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1. INTRODUCTION 

The Specialists Meeting on "Process Heat Applications 
Technology" was held at Kernforschungsanlage JUlich, Federal Republic 
of Germany, 27-29 November 1979. 

The meeting was sponsored by the International Atomic Energy 
Agency (IAEA) on the recommendation of the International Working 
Group on High Temperature Reactors (IWGHTR) and was attended by 
39 participants from Austria, France, Federal Republic of Germany 
Italy, Japan,.The Netherlands, Poland, Switzerland, United Kingdom, 
United States of America and two international Organizations, 
the Commission of the European Communities and the International 
Atomic Qiergy Agency. 

The purpose of the meeting was to provide a forum for exchange 
of technical information on heat exchanging components for process 
heat application with High Temperature Reactors in order to provide 
a comprehensive view of the present status and of directions for 
future application and development. 

The meeting was opened by Mr. Ehgelmann who welcomed 
the participants on behalf of the Kernforschungsanlage JUlich, 
by Mr. DHunert on behalf of the German Minister for Research and 
Technology and by Mr. Bee on behalf of the IAEA. 

The meeting was divided into three sessions: 

A) Design Requirements 
B) Design Construction and Prefabrication Tests for Special 

Components 
C) Selected Problems 

During the meeting papers were presented by the participants 
on behalf of their countries or organizations. The presentations 
were followed by open discussions in the general area covored by 
the paper. 

At the end of the meeting a round table discussion was 
held emphasizing some of the main problems that are to be seen in 
the development of intermediate heat exchanges. 

A list of participants and the agenda of the meeting are given 
as appendices to this report. 

2. OPENING REMARKS 

2A. P. ENGELMANN 
Member of the Board of Directors 
KPA-JUlich GmbH. 
Jlilich 
Federal Republic of Germany 

Gentlemenl 

I would like to welcome you to this specialists meeting at 
KFA JUlich. The relatively large number of participants to this 
meeting shows, that a number of countries are interested in the HTR 
for nuclear process heat. I hope that this interest will be growing 
so that we find active partners abroad who can help us to solve 
the technical problems connected with this technology. 

It is clear to us, that the high operating temperatures of 
some of the crucial components as well as the coupling of a nuclear 
reactor with a coal gasification unit lead to a rather complex plant. 
The goal of designing and building a prototype plant for nuclear 
process heat therefore is a great challenge for our physicists and 
engineers. We are fully aware of the problems yet to be overcome 
and of the time and resources needed to realize this project, but 
we are also aware of the large potential of this new technology for 
solving some of our outstanding energy problems. 

At KFA the idea of nuclear process heat has originated about 
10 years ago. In 1975 a common project with 4 industrial partners, 
PNP, was founded and by now a reference design of a 500 MW(th) proto
type station is well under way. At KPA, about 500 people are working 
in the field of HTR development, mainly in the r+d area. At German 
industry, a similar number is working on design problems and component 
technology. So a sound basis exists for a successful development 
program, provided that funding is continued and that the German 
Government also in the future firmly supports the development and 
commercial applications of nuclear power. I expect that Dr. Daunert 
who represents the Federal Government at this meeting, will confirm 
that these two conditions will be fulfilled. 

Let me conclude my opening remarks with welcoming you again and 
wishing you a successful meeting and an enjoyable stay at JUlich. 
You are all invited to a receiption given by the board of directors 
of KFA tonight at 6 p.m. in our See-Kasino. I am looking forward 
to see you there again. 



2B. U. DAUNERT 
Bundesministerium fUr florschung 

und Technologie 
Bonn 

Ch behalf of the German Minister for Research and Technology 
I have the honour to welcome you here in the Julich Nuclear Research 
Center. As the present chairman of the International Working Group 
on High Temperature Reactors of the IAEA I am really pleased to see 
that our proposal to hold this specialists' meeting on "Process Heat 
Applications Technology" was as well accepted. 

In these days everybody speaks about energy problems and 
the oil crisis. First of all one has to see that the so called 
"oil crisis" is only a first indication that most of the fossile 
resources are running short or running off completely in a foreseeable 
future comparable to a time span one needs for the development and 
introduction of a new technology. The role which e.g. process heat 
applications could play is evident before this background, anticipated 
this technology is fairly well developed and available at an industrial 
scale. 

Secondly, I would like to stick for a short while with the un
avoidable development time necessary for a full scale deployment. 
Having in mind, that in case of a new reactor type one needs tha steps 
of an experimental facility in the 20 to 5° MW size, an intermediate 
step in the 5^0 MW range and finally the demonstration in a commercial 
size of about 3000 MW each of them taking roughly 10 years time, we 
are now 20 to 30 years far from nuclear process heat application to 
an amount that the energy market could be influenced. 

Personally I made the experience that the exchange of knowledge 
or even better the information about failures one has made is as much 
easier as you are far from the comraericalisation. In so far this 
specialist meeting should.have a good chance to be a very fruitful one. 
Looking on the list of participants you will recognize that engineers 
and scientists of 10 countries have come to meet here, demonstrating, that 
that there is a certain interest in each of the countries. The interest 
may be different in the different countries but surely the difficulties 
will nearly be the same in each of them. Materials, components, the 
problem of Tritium permeation are only a few of them to be discussed 
during this specialist meeting. 

I am deeply convinced that the development of a new 
technology is only possible by means of international cooperation and 
its introduction and deployment only on the basis of world wide 
acceptance. 
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The third point I would like to make is how to justify such 
a long ranging and costly development. In our times we normally are 
used to settle a new project on the basis of a cost-benefit analysis. 
You will find, there is no doubt, people who.can tell you the esti-
r'.ted cost figure of a gigacalorie by means of process heat application 
and those figures really are looking nice - but how far are those 
estimates really reliable, missing basic technical information ? 
Such exercises may be the main reason to discuss later on enormous 
surplus costs of a new project operating on a wrong basis. There 
must be more than the pure economic view to justify the development 
of new technologies. This is evidently the assurance of a sufficient 
long term energy supply in a future where the argument of amortisation 
may no longer play the highest priority. In the meantime, that is in 
the next two decades we should try to establish jointly the technical 
basis, which is the pi*erequesit for any application. 



3. SUMMARY AND CONCLUSIONS 

3A. Session I: Design Recpiirements 

Chairman: J. Malherbe 

The objectives presented in the papers of this session are related to the 

coal liquefaction or gasification with special mention to the steam gasifier 

and the steam reforming of the methane for producing hydrogen. 

The size of the reactor is chosen between 500 MW and 840 MW in view of the 

extension for commercial size to 3000 MW; but this size corresponds to a high 
production of heat. The present heat market may experience some difficulties 
with synthesis gas for chemical industry. For SNG production the commercial 

size could be connected on established fl.G. network. 

The cogeneration of electricity and heat is generally such as to satisfy the 

needs of the plant and to reduce the amount of electricity to be sold. 

The economy of the system is presented in the GA paper in which is pointed out 

the advantage of nuclear coal liquefaction even with use of a low cost of coal. 

Studies on the economy have also been carried out in France, Japan and Germany, 

with the conclusion that the nuclear gasification is competitive with autother-

mal processes. 

A performance code is presented by GA which determines the size and investment 
cost of the components. 

The German proposal foresees that the steam reformer is installed within the 

pressure vessel whereas for the steam gasifier an intermediate Helium Loop is 

provided. For GA and CEA the steam reformer is designed with an intermediate 

circuit; this design increases the extension of heat supply towards other appli

cations. 
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Related to the intermediate circuit use, the problem is put on the distance be

tween the nuclear reactor and the process heat plant. This problem is connected 

with the possibility of explosion. 

The level of temperature depends on the application but two levels are 

met: 

- either 850 °C with a possible realization with the present technology or 

950 °C with the connected R+D on materials (problem'of extrapolation of 

ASME Code). It is pointed out that 950 °C is a necessity for the steam 

gasifier. 

A discrepancy in the choice of pressure which could be related to the level 

of temperature: 

- either 70 bars at 850 °C or 40/50 bars at 950 °C 

This is linked to the behaviour of the IHX components of the system. 

For the core, it is mentioned by M. L'Homme the use of low enriched cycle, 

which is also taken into account in Germany and US. 

The size of the IHX is varying between 125 MW and 400 MW with a discrepancy 

in the specific heat transfer area which has been pointed out and is due to 

the flow rate difference. Inside the IHX the primary flow is in each case 

shell side and secondary flow tube side. 

Helium circulators are generally motor driven. 

Reformers are designed with an external helium heating (PNP and GA), or with 

helium heating within the tubes (CEA) for the steam reformer of the CEA or the 

steam gasifier of the PNP. 

Tn concluding remarks we can point out the temperature of ASME Code N 47 up to 

850 °C. That necessitates an important R+D for designing a helium reactor at 

very high temperature. 



3B. Session I I : Design. Construction and Prefabrication Tests 
for Special Components 

Chairman: K. Sanokawa 

In this session design aspects, constructions are well as some experimen

tal data of heat exchanger, steam reformer,, steam gasifi'er and steam genera

tor have been presented. Final remarks on each main item could be made as 

f ol 1 ows. 

Steam Reformer 

Five di f ferent design works (CEA, GHT, GAC, UKAEA, HRB), three experiments 

on single tube (KFA), duplex (KFA, GE) and multi-tube (CHIYODA) reformers 

were reported. The reformed gas temperature were in the range between 730 °C 

and 850 C and the pressures were between 17 and 72 bar due to the H2 contents. 

In most designs the catalyst was placed inside the tubes, while helium flows 

outside. However, one design (CEA) proposed that the catalyst was placed out

side the tubes. I t seems that each design has advantages as well as disadvan

tages, so that more experimental data are needed. 

Intermediate Heat Exchanger 

Two design studies (CEA, NOVATOM, GHT) and one operating experience (IHI) were 

presented. As for the problems to be solved might be summarized as follows: 

(1) Design c r i t e r i a , especially at elevated temperature 

(2) Analysis and experiment for safety problems 

(3) Operating experience for longer time 

(4) Reliable long- l i fe materials under actual condition 

(5) In-service inspection 
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No severe problems were reported as far as heat transfer and thermal in

sulation were concerned. 

Some comments have been given on the analysis of a bundle with helically 

coiled tubes as it is used in the steam generators of the THTR. This type 

of bundle is very advantageous due to the insensitiveness to hot streaks 

and transient conditions. As the bundle tubes are sensitive to creep damage, 

this failure mode has been discussed in detail considering the influence of 

relaxation on creep damage. 

