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ABSTRACT 

This report works through two sample design analyses of representative Grade 91 components 
using the ASME Boiler & Pressure Vessel Code Section III, Division 5, Appendix HBB-T rules 
for the strain and deformation and creep-fatigue design criteria using a design by inelastic analysis 
approach.  The component geometries and loadings were selected to span a wide variety of poten-
tial applications.  The sample components are an endplate geometry, which is fairly representative 
of typical pressure vessel construction, and a core block, representing a critical component in a 
heat pipe microreactor, which has a complicated geometry and complex thermal stress history.  
These sample problems serve several functions.  First, they are complete worked examples of how 
to apply the current design by inelastic analysis rules.  Second, they serve as test cases to evaluate 
the current rules and provide feedback on how they could be optimized to deal with complicated 
component geometries or to be better automated in modern finite element analysis software.  Fi-
nally, the analysis here uses an inelastic constitutive model for Grade 91 developed by Argonne 
National Laboratory and proposed for inclusion in the ASME Boiler & Pressure Vessel Code Sec-
tion III, Division 5 rules as a reference constitutive model.  Using this constitutive model in the 
sample problem analyses tests the model in the context of the ASME Code rules.  The final con-
clusions of this report are that the material model and the current Code rules are satisfactory, but 
that the Code rules could be optimized to simplify automation and reduce over conservatism.  Fu-
ture work should address the specific optimization topics discussed in this report. 
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1 Introduction 

1.1 Overview of this report 

Section III, Division 5 [1] Appendix HBB-T of the ASME Boiler and Pressure Vessel Code pro-
vides design by inelastic analysis criteria for evaluating the strain and creep-fatigue damage criteria 
for Class A components.  Historically, design by inelastic analysis has been seen as less over-
conservative, producing more efficient structural designs than the design by elastic analysis rules.  
For example, in the Clinch River Breeder Reactor Project (CRBRP), design by elastic analysis was 
used to design the majority of the plant systems, whereas design by inelastic analysis was only 
applied to the most challenging parts of the structural components where the elastic rules could 
not produce a feasible design [4].  Part of the difficulty in the CRBRP was that the computational 
resources available at the time could not apply the design by inelastic analysis rules to large com-
ponents.  Modern computing resources are, of course, substantially larger, potentially allowing the 
application of the efficient design by inelastic analysis to a wider array of components. 

This report provides sample design by inelastic analysis examples, following the Appendix HBB-
T rules, for two different Grade 91 component designs: a core block geometry, for example as part 
of a heat-pipe microreactor, and an endplate, i.e. a connection between a larger diameter cylinder 
and a smaller diameter cylinder with a welded join in between.  These components are comple-
mentary: the endplate is a typical feature of standard pressure vessel construction falling within 
the range of structures considered during the development of the HBB-T rules, whereas the core 
block is a more unique geometry likely not considered during the initial development of the rules. 

The purpose of these analyses is to both to provide worked sample problems applying the design 
by inelastic rules to Grade 91 components and also to assess the current rules, particularly for use 
with complicated geometries like the core block.  This report then provides a detailed description 
of the analysis of each component but also an assessment of the current design by inelastic analysis 
rules, given in Chapter 4.  The overall conclusion is that the current rules are adequate and work-
able, but optimizations are possible to simplify the automation of the design process in modern 
finite element frameworks and to reduce over-conservatism. 

1.2 Background 

When high temperature components are designed, their functionality and structural integrity dur-
ing service under creep deformation needs to be maintained. Evaluation of damage due to creep 
and fatigue is also required in order to check for local material failure during service. The ASME 
Boiler and Pressure Vessel Code (BPVC) Section III, Division 5, Appendix HBB-T provides de-
sign by elastic analysis and design by inelastic analysis rules covering these criteria for high tem-
perature reactor components [1].  Compared with the inelastic rules, elastic analysis requires much 
less computational resources and simpler material models, but it also tends to produce overly con-
servative results and higher cost components.  Stress linearization location selection and stress 
classification in the elastic analysis process are always a challenge, particularly for new types of 
component designs versus conventional cylindrical pressure vessels.  For new component types, 
analysts’ previous experience will not provide guidance for stress linearization path location and 
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ambiguities exist on issues such as whether a thermal load should be partially regarded as primary 
load, due to possible severe elastic follow-up.   

In recent decades, progress in computer hardware, software, computation algorithms provides op- 
portunities for design by inelastic analysis. Development in material testing and analysis tech- 
niques has produced accurate constitutive models describing material deformation in elevated tem- 
perature conditions. In the following chapters, we will present the inelastic analysis of the endplate 
and core block geometries on a computer cluster with 40 CPU cores and 500 GB memory. A Grade 
91 constitutive model developed by ANL and proposed for incorporation in Section III, Division 
5 Appendix HBB-Z rules was used for the analysis [2]. The FEA software was ANSYS Mechan-
ical version 2019 R2. 

1.3 Scope of the analysis 

Two different component geometries are analyzed in this report. The first is a representative core 
block geometry of a heat pipe microreactor with the characteristic fuel rod and heat pipe holes. The 
second is a component where two cylinders with different sizes are connected through a fillet weld 
at the joint between the smaller size cylinder and an endplate, and a butt weld joint between the 
endplate and the larger size cylinder. This component will be referred to as an “endplate” in short. 
This report demonstrates how to apply the inelastic analysis approach to these two components 
and how to check their compliance with the Appendix HBB-T design by inelastic analysis rules for 
strain limits and creep-fatigue damage. 
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2 Analysis 

2.1 Acceptance criteria 

Appendix HBB-T in [1] specifies two sets of acceptance criteria for inelastic analysis: strain and 
deformation limits and creep-fatigue damage. 

