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Nomenclature

APR: Advanced Power Reactor

c: Tube-tubesheet clearance

D: Constant of integration

Ds: Equivalent sleeve diameter

E: Elastic modulus 

Fc: Joint contact force

Fp: Pull-out force

Ks: Tubesheet outer to inner radius ratio

Kt: Tube outer to inner radius ratio

L: Tubesheet length

le: Tube expanded length

P: Pitch

Pc: Contact pressure

Pc
*: Residual contact pressure

Pcm: Maximum contact pressure

Pe: Expansion pressure

Pemax: Maximum expansion pressure

Peyc: Tubesheet complete yield pressure

Peyf: Tube total yield pressure

Peys: Tubesheet initial yield pressure

Peyt: Tube initial yield pressure

Po: Outside pressure

ra, rb, rc: Tube inner, interface, and outer radius respectively 

Ra, Rb, Rc: Tubesheet equivalent sleeve inner, interface 

and outer radius 
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ABSTRACT

The Advanced Power Reactor 1400 (APR1400) Steam Generator (SG) uses alloy 690 as a tube material and
SA-508 Grade 3 Class 1 as a tubesheet material to form tube-to-tubesheet joint through hydraulic expansion process.
In this paper, the residual stresses in the SG tube-to-tubesheet contact area was investigated by applying Model-Based
System Engineering (MBSE) methodology and the V-model. The use of MBSE transform system description into
diagrams which clearly describe the logical interaction between functions hence minimizes the risk of ambiguity. 
A theoretical and Finite Element Methodology (FEM) was used to assess and compare the residual stresses in the
tube-to-tubesheet contact area. Additionally, the axial strength of the tube to tubesheet joint based on the pull-out
force against the contact joint force was evaluated and recommended optimum autofrettage pressure to minimize
residual stresses in the transition zone given. A single U-tube hole and tubesheet with ligament thickness was taken
as a single cylinder and plane strain condition was assumed. An iterative method was used in FEM simulation
to find the limit autofrettage pressure at which pull-out force and contact force are of the same magnitude. The 
joint contact force was estimated to be 20 times more than the pull-out force and the limit autofrettage pressure
was estimated to be 141.85MPa.

Key Words : APR1400 SG, SG tube-to-tubesheet expansion joint, SG tube-to-tubesheet contact pressure, SG joint 
axial strength, Pull-out force, Limit autofrettage pressure, MBSE.
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SCC: Stress Corrosion Cracking

SG: Steam Generator

SSAR: Standard Safety Analysis Report

Urs: Tubesheet radial displacement

Urt: Tube radial displacement

η: Ligament efficiency

ρ: Density

σr: Radial stress

σu: Ultimate strength 

σy: Yield stress

σz: Axial stress

σθ: Hoop stress

υ: Poisson ratio

Ԑr: Radial strain

Ԑθ: Hoop strain

IDEF0: Integration Definition for Functional Modeling 

Zero

Inconel 690TT: Inconel 690 Thermally Treated

1. Introduction

Steam generators (SGs) are an integral part of nuclear 

plants and are used to transfer heat from the reactor 

coolant system to the secondary coolant system. In 

APR1400, the tubes are attached to the tubesheet by 

hydraulic expansion creating residual contact pressure 

between the tube and tubesheet hole. The functional 

requirement placed on the SG tube-tubesheet joint is 

to provide a barrier between the reactor coolant, which 

may be contaminated with radioactive fission products, 

and the environment. (1) The design of SGs is a complex 

system and system engineering is applied throughout 

the SG life cycle as it encompasses a holistic view of 

the design and analysis. Model-Based System 

Engineering (MBSE) is a coherent and comprehensive 

means of consistently arriving at a realizable system 

effectively and efficiently. The system analysis phase 

provides a rigorous basis of data and information for 

technical understanding to aid decision making across 

the entire SG life cycle. The process performs quantitative 

assessments and estimations, and results obtained serve 

as input into various technical decisions, providing 

confidence in the adequacy and integrity of the system 

of the system definition towards achieving the appropriate 

system balance. (2) This paper focuses on system analysis 

phase of the SG life cycle to estimate the contact pressure, 

evaluate joint axial strength and find the limit autofrettage 

pressure at which pull-out force and joint contact force 

are of the same magnitude. The system analysis phase 

cycle is illustrated in Fig. 1. The present paper highlights 

the system engineering processes used to analyze residual 

stresses in the tube-tubesheet joint.

