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Summary

This paper reports the structural integrity study of 1.5 Mwt helium gas intermediate
heat exchanger performed as a part of "Repearch and Development of Direct Steel Making
Technology Utilizing High Temperature Reducing Gas" which is one of the National Research
and Development Programs by Agency of Industrial Science and Technology, Ministry of
International Trade and Industry, Japan., The normal operation temperature of the heat
exchanger exceeds 1000°C which is heyond the scope covered by the existing design code,
e.ge ASME Code Case 1592, Therefore, a special analytical and experimental procedure
should be developed to establish design rules of unprecedented components operating at
extremely high temperature,

Developmental efforts have been focussed on (1) compilation of the finite element
analysis program for detailed analysis of two and/or three dimensional structures, and (2)
the establishment of simplified methods for elevated temperature design, The latter in~
cludes, a simplified transient creep analysis procedure, application of the reference
stress method, and a simplified solution technique of creep buckling behavior, In
addition, various experimental schemes have been worked out for the verification of the

detailed and/or simplified methods being developed.

This paper first outlines the efforts in the above directions and describes next the
method for elastic-plastic-creep analysis which incorporates the pseudo stress concept in
some detall. The concept originally proposed by Cry et al. for the bilinear isotropic
hardening material is extended toc the kinematic and combined hardening materials.
Numerical example shows that the accuracy of detailed finite element solution is con-
siderably improved by the technique using the pseudo stress as a kind of correcting load

vector.



1. Introduction

The project '"Research and Development of Direct Steel Making Technology Utilizing High
Temperature Reducing Gas" started in 1973 as one of the National Research and Development
Program by Agency of Industrial Science and Technology, Ministry of International Trade and
Industry, Japan. The crucial component of the direct steel making system is the helium gas
intermediate heat exchanger which 1s operated at a high temperature exceeding 1000°C. Thus
the establishment of rules is imperative to meet design requirements at elevated tempera-
ture beyond the scope of existing design codes, e.g. ASME Code Cage 1592,

To this end, two task groups have been formed. One, named sub-committee IHX-M, has
been engaging in the material aspect so that the efforts are reflected to the design rules.
Paper F/9/1[l]in the Transactions of this Conference outlines the works and provisional
conclusions of S/C IHX-M. Complementary to it, the present paper summarizes the activities
of $/C IHX-A, the objective of which is the establishment of theoretical and experimental
bases for elevated temperature design,

Both the detailed numerical analysis procedures and the simplified methods have been
investigated. An outline of the efforts in these directions is given briefly in the next
section, Then follows the section describing the detalled analysis technique adopting the

pseudo stress concept of Cry et al.[zjand numerical results in due order.

2. Development of Methods for Inelastic Analysis
2.1 Finite Element Elastic-Plastic-Creep Analysis

A general purpose program using the finite element method has been compiled for the
two and/or three dimensional structural analysis. It features the incorporation of the
effect of tertiary creep, dependency of material constants on temperature, and a correction
utilizing the pseudo stress concept of Cry et al. [2]. As will be detailed in next sec-—
tion, the correction has been proved to be effective to improve the accuracy of numerical
results. In an auxiliary effort, a program for large deformation analysis of axi-symmetric
thin shell and beam structure has been developed. This program is useful for the elastic-

plastic buckling as well as creep buckling analysis of these structures.

2,2 Simplified Method

The existing design codes are principally based on the simplified methods and there
still remains a strong demand for these methods in almost every phases of the design
process. Various methods in this category have been examined in the present project of
designing 1.5 Mwt helium gas intermediate heat exchanger and novel techniques are devel-
oped, when need arises.

The method established first is a simplified creep analysis procedure combining the
solution to the steady creep problem with that to decay of the stress field ( ;in-— Q§? )
where J%Q N OE; are elastic and steady creep stress fields respectively. The solution
to the complete creep problem is decomposed into those of two complementary problems, i.e.
the steady creep under specified loading and the decay of stress field ( Oﬁf - 0%? ).

An approximate solution for the decay of the stress field ( 0351 - 02; ) is obtained by a

rate type of variational principle applied to the homogeneous equilibrium equations (i.e.
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under zero load). The final solution is the superposition of two solutions.