2.1.1 Deformation and strain limits 

In Paragraph HBB-T-1310 Limits for inelastic strains, it specifies that the maximum accumu-
lated inelastic strain shall not exceed: 

(a) Strains averaged through the thickness, 1% 
(b) Strains at the surface, due to an equivalent linear distribution of strain through the 

thickness, 2%. 
(c) Local strains at any point, 5%. 

In the above, these limits apply to the maximum positive value of the three principal strains. The 
strains in (a) and (b) are first averaged and linearized, respectively, for each strain component 
before combined to determine the principal strains for comparison to the respective limit in (a) and 
(b). The principal strains from the strains in (c) are based on the computed strains at the point of 
interest.                                                                        

2.1.2  Creep-fatigue interaction damage 

For a design to be acceptable, the damage due to creep and fatigue during service should satisfy 

∑ (
𝑛

𝑁𝑑
)

𝑗

𝑝
𝑗=1 + ∑ (

∆𝑡

𝑇𝑑
)

𝑘

𝑞
𝑘=1 ≤ 𝐷                                                                      (1) 

Where (n)j is the number of type j cycle; (Nd)j  is the number of allowable type j cycle, determined 
from the HBB-T fatigue curves (implemented here in the hbbdata software package [3]), the design 
fatigue range for Grade 91, corresponding to the maximum metal temperature occurring during 
the cycle; p is the number of cycle types, q is the number of time intervals at specified temperatures 
during whole service life;  (Δt)k is the duration of the time interval k, (Td)k is the allowable time 
duration for the time interval k at a given stress and the maximum temperature; D is the total 
allowable creep-fatigue damage, from Figure HBB-T-1420-2 in the Code. 

The procedures for calculation (Nd)j and (Td)k are described below, summarizing HBB-T-1430 
[1]. 

2.2 Methodology 

2.2.1 Grade 91 material model 

The Gr.91 material model adopted for the inelastic analysis in this report was developed by Mess-
ner et al. [2], the model includes material kinematic/isotropic hardening, tension/compression 
asymmetry, and unifies plastic deformation and creep together through Kocks-Mecking diagram 
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approach. The parameters in the model were based on the material average response from different 
batches of experimental data [2]. 

2.2.2 Time increment determination 

The service level loadings were specified in the design specifications. For inelastic analysis, as the 
material model is inelastic, i.e., history/path dependent, the smaller the time increment the more 
accurate the analysis results. However, more time increments leads to longer FEA analysis and 
post-processing times. For the two cases considered in this report, the material properties are tem-
perature dependent. In order to capture the possible thermal stress peaks during temperature ramp-
ing periods, the maximum temperature changes were restricted to be less than 10o C per time in-
crement. The structural deformation and heat conduction are assumed to be decoupled in the AN-
SYS FEA. Therefore, the thermal model was run first and the temperature fields in the result data 
frames were input into the structural model.  

2.2.3 Strain linearization 

Except for the local maximum principal inelastic strain criteria 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙  , in order to fulfill the strain 
requirement described in Section 2.1.1, the inelastic strains accumulated had to be linearized based 
on Equation 1 and 3 below. 

𝜀𝑖𝑗,𝑝,𝑚 =
1

𝑡
∫ 𝜀𝑖𝑗,𝑝𝑑𝑥

𝑡

0
     i,j = 1,2,3, t is the wall thickness                              (1) 

Based on those membrane components 𝜀𝑖𝑗,𝑝,𝑚, three principal inelastic membrane strains 𝜀1,𝑝,𝑚, 
𝜀2,𝑝,𝑚, 𝜀3,𝑝,𝑚 were obtained and maximum principal inelastic membrane strain was defined as 

𝜀𝑝,𝑚 = max (𝜀1,𝑝,𝑚, 𝜀2,𝑝,𝑚, 𝜀3,𝑝,𝑚)                                                   (2)  

Where 𝜀𝑖𝑗,𝑝,𝑚 : the inelastic strain membrane component; 

           𝜀𝑖𝑗,𝑝 : the inelastic strain component; 

           𝜀𝑝,𝑚 : the maximum principal membrane inelastic strain; 

          𝜀𝑖,𝑝,𝑚 : the principal inelastic membrane strains; 

𝜀𝑖𝑗,𝑝,𝑏, the bending part of the inelastic strain component is calculated as 

𝜀𝑖𝑗,𝑝,𝑏 =
6

𝑡2 ∫ 𝜀𝑖𝑗,𝑝 (
𝑡

2
− 𝑥) 𝑑𝑥

𝑡

0
                                                                 (3) 

To satisfy Item (a) mentioned in Section 2.1.1, the positive 𝜀𝑝,𝑚 values should be applied. In order 
to get the surface strain for Item (b), the linearized strain components were calculated then based 
on the six new strain components 𝜀𝑖𝑗,𝑝,𝑚+𝑏 , the definition applied to get the maximum principal 
strain 𝜀𝑝,𝑚+𝑏 . 
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2.2.4 Strain and deformation limit calculation procedure 

The inelastic analysis results contained data frames at different times through several repeated load 
cycles. Analyzing each data frame was impractical and the time spots for which the data frames 
were extracted for strain and deformation limit checks had to be selected manually.  For the two 
cases in the report, they were determined to be the data frames at the end of each load cycle. The 
reason was that during each load cycle, the material underwent a process of loading/holding/un-
loading process, and holding stage was the period when the inelastic strain kept increasing and the 
changes during loading and unloading were negligible. Figure 2.1 demonstrates the accumulated 
equivalent inelastic strain during load cycles in the model and during loading/unloading, the curve 
remains flat. To check local maximum principal inelastic strain (𝜀𝑝,𝑡𝑜𝑡𝑎𝑙) limit, i.e., 5% for the 
base metal and 2.5% for the weld, the steps were as follows: 

Step 1: Observe the maximum principal inelastic strain (𝜀𝑝,𝑡𝑜𝑡𝑎𝑙) contour plot at the end of 
each load cycle, to ensure the maximum 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 location was always at the same location 
with the same direction, if not, continue to run more load cycles. 
Step 2: Probe the 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 values at the end of each load cycle for the model.  If the data 
showed that the values changed from cycle to cycle with decreasing magnitude or no 
change, continue.  If neither occurs continue to run more load cycles. 
Step 3: Use the 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 value at the end of the last load cycle and the its magnitude differ-
ence from that of the cycle before it to predict the its value at the end of the service life, 
i.e., if 5 total load cycles were run in FEA, the 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 value at the end of the 5th cycle and 
its change during the 5th cycle were applied to predict the 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 values at the required 30 
load cycles. 
Step 4: If the maximum 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 value in the model did not occur at the weld, the above 
Step 1 to Step 2 had to be repeated for the maximum value at the weld. 