Fig. 1 System analysis phase in the system life cycle

2. Methodology

The V-model is used in the entire SG project execution 

as it ensures maximum transparency for all project 

participants. It is a systematic approach used to map 

requirements to process definitions. The V-model also 

performs reviews on multiple levels by tracing all

Fig. 2 V-model for SG life cycle
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requirements throughout the entire life cycle so as to 

ensure clear and unambiguous implementation of 

requirements.(3) Fig. 2 illustrates the V-model for SG life 

cycle. Integration Definition for Functional Modeling Zero 

(IDEF0) diagram and N Square Diagram (N2) are used 

in this study to track the interdependencies of the various 

functions, inputs, and outputs as illustrated in Fig. 3 and 

Fig. 4. Enhanced Functional Flow Block Diagram (EFFBD) 

was then developed to relate the inputs and outputs through 

functional decomposition and provide a logical flow 

between the system functions as demonstrated in Fig. 5. 

It characterizes the flow of information among functions.

Fig. 3 IDEF0 diagram

Fig. 4 N2 diagram
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2.1 Theoretical development of contact pressure

The theoretical development of contact pressure is 

based on Elastic Perfectly Plastic (EPP) material behavior 

of both tube and tubesheet. Tube and tubesheet geometry 

specifications and material properties are given in Table 

1 and Table 2 respectively. The method of calculating 

the residual contact stress is based on equilibrium and 

compatibility equations of thick-walled cylinder for the 

case of plane strain using von Mises yield criterion. 
(4) The elastic-plastic analysis of the large-strain cylinder 

can be analyzed by dividing the cylinder into plastic 

region ( ≤  ≤ ) and elastic region ( ≤  ≤ ) 

as shown in Fig. 6.

In the theoretical development of residual contact 

pressure, the following boundary conditions hold;

 
  



 
  



 
  

  

Fig. 6 Elastic and plastic regions in thick-walled cylinder

Equation (1) and (2) below give the radial force 

equilibrium and compatibility equations of thick-walled 

cylinders.






 
  (1)




   (2)

Table 1 Tube and tubesheet geometry specifications (1)

ra(mm) rc(mm) Ra(mm) Rc(mm) c (mm) P(mm) L (mm)

8.455 9.525 9.626 18.21 0.1016 25.4 647.7

Table 2 Material properties of Inconel 690TT and SA-508 Grade 3 Class 1 (5) (6)

Tube material σy(MPa) σu(MPa) E(MPa) υ ρ(kgm-3) Temperature

Alloy 690TT 275 686 207000 0.31 8110 25˚C

Tubesheet material σy(MPa) σu(MPa) E(MPa) υ ρ(kgm-3) Temperature

SA-508 Gr.3 Cl. 1 501.34 1187 191000 0.3 7833.4 25˚C

Fig. 5 EFFBD diagram
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The stresses in the elastic region are given by Lame’ 

equations(4),
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(4)

Stresses in the plastic region ( ≤  ≤ ) can be 

derived as illustrated below;

From von Mises yield criterion, yielding of the inner 

surface due to expansion pressure,  occurs when,

  


       (5)

For plain strain condition,

  


   (6)

Substituting equation (6) into (5) gives von Mises 

equivalent stress, 

 


   (7)

Substituting equation (8) above into the equilibrium 

equation (1) gives:










(8)

Integrating both sides of the equation gives:

 




The constant D can be obtained from the interface 

boundary conditions; at   ,  

  




Therefore,

  





(9)

Contact pressure,  can be determined from the 

following boundary conditions,

At   ,   and at   ,  

At the elastic plastic interface,   , the Lame’ 

solution and the yielding prevail simultaneously. 

Therefore, the contact pressure at which plastic 

deformation occurs at the interface is given by equation 

(7) above.

Substituting   and  from equation (3) and (4) 

respectively into equation (7) and solving gives; 






 







 





 





 


 (10)

Substituting  into equation (9) and noting that at, 

  ,   gives,

 

















 




(11)

The above equation is for determining radial stress 

at any radius  in the plastic region.

