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1. Introduction

Heat exchanger tubes that operate in the elevated temjterature re-

gion often have to be designed in two qualities of material. The

part which has relatively low tube wall temperatures can be de-

signed with the use of a ferritic material for economical rea-

sons. At a certain temperature level of the wall however, the

creep strength and the stability of this material are no longer

sufficient, and an austenitic tube material has to be provided

for the higher temperature section of the heat exchanger bundle.

This paper deals with welds between the two tubing sections, with

emphasis on their application in the Thorium High Temperature Re-

actor (THTR) steam generators (Fig. 1).

While the tubing of heat exchanger equipment in general needs ca-

reful design to withstand a number of different loading types,

the use of bimetallic welds (BMW) requires special attention to

prevent it from becoming a weak spot in the design.

2. Description of weld

Fig. 2 shows such a weld. The tube dimensions are 25 mm OD and

3.2 mm wall thickness on both sides. The ferritic side is made

of the material 10 Cr Mo 910, a steel containing 21/4 % chromium
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and 1 % molybdenuin. The austenitic side consists of the alloy

800, a steel with 32 % nickel, 2 0 % chromium and additions of

Ti and Al. The welding is accomplished by TIG using a weld fil-

ler metal in the form of an insert ring. This intermediate ma-

terial is a nickelbase alloy with 20 % chromium,with molybdenum

and Niobium. The high nickel content of this intermediate layer

acts as a barrier for carbon migration and therefore prevents

the decarburization of the ferritic tube.

The welds were heat-treated at 730 °C in order to reduce the

hardness of the ferrite and the residual welding stresses.

3. Locating the weld

For the location of the weld within the heat exchanging surface,

there are reasons to go to higher temperatures and others for

lower temperature. The following considerations show the deter-

mination of an optimum temperature level for the selection of

the proper position of the weld.

Fig. 2 shows the distribution of the wall temperatures along the

tube length for minimum (40 %) and maximum (100 %) power level.

Reasons for selecting higher temperature are:

- saving material costs (non technical)

- the BMW and the following austenitic tubes should not experi-

ence wetting.by evaporating water, as this might cause inter-

cristalline stress corrosion cracking in the alloy 800. There-

fore the location should be well above the vaporization tempe-

rature.
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However, reasons for upper limits of wall temperatures are:

- the creep strength of the ferritic material.

- diffusion of carbon from ferritic to austenitic material,

which could cause a weakened decarbonized zone in the ferrite

near the weld.

- the strain range due to the different coefficients of expansion

increase with the temperature range that the weld experiences.

This might affect fatigue life in addition to the generally re-

duced fatigue strength at higher temperatures.

The distance from the evaporation points is governed by the full

load condition, as can be seen

above evaporation temperature.

load condition, as can be seen in fig. 3. It should be 29 °C

At the chosen location a maximum wall temperature of 526 °C can

be reached at 40 % load. This inculdes 31 °C for deviation from

the ideal, calculated condition. This temperature is well below

the 550 C which we consider as an upper limit. This comes from

experiences that have been gained from failures in the heat-affec-

ted zone of the ferrite above this temperature, as well as from

carbon migration measurements.

4. Tests with THTR welds

Corrosion tests have been performed in order to check the sus-

ceptibility against stress corrosion cracking. Under the applied

stress of 2/3 yield stress at 1 % strain, we did not find any

ruptures.

In addition, fatigue tests have been performed that combine ther-

mal shock with temperature load cycling. The thermal shock stress

is caused by a radial temperature gradient in the tube wall, that
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arises from rapidly cooling the tube inner surface. The tempera-

ture level cycling from ambient temperature to 550 °C and back

causes stresses that have their origin in the different thermal

expansion of the two joining materials.

The following two types of thermal fatigue tests have been per-

formed {fig. 4):

The first test is a long duration cycling with one hour hold time

at 550 C. The thermal gradient across the wall, which is produ-

ced by air cooling after the holdtime, causes a calculated gra-

dient stress of only 54 MPa. Together with the strain range due

to the temperature level cycling, this loading did not have a fai-

lure in 23'000 cycles totalling 35'000 hours of test duration.