The inelastic membrane strain limit (1% for base metal, 0.5% for the weld) and surface strain limit 
(2% for the base metal 1% for the weld) were examined by the following steps: 

Step 1: By observing the local maximum principal inelastic total strain 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙   contour 
plots at the end of each load cycle, the strain linearization path (SLP) was decided. 
Step 2: For the data frames at the end of each load cycle, the six inelastic strain components 
𝜀𝑖𝑗,𝑝 , 𝑖, 𝑗 = 1,2,3 along the SLP and got membrane part 𝜀𝑖𝑗,𝑝,𝑚 , and bending part 𝜀𝑖𝑗,𝑝,𝑏 , for 
each strain component through linearization procedure described in Section 2.2.3. 
Step 3: Based on the 𝜀𝑖𝑗,𝑝,𝑚 values, compute the maximum inelastic principal membrane 
strain 𝜀𝑝,𝑚 ;  based on 𝜀𝑖𝑗,𝑝,𝑚  and 𝜀𝑖𝑗,𝑝,𝑏 , compute the maximum inelastic principal surface 
strains 𝜀𝑝,𝑚+𝑏  (summed up for each component first, for both inside wall and outside wall). 
Step 4: Repeat Step 2 and Step 3 for the data frame at the end of each load cycle.  
Step 5: The maximum inelastic principal membrane strains 𝜀𝑝,𝑚  and surface strains 
𝜀𝑝,𝑚+𝑏  obtained by following above steps should show decreasing or no change from cycle 
to cycle, if the changing magnitude kept increasing, more load cycles were needed and 
repeated Step 2 and Step 3. 
Step 6: Used the 𝜀𝑝,𝑚  value at the end of the last load cycle computed along with the 
difference with the cycle before it, to predict the its value at the end of the service life, i.e., 
total 5 load cycles were run in FEA, the 𝜀𝑝,𝑚  value at the end of the 5th cycle and its 
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changes during the 5th cycle were applied to predict the 𝜀𝑝,𝑚  values at the required 30 load 
cycles. The same was done with inside wall and outside wall principal surface strains 
𝜀𝑝,𝑚+𝑏 . 
Step 7: If the critical SLP did not occur at the weld, engineering judgment would suggest 
Step 1 to Step 6 to be repeated for the maximum value for the welds, even though that 
value was not the maximum for the whole model because the weld allowable strain limit 
is lower than that for base metal. 

 
Figure 2.2 illustrates the process of assessing the inelastic strain distribution against the three strain 
limit criteria. 
 

 
Figure 2.1. Accumulated equivalent inelastic strain at the critical deformation location (near the weld) in the end-

plate model. 
 

          

Total 

= + + 

Membrane Bending 

1% 

2% 

5% 

Figure 2.2. Illustration of how the inelastic strain is decomposed and compared to the strain limits.  The scalar val-
ues are the maximum principal strain for the corresponding distribution.  The strain limits only consider residual ine-

lastic strain.  The allowable strains for welds are half of those shown in the figure. 
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2.2.5 Creep-fatigue calculation procedure 

Paragraph HBB-T-1420 of [1] provides guidance on creep-fatigue damage calculation using ine-
lastic analysis, the following paragraphs provide more details of the calculation method applied 
here. 

2.2.5.1 Fatigue damage 

The critical part of the calculation is the maximum strain range determination. In inelastic analysis, 
the FEA results provided total strain (elastic + inelastic) component data frames for each time step, 
through permutation of those data frames, the maximum strain range was obtained. The strain 
range ∆𝜀𝑒𝑞𝑢𝑖𝑣,𝑖 between strain data frames from two time steps  i and o was calculated by Equation 
(4) below from Paragraph HBB-T-1413 [1]: 

∆𝜀𝑒𝑞𝑢𝑖𝑣,𝑖 =
√2

3
[(∆𝜀𝑥𝑖 − ∆𝜀𝑦𝑖)

2
+(∆𝜀𝑦𝑖 − ∆𝜀𝑧𝑖)

2
+ (∆𝜀𝑥𝑖 − ∆𝜀𝑧𝑖)

2 +
3

2
(Δ𝛾𝑥𝑦𝑖

2 +

Δ𝛾𝑦𝑧𝑖
2+Δ𝛾𝑥𝑧𝑖

2)]

1

2    (4) 
Where   ∆𝜀𝑥𝑖 = 𝜀𝑥𝑖 − 𝜀𝑥𝑜; 
              ∆𝜀𝑦𝑖 = 𝜀𝑦𝑖 − 𝜀𝑦𝑜; 
             ∆𝜀𝑧𝑖 = 𝜀𝑧𝑖 − 𝜀𝑧𝑜; 
             ∆𝛾𝑥𝑦𝑖 = 𝛾𝑥𝑦𝑖 − 𝛾𝑥𝑦𝑜; 
 ∆𝛾𝑦𝑧𝑖 = 𝛾𝑦𝑧𝑖 − 𝛾𝑦𝑧𝑜; 
 ∆𝛾𝑥𝑧𝑖 = 𝛾𝑥𝑧𝑖 − 𝛾𝑥𝑧𝑜; 
             𝜀𝑥𝑖, 𝜀𝑦𝑖 , 𝜀𝑧𝑖 , 𝛾𝑥𝑦𝑖 , 𝛾𝑦𝑧𝑖 , 𝛾𝑥𝑧𝑖 are the six strain components for time step i and  
  𝜀𝑥𝑜, 𝜀𝑦𝑜 , 𝜀𝑧𝑜 , 𝛾𝑥𝑦𝑜 ,   𝛾𝑦𝑧𝑜, 𝛾𝑥𝑧𝑜 are for time step o. 