To find the relationship between  and elastic-plastic 

interface radius , recall that at   ,  

 























(12)

2.1.1 Tube-tubesheet configuration 

Using the theoretical derivations above and applying 

to an actual tube-tubesheet configuration with clearance 

as shown in Fig. 7, the residual contact pressure can 

hence be determined. The behavior of the tube and 

tubesheet under hydraulic expansion is presented as 

follows;
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2.1.2 Tube elastic-plastic deformation

Under the effect of the expansion pressure  , the 

pressure that causes a plastic zone of radius  in the 

tube is expressed by equation (12) above. The tube 

deforms elastically until the expansion pressure   

reaches the value of , the pressure at which yielding 

of the tube starts. Initial yielding is calculated from 

equation (12) by letting   

 







 





 




(13)

Total yield occurs when   

 





(14)

For EPP materials, no increase in the expansion pressure 

beyond  is necessary to close the gap and the 

displacement evolves independently until contact with 

tubesheet.

Fig. 7 Tube-tubesheet geometry configuration

2.1.3 Elastic deformation of tubesheet

After the contact has been made, the tubesheet will 

deform elastically by undergoing the same displacement 

at its inner radius as the tube outside radius minus the 

clearance. A contact pressure  build up at the interface. 

From geometrical compatibility equation,


   

 (15)

Further increase in pressure, continues to deform the 

tube plastically while at the same time the tubesheet 

deforms elastically. A contact pressure  is created at 

the interface with a maximum value of  at the 

maximum expansion,.  , The expansion pressure 

  is increased just up to start of tubesheet yield 

which is given by equation (13) by replacing  with  

 and  with 

 












 




(16)

The pressure required to cause the start of yield in 

tubesheet   is given by equation (17) below,

    (17)

The expansion pressure required to cause complete 

plastic deformation of the tubesheet is given by equation 

(14) by replacing  with  and  with 

 





(18)

    (19)

However, increasing the expansion pressure beyond 

the elastic limit of the tubesheet will affect its structural 

integrity and also permanently enlarged holes could make 

retubing difficult.

2.1.4 Unloading Process

After reaching the maximum value  , the release 

of pressure results in simultaneous elastic recovery of 

the tube and the tubesheet. Therefore, the contact pressure 

is determined by evaluating the change in radial 

displacement of both the tube and tubesheet at their 

interface. (7) From geometrical compatibility equation,

∆
  ∆

 (20)

During unloading, the tube relative displacement is 

given by the elastic recovery from where it is subjected 

to the maximum internal pressures  and   
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and a lower state level where it is subjected to the internal 

and external pressures  and .

∆
  





(21)

∆
  





     

The tubesheet relative displacement is given by the elastic 

recovery from where it is subjected to the maximum 

pressure   to the lower value .

∆
 







∆
 







  (22)

Substitute equation (21) and (22) into equation (20) 

and evaluate at and  respectively,







     









 





     







 

Let 
  be 

Let 
  be 

     

      
  

   
 

 
(23)

Residual contact pressure 
 is given by putting   

in equation (24) equal to zero.

   
 

 
(24)

2.2 Theoretical assessment of joint axial strength

Joint axial strength is the axial force required to break 

the bond between tube and tubesheet. The joint contact 

force is due to a shearing force acting between the tube 

and tubesheet and exists as a result of the residual contact 

pressure. In this study, the pull-out force due to internal 

test pressure 21.417MPa is calculated and measured 

against the joint contact force. The joint contact force 

is proportional to the expanded area of the tube and 

the residual contact pressure. The joint contact force 

is given by the formula below, (8)

  
 (25)

Where, 

 is a frictional interaction between SA-508 and alloy 

690TT material and was determined experimentally by 

Allam and Bazergui as 0.1375. (8) It is an essential input 

data in FEM analysis as it affects the reliability of the 

results.

 is expanded length of the tube within the tubesheet.

The pull-out force due to internal test pressure is 

calculated from equation (26) below,

  
 (26)

An iterative method in FEM simulation was then used 

to find the optimum autofrettage pressure at which pull-out 

force and contact joint force are of the same magnitude. 

A 10% conservatism was factored in the analysis due 

to uncertainties during the expansion process as illustrated 

in equation (27) below. Seal welding of the tubes on 

the cladding that also contributes to the strength of the 

joint was not considered in the present study. 