A second method developed concerns with the application of reference stress method[ 3]
and/or energy bounding theoremsf 4) which have been recognized as useful tools in the
simplified analysis of creep. An accurate estimate of creep deformation can be made, if
the solutions of the finite element analysis are incorporated in these methods. In the
procedure we examined, the collapse load of the relevant structure is determined by the
finite element analysis and used as a representative stress in the reference stress method
or a statically admissible stress field in the application of energy theorems.

In the simplified method for creep buckling, the following cumulative damage rule is
proposed and compared with the prediction by various theoretical procedures as well as the

test results obtained by the experimental shemes of the project

Y-

Tery

where tj is the time duration of the load condition i and t.,.; denotes the time for occur-

rence of creep buckling under the same load condition i,

3. Finite Element Elastic-Plastic-Creep Analysis of Structure with Temperature Dependent

Material Properties

The tangent modulus methods have been usually taken in finite element elastic-plastic-
creep analysis. In this case, it is important to obtailn the accurate relations between
stress and strain increments., Especially, the temperature dependency of material proper-
ties must be taken into consideration accurately in elevated temperature, The pseudo
gtress concept was originally proposed by Cry et al, for the bilinear isotropic hardening
materials,

In this chapter this concept of pseudo stress is extended to kinematic hardening mate-
rials, combined hardening materials and the multi-linear igotropic hardening materials.
Then using this extended pseudo stress, accurate relations between strain and stress

increments are obtained.

3.1 Constitutive Relations Between Plastic Strain and Stress Increments

It is assumed that the total strain increment can be expressed as the sum of the
elastic, plastic, creep and thermal strains. It is further assumed that the plastic strain
increment is completely independent of the creep strain increment. Then the total strain

increment A e;; , at time t; and temperature 0 i, is described as followst
- 2 .8 P S 1)
AEZ; = AE;_‘_ -+ AEL)_ +A€q_ + AELJ_ (

2 (:] [4 ¢
where AE;; ' AEL} [ AE:} and Ae;_;_ are elastic, thermal, plastic and creep strain
increments, respectively.
Constitutive relatione between plastic straln and stress increments for isotropic

hardening rule, kinematic hardening rule and combined hardening rule are described herein,
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3.l.1 Plastic Strain Increment for Isotropic Hardening Materials
Von Mises's yield condition for isotropic hardening materials 1s represented as

follows,
$=FL,8) 5 (@ =t waw (=72 (2)

’ -
where £, M , 0‘;5_ and (* are yield function, accumulated plastic strain, deviatoric
stress tensor and equivalent stress, respectively. Assuming the associated flow rule to be

valid, the plastic strain increment can be expressed as follows}
p 3 ’ E ’
dit‘r:—T(:Bﬁl'iﬂl— 3;9&6)0:‘* (3)
4+T°H ©
where Hf, d 8:’; , d‘ﬁﬂ and d.0 are work hardening modulus, increments of plastic strain,

stress and temperature respectively. In the case of uniaxial stress state, eq. (3) is

written as

d€° =~ (4o ~ = 30d0) W

where 0: and (7 are uniaxial and equivalent stresses at temperature © = ei' Assuming
that the material properties don't vary during the temperature increment AQ, plastic

strain increment AE;F;_can be obtained as followsi

N

e (3(&1&021",0—49) (5)

Accuracy of eg. (5), however, is not enough when the temperature increment is not suffi-
cient small, or material constants complicatedly depend on temperature, Fig. 1 illustrates
two stress-strain curves for a temperature dependent linear isotropic hardening material
corresponding to 4] i and ) i+1- The uniaxial relation between finite plastic strain incre-

ment 4 g" and finite stress increment AT is given exactly by following equation.

|
AP =

*
(a0 +a0) (6)
Lt
*
where H; 11 is work hardening modulus at § =84,7. In eq. (6), AT referred to as the
i+l i+l
pseudo stress by Cry and et al., is expressed as

—p
ag¥ =0 - 03, — H/m' I 2

3

where and are initial yield stress at = j,] and equivalent plastic strain at
= j respectively. Exact relation between plastic strain and stress increments in the
so~called transition range can be expressed by the pseudo stress, as illustrated in Fig, 2

and Fig, 3. From these figures, egs. (6) and (7) are extended and generalized as followss

|
A£P= ag +
Hu- ( 0\5.