This algorithm was implemented in an ANSYS ACT plugin developed at Argonne.  The plugin 
performs the post-processing of the data frames and provides a contour plot of maximum strain 
range at each location for each load cycle across the entire model. The highest maximum strain 
range in the base metal and that for the weld had to be selected separately for fatigue damage 
calculation as the allowable number of cycles for the weld are only half of that for the base metal. 

In the inelastic analysis presented here, the FEA only ran 5 load cycles, the maximum strain ranges 
were obtained for each cycle, and the data had to be extrapolated for a conservative prediction of 
allowable number cycles for fatigue damage calculation. Fatigue damage was the ratio of expected 
number of cycles to allowable number of cycles Nd, which could be obtained from related HBB-
DATA package functions [3].   

2.2.5.2 Creep damage 

Section HBB-T-1420 in Appendix HBB-T of [1] provides an equation for creep damage calcula-
tion: 

 
𝑐𝑟𝑒𝑒𝑝 𝑑𝑎𝑚𝑎𝑔𝑒 = ∫

𝑑𝑡

𝑇𝑑

𝑡

0
                                                                   (5)                                  
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where t is the time, dt is the time increment and Td is the rupture life based on the stress and 
temperature during that time increment. The equation was combined into ANSYS USERMAT 
subroutine and creep damage was output as a state variable. 

To calculate Td, effective stress 𝜎𝑒 was obtained from [1] as, 

 
𝜎𝑒 = 𝜎𝑒𝑥𝑝 [𝐶 (

𝐽1

𝑆𝑠
− 1)]                                                                         (6) 

 
Where  𝐽1 = 𝜎1 + 𝜎2 + 𝜎3 ; 
            𝑆𝑠 = (𝜎1

2 + 𝜎2
2 + 𝜎3 

2)
1

2 ; 
           𝜎 =  

1

√2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2+(𝜎3 − 𝜎1)2]

1

2 
           𝜎1 , 𝜎2, 𝜎3 are the three principal stresses, C is a constant for Gr.91 defined as follows: 

(1) If J1/Ss >=1.0, C = 0.16; 
(2) If J1/Ss < 1.0, C = 0. 

A design factor K’ is introduced in [1] and the value of  𝜎𝑒/𝐾′  is substituted into the creep rupture 
correlation to obtain the rupture life. The K’ factor is specified in [1] as 0.67 for inelastic analysis. 
It is noted that a value of 0.9 is assigned to the K’ factor when the stresses are determined from the 
elastic analysis approach.  In the following, a K’ value of 0.9 was also applied to 𝜎𝑒 from the 
inelastic analysis results to assess the effect of the difference in margin between these two design 
factors. To get the creep-rupture life as a function of stress and temperature, the data from HBB-
DATA package were fit into an equation through regression in the temperature range 390o C and 
650o C, and stress range from 1MPa to 400 MPa. Equation 7 below shows the relationship between 
rupture life, stress and temperature, based on the Code minimum stress-to-rupture table, with an 
R2 value of 0.953. 

 
𝑙𝑛(𝑡𝑟) =

7.971𝐸4−65.8106𝜎+0.0308𝜎2

𝑇
− 75.5102                                      (7) 

 

Where tr is the creep-rupture life in hours, σ is the modified effective stress 𝜎𝑒/𝐾′  in MPa and T 
is the temperature in kelvin. 

For the creep damage at the welds, the effective creep stress was first divided by the stress rupture 
(R) factor, given in Table HBB-I-14.10E-1. As the R factor is a function of temperature, a function 
was written in FORTRAN to interpolate for any temperature between 425o C and 650o C, when 
temperature was less than 425o C or larger than 650o C, R values were the same as those at 425o C 
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or 650o C, respectively. This R interpolation function was part of the ANSYS USERMAT subrou-
tine module. 

2.2.5.3 Creep-fatigue interaction 

Given the individual creep and fatigue damage fractions, the creep-fatigue acceptance criteria is 
to check to see if the point falls in the envelope given in Figure HBB-T-1420-2. 

2.3 Assumptions 

This analysis is based on the following assumptions: 
1. Materials are isotropic and homogeneous; material response is constant over time, 

i.e., effects of material degradation over time, are neglected. 
2. The material thermo-physical properties and constitutive equations applied in FEA 

are the same for both the welds and the base metal.   
3. Residual stresses are not included at the beginning of the first load cycle. 
4. The temperature transients and pressure transients are representative of the compo-

nent operating conditions. 
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3 Results 

3.1 Analysis input 

3.1.1 Geometry and mesh 

The core block geometry was generated through ANSYS SpaceClaim® scripting and consists of 
holes for heat pipe and fuel rods. The geometry of the endplate was from a set of Grade 91 sample 
problems used in Section VIII ASME Code Committees to assess high temperature design meth-
ods [5]. The two geometries and their dimensions are shown in Figure 3.1 below. 
 

(a) 

(b) 

Figure 3.1. Geometry for the core block problem (a) and the endplate problem (b). 
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The number of quadratic solid elements in the core block model and the endplate model are 9420 
and 32240, respectively. The models with meshes are displayed in Figure 3.2 below. 