The second fatigue tests are short term tests where the specimens

are heated to only 500 C and water quenched. Figure 5 shows the

induction coil configuration for the rapid homogeneous heating of

the weld region. 36*000 cycles were performed without producing

any cracks on the inner or outer tube surface. Fig. 6 shows the

quenching temperatures as a function of time and the maximum

stress that occurs after about 0.5 sec. The comparison of the cal-

culated superimposed stress with fatigue curves showed that the

allowable stresses were exceeded by a factor of 2 and the allow-

able cycles by a factor of 15, respectively. As these factors are

about equal to the inherent safety factors in the fatigue curves,

we can draw the conclusions that the weld behaves as well as the

parent material and can be evaluated for fatigue damage by the

same curves.

5. Stress analysis for the licensing procedure

In the real surrounding of the THTR steam generators the region

of the tube bimetallic weld is subject to a number of loadings

that have to be considered in the design and the analysis. Fig. 7
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shows the different kinds of loadings that affect the behaviour

of the weld, in the sequence of their importance on a basis of

calculated stress.

In the following, the evaluation of the stresses for the diffe-

rent loadings is presented in more detail.

Only the conditions at full load are adressed here for simplicity,

although for a complete analysis all relevant operational states

(including transient) have to be considered.

5.1 Thermal gradients

The thermal gradients that are caused by the heat transfer through

the tube walls, have the following values which include a nonuni-

form gas side heat transfer around the circumference: 36 on the

ferrite side and 56 on the austenitic side. The maximum occuring

stresses on the inside of the tube are 73 and 161 MPa respectively.

The higher expansion coefficient and the lower conductivity of the

alloy 800 lead to that much higher stresses.

5.2 Bimetallic thermal stress

The calculation of the stresses due to the different thermal ex-

pansion, assuming constant temperature, is a considerable task,

that has been attempted in different ways in the past. Among the

main problems is the lack of knowledge about the distribution of

the material properties in the weld region.

There are three different basic materials, from the two joining

tubes and the weld filler metal. Through welding, intermediate

alloys are formed, the properties of which are poorly defined

for detailed analysis.
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Finite element analyses often have the drawback that they show

singularities at material interfaces and the results are there-

fore dependent on mesh refinement.

In view of these difficulties we consider a simple hand calcu-

lation approach as a sufficient and as the most efficient way

to arrive at the proper order of magnitude of the stresses.

We used thin shell analysis assuming a sudden transition bet-

ween the parent metals. This is a conservative assumption as

the filler metal has properties that are approximately in bet-

ween.

The resulting maximum stresses amount to 115 MPa.

5.3 Thermal tube bending

In ref. (1), the calculation of thermal bending moments in tubes

of helical bundles has been explained and shall not be repeated

here. Due to different temperatures of bundle tubes and support

plates as well as due to nonlinear thermal expansion of the tubes

as a function of bundle height, bending moments are exerted on

the tubes. Fig. 8 shows an additional detailed analysis model

that was used for the assessment of the maximum bending moment.

The calculated stress due to thermal bending at full load was

calculated to be 69 MPa.

However, special consideration was given to the fact, that tubes

can show a phenomenon called "elastic-follow-up" which results

in strain accumulation at the support points. An inelastic ana-

lysis of a pipe segment has shown, that the inelastic strain accu-

mulation can be assessed by multiplying the elastic strain by a

factor of 2.6 for this geometry, material and temperature level,

and in the absence of other loadings.
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5.4 Internal pressure, weight and earthquake loadings

The stress calculations for these loadings is straight forward

and needs no further comments. The maximum pressure stress is

56 MPa on the inside and 39 MPa on the outside. The loading of

weight is counteracted to a large amount by the flow forces of

the helium flowing upwards.

In the THTR steam generators the earthquake loading is negligi-

ble for the bundle tubes.

5.5 Combination of stresses and assessment

All the stresses from the mentioned loadings have to be super-

imposed to form stress range intensities for the important ope-

rational cycles.

For the cycle from full load to cold shutdown addressed here the

maximum stress intensities amount to 264 MPa on the ferritic and

251 MPa on the austenitic side. Both stresses occur on the tube

inner surface and can be classified as localized peak values that

have to be assessed with creep-fatigue damage criteria. In this

case, the linear damage rule of ref. (2) has been applied, which

states that damage can be separated in two different damage por-

tions. The first portion, the so called fatigue damage, is found

to be negligibly small, that is less than 1 % on both sides of

the weld.