AT ) (8)

where
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AO‘*= G = 0o, — Hun £ O'E;A&EQ_O

’ = 4 (9)
Gt 0w T Huw E: UE;AE.‘.; <o

Comparing eq., (8) with eq. (4), the following correspondences can be recognized.
O L
H w8 —— o moq . (8)
-%%de m 2 (4) = Ag¥ in 2§ (8)

Namely, the accurate incremental form of eq. (8) can be obtained by applying the above

replacements in eq. (4). And substituting these relations into eq. (3), the accurate

incremental form in multi axial stress state can be expressed as

4 q ’ Q % ’
AE.. = (@QAO;Q +—0‘A0‘ '02- (10)
o 47 Hin 3 ) g
Cry derived a pseudo stressAOfonly for OE}Af:;ZOin eq. (9). Using imaginary yield stress

0;,2_-&! shown in Fig. 4, eqs., (9) and (10) are valid for multi linear hardening materials.

3.1.2 Incremental Formulation of the Plastic Strain for Kinematic Hardening Materials

Fig. 5 1llustrates the relation between plastic strain incrementA EP , translation in-
crement of the originAc¢h and stress incrementd ¢* in unaxial stress state of kinematic hard-
ening material, Fig., 6 shows the plastic strain increment and stress increment replations

P
in transition range for (0i— & )AL ;0. From these figures, the following equations can be
obtained.

P {

A ——(ac+ T2 agt)

ol o+ (11)
Ad= ar + BT 4gt

Js,1 (12)

A0ts Bi(g-g) (G- d)agf20

7

0_?’1 (G + 0:,;_“) (ﬂ"di)AEP<0 (19

&

= 2 ’ 7 ’
G =/ 3C0-9i) (R -0/ 2
where Aaé‘ is the pseudo stress.
Using the similar approach as in the case of isotropic hardening materials, accurate
incremental relations in multiaxial stress state can be derived as follows
Y
P_ A (0T;-di;) ’ ’ 2 - *
Afy = ey {(@Q‘&M)A@l t3paAr } (14)
7. Hin
- 3 (05—
2 G2

s’ 4 _— *
ady {(Oin -O‘u)AOZa*'%U;AU\} (15)
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3.1.3 Incremental Formulation of the Plastic Strain for Combined Hardening Materials
The similar way in the previous paragraph 3.1.2 leads accurate incremental relation
P
between A E;;, AO\;} and Ao?} in multi-axial stress state for combined hardening materials.

Detailed description is omitted here.

J.1.4 Incremental Stress Strain Relationship

Equation (10) is substituted into eq. (1), which yields an incremental stress strain

relationship for isotropic hardening material. This is given by the following,
P
{AO‘} = [DLH ]{Aa} - [DEH][.ACILO\E—- LD":«-J{AEB}

_ 2T7a0”

~ L) - 55 - (0410}

(16)

where[ a C) and [Di+l) are the increment of strain stress and stress straln matrices at
4

=0.,7, respectively. The expressions for and D are given by the following
i+l ° i

equations.

So = EETHL ¢ LA D)

CHBICHES SCRISTINC

Stiffness equation using the pseudo stress is obtained by using material constants at state
B j4+1 and replacing _:ZZAB in the stiffness equation of first order approximation with

Zﬁoﬁ . Simularly expressions for incremental stress strain relationship using the pseudo
stress are given for the cases of kinematic hardening and combined hardening when F and

4 -— ’
ia\} are replaced by ¢; and {g;i .

3.2 Example Problem

A computer program for thermal elastic-plastic-creep analysis was developed using the
pseudo stress concept described in the previous section and structural analysis of the
1.5 Mwt helium heat exchanger was conducted by this program, The basic example ls analysed
to verify the above mentioned pseudo stress concept. The example is thermal elastic-
plastic analysis of an axially constrained rod subjected to uniform heating. In the case
where both Young's modulus and yield stress depend on temperature, calculation results are
shown in Fig. 7. This figure shows that the present solution is more accurate than that of

the first order approximation for the same increment.

4, Conclusion

Various method of inelastic analysis developed for designing the 1.5 Mwt high-temper-
ature heat exchanger are outlined. In the methods, an extended pseudo stress method is
developed and discussed in detail, The pseudo stress concept originally proposed by Cry
et al. is extended to be applied for the kinematic and combined hardening materials.
Numerical examples shows that the accuracy of detailed finite element solution is consid-

erably improved by the technique using the extended pseudo stress.
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