3.1.2 Material models 

Section 2.2.1 describes the Grade 91 material model used in the analysis. Basic thermal properties 
and the HBB design data were provided by HBBDATA package [3], developed at ANL. 

3.1.3 Boundary conditions 

3.1.3.1 Core block 

3.1.3.1.1 Mechanical loads and boundary conditions 

The magnitude of the pressure load was very small and the load was negligible. The mechanical 
boundary conditions are shown in Figure 3.3 below. The z-displacements of the top/bottom planes 
was either fixed, as shown in Figure 3.3 (a), or coupled, as shown in Figure 3.3 (b). For the side 
planes, two of them could only move within their own planes, and the other two planes were free 
of constraints. 

(a) (b) 

Figure 3.2. Meshes for the models. (a) core block, (b) endplate. 

(a) (b) 

Figure 3.3. Mechanical boundary conditions for the core block problem. 



Sample problems for Section III, Division 5 design by inelastic analysis of Grade 91 components  
September 2020 

 13 

 
 

3.1.3.1.2 Thermal loads and boundary conditions 

The initial temperature of the component was 350o C and the initial heat flux at the fuel rod hole 
walls was 0. During each thermal load cycle, at full load, the fuel rod hole walls were heated with 
a flux of 25000 W/m2, and the heat pipe hole walls were held with a constant temperature of 550o 

C.  At the beginning of the load cycle and at the end of the full load holding period, the loads 
ramped up/down uniformly within 20 hours. The locations for the thermal loads are displayed in 
Figure 3.4 and the thermal load transients for one cycle are shown in Figure 3.5. There were 5 
thermal load cycles in the FEA model and total 360 cycles within the service life. 

 

 
Figure 3.4. Thermal loads in core block FEA model. 

 
 
 

 
Figure 3.5. Thermal load transients for the core block FEA model. 
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3.1.3.2 Endplate 

3.1.3.2.1 Mechanical loads and boundary conditions 

The steady state pressure load was 16.2MPa, which was applied at the internal surface of the model 
and also introduced as an end load at the smaller diameter cylinder. One pressure cycle involved 
ramping up from 0 MPa to the full load in a day and keeping the pressure load for 365 days and 
ramping down to 0 MPa within one day. For the endplates model, the FEA ran 5 pressure load 
cycles (30 cycles for whole service life). For mechanical boundary conditions, the larger diameter 
cylinder end was fixed in the axial direction and the smaller cylinder end was coupled in the same 
direction; the two side planes could only move within their own planes. The mechanical load and 
boundary conditions for the endplate model are shown in Figure 3.6 below. 

 

3.1.3.2.2 Thermal loads and boundary conditions 

The endplate internal surface, where the internal pressure load was applied, also underwent thermal 
load, the convective heat transfer coefficient there was 2000 W/(m2.K) and the fluid bulk temper-
ature transient are displayed in Figure 3.7 below.  There were 5 heat load cycles in the FEA for 

Figure 3.6. Mechanical boundary conditions for the endplate prob-
lem. 
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endplate model and 30 cycles for the whole service life. Except for the internal surface where the 
convective thermal load is applied, all other surfaces were thermally insulated. 

 

3.2 Design calculation results 

The inelastic analysis results are divided into two parts, one part for strain and deformation limit 
check and one part for creep-fatigue damage check.  The results for the core block model and 
endplate models are presented separately inside each section. 

3.2.1 Strain and deformation limits 

3.2.1.1 Core block 

The maximum principal inelastic strain 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 over the hold period during the 1st cycle are shown 
in the contour plots in Figure 3.8 below. This figure illustrates that the highest values occurs in the 
webs between the fuel rod holes and are less than 5x10-6.  The maximum values in the plots through 
the five load cycles are shown in Figure 3.9. The maximum principal plastic strain continues de-
creasing from cycle to cycle, and is much less than 1%, 2% and 5% strain limits. The data demon-
strates the structure shakes down and does not accumulate significant inelastic strain. 

 

 
Figure 3.8. Maximum principal inelastic strain during the first hold. 

       

Figure 3.7. Thermal loads in the endplate model. 
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Figure 3.9. The maximum values for each maximum principle inelastic strain during the 5 load cycles.          

3.2.1.2 Endplate 

3.2.1.2.1 Local maximum principal inelastic strain limit check 

Figure 3.10 (a) to (e) below displays the maximum principal inealstic strain 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙  contour plots 
and (f) illustrates how the maximum values change through the 5 load cycles. Figure 3.11(a) to (d) 
below show change in strain between two consequent load cycles.  The two figures show that 
during the five load cycles, 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 keeps increasing, but with decreasing magnitudes. Table 3.1 
shows the 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 values at the end of each load cycles and at the location of the maximum value 
in the whole model.  The maximum 𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 value at the end of the 5th cycle is 3.4109E-3 and the 
𝜀𝑝,𝑡𝑜𝑡𝑎𝑙 increase in magnitude during the 5th cycle is 2.472E-4. A conservative estimation of 
𝜀𝑝,𝑡𝑜𝑡𝑎𝑙  at the end of service life (30 cycle) is 9.59E-3, which is smaller than the 2.5% strain 
requirement for the weld, as the location is close to the welded joint. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 3.10. Maximum principal inelastic strain at the end of each load cycle for the endplate model 
(a) 1st cycle. (b) 2nd cycle. (c) 3rd cycle. (d) 4th cycle. (e) 5th cycle. (f)  maximum values through 5 

load cycles. 
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Table 3.1.  Max. ε_(p,total) values and their increases at the end of each load cycle. 