The second portion, the creep damage is assessed with integration

of damage during relaxation of the thermal stresses, as it is also

shown in Ref. (1). The creep damage only is important on the fer-

ritic side and was calculated to be 14 % of the allowable damage.
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Calculations have also been done to demonstrate the absence of

ratchetting, which means the accumulation of strain due to repea-

ted cyclic loadings. The elastic-follow-up effects mentioned ear-

lier have been taken into account to show the adequacy of the de-

sign.

6. Conclusions

We have tried to assess the behaviour of the weld by the follo-

wing different approaches:

- design considerations towards proper operational temperature

location

- tests to show the adequacy in corrosion and fatigue behaviour

- detailed analysis of the combined effect of all loadings and

operational cycles.

The results of this work have shown an adequate behaviour of these bi-

metallic welds in the THTR steam generators.
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Schnitt durch eine Dampferzeugereinheit zum
300-MWe-THTR-Prototyp-Kernkraftwerk
Schmehausen, BRD

1 Äußerer Abschluß
2 Innerer Abschluß
3 Zwischenüberhitzer-Dampfaustritt 535°C, 49bar
4 Dehnzone
5 Hochdruckdampf-Austritt 550 °Cr 186 bar
6 Spannbetonbehälter-Durchdringung
7 Zwischenüberhitzer-Dampfeintritt 365 °C
8 Speisewassereintritt 180 °C
9 Kernrohr

10 Heliumaustritt 250 °C
11 HD-I-Bündel
12 Dampferzeugerhemd
13 HD-Il-Bündel
14 Zwischenüberhitzer-Bündel
15 Heliumeintritt 750 °C

Sectional view of a steam generator unit for the
300-MWeTHTR prototype nuclear power station
Schmehausen, FRG

1 Outer closure
2 Inner closure
3 Reheater steam outlet 535 °C, 49 bar
4 Expansion modulus
5 HP steam outlet 550°C, 186 bar
6 Prestressed concrete vessel penetration
7 Reheater steam inlet 365 °C
8 Feed-water inlet 180 °C
9 Central column

10 Helium outlet 250°C
11 HP-l-bundle
12 Outer shroud
13 HP-ll-bundle
14 Reheater bundle
15 Helium inlet 750°C

Section d'un générateur de vapeur pour la
centrale nucléaire prototype de 300 MWe THTR
de Schmehausen, RFA

1 Fond extérieur
2 Fond intérieur
3 Sortie de la vapeur du resurchauffeur 535 °C, 49 bars
4 Zone de souplesse
5 Sortie de la vapeur H P 550 °C, 186 bars
6 Pénétration du caisson en béton précontraint
7 Entrée de la vapeur du resurchauffeur 365 °C
8 Entrée de l'eau d'alimentation 180 °C
9 Tube central

10 Sortie d'hélium 250°C
11 Faisceau HPI
12 Chemise extérieure
13 Faisceau HP II
14 Faisceau resurchauffeur
15 Entrée d'hélium 750 °C
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Figure 2 : Section of weld
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Tube Length

Fig 3 Nominal Wall Temperature Profiles

Test I

- upper temperature 550 °C

- heating by furnace

- air cooling

- holdtimes totalling

23'000 hours

- 23'000 cycles

- no cracks detected

Test II

- upper temperature 500 °C

- heating by induction coil

- water cooling

- no hold times

- 36'000 cycles

- no cracks detected

Fig. 4: Fatigue tests



Figure 3 Water Cooled Heater Coil

Adapted to the different materials in order to

provide an equal heat up period.
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Fig. 6 Temperatures and Stresses during thermal shock test
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- Thermal gradient across wall

- Bimetallic thermal stress

- Thermal tube bending

- Internal pressure

- Tube bending by weight and

gas flow

- Tube bending by earthquake

Fig. 7: Loadings to be considered
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fixed sipport plate

floating plate
FJQ.8 Tube model for analysis of bimetallic weld bending load


