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ABSTRACT 

 
In reactor engineering, rotary machines with high rotational speed are widely used. To design 

these equipments, rotor dynamics analysis is necessary. In the analysis, the accuracy of natural 
frequencies computation of the stepped shafts in rotary machines determines the usability of the results. 
The stepped shaft was always modeled as beam segments with various diameters. In last decade, 
axisymmetic and solid models were adopted in rotor dynamics computations. In this paper, we model 
typical stepped shaft by different methods and compare the accuracy of results of the natural frequencies. 
The acceptance criteria of modeling shafts in rotary machine are proposed. 

 
INTRODUCTION 

 
Rotary machines, such as pumps, turbines and circulators, are widely used in reactor engineering. 

In these equipments, one or more shafts are necessary to provide the rotor stiffness. And the shafts are 
always stepped for mounting or fixing other rotor elements. For the rotary machines with high rotational 
speed, the performance are closely related to the dynamics properties, such as critical speed and modal 
shape. So rotor dynamics analysis is an important procedure in rotary machines designs and the accuracy 
of natural frequencies computation of the stepped shafts determines the usability of the analysis results.  

Nowadays, finite element method (FEM) is the major approach of rotor dynamics analysis (Rao, 
2011). In finite element method (FEM), the stepped shaft was always modeled as beam segments with 
various diameters (Rao and Booker, 1972). With the development of FEM, axisymmetic (Stephenson and 
Rouch, 1993) and solid (Zorzi and Nelson, 1980) models were adopted in rotor dynamics computations. 
Utilizing commercial FEM software ANSYS, this paper compares and analyzes the results based on 
different model methods. 

 
MODEL 

 
To compare the computation results of different model methods, a typical stepped steel shaft was 

chosen as Fig. 1, which has a thick shaft section in the middle. The total length of the shaft is L = 1m and 
the length of the thick section is l = 0.4m. The diameter of thin shaft sections is d = 0.1m. While the 
diameter of thick section (D) is vary from 0.1m to 0.2m. To discrete the shaft model in ANSYS, 
Beam188, Solid273 (Fig. 2a) and Solid 186 (Fig. 2b) elements were used. It is noteworthy that Solid273 
element is a general axisymmetic element which introduces the Fourier series into the interpolation 
functions to describe the change of displacements in the circumferential direction.  

 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division IX (include assigned division number from I to X) 

 

d
l

l

D

 
 

Figure 1. A typical stepped steel shaft. 
 

  
(a)                  (b) 

Figure 2. FEM models of stepped steel shaft. 
RESULTS 

The natural frequencies of stepped shafts with different diameters in the middle section were 
calculated by beam, axisymmetric and solid elements, respectively. The results are shown as Table 1. 

  
Table 1: Tables should be centered and preceded by a numbered caption. 

 

Diameter of 
thick section 

0.1m 0.15m 0.2m 

Element Type 1D 2D 3D 1D 2D 3D 1D 2D 3D 

Natural 
Frequency 

(Hz) 

1 447.2  447.5  447.5  653.2  631.5  631.0  738.4  685.0  683.5  

2 447.2  447.5  447.5  653.2  631.5  631.0  738.4  685.0  683.5  

3 1179.0  1182.2  1182.2  1259.3  1213.4  1212.5  1179.9  1099.6  1097.4  

4 1179.0  1182.2  1182.2  1259.3  1213.4  1212.5  1179.9  1099.6  1097.4  

5 1598.7  1598.7  1598.8  2260.2  2217.8  2217.3  2505.4  2421.9  2420.4  

6 2182.8  2194.0  2194.1  2490.8  2496.2  2496.1  2722.6  2624.4  2622.8  

7 2182.8  2194.0  2194.1  2490.8  2496.2  2496.1  2868.7  2860.1  2859.2  

8 2577.9  2576.5  2576.5  2829.6  2766.8  2766.0  2868.7  2860.1  2859.2  

9 3197.5  3197.5  3197.5  3175.6  3097.8  3096.9  3524.8  3333.3  3330.4  

 
For Table 1, we can find that almost the same results will be obtained by using general 

axisymmetric element and solid element.But, using beam element, the result accuracy will be worse with 
the larger diameter difference at the stepped section. The reason is that the beam element implied plane-
section assumption, which restricts the stepped section as a plane. However, by using the axisymmetric 
and solid elements, the node on shaft sections can deform without this restriction. This can be proved by 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division IX (include assigned division number from I to X) 

 

comparing Fig.3 and Fig. 4. The deformed zone on the thick section near the step is much larger in the 
beam element result than the solid element result. That means more stiffness is supplied by the thick 
section in the beam model, which is different from reality. 

 

  
Figure 3. the modal computed by beam elements. 

 

 
Figure 4. the modal computed by solid elements. 

 
CONCLUSIONS 

 
In this paper, we compare and analyze the stepped shaft modeled by beam, axisymmetic and solid 

elements. The result shows that for the shafts with small step, the beam element, which is easy to model 
and fast to compute, should be used, and in most instances, axisymmetric model can achieve the same 
accuracy as solid model by spending less computing time. 
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