 
 

3.2.1.2.2 Maximum principal membrane strain and maximum principal surface strain 
checks 

Figure 3.12 displays the strain linearization path in the endplate model. The maximum principal 
plastic membrane strain 𝜀𝑝,𝑚 was calculated along the path and point 1 and point 2 were inside 
wall and outside wall locations, respectively, for surface strain 𝜀𝑝,𝑚+𝑏 calculations. The 𝜀𝑝,𝑚 and 
𝜀𝑝,𝑚+𝑏 strain linearization results are shown in Table 3.2; the magnitude differences from cycle to 
cycle for the first 5 load cycles are shown in Table 3.3. The data in Table 3.4 shows that the 
magnitude differences continue decreasing with additional cycles and the conservative estimations 
of 𝜀𝑝,𝑚 and 𝜀𝑝,𝑚+𝑏 at the end of 30 cycles are equal to 7.70E-3 and 9.24E-3, respectively.  These 
are lower than the 1% for membrane strain and 2% surface strain limits specified in HBB-T-1310. 

(a) (b) 

(c) (d) 

Figure 3.11. Difference of the ε_(p,total) changes. (a) 2nd cycle – 1st cycle, (b) 3rd cycle – 2nd cy-
cle, (c)  4th cycle - 3rd cycle, (d) 5th cycle - 4th cycle. 
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As the strain linearization path was away from the weld, the full 1% and 2% membrane and bend-
ing limits were applied 
 

 
Figure 3.12. Strain linearization path for the endplate model. 

 
Table 3.2. Results of inelastic strain linearization 

 
Table 3.3. Maximum principal strain change differences. 

 
Table 3.4. Strain predictions at the end of the service life. 

 

3.2.2 Creep-fatigue 

3.2.2.1 Core block 

3.2.2.1.1 Creep damage 

The creep damage was calculated based on the procedure described in Section 2.2.5. Creep damage 
over the first 5 cycles was explicitly calculated and the accumulation over the service life extrap-
olated from those results.  Figure 3.13 (a) to (e) shows the creep damage results at the end of each 
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load cycle, the highest damages occurred at the webs between fuel rod holes and damage continues 
to increase cycle-to-cycle. 

 

           
                                             (a)                                                                          (b) 

           
                                         (c)                                                                              (d) 

 
(e) 

Figure 3.13. Creep damage at the ends of a load cycle. (a) 1st cycle. (b) 2nd cycle. (c) 3rd cycle. (d) 4th cycle. (e) 
5th cycle. 

Figure 3.14 (a) to (d) demonstrate the difference in creep damage increase magnitude from cycle 
to cycle.  These plots show that the creep damage increases as time increase, but with decreasing 
magnitude, so, using the creep damage at the end of 5th cycle, shown in Figure 3.13 (e) and the 
creep damage increase during the 5th cycle, in Figure 3.14 (a), leads to a conservative estimation 
of creep damage at the end of 360th cycles (assumed load cycle number for the 30-year service 
life), displayed in Figure 3.15 (b). The maximum creep damage is 0.26%. 
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                                           (a)                                                                (b) 

         
                                    (c)                                                                (d) 

Figure 3.14. Difference of creep damage increase magnitudes between two consecutive cycles. (a) 2nd cycle – 1st 
cycle. (b) 3rd cycle – 2nd cycle. (c) 4th cycle – 3rd cycle. (d) 5th cycle – 4th cycle. 
 

        
(a)                                                                (b) 

Figure 3.15.  (a). Creep damage increase during the 5th cycle. (b) Creep damage at the end of 360th cycle. 
 

These creep damage results were based on a K’ factor of 0.67 obtained from Table HBB-T-1411-
1 for inelastic analysis.  Creep damage with a K’ factor of 0.9, which is for elastic analysis, will 
be discussed in Chapter 3.2.2.2.1. 

3.2.2.1.2 Fatigue damage 

The core block structure operates in the elastic regime (inelastic strain in the order of 10-6).  
Therefore, only the strain ranges for the first load cycle were calculated and can be conserva-
tively applied to all load cycles. Figure 3.16 shows the strain range contour plot for the first load 
cycle.  The highest strain range appeared in the web between fuel rod holes, and the maximum 
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strain range is equal to 8.2E-5. For Grade 91 material at 560oC, the allowable number of cycle is 
essentially infinity and the fatigue damage is 0. 
 

 
Figure 3.16. Equivalent strain range during the 1st  load cycle. 

3.2.2.1.3 Creep-fatigue interaction 

The creep damage of the core block for 30-year service was about 0.26% and the fatigue damage 
was 0, so, based on the Code interaction diagram, the results fall within the envelope of the creep-
fatigue damage and the component passes the design check. 

3.2.2.2 Endplate 

3.2.2.2.1 Creep damage 

Figure 3.17 (a) to (e) shows the creep damage across the whole endplate model at the end of each 
load cycle.  The highest creep damages are in the region near the welded joint, where the highest 
equivalent stress and highest plastic strain are located. Figure 3.17 (f) displays the creep damage 
contour plot after 13.7 days of service, when the value at the critical location of the model reached 
1. Figure 3.18 (a) to (d) displays a decreasing trend for the creep damage magnitude changes from 
cycle to cycle. Therefore, we used the creep damage at the end of the 5th cycle together with the 
creep damage magnitude change during the 5th cycle to produce a conservative estimation of the 
creep damage at the end of the 30th cycle. These results are shown in Figure 3.19.  The creep 
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damage is very high at the end of 30 years of service life, 12373%, far greater than 100%, the 
maximum allowable value per the Code rules. 

 

          
(a)                                                                       (b) 

 

           
                                            (c)                                                                         (d) 
 

            
                      (e)                                                                     (f) 

Figure 3.17. Creep life usage at the end of each load cycle of the endplate model (a) 1st cycle. (b) 2nd cycle. (c) 3rd 
cycle. (d) 4th cycle. (e) 5th cycle, and (f)13.7 days of service life. 
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                                             (a)                                                                          (b) 
 

           
   (c)                                                                         (d) 

Figure 3.18. Creep damage increase magnitude differences from cycle to cycle for the endplate model. (a) 2nd cycle 
– 1st cycle. (b) 3rd cycle – 2nd cycle. (c) 4th cycle – 3rd cycle. (d) 4th cycle – 3rd cycle. 