Steam Gasifier 

One design shows a steam gasifier for the PNP plant heated by helium of the 

intermediate heat transfer circuit. A small section of the heating service 

is already tested in a semi technical plant. 

Materials 

Concerning the materials data necessary for the design and construction of 

high temperature components, a survey of the materials development program 

for HTR nuclear process heat application (FRG) has been presented. The main 

tasks of this program are the evaluation of material properties, the investi

gation of operational parameters as well as fabrication and reliability. At 

present the time dependent strength properties for 8 materials up to 10.000 h 

are available. The aim of this developing program is to provide the design 

data for a design life up to 100.000 h. 

Hydrogen Permeation 

In a single tube reformer the decrease of hydrogen permeation due to formation 

of oxide layers was measured (KFA), and it was shown that calorizing was a re-

commendable method for the reduction of hydrogen permeation at elevated tempe

rature (JAERI). 



3 C Session III: Selected Problems 

Chairman: C.B. von der Decken 

1. Results from integral tests of single reformer tubes under 

simulated nuclear reactor conditions 

- ' Integral tests of full-size reformer tubes were carried out 

Results with respect to following topics have been reported: 

Heat transfer: especially at process gas side 

Chemical conversion: depending on different temperature 

distribution, 

feed gas composition, 

catalyst arrangement 

Pressure loss: in different catalyst arrangements 

and return pipes 

Hydrogen permeation: through the reformer tube wall 

into helium system 

Operational behaviour of a reformer tube 

Influence of geometrical parameters and constructional details on the process 

The knowledge to all these topics could be improved by these experiments 

very much. 

2. Mechanical design aspects of HTR-heat exchanger components 

Today the data of materials for the RSO and MX are not ensured by standards 

- Design temperatures exceed 820 C (ASME, Code Case A' 47) 

A new material code for temperatures of RSO + IHX is not finished up to now 

1 % creep limit for 100. 000 h is not experimentally substantiated; 

Larson-Miller-methode preliminary used for estimations. 
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Problems of critical components: 

Heat exchanger tubes and the gas collector for the IHX 

Primary stresses of the gas collector are very low - 1 -^-T, so 

the safety margin to Hastelloy X and IN 617 seems to be sufficient 
• • M 

Questions: Will the very low stress of 1 — y be expected as a de-
J mm^ c 

s ign b a s i s and t o which ex ten t have secondary s t r e s s e s to be taken 
i n t o account? 

Development and test evaluation of Duplex steam reformer tube 

The Duplex tube is an alternative solution for an IHX 

The Reduction of Hydrogen and Tritium Permeation is possible 

Detection of tube rupture can be indicated 

Manufacture experience have been reported 

Results from operation of the Duplex tube in EVA I were dealt with 

The results were in good agreement with computer code calculations 

Firs t results from post experiment material examinations did not 

indicate significant changes 



3D. Round Table Discussion 

1. Feasibility of the IHX at wall temperature above 800 for 

long lifetime 

The main feasibility problem in the development of an IHX 

for high temperature application is to be seen in the quali

fication of suitable materials and in the generation of a 

design code covering the temperature range from 816° C up 

to about 1ooo C. Data on long time behaviour of the materials 

envisaged for the IHX are available from measurements under 
HTR-helium and process gas environment up to about 10.000 hrs 

and can be extrapolated up to 3o.ooo hrs. The results for 

IN 617 are thought to be sufficient to serve as a basis for 

the lay out of test components ard test rigs. 

The design of an IHX has to be assessed on the basis of 

an overall load study, not only looking on creep behaviour. 

It is expected, that primary stresses can be kept rather 

small by special designs and that secondary stresses as well 

as creep fatigue damage may become a limiting factor. 

Preliminary calculations show considerable secondary stresses 

already at small temperature gradients, but a final conclusion 

can not yet be drawn as basic uncertainties due to hold time 
effects <jnd local discontinuity effects have not been investi

gated to a sufficient extent. 

Development and testing of materials that will show the 

appropriate data under HTR-conditions and the experimental 

verification of the component design are most important. 

It was pointed out that such experimental verification tests 

are necessary and helpful even though the behaviour of 

6 

commercial alloys will not be sufficient for the layout 
of a high temperature IHX with the anticipated long life time 
in a nuclear plant. 

2. Suitability of Incoloy 800 

Incoloy 800 with modifications (Incoloy 8o2, Incoloy 800 H) 

is a common material for steam generators of fast breeder 

and HTR power-plants. However, the material seems not to 

be suitable for the high temperature section of an IHX 
for HTR-process heat applications at wall temperatures 

above approx. 800°C. 

Recent experiments show that the material strength 

properties are influenced by the impurities of the 

helium, atmosphere. Whereas Incoloy 800 may be acceptable 

under oxidizing conditions up to 800°C or even higher, 

tests performed in carbuirizing atmosphere show a significant 

reduction of the strength data. It should be mentioned 

that both conditions have to be considered, as indicated 

by the experience gained from various projects (Dragon, 

FSV, THTR and future projects). 

The interactions between impurities and the alloys 

in the high temperature environment are sufficiently 

understood by the approach of equilibrium thermodynamics. 

The main problem, however, is to be seen in the definition 

of the actual reactor atmosphere under various operating 

conditions. The carburizing or oxidizing resistance of 

a material is of prime importance for material selection 

and influences the material development programm. 



Tritium problem 

The problems related to tritium permeation have not 

been discussed in detail. The importance to minimize 

the tritium content of the product gas to a level as 

low as possible has been recoqnized. 

Stable coatings on the surfaces of the heat exchanger 

components (incl. steam reformer) would meet such 

requirements best. The problems of the development 

of such coatings are related to material aspects. 

Therefore, they have not been debated within the 

frame of this round table discussion. 

Importance of Inservice Inspection Capability of Large 

Heat Transfer Components 

The licensing procedure for nuclear components asks 

for full inservice inspection capability. To fulfil 

these requirements special inspection methods are 

developed in several countries. The heat exchanger 

.designs presented show a compromise between expected 

function (simple design) and accessability for ISI. 

However, it was pointed out that at this time there 

are no fully appoved measurement methods available 

for austenitic steel and nickel based alloys. 

Explosion Hazards 

Explosion hazards are thought to be a very important 

safety problem. The Working Group proposed to have 

a special discussion on this topic in a future 

Specialists Meeting. 
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6. Action List 

i Mr. Quade agreed to provide a summary on R & D - work 

carried out for steam reformers and IHX in context 

with HTR-process heat projects. He Will provide a 

draft of such a paper and he will contact all the 

specialists involved in R&D and ask for contributions. 

ii Mr. Niemeyer will prepare a similar paper concerning 

the various designs of IHX and steam reformer : carried 

out up to now. He will proceed as mentioned above. 



. 4. CONTRIBUTIONS 

DESIGff OP A NUCLEAR STEAM REFORMING PLANT 

J. MALHERBE 
Commissariat a l 'Energ ie Atomique 
C.E.N./Saclay 
Gif-sur-Yve-tte 
Prance 

I - I N T R O D U C T I O N 

The design of a plant for the steam reforming of the methane 

using a High Temperature.Reactor has heen studied by CEA in connection 

with the G.E.G.N. This group of Companies (CEA, GA2 DE FRANCE, CHARBONNAGES 

DE FRANCE, CREUSOT-LOIRE, NOVATOME) is in charge of studying the feasibility 

of the coal gasification process by using a nuclear reactor. 

The process is based on the hydrogenation of the coal in liquid 

phase with hydrogen produced by a methane steam reformer. The reformer plant 

is fed by a pipe of Natural Gas or SNG. The produced hydrogen feeds the 

gasification plant which could not be located on the same site. An interme

diate hydrogen storage between the two plants could make the coupling more 

flexible. The gasification plant does not need a great deal of heat and 

this heat can be satisfied mostly by internal heat exchanges. 

II - M A I N O P T I O N S 

The nuclear reactor is cooled by helium at 70 bar. In the 

intermediate heat exchangers, the primary helium at 850°C heats the secun-

dary helium which is at 72 bar. This helium at 800°C flows through the 

steam reformer and the steam generator. It returns at 350oC into the in

termediate heat exchangers. The electricity generation balances the needs 

of the steam reforming plant. 

II.1. - Power of the Nuclear Reactor 

The size of the nuclear plant is based on a power of 840 MWth. 

This level of power for a nuclear heated steam reformer leads to 

produce the amount of hydrogen equivalent to the output of 4 conventional 

steam reformer plants. The output of SNG could be 1.25 I09 Nm3/year that 

is about 3 X of the foreseen French consumption of natural gas in 1990 ; 

it would necessitate to import 2.6 Mt/year of coal. 

II. 2. - ~Level of .Temperature 

The steam reforming of methane leads to increase the helium tem

perature far above ••..the level used for the power generating plant". The 

HTGR core design and the technology of its nuclear fuel element let the 

helium temperature to overtake 850°C ; however more constraining limita

tions are reached on heat exchangers. For these metallic structures, 

850°C has been considered as a maximum possible temperature. Calculations 

have shown that the behaviour of the IHX of Incoloy 800 H remains below its 

limits with the working conditions of pressure and temperature. 

From this temperature,the intermediate helium temperature has 

been fixed at 800°C and the calculations of the reformer have shown that 

the outlet gas temperature has to be taken at 730°C. 

II.3. - Intermediate circuit 

For transferring the heat from the nuclear core to the reformer 

and steam generator, an intermediate circuit with helium flow is put bet

ween the primary helium and the process gas. Main disadvantages with a 

helium temperature cut of 50°C, higher pumping power and more expensive 

capital cost are balanced by the following possibilities : 

- The design of the reformer let an improvement of the heat exchan

ge and make the maintenance of this component easier with respect to the 

removing of the catalyst ; 

- The pressure of the process can be chosen lower than the 

helium one ; that, leads to improve the conversion rate of the methane ; 



» The pressure of the primary and intermediate helium are chosen 

high enough to decrease the pumping power ; 

- The overpressure in the intermediate circuit makes a barrier 

between the primary helium and the process gases ; that prevents against 

the 'risks of an entry of primary helium or gases in the intermediate cir

cuit ; 

- The on-line purification system monitors the impurities and 

radioactive, gases or fission products in.the intermediate helium t that 

leads to a very low level of H, and oxydants in the primary circuit or 

tritium i.n the hydrogen ; 

- The steam generator and the reformer are not nuclear components ; 

- The risks of the entry of water into the core cavity is very low. 

