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ABSTRACT 

Strength test condition of engine components is always 

different from its real working condition. Structure 

adjustment is sometimes necessary to ensure that the test 

result meets the objective. Engineering experience, 

mechanical analysis and trial-and-error method can help to 

find the starting point, but it’s not easy and efficient to find 

the optimal solution. In this paper, a structure optimization 

strategy was developed to a compressor disk of fatigue test. 

As the fatigue hot spots differed between testing and real 

working condition, a combined-stress factor (CSF) method 

was adopted considering stress ratio of pseudo hot spots to 

real, material property difference and effective factor 

truncation. Relationship of CSF to a design dimension was 

studied and optimization was carried out with golden section 

method and parabola method. Results showed that this 

strategy can effectively reduce the damage probability of 

pseudo hot spots to ensure the consistency of results with test 

objectives. 

INTRODUCTION 

Disk of high pressure compressor (HPC) is one of the 

most important components for aircraft engine and disk 

fracture may produce uncontainable fragments for HPC case 

that may greatly hazard the safety of engine and passengers. 

FAR33 (FAR 33, 2003) and CCAR33 (CCAR-33R2, 2011) 

specifies the requirement of disk. Low cycle fatigue is an 

important performance of HPC disk which shows the 

capability of fatigue crack resistance after certain numbers of 

flight during service life. 

With the rapid progress of computer and finite element 

(FE) theory, FE simulation and optimization technology can 

help to reduce validation tests which abbreviate the R&d 

cycle and cost. In real or design working conditions, complex 

loads were applied on HPC disk which contained centrifugal 

force from disk and blades, thermal force by temperature 

difference between disk centre and groove, aerodynamic 

force and so on. These loads are always difficult to replicate 

in component test. How to match the fatigue hot spot and 

loading condition of disk’s component test with real working 

condition becomes the key factor of component test design. 

In this paper, a structure design strategy was developed 

to a HPC disk of fatigue test. A combined-stress factor (CSF) 

was adopted considering material property difference,  

effective factor truncation and stress ratio of pseudo hot spots 

to real. Relationship of CSF to design variable was studied 

and optimization was carried out with golden section method 

and parabola method (Y. Wang, 2010). Pseudo hot spots 

were eliminated and stress distribution of optimized test 

structure matched the real working condition well which 

provided a referable way for component test design. 

PROBLEM DESCRIPTION  

Stress distribution of a HPC disk in design working 

condition was analyzed with FE simulation and shown in 

Fig.1 (T.Y. Liu, 2008; X.Y. Yang, 2008). Hot spot of low 

cycle fatigue was disk centre. Assembly of component 

fatigue test was shown in Fig.2. Rotation torque was applied 

to disk through loading disk. Rotor blades and sealing disk 

were also assembled to apply centrifugal force and boundary 

conditions.  
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Fig.1 Stress distribution in working condition 

 

Fig.2 Component test structure of fatigue 

FE analysis was carried out to component test and result 

was shown in Fig.3 (a). As the test structure was similar to 

cantilever. High circumferential stress made front edge a 

pseudo hot spot1. Length of the cantilever edge should be 

reduced to remove this pseudo hot spot. 

When whole front edge was removed, stress distribution 

was shown as Fig.3 (b). Stress of front edge was significantly 

reduced. But on the right side of the cone wall, stress was 

greatly increased which exceeded the disk centre as a pseudo 

hot spot2. A seam weld was applied here to connect disk and 

cone wall, As the fatigue strength of seam weld was lower 

than the base metal, this structure was unacceptable.  

     

(a) structure A             (b) structure B 

Fig.3 Stress distribution of two test structures 

In order to ensure of the effective test result, 

optimization strategy of the test structure was defined as 

followed: with front edge cutting length as the design 

variable, design target was to decrease the stress ratio of two 

pseudo hot spots to real.  

OPTIMIZATION STRATEGY 

Principle of single factor optimization 

With only one independent variable, this is a single 

factor optimization problem. Golden section method and 

parabola method were adopted to find the optimal solution. 

Principal of golden section method was introduced as 

followed: for unimodal function       , the optimal 

solution is always on the same side with good solutions.  

When variable changed between [a, b], two interpolation 

points were adopted as: 

                         (1) 

                         (2) 

And we can get 

                              (3) 

                              (4) 

If       was a better solution than      , design 

regions were reduced to   ,           ]. Two new 

interpolation points at 38.2% and 61.8% of the new design 

region were adopted and comparison of next round was 

carried on until the optimal solution was acquired.  

As the golden section method didn’t take the function 

value      into consideration, parabola method was 

adopted to accelerate optimization iteration. After acquiring 

the first round result of golden section method, a parabola 

function was established according to the remaining three 

variables “  ,    and           ”. After getting the 

extremum of parabola function at   , function value       

and       were compared. If        was a better solution 

than      , design regions were reduced to [  ,         
  ]. New parabola function was established with   ,    , 

and           . Optimization iteration was carried on till 

the optimization result. 

Compared with golden section method, the parabola 

method reduced the iteration cycles from   to     which 

may significantly increase the optimization efficiency in 

complex problems. 