 

         
 (a)                                                                       (b) 

Figure 3.19.  Creep damage prediction at the end of 30th cycle. (a) creep damage increase during 5th cycle. (b) 
Creep damage at the end of 30th cycle based on the data from (a) and Figure 3.17(e). 

3.2.2.2.2 Fatigue damage 

Figure 3.20 (a) to (e) plot the maximum strain range during each load cycle for the endplate model. 
The highest values always occur in the region close to the welded joint, and the values continue to 
decrease from cycle to cycle as shown in Table 3.5. 
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       (a)                                                          (b) 

 

                                                              
(c)                                                            (d) 

 
(e) 

Figure 3.20. Maximum strain range during each load cycle. (a) 1st cycle. (b) 2nd cycle. (c) 3rd cycle. (d) 4th cycle. 
(e) 5th cycle. 

 
Table 3.5. Highest strain range during each load cycle. 

 
Probing the strain data at one of the high strain range locations shows the same trend shown in 
Table 3.5. Figure 3.21 plots the equivalent total strain at that location. The equivalent total strain 
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changes were calculated at the strain component level first, then based on those component values, 
the strain range changes were extrapolated.  

With a strain range of 2.81E-3 and a temperature of 585o C, the allowable number of cycles is 5586 
(0.5 factor for the weld was applied as the region is close to the welded joint), the fatigue damage 
for the required 30 cycles is 0.54%. 

 

 
Figure 3.21. Equivalent total strain at the location with the highest strain range. 

3.2.2.2.3 Creep-fatigue damage 

While the fatigue damage for 30 cycles of a 30-year service life was less than 1%, the creep damage 
was very high for 30 year service life.  Based on these results, we estimate the creep-fatigue life 
of the component as 14 days. 
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4 Discussion 

4.1 Strain and deformation checks 

4.1.1 Core block 

As the pressure load is neglected and temperature ramping rate is 10 oC/hour, considering thermos-
physical properties of Gr.91, thermal stress peaks are unlikely to occur during the ramp up/down.  
However, there are still some thermal stresses within the model due to inhomogeneous temperature 
distribution and constraints. But the maximum magnitude of equivalent stress is less than 18 MPa, 
as shown in Figure 4.1 (a), which is a contour plot of equivalent stress distribution, and Figure 4.1  
(b), which shows the maximum equivalent stress within the whole component during the 5 load 
cycles. Figure 4.2 is the temperature distribution at full load condition. The maximum temperature 
is 559 0C. Considering that Grade 91’s yield strength at 560° C is 256.8 MPa and a creep strain at 
18MPa/560 oC for 30 years is about 0.2% [3], a simple calculation demonstrates that the magni-
tudes of inelastic strains should be small,  much less than the inelastic strain limits specified in 
HBB-T-1310 of [1].  This simple calculation confirms the detailed design analysis discussed 
above. 

 

             
(a)                                                                        (b) 

Figure 4.1. (a) Equivalent stress during 1st cycle full load. (b). Maximum equivalent stress in each data frame during 
5 load cycles. 

 
Figure 4.2. Temperature distribution during full load of the 1st load cycle. 
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4.1.2 Endplate 

Figure 4.3 (a) shows the equivalent stress distribution at the beginning of the hold period of the 1st 
cycle.  The maximum stress is around 130MPa at the location near the butt join. The location of 
maximum equivalent stress for other time steps are the same, but with different magnitudes. Figure 
4.3 (b) plots the maximum equivalent stresses at that location for all time steps. It shows a maxi-
mum stress of 130MPa, which is reduced to about 75MPa, and then becomes stable.  The maxi-
mum metal temperature at this location is 585o C.  These conditions are much more severe than 
those for the core block problem, where the stress was 18MPa and the maximum metal temperature 
was 560o C. The strain and deformation checks confirm that the local maximum principal strain 
(0.96%), the maximum principal surface strain (0.92%) and maximum principal membrane strain 
(0.77%) are much higher than those for the core block. 

             
                                        (a)                                                                       (b) 
Figure 4.3. Equivalent stress at the beginning of the full load holding for the 1st cycle. (b) maximum equivalent 
stress for 5 load cycles. 

The strain linearization results also give the direction of the maximum inelastic membrane strain 
and that for the maximum inelastic surface (M+B) strain, they are along the hoop direction. Figure 
4.4 displays the strain linearization path and the maximum strain direction.  

 
Figure 4.4. Strain linearization path and global coordinate system. 
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The results for the endplate are based on a mesh with 32,240 quadratic elements, which may need 
more refinement to verify result mesh-independency.  

4.1.3 Design by inelastic analysis method compared to design by elastic analysis 

Compared with elastic analysis, inelastic analysis does not need stress categorization, in other 
words, the stresses do not have to be put into categories due to primary load or secondary load.  
However, a strain linearization path (SLP) still has to be defined to calculate membrane strain and 
membrane plus bending strain. As strain categorization is unnecessary, for inelastic analysis, there 
is no need to run difference load cases during FEA, as for a design with elastic analysis. 

4.2 Creep-fatigue check 

4.2.1 Core block 

Under the conditions of a full load temperature of 560o C slow temperature ramping rates, and 
without a pressure load, the creep damage is low. The strain range is only 8.2E-5 during load 
cycles, which implies the structural remains elastic in the time-independent sense.  Therefore, the 
material should be in high cycle fatigue (HCF) regime and the fatigue damage for 360 load cycles 
is negligible. 

Even though the creep damage and fatigue damage are low for the expected service life of 30 
years, the FEA results show a high creep damage zone and a high fatigue damage zone both located 
at the webs between fuel rod holes (shown in Figure 3.15 and Figure 3.16), which indicates loca-
tions that should be inspected for damage during outages. 