II.A. » Pressure and ratio H-O/C in the reformer 

The steam reforming reaction : 

CH4 + H20 •*• CO + 3H2 

is endothermal and this reaction is improved by : 

- higher temperature, 

- lower pressure, 

- higher ratio H,0/C. 

/ 
For producing hydrogen, this reaction is followed by the conver

sion of CO : 

CO + H20 -»- C02 + H2 

The stochiometric ratio H-O/C is equa] to 2 but, in order to 

prevent against the Boudouard reaction with deposit of C, the steam is 

always in excess ; that increases the conversion rate of CH, but the ther

mal efficiency decreases if the heat cannot be recovered. A parametric 

survey with a schematic diagram of flow sheet has shown that for. reaching 

a purity of hydrogen of 90 Z it would be necessary to adopt a high value 

of H„0/C associated with a low pressure (H„0/C = 5, p » 17 bar ). Tha 

value of the hydrogen purity of 90 Z has been chosen to eliminate the 

cryogenic separation unit at the end of the process train. 

Ill - D E S C R I P T I O N ! 

III.l. - Primary Circuit 

The primary circuit is integrated in a prestressed concrete vessel 

(figure 1) with one central cavity for the core, 4 peripheral pods for the 

intermediate heat exchangers and 3 other pods for the auxiliary cooling 

system. 

The core consists of 247 columns of 6 prismatic fuel elements with 

the blocks of axial reflector and shielding at each end. The core columns 

and radial reflector columns lay on the bottom of the core cavity by means 

of graphite support posts. 

Helium flows through the core from the upper plenum at 480°C to 

the lower plenum at 858°C where it is manifolded to the 4 intermediate heat 

exchangers (IHX) located within the lateral cavities situated in the thickness 

of the PCRV wall. Those pods are about 5 m in diameter and are linked to 

the upper plenum and lower hot plenum by ducts. 

Each mean loop exchanges 210 MWth. The level of power of each IHX 

is equivalent to the power of a conventional steam reforming plant (1500 t/ 

day of Nil-). 

Each IHX (figure 2) is divided in 6 bottles of 35 MW. Each bottle 

can be removed separately. This size of exchanger could be tested at a 

valuable scale in the CARMEN 2 loop, at Saclay. 

The primary helium flows upward in the IHX ; it is cooled from 

850°C to 4B0°C by the intermediate helium which flows downward and is 

heated from 350°C to 800°C. 



The helium circulators are located at the upper part of the IHX 

pods. They are motor driven in order to make more flexible the helium flow 

rate independently of the reactor power and specially during the start up . 

of the plant. 

In the PCRV, 3 auxiliary loops are included. Each of them, is 

ahle to extract 50 % of the core residual heat in depressurized condi

tions. 

The tightness of the PCRV is made by a liner which is anchored 

by studs embedded in the Concrete and welded to the liner. The liner is 

protected against the hot helium by ,i thermal insulation. A cooling sys

tem situated on the side of the concrete maintains' the PCRV below 60°C. 

Due to the higher helium temperature than in the generating power 

plant, the insulation of the hotter part is based on ceramic structures. 

A wall of masrock bricks maintains a fibrous material against the liner 

around the lower parts of the pods. The hot ducts are insulated by mats 

of alumina fibers held against the duct by masrock rings. 

III.2. - Intermediate circuit 

The intermediate helium flows out of the PCRV and the containment. 

At the exit of this later, an isolation valve restitutes the continuity 

of the third barrier in the case of a rupture of the circuit. A very short 

time of closure is not required because the IHX is calculated to resist to 

the depressurization accident. If the IHX fails, the overpressure in the 

intermediate circuit makes a barrier against the outlet of the primary 

helium during the first times. Then, the response time may be only 30 se

conds to close the isolation valve. 

The four intermediate loops are .independant (figure 3). Each of 

tham heats a set of 24 reformer units in parallel. Helium enters the re- . 

formers' at 800°C and leaves them at 562°C ; it flows through the main steam 

generator and returns at 350°C 'into the IHX. The helium circulators are 

driven by electric motors. 

The hot helium ducts are internally insulated in order to 

restrict the losses of heat and to maintain the metallic duct temperature 

at a low-level. They are-externally water cooled. The insulation is pro

vided by alumina fibers maintained by masrock rings. 

The design of the reformers has to satisfy the criteria of the 

feasibility and the maintenance aptitude ; the heat exchange surface has 

been, calculated to reach a gas temperature of 730°C at the outlet. 

Each reformer (figure A) is constituted by a tube bundle in a 

metallic vessel internally insulated by special concrete. The diameter 

of the vessel is about 2 m-and the height 22 m. The catalyst bed is 14 m 

high ; it is distributed amongst the tubes of the bundle. It is loaded 

from the top of the vessel owing to the removable lid ; it is removed, 

by gravity, through a man hole located in the lower part of the vessel. 

The hot helium enters the reformer by an axial duct at the 

bottom of the vessel. In a metallic sphere, the helium is distributed 

amongst the 250 tubes of the bundle which are collected also in a sphere 

at the top. The flexible zone of the bundle is located under the catalyst 

support grid. 

The process gas enters the vessel at the top level ; it goes 

down through the bundle and the catalyst bed ; it is heated from 500°C up 

to 730"'C. 

At the outlet of the reformer units, the helium is collected to

wards the steam generator (SG) in which is an helicoidal tube bundle. The 

water flows upward, into the tubes. The steam is heated up to 472°C at 

175 bar. The helium returns to the circulator and to the IHX at 350°C. 

III.3. - Process Circuit (figure 5) 

Each process train is independant. However, some connections exist 

between their water-steam circuit : all the steam is collected to feed the 

5 HP turbines ;0ne turbo compressor of H, at the end of each train and a 

single HP turbine for the generator. At the outlet of the HP turbines, the 



MP steam is distributed amongst the 4 process trains. The-excess of steam 

is directed towards the single MP-BP turbine coupled on the same shaft 

as the HP turbine generator. 

Each process train includes a desulfurization unit for purifying 

the natural gas, a conversion unit to convert CO in H- in two steps at 400°C 

and at 2Q0°C ; after the decarbonatation unit, the remaining steam is conden-

sated and the gas is compressed at 50 bar. 

The output of the 4 process trains is 12 kg/s of H_. The purity 

of hydrogen is 89 7.. 

IV - S A F E T Y 

The plant gets all the inherent safety characteristics of the 

HTGR : single phase reactor coolant, high heat capacity of the core, 

ceramic fuel element, low power density and relatively J.ow temperature of 

the fuel, negative reactivity coefficient, vessel in a prestressed concrete. 

The reactor plant is provided to reduce the consequences of an 

accident by the containment, the intermediate circuit and the isolation 

valves, helium purification system, flow restfictors and auxiliary cooling 

system. 

The location of the reformers is quite near the nuclear reformer 

in order to reduce the length of hot helium duct. The problem of explosion 

has been examined and it has been concluded that the confined areas where 

the gas can stagnate has to be avoided ; at free atmosphere, H_ or methane 

has a very low probability to explode The accident to be feared is the 

blow-up of a component with projection of. missiles. This has to be taken 

into account in the calculation of the behaviour of the containment. 
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CORE DESIGN FOR NUCLEAR PROCESS HEAT REACTOR 
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I - S U M M A R Y 

In this paper, we introduce the design we propose for the 

prismatic block core of a process heat HTGR, having a 833 MW thermal 

power and a core outlet helium temperature of 858°C. 

We give the reasons for the choice of the basic options and 

the main results of the physics and the thermal preliminary analysis. 

II - M A I N C H A R A C T E R I S T I C S OF THE C A L U F E CORE 

The main characteristics of the french process heat reactor core, 

called CALUFE (CALogene a Uranium Faiblement Enrichi = Contraction for Low 

Enriched Uranium Process Heat Reactor Core) are summarized in Table 1. 

The values chosen for the thermal power (833 Mtf) and the power 

density (6,35 H/cmJ) are not really coming from an optimisation study but 

mainly result of the fact that we were wanting to benefit as much as possi

ble of the studies made by GENERAL ATOMIC on the FORT SAINT VRAIN reactor, 

power of which was in fair agreement with the specification of this first 

french project of process heat reactor, (less than 1000 MWth). Moreover 

. a moderate power density leads to interesting advantages for the fuel 

cycle and the thermal performances of the core. 

The choice of the fuel cycle type - low enriched uranium with 

reprocessing - was dictated to us by the present french position in nuclear 

industry. The values taken for the other characteristics of the reference 

fuel cycle•(fuel in-core residency : 3 years, volume and frequency of the 

reloads : one third of the columns of the active core per year) are issued 
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from an optimisation study and allow to conciliate the economical 

imperatives with some caution about the thermal conditions of the core 

operation. Less classical fuel cycles (core reloading layer by layer 

with or without axial movement of the worn fuel) were also investigated 

as an alternative, the reason of these studies being the search for a 

general decrease in the fuel temperatures. It must be emphasized that 

the use of the reference fuel cycle does not nevertheless lead to a 

prohibitive value for the fuel maximal temperature, because this one 

was found to be less than 1300°C. 

The incessant concern we had, in this process heat reactor 

core design, for minimizing the fuel temperature also dictated to us 

the choice of the fuel block : the FORT SAINT VRAIN type fuel block 

(10 rows) was preferentialy chosen to the RHTF 1 or RHTF 2 type fuel 

blocks (8 rows, RHTF I and RHTF 2 being the two last power reactor french 

projects) because it leads to a decrease of about 100°C in the maximal 

fuel temperature. This is moreover advantageous for the fuel eyile eco

nomy but is of course done at the prejudice of the core pressure drop, 

which nevertheless remains acceptable, because of the use of a helium 

high pressure (7 MPa). 

In the fan of the fuel particles today tested, there is no 

one suiting the use of low enriched uranium in a GENERAL ATOMIC type 

prismatic block core. The particle we had to define for performing the 

calculations on the CALUFE core consequently has no present reality : 

it could constitute the starting point for a R and D program on the 

geometry, the manufacturing and the performances of an optimised low-

enriched-uranium particle. The diameter chosen for the U0? Kernel 

(800 urn) constitutes a compromise between the possibilities of manufac

turing and the very strong incitement which exists, in the low enriched 

uranium fuel cycle, for the use of fuel particles having a big kernel 

(16 % of saving in uranium ore when the Kernel diameter is increased from 

350 urn to 800 urn). The coating characteristics (TRIS0 for minimizing 

the F.P. release of the core) are coming from an old study done by the 

DRAGON Project for a core of GA type HTGR using low enriched uranium. 



One can consider that they are only indicative, because without true 

influence on the neutronic and thermal performances of the core. 