    (27)

The test pressure was chosen in this study because 

it is the highest pressure the SG is tested (cold hydro 

test). During operation of the steam generator, the test 

pressure value cannot be reached as the pressurizer safety 

valve operates at 17.099MPa hence optimizing the 

expansion pressure at test pressure value will result in 

a strong and safe joint.
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3. Finite Element Analysis

The Finite Element Method (FEM) is used to estimate 

the residual contact pressure resulting from hydraulic 

expansion process and determine limit autofrettage 

pressure.

3.1 Geometry of the model

In this analysis, the tubesheet is modeled by an 

equivalent sleeve diameter that produces the same results 

as on actual tubesheet configuration. (9) Fig. 7 shows 

the tube and tubesheet geometry configuration. Tubesheet 

equivalent sleeve diameter is calculated as shown below,




     

    (28)

3.2 Material properties

The steam generator of APR1400 plants uses thermally 

treated alloy 690 as tube material and SA-508 Grade 

3 Class 1 as tubesheet material. The material properties 

were obtained from ASME Code Section II (5) and 

APR1400 SSAR (1) and were appropriately defined in 

ANSYS for elastic-plastic analysis of tube and tubesheet. 

The material properties are as given in Table 2. The 

true stress-strain curves of the materials adopted in the 

present study are shown in Fig. 9 and Fig. 10. 

3.3 Displacement boundary condition

In the 2D axisymmetric model, the front ends of the 

tube and tubesheet at the primary side through which 

uniform pressure is applied is constrained in the axial 

direction by applying frictionless support as shown in 

Fig. 8. Meshing was refined on the tube and contact 

area region where large deflections are expected to occur.

3.4 Loading condition

Specifying the proper loading conditions is key in 

non-linear FEM analysis. Non-linearities in this model 

arise due to contact non-linearity, material non-linearity, 

and geometry non-linearity. A uniform pressure of 

250MPa was incrementally applied in multi-load steps 

because of large deformation involved especially when 

the tube plastic collapse is achieved. The pressure was 

then gradually released to zero thereby creating a residual 

contact pressure between tube and tubesheet. The pressure 

was applied 3mm below the tubesheet top surface to 

represent the space occupied by the hydraulic expander.

Fig. 8 2D axisymmetric model

Fig. 9 SA-508 Gr.3 Cl.1 plastic stress-strain curve (6)
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Fig. 10 Alloy 690 stress-strain curve (10)

4. Results and Analysis

In the FEM analysis, the contact pressure was 

determined at the end of the expansion process on the 

expanded zone where the value is constant, i.e. between 

-76mm and -40mm as shown in Fig. 11 below.

∙ From equations (1) to (24), the theoretical estimation 

of contact pressure was found to be 32.4MPa while 

the FEM estimates it to be 29.02MPa, the difference 

being 10%. 

∙ From equations (25) and (26), the theoretical pull-out 

force was estimated to be 6,715kN while the contact 

force was estimated to be 138,98kN respectively. 

The contact force is 20 times higher than the pull-out 

force.

∙The limit autofrettage pressure at which pull-out force 

and joint contact force are of the same magnitude 

was estimated to be 141.85MPa as illustrated in Fig. 12.

Fig. 11 Contact pressure distribution

Fig. 12 Expansion pressure optimization

5. Discussion and Conclusion

This paper has demonstrated how system engineering 

processes were applied to analyze residual stresses in 

the tube-to-tubesheet contact area. V-model was applied 

to trace all requirements throughout the entire life cycle 

so as to ensure clear and unambiguous implementation 

of requirements. IDEF0 and N2 diagrams were used to 

track the interdependencies of the various functions, 

inputs, and outputs in the study. EFFBD diagram was 

developed to define the functional decomposition and 

provide a logical flow of the various activities. In the 

study, theoretical analysis of the contact pressure was 

carried out and the results validated using FEM. FEM 

estimates contact pressure of 29.02MPa while theoretical 

estimation gives 32.4MPa. The joint contact force was 

estimated to be 20 times more than the pull-out force 

under test condition pressure of 21.417MPa. Iteration 

using FEM was carried out to find limit autofrettage 

pressure at which pull-out force and contact pressure 

are of the same magnitude. The limit pressure was 

estimated to be 141.85MPa. In this study Core 9 software 

was used as the system engineering tool.
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