To obtain the creep damage according to Equation 6 the effective stress was calculated.  When 
J1/Ss-1 > 0, the effective creep stress for damage calculation is larger than the von Mises stress, 
and when J1/Ss-1 <=0, the effective creep stress and von Mises equivalent stress are equal. Figure 
4.5 shows the J1/Ss-1 contour plot during the hold period for the 5th load cycle.  This figure shows 
that the webs between fuel rod holes, where the highest creep-fatigue damage occurs, are in the 
J1/Ss-1 < 0 regime. If this value was larger than 0 the effective creep stress would be larger than 
equivalent stress and creep-fatigue damage would be larger.  This demonstrates how the current 
Code rules incorporate the 3D stress state into the creep damage calculation. 

 

 
Figure 4.5.  J1/Ss-1 values across the core block. 
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4.2.2 Endplate 

The highest creep damage occurs in the region close to the butt weld.  A damage fraction of 1.0 
occurs after about 14 days when applying a factor of K’ = 0.67 as instructed in Table HBB-T-
1411-1 of the Code. A K’ factor of 0.9 was also considered, and the creep damage distribution is 
displayed in Figure 4.6.  In this scenario100% creep damage occurs at one location after 379 days, 
that is a creep life more than 20 times longer than that by using a K’ factor of 0.67. Potentially, the 
higher safety factor for design by inelastic analysis could be reduced to be in line with the 0.9 
factor used in design by elastic analysis to produce less over conservative designs. 

 
Figure 4.6. Creep damage distribution at the 379 days of service. 

The highest fatigue damage zone occurs in the same zone the produces the highest creep damage, 
Table 3.5 shows the strain range decreases from cycle to cycle, and tends towards a constant value. 
This behavior reflects the process of the inelastic deformation zone in the region with the highest 
strain range becoming more and more stable, until finally the structure achieves plastic shakedown. 

In the endplate model, both creep damage and fatigue damage are very localized, i.e., they are 
concentrated on a small region.  The remainder of the structure undergoes significantly less creep-
fatigue damage.  This may indicate an inefficient design.  Moreover, this suggests that an accurate 
fitness-for-service assessment of the component life would need to consider crack growth, not just 
the initiation of creep-fatigue damage. 

4.2.3 Design by inelastic analysis method compared to design by elastic analysis 

The creep-fatigue design procedure for design-by-inelastic analysis is much more straightforward 
than the procedure for design-by-elastic analysis.  For example, the inelastic rules do not need 
results from different FEA load cases to calculate primary stress and secondary stress in order to 
get the Z factor to check for the requirements listed in HBB-T-1431 (a).(1) to (3). The design by 
inelastic analysis procedure is simple to execute, the challenge is getting appropriate stress analysis 
results using an inelastic constitutive model.
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5 Conclusions 

Inelastic analysis were conducted on a core block model and a endplate model by following ASME 
BPVC Section III, Division 5, Appendix HBB-T Rules for strain, deformation, and fatigue limits 
at elevated temperatures. In both models, creep damages are much higher than fatigue damages 
with the assumed pressure load and thermal load transients, and in each model, the highest creep 
damage and the highest fatigue damage occur in the same region. There are several advantages of 
the design by inelastic analysis rules, compared to design by elastic analysis: 

• The inelastic analysis rules are easier to follow and the results are straight forward to inter-
pret. 

• Stress categorization is unnecessary and complicated calculation procedures for addressing 
creep and plasticity in the elastic procedures are unnecessary. 

No significant challenges were noted in executing the current Code rules using the ANL constitu-
tive model.  The model produces a reasonable response for Grade 91 over the stress and tempera-
ture conditions sampled in the design analyses. 

However, there are aspects of the inelastic rules that could benefit from additional exploration as 
part of future code development efforts: 

• The dependence of the inelastic stress analysis results on the time step size, i.e. time inte-
gration error, could lead to inaccuracy.  This is not an issue with elastic stress analysis. 

• Mesh sensitivity.  This issue was only partly addressed in these sample problems.  A com-
plete design analysis would need to include a mesh sensitivity study.  Mesh sensitivity will 
be more of an issue for design by inelastic analysis because the stress linearization proce-
dure applied in design by elastic analysis tends to reduce the effects of mesh sensitivity. 

• The strain linearization procedure in the design by inelastic analysis rules.  This is the last 
remnant of the classical ASME linearization process.  Replacing this part of the strain limits 
criteria by some criteria at FE integration point would greatly simplify the design by ine-
lastic analysis rules as they could be fully automated, for example using the ANSYS script-
ing capability. 

• The difference between the 0.9 factor applied to the effective stress in the design by elastic 
analysis creep damage procedure versus the 0.67 factor specified for design by inelastic 
analysis.  This factor significantly penalizes the inelastic method as rupture times tend to 
follow a power law relation with stress at fixed temperature.  The origins of this difference 
between the two methods should be explored and, if possible, the safety factor in the design 
by inelastic analysis check reduced to reduce over conservatism and avoid unduly penaliz-
ing the more exact inelastic method. 

• For both sample problems, fully simulating the entire component load history is infeasible.  
While modern computers can handle much larger simulations in terms of the component 
volume or number of elements in the discretization through parallel computing, time inte-
gration cannot be parallelized.  Therefore, if the design specification includes a large num-
ber of individual transients or a large number of transient repetitions, the resulting full 
inelastic analysis will be computationally expensive.  As in this report, this challenge can 
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be partly addressed by extrapolating strain and damage accumulation from a smaller num-
ber of simulated load cycles.  However, additional research and development should ad-
dress the general problem of time integration for inelastic analysis, in order to make the 
processes easier for component vendors and designers. 

These suggestions would optimize the current inelastic analysis Code rules.  The sample problems 
here demonstrate the current rules are adequate and can be applied to a wide variety of representa-
tive component geometries and loadings. 
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