Concerning the control system, all other functions than shutdown are 

fulfilled by the only power rods, what allows to minimize the local 

power heterogeneities and so, the intensity of the hot points and the 

hot streaks. 

Ill - D E S C R I P T I O N OF THE C A L U F E C O R E 

We don't intend to make in this chapter a complete description 

of the core, which is of the well known GA type ; we will only give the 

most interesting features about the core removable components. 

The main dimensions of the core are summarized in Table 2. 

The active core is made up the superposition of 6 layers of 

fuel blocks (see Figure 1) and the juxtaposition of 247 columns building 

37 loading regions (see Figure 2). Each of these regions is directly 

laying under a penetration for handling managed in the concrete top floor 

of the PCRV and standing on a single support block. Except at the peri

phery of the active core, each region includes 7 fuel columns : the central 

control column and 6 peripheral standard columns. At the periphery of the 

core one finds 6 regions including 5 fuel columns only (one control column 

and 4 standard columns). 

Standard fuel blocks and control blocks are shown on Figures 3 

and 4. In addition of fuel and coolant holes, one finds 6 holes for 

burnable poisons in standard fuel blocks and 4 holes for the control 

system (2 for the control rods, 1 for the power rod, 1 for the reserve 

shutdown system) in control blocks. There is only one type of fuel 

particle in the fuel rods. 

At last there are 2 rings of removable reflector blocks around 

the active core. 

- M A I N R E S U L T S OF THE PHYSICS PRELIMINARY S T U D Y 

I V . 1 . Mass f lows 

The optimisation rule taken into account for performing the 

mass flow calculations is the minimal cost of the fuel cycle obeying 

the 2 following criteria : 

a) - age peaking factor at end of cycle < 1.3 (for a fuel segment, the 

age peaking factor is defined as the ratio between the average power 

density in this segment and the average power density in the core). 

b) - 1.018 (end of cycle) < k f , (including burnable poison effect) 

< 1.095 (beginning of cycle). 

To satisfy these 2 conditions, it was necessary to introduce 

ap. enrichment zoning by fuel segment beginning with the initial core and 

to decrease the fuel cycle length for the first reload and generally for 

fuel segment C, which has in fact a smaller volume (66 standard columns 

+ 13 control columns) than the 2 others (72 standard columns + 12 control 

columns), as it can be seen on Figure 5.* Mass flow main results are 

summarized on Table 3. 

IV.2. Fuel and burnable poison zoaings 

IV.2.1. - MlJ£l_zoning 

As FORT SAINT VRAIN core, CALUFE core includes 4 radial zones 

(see Figure'5). The goal of the 3 first zones is to flatten the radial 

power distribution. The 4th one, also called buffer zone, is devoted 

to the minimisation of the buildup of the thermal neutronic flux in the 

neighbourhood of the reflector. The buffer zone includes the control 

columns adjacent to the reflector and the'4 rows of fuel channels located 

near the flats of the standard columns adjacent to the reflector. 

Because of the small size of the core, the radial heterogenei

ties are sufficiently low for allowing a zoning with the moderation ratio. 

So a radial zoning factor is defined for the considered fuel segment as 

the ratio between the uranium average concentration in the zone and the 

uranium average concentration in the fuel segment. These factors are 



included between 0.810 and 1.026 for the initial core and 0.384 and 1.158 

for the reloads, the buffer zone of course being a lot less loaded than 

the other 3 zones. 

IV.2.2. - Axial_zoning 

A compromise between the manufacturing cost (number of diffe

rent fuel block loads), the stability versus time of the axial power 

distribution and the thermal performances can be obtained by a parti

tion of-the core in 3 zones, each of them including 2 adjacent fuel 

layers. 

The axial zoning being stronger than the radial zoning, a 

zoning with the uranium enrichment is necessary. So an axial zoning 

factor is defined as the ratio between the fuel enrichment in the zone 

and the fuel enrichment in the fuel segment. There is no axial zoning 

in the buffer zone and the axial zoning factors are the same for the 

other 3 radial zones (1.2/0.925/0.875). 

The different enrichments' requested by the axial zoning and 

the successive reloads can be easily achieved by mixing particles of 

2 different and close enrichments. But this was not considered in this 

preliminary study. 

There is no axial zoning for the burnable poisons. 

IV.3. Power Distributions 

IV.3.1. - Radial_gower_distribution 

The helium mass flow rate can be adjusted in function of time 

in each of the regions of the core. So the radial heterogeneities of 

power, which are used as basic data in thermal performance calculations, 

can be characterized in 2 ways : 

a) - at the level of the fuel regions by the region peaking factor, 

defined as the ratio between the average power of a column in the region 

and the average power of a column in the core ; 

b) - at the level of the fuel channels by the local tilt factor, defi

ned as the ratio between the maximal power of a point in the region and 

the average power of a point in the region. 

The goal of the radial zoning introduced in Chapter IV.2.1. 

is to keep these 2 factors inside acceptable limits. In addition the 

use of power rods greatly contributes to the minimisation of power hete

rogeneities . 

Figure 6 exhibits the radial power map for the initial core 

B.O.C. Figure 7 shows for the first year of reactor operation what is 

the envelope curve of the radial peaking factor versus the tilt factor. 

These figures allow to vizualizc if the different limits fixed 

to the core are satisfied (core pressure drop, fuel temperature, hot 

streaks) taking into account the different axial power distributions in ' 

the rodded and the unrodded regions. 

IV.3.2. - Axial_gower_distribution 

Figure 8 shows the variation in function of time of the average 

axial profile for the unrodded equilibrium core. Moreover, concerning 

the axial power profiles in the control columns, results of the compu

tations showed that the use of power rods instead of control rods allows 

to reduce greatly the power peaks introduced by the partial insertion 

•of the rods in the control columns. 

IV.4. Reactivity and control 

IV.A.l. - Temperature coefficient 

Figure 9 gives the temperature coefficient for the equilibrium 

core at beginning of cycle. Two main conclusions can be drawned from the 

results : 

a)- the temperature coefficient remains negative in all cases with a 

minimum margin equal to about -2. 10 /degree C (for the equilibrium 

core E.O.C. at 800°K) ; 



b) - generally speaking, this temperature coefficient is much more 

negative than the one obtained in the Thorium cycle, -what is o£ course 

a significant advantage for the L.E.U. cycle. This result can be 

explained easily : tL,8 has a larger resonance integral than Th.,2 

(Doppler effect) and Pu„, has a strong negative effect at high ternpe-

. rature (the positive effect of Pu,_- is then compensated) .• 

IV.4.2. - Effect of Xe.,5 and Np,,-

The antireactivity due to Xenon is relatively high - about 

0.03 4K at equilibrium - and very few depending on time. Np„,_ intro

duces a reactivity negative effect because of its ability of neutron 

capture and, indirectly, of the delay this nuclide introduces in the 

PU_ 3Q buildup. After core shutdown, Np2-_ (half-life : 2:3 days) 

continues giving Pu„,„, what leads to a positive effect on the reacti

vity, which has to be controlled. 

IV.4.3. - Burnable_p_oisons 

The variation in function of time of the absorption in the 

burnable poisons is shown on Figure 10. 

IV.4.A. - Efficiency_qf_the_control_sy^tem_ 

1°) - Reactivity_to be_controlled 

The reactivity to be controlled includes the following 3 

terms : 

a) ~ the reactivicy available during core operation at equilibrium of 

Xe)35, S m ^ and Np239 ; this reactivity is kept below 0.03 AK by 

the burnable poisons ; 

b) - the temperature effect ; 

c) - the antireactivity of Xe 135 and Np„_Q, nuclides which disappear 239' 
after core shutdown (Sin... is stable). 

The reactivity to be controlled during the 7 first years of 

reactor life is given in Table 4. 

2°) - Efficiency of the p_ower rods_ 

The power rod system is divided in 3 sets, each. o£ these sets 

corresponding to a fuel segment of the core (12 rods in A or B, 13 in C). 

The average antireactivity of a set of control rods is 0.017 AK. One 

can see on Table 4 that, during operation, the core can be controlled by 

the only power rod system. 

*3°) - Efficiency_of the control rods_ 

The control rod system is also divided in 3 sets, each of 

these sets corresponding to a fuel segment of the core (12 couples of 

rods in A or B, 13 in C). The average antireactivity of a couple of 

control rods is about 0.02 AK. The one of a set of control rods is 

about 0.1 &K. Moreover a calculation performed at the beginning of 

the 4th year for the core in cold state, without Xenon, all Np23g being 

converted in Pu»,q and all power and control rods being down, shows 

that K ,. is 0.88096. The core can be therefore kept well under criti-
eff 

cal in shutdown conditions. 

4°) - Efficiency_of the reserve shutdown_sy_stem 

The efficiency of the reserve shutdown system is given on 

Table 4. One can see that, even in cold state, this only system is 

efficient enough for keeping the core undercritical, all the rods being 

up. 
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IV.5. Core stability 

The loss of the coolant introduces a very small variation of 

reactivity which can be estimated to be about 5.10 AK. Because of the 

small size of the core, there is no problem about radial power oscilla

tions. The calculations indicate that these oscillations spontaneously 

disappear, even not taking into account the stabilizing temperature 

effect. Because of the small height of the core one can estimate too 

that there is no problem about axial oscillations. 



IV.6. Power transient 

The ability for the equilibrium core, at 100 FPED, to make 

a power transient 100-25-100 %, has been studied. Figure 11 indicates 

that there is enough reactivity for coming back at 100 % power at any 

tine. 

Of course this transient cannot be performed at any time 

during the fuel cycle. In-fact the margin in reactivity is sufficient 

for coming back at 100 7. power at any time after the beginning of the 

transient only during about the 3 first quarters of the fuel cycle. 

On Figure 12 is shown what are the variations of the power of 

the regions when.one makes a move of set B of power rods corresponding 

to an insertion of reactivity of 0.0116 AK. In this case the maximal 

variation of power of a region is 2.62 %. So the use of power rods 

leads to very small region power variations during power transients. 

- M A I N R E S U L T S 0? THE THERMAL PRELIMINARY S T U D Y 

We here only present the thermal performances computed for the 

nominal power level. Helium mass flow rate is a justed in eacl: region by 

a valve located at the core inlet such a manner as the average exit tem

perature is the same for each region at any time. 

V.l . — Radial temperature distribution 

Figure 13 shows the radial temperature distribution in the 

smallest symmetry cell of a fuel block for the case corresponding to 

the hottest point in the core (bottom of layer 2 at beginning of second 

year of reactor life) . Maximal computed fuel temperature has been found 

equal to I287°C in a point of a control block of segment C adjacent to 

the reflector (buffer zone). 

