hence, the flow in the passage is nonuniform. The length of 

the vertical axis represents the wake intensity in fig.10 (b). As 

shown in the line of case 1, the blade 9 and 12 have a 

remarkable decrease of Wz, which means the increase of the 

wake intensity, leading to greater loss. While in case 2, the 

values of Wz change smoothly along the circumferential 

direction, and almost approximate to the original results. 

What’s more, the stagger angle of blade 9 in case 1 and case 2 

are both 1.4︒, while their wake intensity are different as in 

different passage conditions. 

 

(a) Case 1 

 

(b) Case 2 

Fig.9 Static pressure coefficient of the 
individual blades at middle section 

 

(a) 30% chord position 
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(b) Exit position 

Fig.10 Relative axial velocities of the middle 
section 

To look inside the flow filed more intuitively, the 

distributions of entropy in the tip clearance of two cases are 

shown in fig.11. It can be seen that the value of entropy in case 

1 changes unsmoothly along the circumferential direction. 

Especially in the passage 10 and 11, where the stagger angle 

gradient is higher. The higher entropy causes greater loss in 

the local section. Whereas, as seen in case 2, in the passages 

with smooth stagger angle variation, the entropy gets lower 

and more uniform along the circumferential direction. Hence, 

it is obvious that in the tip area, the performance between the 

passages can’t match well due to the nonuniform stagger angle 

variability. 

   
(a) Case 1 (b) Case 2  

Fig.11 The distributions of entropy in the tip 
clearance  

Fig.12 compares the vector line near the tip section, 

showing the leakage flow in the tip gap. Leakage flow changes 

the flow-out direction of the airflow, leading to the reduction 

of compression work, pressurizing ability and efficiency of 

that component. In case 1, the leakage flow is more intensive 

than case 2, and it appears secondary leakage flow. While in 

case 2, all the present leakage flow go across one blade and 

then flow out. The secondary leakage flow will exacerbate the 

blockage in the passage, and make the low-energy fluid flow 

to the adjoining passage. Hence, the blade configuration, 

which can avoid the secondary leakage flow as much as 

possible, is desirable, exactly as the configuration of case 2. 

 

(a) Case 1 

 

(b) Case 2 

Fig.12 The vector lines near the tip section 

Based on the detailed flow field discussion mentioned 

above, case 2 will be the more desirable one in manufacturing 

process of the compressor. The distribution of stagger angles 

with large variation gradient causes nonuniform change of the 

performance along the circumferential direction. Hence, it is 

suggested to install the rotor blades in a distribution of 

gradually varied stagger angles, as case 2 shown. 

CONCLUSIONS 

Numerical simulations for considering the uncertain 

stagger angle variability on the rear stage rotor of a high-

pressure compressor are performed in the present paper. The 

simulations are from single passage to a half period, with the 

uncertainty analysis based on Gaussian probabilistic density 

function, leading to a more realistic and accurate performance 

analysis. And the detailed flow structure of two sixteen-

passage models are compared to investigate the influence in 

adjacent passages. 

The obtained results indicate that random distribution of 

the varied stagger angles (±1.5°) in multi-passages mostly 

leads to the different deterioration of the performance, and 

when the passage number increases, the total performance 

becomes more stable with the scatter range getting smaller, 
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and never exceed the boundary area of the standard tolerance 

range (±1°). Hence, the initial tolerance range from related 

standards should absolutely be relaxed to ±1.5°, reducing the 

number of scraped blades and manufacturing cost. 

Furthermore, through the detailed flow field analysis, the 

adjacent blades with large stagger angle gradient have great 

interactions leading to considerable influences in the passages 

and thus the great losses. Hence, the regular distribution of the 

smoothly changed stagger angles along the circumferential 

direction is suggested to reduce the deterioration of the 

performance or even optimize the performance.  
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