Mathematical modelling 

Nomenclature 

Mathematical Nomenclatures of this problem were 

defined as followed: 

   : cutting length of front edge 

  : Stress of hot spot (disk centre) 

  : Stress of pseudo hot spot1 (front edge) 

  : Stress of pseudo hot spot2 (seam weld) 

Pseudo 

hot spot1 Pseudo 

hot spot2 

Hot spot 

Loading 

disk 

Sealing 

disk  

HPC disk 

blade 
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   : Fatigue strength of base metal 

   : Fatigue strength of seam weld 

  : Stress ratio of pseudo hot spot 

                         (5) 

                         (6) 

    : Stress modification factor of pseudo hot spot 

                                        (7) 

                                       (8) 

Combined-stress factor (CSF): 

                                                     

(9) 

Cutting length   and stress value          were 

normalized with its max value for secrecy. 

Optimization function 

(1) Design variable: 

                            (10) 

(2) Objective function: 

                                         (11) 

(3) Constraints: 

As the cutting length has different influenced on stress 

of front edge, seam weld and disk centre, objective function 

would be dominated by the most sensitive region. When 

stress of pseudo hot spot reduced to be lower enough than the 

hot spot, continuing decreasing of stress would have no 

meaning to test plan. So according to engineering experience, 

lower limit of    was set as 0.8, which means: 

when       : 

                             (12) 

when       : 

                              (13) 

(4) Convergence criteria: 

Objective function changes in two consecutive iterations 

were all less than 0.5%. 

Optimization result and discussion 

After iteration of 6 steps, convergence was achieved as 

shown in Fig.4. Stress sensitivities of hot spot and pseudo 

hot spots to cutting length were shown in Fig.5. Stress of 

front edge was much more sensitive to cutting length than 

seam weld and disk centre. Without setting        , 

objective function would be dominated by stress change of 

front edge which may lead to the front edge being cut off. 

With the increase of cutting length, max stress of disk centre 

increased first and then reduced. This showed the distribution 

change of blades’ centrifugal force on disk, front edge and 

cone wall with increasing of cutting length. Iteration of 

        was shown in Fig.6. 

For seam weld region: 

                           (14) 

For front edge region: 

                            (15) 

 

Fig.4 Optimization iteration process 

 

Fig.5 Stress sensitivities of hot spot and pseudo 

hot spots to cutting length 
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Fig.6 Iteration of eff(SR)  

Stress distribution of the optimization result was shown 

in Fig.7. Stress of both front edge and seam weld were much 

lower than disk centre. The overall stress distribution was 

similar to the working condition as shown in Fig.1. This 

strategy can ensure the effectiveness of component fatigue 

test. 

 

Fig.7 Stress distribution of optimization structure 

CONCLUSION AND PROSPECT 

Conclusion 

In this paper, structure optimization design was carried 

out on a HPC disk of fatigue test with combined-stress factor 

(CSF) method. With the cutting length of the front edge as 

the design variable, design target was to decrease the stress 

ratio of two pseudo hot spots to real. Golden section method 

and parabola method were adopted in optimization iteration. 

Material properties’ difference and effective stress ration 

were taken into account to eliminate unreasonable solutions. 

Optimization result fitted well with working state which 

could provide an effective test result. 

Prospect 

(1) Multi-factors optimization methods are worth 

studying for variation of the stiffness of loading disk and the 

weight of blades which can be effective means in some test 

design problems. 

(2) As test design always leads to multiple iterations of 

modelling and simulation, how to improve the efficiency of 

modelling and simulation is a meaningful research point. 

For the above research points, the author has made some 

progress which would be detail introduced in follow-up 

papers. Here is just a brief introduction of starting point. 

Shape variable definition method (V. Chowdhary, 2003; J. 

Feng, 2012) based on hypermorph was adopted to improve 

the modelling and simulation efficiency. Multi-factors 

optimization solution is carried out based on orthogonal 

design method (J. Cai, 2011) and response surface method 

(X. Liu, 2008). 

REFERENCES 

[1] FAR 33, Federal Aviation Administration, 2003 

[2] CCAR-33R2, Civil Aviation Administration of China, 

2011 

[3] Y. Wang, and Z.P. Yu, “Optimization design for the 

turbine disk of a gas engine”, Machinery Design & 

Manufacture, 2010 

[4] X.Y. Yang, et al., “Design and experimentation of 

simulation specimen for aero-engine compressor disk slot 

used in low cycle fatigue test”, Journal of Aerospace Power, 

23 (10), 2008, pp 1829-1834 

[5] T.Y. Liu, et al., “Design of simulated specimen for 

low-cycle fatigue of turbine engine disk”, Journal of 

Aerospace Power, 23 (1), 2008, pp 32-36 

[6] V. Chowdhary, R. Pant, “Application of Optimization 

Techniques in the Conceptual Design of Morphing Aircraft”,  

IEEE Photonics Technology Letters, 22 (20), 2003, pp 1488-

1490 

[7] J. Feng, “Multi-objective shape optimization of body-

in-white based on mesh morphing technology”, Journal of 

Mechanical Engineering, 48 (24), 2012, pp 119-123 

[8] J. Cai, et al., “Preform Design for Large-Sized Frame 

Forging of Ti-Alloy Based on 3-D Electrostatic Field 

Simulation and Geometric Transformation”, Journal of 

Materials Engineering and Performance, 20 (9), 2011, pp 

1491-1496 

[9] X. Liu, “New response surface model and its 

applications in aerodynamic optimization of axial 

compressor blade profile”, Frontiers in Energy, 2 (4), 2008, 

pp 541-549 

Hot spot 