V.2. Axial temperature distribution 

Figure 14 gives the axial temperature distribution for the 

same channel. The axial zoning has been computed such a manner as the 

peak temperature is as much as possible the same for.each axial zone 

of the average channel of the unrodded equilibrium core1, a compromise 

needing to be made with the stability versus time of the axial power 

distribution. 

V.3 Evolution of temperature versus time 

Figure 15 exhibits the evolution versus time of the tempera

ture at the location where is happening the maximal fuel temperature 

of 1287°C. This maximal temperature is experienced very shortly. 

Figure 16 allows to precise how long particles are experiencing their 

peak temperature. The duration at peak temperature is the longest 

around I000°C and decreases greatly for higher temperatures. 

V.4. Volumic temperature distribution 

Figure 17 shows what is the volumic distribution, 'at the bot

tom of the first axial zone, of the maximal temperature reached by the 

particles for the equilibrium core. This distribution is very homoge

neous and centered around 1100°C. 

VI • - CONCLUSION 

In this preliminary study; it was not possible to determine 

the fuel performances, mainly because LEU particles are not yet tested. 

But one can notice that the maximal performances requested from the fuel 

particles are not out of reach, considering the core thermal performances 

described in Chapter V, maximal burnup (107 000 MWd/t or 11,7 7. FIMA) and 

fluence (5.12 10 n/cnr 0FG) . Moreover it has been shown by additional 

calculations that it was easily possible to reduce maximal fuel tempera

ture to 1250°C by small changes in fuel cycle and mass flows. 

So we think that the feasibility of a GA type - prismatic block 

core for a process heat reactor looks good. 



M A I N C H A R A C T E R 1 S T ICS OF 

TH E C A L U F E ' C O R E 
T A B L E 1 

T H E R M A L C H A R A C T E R I S T I C S 

THERMAL POWER 833 MH 

AVERAGE POWER DENSITY 6-35 H / cm3 

HELIUM MASS FLOW RATE IN THE CORE CAVITY « 1 kg/s 

HELIUM PRESSURE IN THE CORE CAVITY ~> MPa 

HELIUM TEMPERATURE AT CORE INLET Mf>°Z 

HELIUM AVERAGE TEMPERATURE AT CORE OUTLET 858'C 

CORE PRESSURE DROP 6 x 104 P 

F U E L C Y C L E 

LOW ENRICHED URANIUM WITH REPROCESSING 

FUEL IN-CORE RESIDENCY (o.8 CAPACITY FACTOR) : 3 YEARS 

VOLUME AND FREQUENCY OF THE RELOADS |/3 OF THE COLUMNS/YEAR 

F U E L 

FORT SAINT VRAIN TYPE FUEL BLOCK (10 ROWS) 

I KERNEL : U0-, 0 800 Vm 
PARTICLE l 

I COATING ! TRISO (70 / 65 / 35 / 55 pm) 

C O N T R O L S Y S T E M 

37 COUPLES OF CONTROL RODS 

+ 37 POWER RODS 

+ RESERVE SHUTDOWN SYSTEM 

M A I N D I M E N S I O N S OF T H E ' T A B L E 2 *1 

R E M O V A B L E C O R E 

R E M O V A B L E C O R E 

EQUIVALENT DIAMETER 7/341 M 

HEIGHT 7/336 M 

A C T I V E C O R E 

EQUIVALENT DIAMETER 5.974 M 

HEIGHT • 4*758 M 

T H I C K N E S S OF R E F L E C T O R + S H I E L D I N G 

ON THE TOP L1B9 M 

ON THE BOTTOM 1/189 M 

ON THE SIDE 0,684 M 

T R I A N G U L A R P I T C H 

C O L U M N S 0/362 M 

R E G I O N S 0/958 M 



I\I\SS F L O W S T A B L E 3 

I N I T I A L C O R E 

U LOADED 

U 235 LOADED 

: A 

ENRICHMENT : B 

: C 

MODERATION RATIO C/U238 

7897 kg 

418 kg 

2.75 X 

5.35 i 

7.81 Z 

421 

E Q U I L I B R I U M C O R E 

U LOADED : A/ B 

c 

U235 LOADED A, B 

c 

ENRICHMENT 

MODERATION RATIO 

U 235 UNLOADED 

PU FISSILE UNLOADED 

AVERAGE CONVERSION RATIO 

2402 kg 

2259 kg 

235 kg 

222 kg 

9.8 Z (mass) 

C/U 238 : 493 

35 kg (enrichment 

20 kg (Pu fiss./Pu 

0.48 

: 1.8 

total 

%) 

- 55 Z) 

C Y C L E L E N G T H 

INITIAL CORE, A AND B RELOADS 

(except 1st Reload) 

C RELOADS (except 3rd reload) 

1ST RELOAD (A) 

3RD RELOAD (0 

. 292 FPED 

275 FPED 

200 FPED 

292 FPED 

EFFICIENCY OF THE- C O N T R O L 
S Y S T E n 

TABLE H 22 

K EFF 

I N I T I A L C O R E 

C A S E 

A 

B 

C 

D 

E 

F 

COLD STATE 

1.39426 _ 

1.17852 

1.10855 

0.87168 

0.82165 

0.99314 

B. 0. C. 

1.27732 

1.0E558 

0.99026 

0.75196 

0.70431 

0.87332 

200 FRED E. 0. C. ' 

1.05747 • 1.00181 

1.03105 ! 0.99448 

0.96563 

0.74756 

0.93108 

0.71979 

0.70216 j 0.67569 
j. 

0.85967 0.82842 

E Q U I L I B R I U M C O R E 

C A S E 

A 

B 

c 

D 

E 

F 

COLD STAGE 

1.26924 

1.11399 

1.06163 

0.87115 

0.82816 

0.96896 

B. 0. C. 200 FPED 
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Legend : 

R E G : Fuel Region Number 
PMOY • Region peaking Factor 

R : Tilt Factor 

FIGURE 6 

R A D I A L P O W E R M A P F O R T H E 

I N I T I A L C O R E ( B . 0 . C . ) 



PMOY : Region peaking factor 

R : Tilt Factor 

FIGURE 

E N V E L O P E C U R V E S O F T H E R E G I O N 

P E A K I N G F A C T O R V E R S U S THE T I L T 

F A C T O R F O R T H E F I R S T Y E A R 

26 

UNRODDED 

i p a B B B B B s a s a a n B t t f l a Q f l XL. 

J 0 DAY J 
o • 
S • 5 0 Wfs 
u 
B 

S *-
t 
ii 
a 
D 
n 
o 

u 
n 
n 

— * 2 0 0 DAYS J 
II 

. — 2 9 2 DAYS jj 

= » = = = = 3 I 3 ^ 

—I— 

2 0 0 

BOTTOM 
__, 

FIGURE 8 

400 (cm) 

V A R I A T I O N IN F U N C T I O N OF T I M E 

OF THE A V E R A G E A X I A L P O W E R PROFILE 

FOR THE U N R O D D E D E Q U I L I B R I U M C O R E 



J pcm « JQ~5
 fiK 

K EFF 

dKEFF 
dT 

h" 
; 1 

1 • 

o r 

: _ L _ 

- I 
P 1 
=. . 

*-,-

-m 

. 
4 ' 

i" 

-?f 

-[-
•J. 
• t 

+ 
t 

It 
-so 

i 

i 
i 

"1 

r 
i 

- i 

. 1 . 

z* ^ 
1 
1 

I . 
m i 

1 
! 
I 

T 
f 

-!-
j 

i 

-T-
i 

! . 

-\-y-
^2~^ /, 

. 
i 
i 

t 

- r 
i 

1 
1 

i 
1 

• 

D . 
i 

J, 
1 

1 

"I 

T 
! 

- ! 

. . . . 

A-
^ 

i 

, 

- , 

-
J -

. . . 

- > , 

1 
— 
• 

•Ef £"'*'• f17" 
: 
i 

i 

I 
• r 

i 

i 
i 
i 

• 

i 
i 

600 
1 

J " i" 

i-
_L_ 

i 

. J _ 

I 
! 
1 

~ j " 

J. 

| 
i 

! 

T 
._o6o, 

! i i 

1 
.... 

4 
i 
i 

i 

! 
t 
i 
i 
i 

1 
~1 

1 
i - * 
i 
t 

i 

i 
l 
1 

1—11 
t 

-\-

• 

I 
t 

- r 
1 
1 
1 
1 

-
1 
1 

r 

i 
i 

i 
i 

1" 
i 

1 

_ L 
i 
r 

i 

i 

i-

4 
4 -

r 

T 

i 

— 

r 

i 
t 

! 
--

-!-
^L 
_ j _ 

: i -

i-
4-
4 
j . 

v 
1 I ' Tvo d = 1087°K 

—r— 

. ' -1 V 
N4-^ 

i \ i 

^J^\. 

• i i 

J - fue 

- -
1 

i = 
rvRi -

i , 

e l + MoH 1 
_ : L.L. 

1 J ' 
i - l 1 
1 1 ' 

m-f 
r r i 
I 1 1 

-1 ' ' 
1 

_L 
i 
i 
• 

- t " 
v 

t 

i 
1 

T 

H - -
1 

i -
i 
i 

- t 

„ L 
i 

. . L 

. J . 
i 

-4 ' 
l-N 
i 

" i *" 
I 

1 

1 
I 
i 

i 
I 

_L 
i 
i 
i 

— I 4" 

l 

r H -
MQQ 15QCL 

! 1 ! J ' . 

+ 
- r 

'1. 

: 
i 

• 

i 

i 

. 1 

4 
4 

T 

• ' I • l • 
t 

—-

L J . L U 
1155°K 

—-

^~ 

" i 

-
' 

— 

•i— 

l!°t L 

i 

• 

• 

"*-.K 

1 
i 

- r -
t _ 

i 

i 

1 

i . 
1 

t 

-,-

- i -

' 
. i 

-i--r-r 

• 

i 

I 

i 

1 1 1 
i i 
• , 

4 (- ! • 

l " 

!-

4 
-}r 
V 

1 1 

• 

i 

i 

i 

J r 

i 

^ 
. i , • 

i i j 

r 

I 
i 

t 

i 
• - i — 

I —!_ 
1' 
1 

_!_ 

!" i 
r 
r ' 

I "•" 

1 | , 
1 | i 

i i . | 

' I ' 

! 11 ' • 

- . - T r 
_L_ 

- (-
I 

1 

- r 

"T~ 
f 

t " i~~i 
" 1 

1 — 
, 

TE 

r 

i 
- i -

i-l-
i j . 

" 

-
> i 1 : 

T l " ' i ~ n ~ 
i 

, i 

• 

~ i r 

i 

1 i > 

'1 

-F 
i 

1 
i 

' 1 ! 
i 

• 

1 
"1 

1 

t 

I 

i 

- 1 -
r 
I 

i 
i 

1 
I 

-1 
1 

- • 

i -
t 

\ 
1 

! 
i -

i 

i 

MP! 

t 

1 
1" 

I 

1 " 
,1 

i 

i 

i i 

I 

-•r 

i" 
i 

I 
"1 " 

-| 
1 -

. i 

I 
i 

ERA 

i > i 

t 

• 

" 1 

' 
1 
1 

-— 
-

i 

.1 . 
1 

JZ. | 

d-1 
1 

1 " " 

1 

i 

i , 

• 
i 

1 
l 
i 

l 

T i -

i 

--! 

1 

1 
i 

i 
i 

i j 
- r -1 

, l 
i i 

L i 1 '-

1 -1 1 

" 1 -
I 

_. 
i + 

, ' . - r - . - j 
" - r" 1 ' 
" "~\ 

i 

i 

i 

• 

i 

, 
' -1 ! 

-I 'h 
1 

< 
" 

1 

t 

n JR 

i 

fT-

1 

1 

i 
i 

. , • 

-
= L : J J 
Q L ^ I 
~_ ~ 
-. I V 

F <K) 

FIGURE 9 

T E M P E R A T U R E C O E F F I C I E N T F O R THE 

E Q U I L I B R I U M C O R E (B . 0 . C.) 

PERCENTAGE OF ABSORPTION 

IN BURNABLE POISONS 

27 

1? 

v-
,.l 

^ T 

1L 
! i . 
I J O 

11
 

• 

'n'. 
i 

J-

_,.. 
-I 

/ 

: 
i 

i 

l5 

.- i 

-f' 
. 

_!_ 
« 

_!_ 

4?-
! 
1 

1 ' 

t 
11

 

± 
r'r 
u_ 
• \ 

• \ 

- r -

J . 
i 
i 

r 
" - I -

i 

A,_ 
1 IX" 

\-
1 

" 1 " 
. 1 . 

.L . 

* 

"1 
1 

1 
1 

— t 

> ++ 
M 1st Year 

\ri"Mvv-f-

V \ l \ ^ L 

r 
i 

" f 
\ V | v 3 i _ - \ L ! - . 

V 

-\-

"! 
-!• 

- • " 

4-
1 
1 

1 

' 

• 
' 

\ \ Q T l V i 7 t h v 

i 

• 

~ " i -

- 1 -

4. 

T" 
i 

r 

L 

i-1 

i 

- i - -

i 

i 
- • -

_. _ 

* 
i 

i 

i 
" i 

i 

t 

--;-
t 

T 

I 
" I — 

1 !' 
I 

' ' • 
i 

- L_ l 

-
1 i, 

" " -
!' 
1 

- f J 

• T 

1~ 

' I 
I 

-f-
I 

1 

..!_. 

'i 
11 

- r, 
L 
i 

_ i . 

=— 

i 

t 
i 

i 
i 

1 1 

. i 

i 

VNKflh'.Ky,--???^ .... x YJ 
v | r \ r n , A 

1 " 

" r-

r~ 

A 
V 
1 

T 
- i -

. 1 . 
~T-
i4. .... 

i -
j 

i 
r 
r „ i 

- i 

T I 

V 
- ^ 
_ 1 _ 

1 

1 

• ^ 

1 

t 

- r 
i 
i 

1 

' 

;Px 
"V 

• v 

r " 

W^ 
i 

\ — 
- 1 ! 

^ -1 
t 

i 

!-
i 

_L 

•H-;-
-i: I-l-

1 

± 
i 
i 

-N* 

v -

V 
- i -

1 

1 

1 i : 

E L 

< 1 1 

V. 
i \ 

• 

! 

-

\ - K ' 
rst\ c * 

---

• 

i 

1" 
- L 

i 

~r 
i 

• i" 
i 

H-f 
i 

N. L 

\ ,r\v <_ 4 iVC 

_ i 
i" 

V 

— 

\. 

i 

i 

14 
N 1 _ ^ v 

'< 

- --

i 

i-
L 

i 

: 
i 

' 
~ r-

f-
i 

• 1 1 
' - 1 

- ^ 

~r"r 

-'•£ 

i 
-— 

| i -

i -
I I I 

r , 

1 

* * 

-?;*& 

.-111.= 
i i.r 

- rH
d 

1 i 

i i 
i> i 
• j - ' p -

-r "i 
—T— r_- i— 1 | I I 

±^r 
i " 

-:-h 
i- j 

• r ^ 
| 
r 

" r 
< 

i 

---

_LJ 
I . 

1 

":"• 
! 
: _ L 
> 

i • 

r 
- i 

i 

.= 
D. 
- i . 

- ' ! , 
i 

- 1 

t 

:L±.< 
- I i •• 

1 
1 
1 

ii 
i 

1 

v 
i • 
i 

I 

I 
i -

1 

--J 

-

--• 

" 

. 

i 
i 

_J_ .L . 
1 - ! 

I' 
J_ 

1 
1 

. . j . . 

• r_r"i . 

-T- ^v 'v i ' 

_-£{ 

'; 
- • | -

" IT 

i > : - 1 -
1 I i !!--

v. is! -
^ f t s J . P ' 

• - ^ 
1 

- - - • ! -

- • j - • ~ t 

r 

-r 
r _ i _ 
i 
i 

[ 1 
>>. 

- 1 -

- r -

i 

i 

i 

Iv^FP 
L i " | . • i ' i ' 1 •'-

"1 ! " ' 
FPED 

2 0 0 3 0 0 

FIGURE 10 

V A R I A T I O N I N F U N C T I O N OF T I M E 

OF THE A B S O R P T I O N P E R C E N T A G E OF 

THE B U R N A B L E P O I S O N S 



j .pen = JO"3 4K 

AKeff(pcm) 

500 

.500 

.1000 

.1500 

.2000! 

" %££•> 

m -* 

Variation of reactivity for a power transient 100-25-100 % 

Come back to 100 %-power six hours after the beginning of the transient 

FIGURE 11 E Q U I L I B R I U M C O R E AT 100 FPED 

28 

i 

MAXIMAL 
VARIATION 

FIGURE 12 

V A R I A T I O N OF THE P O W E R OF THE 

R E G I O N S I N D U C E D BY A MOVE UP OF 

SET B OF POWER RODS, SUCH AS AK = 0.0116 



1300 -

1200 

1100 

1000 

900 . 

800 

DISTANCE TO TUEL CENTERLINE 

FIGURE 13 

R A D I A L T E M P E R A T U R E DISTRIBUTION FOR 

THE H O T CHANNEL AT THE B O T T O M OF SECOND 

LAYER AND AT THE BEGINNING OF 2nd Y E A R 

29 
XGAZ " T HEUW 
rGMIN " TGRMHITE (h c l i u"> s ide) 

TGMAX " TCRAPHITE ( £ u e l s £ d e J 

TCMIN " TFUEL < s u r f a « ) 

TCMAX " TFUEL < c e " t e r l i n e ) 

TfC 

1000 1200 

A X I A L T E M P E R A T U R E D I S T R I B U T I O N 
O F T H E H O T C H A N N E L A T T H E BEGINNING 

FIGURE 14 OF S E C O N D Y E A R 



FIGURE 15 

E V O L U T I O N I N F U N C T I O N OF T I M E 

OF T H E T E M P E R A T U R E AT THE L O C A T I O N 

O F T H E HOT P O I N T 

30 

BOTTOM OF ULMER 2 
* Segment 

Segment 

+ Sctjmcnl 

aw 700 8oo soo 1000 " noo ' 1200 " 1300 

FIGURE 16 D U R A T I O N AT P E A K T E M P E R A T U R E 



FC = Volu,nic fraction of fuel having a maximal 
temperature £• a given temperature 

\00 

00 

60 

40 

20 

Segment A 
•Segment B 
Segment C 

V O I U H I C D I S T R I B U T I O N OF F U E L 

FIGURE 17 M A X I M A L T E M P E R A T U R E AT B O T T O M 

O F L A Y E R 2 

DESIGN AND APPLICATION FOR 
A HIGH-TEMPERATURE NUCLEAR HEAT SOURCE 

K.N. QUADE 
General Atomic Company 
San Diego, California 
United States of America 

ABSTRACT 

Recent actions by OPEC have sharply increased interest in the United 

States in synfuels, with coal being the logical choice for the carbon 

source. Two coal liquefaction processes, direct and indirect, have been 

examined. Each can produce about 502 more output when coupled to an HTGR 

for process heat. 

The nuclear reactor designed for process heat has a power output of 

842 MW(t), a core outlet temperature of 950°C (1742°F), and an intermediate 

helium loop to separate the heat source from the process heat exchangers. 

Steam-methane reforming is the reference process. 

As part of the development of a nuclear process heat system, a compu

ter code, Process Heat Reactor Evaluation and Design, is being developed. 

This code models both the reactor plant and a steam reforming plant. When 

complete, the program will have the capability to calculate an overall 

mass and heat balance, size the plant components, and estimate the plant 

cost for p. wide variety of independent variables. 

This work was supported by the Department of Energy, 
Contract DE-AT03-76SF71061. 



INTRODUCTION 

The U.S. program on nuclear process heat was started in the mid-1960s 

and became focused on coal gasification in 1971. The program has beneficed 

from the large high-temperature gas-cooled reactor (HTGR) generic technol

ogy program in the United States, although the specific process heat pro

gram has been smaller than.the steam cycle and gas turbine programs. 

Recent actions by OPEC have sharply increased U.S. interest in syn-

fuels, and currently there are plans for several types of synfuel demon

stration plants. The early timing of these plants will probably preclude 

a nuclear heat source, but their operation will be a necessary step toward 

the eventual integration of a nuclear heat source. 

This paper will (1) focus on applications that are currently consid

ered active candidates for nuclear process heat, (2) review the design 

conditions imposed by the process on the nuclear heat source, (3) describe 

the reference heat source design with emphasis on the heat exchangers, and 

(4) discuss a computer-based systems code that describes both the nuclear 

and process plants for optimization purposes. 

RESOURCES VERSUS ENERGY NEEDS 

As shown in Table 1, U.S. energy demands rely heavily on petroleum 

and natural gas. Over 75% of the bulk energy demands are met by these 

fuels. During the last decade, U.S. energy consumption has increased by 

almost 3.5% per year. At a consistent growth at this.rate, the total 

energy consumption is doubling about every 20 years. The majority of 

these spiraling increases in U.S. energy consumption are being fulfilled 

by a mere 7.9% of the estimated total remaining recoverable U.S. fossil 

fuel resources, namely petroleum and natural gas. Even if President 

Carter's suggested rate of 2% per year could be achieved, consumption 

would double in 35 years. 

tt 

u 

Resources 

Petroleum 

N a t u r a l gas 

Coal 

Hydropower 

Nuclear 

TABLE 1 
. S . ENERGY CONSUMPTION 

J o u l e s x 

38 .8 

26 .1 

15.2 

3.4 

0 .8 

10 1 8 Percen t 

16 

31 

18 

4 

1 

84.3 100 

TABLE 2 
ESTIMATED TOTAL REMAINING RECOVERABLE 

RESOURCES IN THE U.S. 

18 Resources 

Coal 

Shale o i l 

Crude o i l 

Natural gas 

Natural gas liquids 

Joules x 10 

36,300 , 
6,700 

2,100 

1,600 

200 

Percent 

77.3 

14.4 

4.5 

3.4 

0 .4 

46,900 100.0 

As shown in Table 2, over three quarters of the estimated total 

remaining recoverable fossil fuel in the United States is in the form of 

coal. However, coal currently account s for only 18% of the energy con

sumed in the United States. 



It is impossible to expect natural gas, which produces over 30% of 

the U.S. energy, t o iuai.Titai.Tv its hold over such a large share of the 

energy produced in the United States. The limited availability of natural 

gas will require that other energy resources be utilized. Since oil is 

the predominant fuel used in trie United States, it would be a logical 

alternative for taking up the majority of the. burden caused by reduced 

natural gas usage. However, President Carter has stated that oil imports 

will not rise above 1977 levels and domestic resources aire Inadequate to 

meet the increased demand. Coal and nuclear power remain among proven 

energy sources for meeting U.S. energy requirements. Coal is the most 

abundant remaining fossil.fuel in the United States. It therefore follows 

that coal should be utilized to the maximum degree to meet the increasing 

U.S. energy requirements. 

Approximately 150 billion tons (U.S.) of recoverable coal — 45 billion 

located near the surface and 105 billion located more deeply underground — 

exist in formations of thickness and depth to be mined economically utiliz

ing present technology. However, there is a limited rate at which this 

resource can be utilized, a rate determined by the ability to construct the 

mining equipment, the transportation network, and the relocation and train

ing of the miners. There is also considerable concern about the environ

mental effects that a vast increase in coal mining and utilization might 

bring. Large coal sites in the United States are generally in the West 

where water is short, the labor force is small, and environmental standards 

are very high. A report by the Department of Energy (DOE) has concluded 

that a 2 million barrel per day production level will face "rapidly 

increasing siting difficulties" (Ref. 1). It also concluded that only 41 

sites in the United States would meet DOE environmental criteria. 

General Atomic believes that nuclear process heat can materially 

improve these problems of coal production and environmental impacts by 

increasing the production of synfuels from a given amount of coal. 

COAL TO SYUFUEL PROCESSES 
ft 

COAT, TO 1.TQUS.D EUE1. PROCESSES 

General Atomic has recently been looking at ways to produce liquid 

synfuel with a nuclear heat source and has examined the two major process 

routes: indirect and direct. 

The indirect method, shown in Fig. 1, uses current state-of-the-art 

technology for the production of polymer gasoline/jet fuel from coal. . An 

HTGB is integrated into the process and supplies che utilities (steam and 

electricity) and process heat (reforming). In the process, bituminous 

coal is gasified with steam and oxygen in Lurgi fixed bed gasifiers at 

about 2.7 MPa (400 psia). Lurgi gasifiers produce aromatic liquids and 

tar oil, which are scrubbed from the off-gas and recovered as by-products. 

The gasifier off-gas is then treated for carbon dioxide and hydrogen sul

phide removal in "Rectisol" units where C0„ and H-S are absorbed and then 

stripped from the -48°C (-55°F) recirculating stream of methanol. 
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Fig. 1. Coal to Jet cuel: via Lurgl-Fischer-Tropseh synthesis 
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After purification, the feed gas (stream 1) and a recycled tail gas 

Stream (stream 2) from the Fischer-Tropsch synthesis section are mixed 

Cstream 3) , reheated, and then mixed with a Synthol internal recycle gas 

stream before entering the Synthol fluid bed reactor (stream 4). CO and 

H, react in the presence of an iron powder promoted with small quantities 

of Group I or Group III metals. The reactor temperature is controlled by 

oil coolers. Heat absorbed by the oil is used to generate plant steam. 

Reaction products are scrubbed and condensed from the synthesis off-gas. 

Chemical products (alcohols and ketones) are separated from the oil prod

ucts by dissolution in water. The hydrocarbon products are highly olefinic 

and are catalytically polymerized to form gasoline and/or jet fuel. 

A portion of the tail gas from the Synthol reactor is purged to pre

vent nitrogen buildup in the system (stream 5). The rest of the tail gas 

is scrubbed to remove C0_ and recycled through a very high temperature 

reactor (VHTR) reformer, where the 25 mole % methane composition can be 

reformed to hydrogen and carbon monoxide for reuse. The steam-to-carbon 

ratio in the reformer is M . 5 . The heat recovered from the 760°C (1400°F) 

reformer outlet stream is used to produce the reformer steam. 

The second process is the direct process, as shown in Fig. 2. The 

coal liquefaction step could be any of the processes currently under devel

opment, such as SRCII (Gulf), Donor Solvent (Exxon), or H-Coal (Hydrocar

bon Research Inc.). The process produces coal liquids by mixing (slurry

ing) dried, finely ground coal with a coal liquid product. Hydrogen is 

added to the result'ing slurry and the mixture is then heated to 400° C 

(750°F) at 10 MPa (1500 psi) with steam from the HTGR, where the hydrogena-

tion reaction proceeds with cold hydrogen added for temperature control. 

The resulting products are separated into a fuel oil and light distillate 

product which is further treated with hydrogen to produce jet fuel. A 

portion of the product, containing coal ash, which has a catalytic effect 

on the coal hydrogenation reaction, is recycled to make the coal slurry. 

A slurry of undissolved coal and ash is sent to a coker to increase the 

yield of fuel oil product by about 24%. The coke product from the coker 

is mixed with steam and oxygen and sent to a Texaco partial oxidation 

34 

COAL 

7.1.657 T/CD 

I - H 

VHTB 

zoszimit) 

613 MW 

PIPELINE GAS 72MMSCFO 

ILPGS370BBL/CD J 
44,170 BBUCD 4r FUEL OIL 54,967 BBUCO 

SOLVENT 
REFINED 

COAL 

M3BBUCD 

II PROCESS 'OMMVCO 

H LIGHT 0ISTILLATE 

2.0S x 106 

LB/CO 

9383 

BBL/CO 

HYanOGEttAVQH 
TO 

JET FUEL 

JET FUEL 

" 2 B 
2 . 7 0 K I0B IB/CD 

REFORMER 
905 MWlt) 

UTILITIES 
1157MWKI 

PIPELINE GAS 

3.74MMSCF0 

SRC 

4330 TyCO 
ASH 
3053 T/CD 

FUEL OIL 
10.797 BBL/CO 

COKER 
COKE 

5064 T/CD 

90.000 BBL/CO 

_, 413MVWU 

1.47x I 0 6 LB/CD 

083 x 106 LB/CO 

TEXACO 
PARTIAL 

OX 

OXYGEN 
PUNT 

u 

FT 
4.16x10° 
LB 0 , /C0 

NEUTRAL 
• 

ASH 
I 3053 T/CD 

I" MW 

MW(tl L_J 
ILLINOIS NO. 6 BITUMINOUS 

Fig. 2. Coal to j e t fuel: using VHTR reforming for H, (peine) and using HTGR for u t i l i t i e s 

r e a c t o r t o make a product of t he hydrogen used i n t he process and y i e l d 

an envi ronmenta l ly a c c e p t a b l e n e u t r a l a s h . The methane produced i s used 

as feeds tock t o t h e steam-methane reformer which i s heated by t h e HTGR. 

Table 3 shows a comparison of n u c l e a r and non-nuclear coa l l i q u e f a c 

t i o n p r o c e s s e s . B a s i c a l l y , for each process the a d d i t i o n of the nuc l ea r 

r e a c t o r can dec rease t he coa l requi rements by 33% for the same product 

output or for t h e same c o a l requi rements can i n c r e a s e t h e product output 

by 50%. 



TABLE 3 
COMPARISON OF NUCLEAR AND NON-NUCLEAR COAL LIQUEFACTION PROCESSES 

Process 

Coaltfeed, tons/day 

Nuclear heat source 
Reforming,(a) MW(t) 
Steam, MW(t) 

Product Output' 
Bbl/day 
Tons/yr 

Thermal efficiency, X 

Product/coal ratio, 
bbl/con 

Heat in product 
Heat in coal 

Cost,Cb) $/bbl 

Indirect Conventional 

Lurgi-Fischer-Tropsch 

46,400 

__ 

90,000 
4.4 x 106 

42 

1.9 

0.42 

— 

Indirect Nuclear 

Lurgi-Fischer-Tropsch 

nuclear reforming 

30,800 

775 
2,300 

90,000 
4.4 x 106 

48 

2.9 

0.64 

— 

Direct Conventional 

SRC-II 

32,210 

• — 

90,000 
4.4 X 106 

59 

2.8 

0.59 

$29.80 

Direct Nuclear 

SRC-II 

nuclear 
reforming 

21,700 

905 
1,155 

90,000 
4.4 x 106 

67 

4.2 

0.95 

$25.20 

(a) 

(b) 
Includes steam production for reformer. 

Coal at $25 per ton. 

COAL TO PIPELINE GAS PROCESSES 

There a r e s e v e r a l p rocesses for conver t ing coal t o p i p e l i n e gas . Two 

b a s i c r o u t e s , h y d r o g a s i f i c a t i o n and steam-carbon r e a c t i o n , can be matched 

to a nuc lea r hea t sou rce . General Atomic has done prev ious work, on a coal 

s o l u t i o n h y d r o g a s i f i c a t i o n process (Ref. 2) which w i l l not be d i scussed 

h e r e . This p rocess a l s o uses steam reforming for t h e hydrogen s o u r c e s . 

The steam-carbon method wi th a nuc l ea r hea t source i s not c u r r e n t l y under 

i n v e s t i g a t i o n in the United S t a t e s . 
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NUCLEAR HEAT SOURCE 

The VHTR plant design addressed envisages a nuclear-chemical process 

whose product is hydrogen (or a mixture of hydrogen and carbon monoxide) 

generated by steam reforming of a light hydrocarbon mixture. The reactor 

thermal energy is transported to the externally located process plant by 

an intermediate heat transport loop. The intermediate loop provides an 

additional boundary between the nuclear heat source and the process, 

thereby improving plant safety and offering considerable flexibility for 

alternate applications. In addition to providing the thermal driving 

potential required for the reforming process, the nuclear heat is also' 

used to generate high-temperature, high-pressure steam in sufficient quan

tities to satisfy both the process and electrical generation needs for the 

operation of the nuclear plant and reforming process plant. 

The selected VHTR plant thermal rating of 842 MW(t) corresponds to 

the HTGR steam cycle plant constructed and operating at Fort St. Vrain 

(FSV) for the Public Service Company of Colorado. In addition, this size 

is commensurate with process heat user requirements (Ref. 3). Like other 

HTGRs, the VHTR has its entire primary coolant system contained in a pre-

stressed concrete reactor vessel (PCRV) which provides the necessary 

biological shielding in addition to the pressure containment function. An 

isometric representation of the VHTR arrangement is shown in Fig. 3. 

Thermal energy is removed from the reactor core by two independent 

primary/secondary helium systems and is supplied to separate process loops. 

This approach avoids the need to shut down the entire plant in the event of 

an upset in one of the process trains and also permits maintenance work to 

be carried out on an isolated secondary loop during plant operation. Three 

independent shutdown loops have been provided, each with the capability of 

full-core decay heat removal during emergency conditions. 

Figure 4 presents the basic flow diagram and gives the steady-state 

operating conditions. The primary helium temperature of 950°C (1742°F) was 

established to meet the requirements of the chemical process while staying 
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Fig. 3. HTGR-process heat source 

within the structural limits of the Inconel 617 material used in the inter

mediate heat exchanger .(IHX). Materials compatibility programs currently 

in progress will have a strong bearing on whether the corrosion resistance 

of this material is adequate at this temperature. The current work at GA 

is aimed at a lower core outlet temperature — in the range of 750° to 850°C 

(1390° to 1560°F). These lower temperatures are more compatible with a 

design that could lead to an earlier demonstration plant in the United 

States. The pressure level of 5 MPa (725 psia) is consistent with 

approaches followed in the FSV design. 
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Each primary loop includes an IHX, an electric motor driven primary 

helium circulator, and related instrumentation and controls. The primary 

coolant flows downward through the reactor core, where it is heated to 

950°C (1742°F). The hot helium is collected in a plenum area beneath the 

core and manifolded to the two IHX units situated inside cavities beside 

the core. The primary helium flows upward through the IHX cavity, counter-

currently transferring heat to the secondary helium. The cooled primary 

helium leaving each IHX is then ducted to its respective circulator, which 

returns it to the inlet plenum above the reactor core at 475°C (887°F). 

The secondary helium system (or secondary loop) transports thermal 

energy Erom the IHX to the process plant. Because leakage within the IHX 

can result in direct communication between the secondary and primary cir

cuits, the secondary helium pressure level is set slightly higher than that 

in the primary circuit. This prevents possible leakage of the reactor 



helium into the secondary system. The secondary helium is intentionally 

maintained at a pressure level near the primary helium pressure in order 

to minimize the long-term loading on the IHX, in which the combination of 

high temperature and material limitations requires a near-pressure-

balanced operation for structural integrity. 

The two secondary helium loops each consist of an IHX, a reformer, a 

steam generator, a secondary helium circulator, and the related piping, 

valves, and instrumentation. During normal operation secondary helium is 

heated to 899°C (1650°F) in the IHX and routed outside the PCRV to the 

reformer and then to the steam generator, which extracts the heat necessary 

for the process and auxiliary power generation. The hot helium thermal 

energy is split between the reformer (52%) and steam generator (483!) . Cool 

helium is then pumped back to the IHX at a temperature of 417°C (782CF) by 

the secondary circulator. 

' COMPONENT DESCRIPTION 

PRESTRESSED CONCRETE REACTOR VESSEL 

The PCRV is a multicavity pressure vessel which, together with liners 

and penetrations, functions as the primary containment for the reactor core 

and the primary coolant system. The PCRV also provides biological shield

ing around the core and provides the necessary structural support for the 

nuclear heat source system. If is constructed of high-strength concrete 

reinforced with conventional reinforcing bars and prestressed by two post-

tensioning systems, the linear prestressing system and the circumferential 

prestressing system. The linear prestressing system consists of individual 

multistrand tendons to develop the vertical prestress for the PCRV, and the 

circumferential prestressing system employs wire winding around the circum

ference of the PCRV to provide the required radial prestress. All cavities 

and penetrations are lined with welded steel liners which act as imperme

able gas-tight membranes to contain the primary coolant. The liners are 

anchored by studs welded to the liners and embedded in the concrete. 

Table 4 gives the pertinent design parameters associated with the PCRV 

and its cavities. ' 

TABLE 4 
COMPONENT DESIGN PARAMETERS 
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PCRV 

Diameter 
Height 
Core cavity diameter 

(1 place) 
Core cavity height 
IHX cavity diameter 

(2 places) 
IHX cavity height 
Circulator cavity 

diameter (2 places) 
CACS cavity diameter 

(I place) 
Core offset from PCRV 
center 

Co:i- Auxiliary Helium Circulator 

23.2 m (76 ft) 
20.9 n (68.75 ft) 
9.6 n (31.6 ft) 

12.9 m (42.2 ft) 
4.6 n (IS ft) 

17.3 o (56.75 ft) 
2.2 a (7.25 ft) 

2.5 n (8.25 ft) 

3.7 a (12 ft) 

842 MW(t) 
6.3 W/CD 3 

950*C (1742T) 

3 y r 
133.7 B 3 

U82 
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Core thermal power 
Core power density 
Avg, core outlet 

temperature 
Fuel In-core lifetime 
Core volume 
Number of fuel elements 
Number of control rod 

pairs 

IHX (per unit) 

Number of units 2 
Type Nodular straight-tube 

cotintvrflow design 
Heat duty 425.6 KiU) 
Tube diameter 11.1 ma (0.4375 in . ) 
Heat transfer surface area 10,448 n2 (112,460 ft2) 
Nusber of tubes 32,512 
Number of tubes per nodule J27 
Number of modules 2S6 

Primary Helium Circulators (per unit) 

Number of uni ts 
Type 
Drive 
Bearing aystea 

Blading tip diameter 
Blade height 
Static pressure rise 
Discharge pressure 
Circulator rated speed 
Motor shaft power 
Speed control 

Single-stage anlal flo-
Synchronous motor 
Water lubricated, with ,i 
buffer seal 
1295 on (51 In.) 
97 «n (3.8 in.) 
96.6 VPa (14.0 psl) 
5.0 HPa (725 psla) 
46S rad/s (4440 rpo) 
6.85 Mtf'e) 
Solid state variable 
frequency 

Number of units 
Type 
Drive 

Bearing system 
Flow rate 
Suction pressure 
Discharge pressure 
Static pressure rise 
Circulation speed 
Motor shaft power 
Speed control 

1 
Two-stage, axial flow 
Variable speed induction 
no tor 
Oil lubricated 
6.7 kg/s (53,000 lfea/hr) 
148 kPa (21.4 psia) 
165 kPa (24 psla) 
IB kPa (2.6 psla) 
372 rad/s (3550 rpo) 
670 kU (900 lip) 
Solid state variable 

• frequency 

Core Auxiliary Heat Exchanger 

Number of units 
Type 

Surface area 
Tube pitch 
Tube bundle diameter 

1 
Counterflow bayonet tube 
design 
370 a2 (3978 ft2) 
60 oa (2.38 in.) 
1.45 n (57 In.) 

Secondary Melius Circulators (per unit) 

Number of units 
Type 

Drive 
Bearing system 
Flow rate 
Discharge pressure 
Static pressure rise 
Shaft power 

2 
Multistage, centrifugal 
Steam-turbine 
Oil lubricated 
170 kg/s (1.35 x 10* Ibm/hi 
5.27 .MPJ (765 psia) 
362 kPa (52.6 psl) 
22.6 HV 

Steam Generator (per unit) 

Number of units 
Type 

Overall height 
Overall diameter 
Heat duty 

Reformer (per unit) 

Number of units 
Type 

2 
Once-through, helical tube 
design 
13.2 m (A3.25 ft) 
2.97 m (9.75 ft) 
215.5 MV(t) 

2 
Axial counterflow corivee-

Total tube surface area 
Heat duty 
Tube material 
Tube outside diameter 

tlvcly heated heat exchanger 
481? m2 (51.847 ft2) 
239 HW(t) 
HK-40 
86 »o (3.4 In.) 

THERMAL BARRIER 

The thermal barrier, in conjunction with the PCRV cooling water sys

tem, controls the temperature levels and gradients in the PCRV and mini

mizes heat losses from the primary coolant system. The thermal barrier 

design is directly based on the designs developed for the HTGR gas turbine 



and steam cycle plants. It has been necessary to upgrade the temperature 

capabilities of certain classes of thermal barriers for use in the process 

heat reactor because of the more demanding temperature requirements. The 

insulation material used is fibrous alumina and alumina silica. The 

fibers, in the form of mats, are firmly held against the cavity liners by 

cover plates. Except in the core outlet region, metallic plates of the 

same materials used in HTGR steam cycle plants are used. The VHTR core 

outlet gas temperatures require nonmetallics in this region. A carbona

ceous fiber-reinforced composite is being considered for the core outlet 

plenum side wall and hot duct cover plates; slip-cast ceramic blocks of 

fused alumina and fused silica are being considered for the plenum floor 

cover plates. The high-temperature thermal barrier will involve develop

mental work. 

The thermal barrier thickness, cover plate size, and method of attach

ment to the cavity liner vary, depending on location and required duty. 

Thin metallic seal sheets dnd sleeves are placed between the cover plates, 

the fasteners, and the fibrous insulation to minimize the loss of fibers 

into the primary system and the flow of coolant into the fiber mats. The 

overall thickness of the thermal barrier ranges from 102 to 229 mm (4 to 

9 in.) depending on location. 

REACTOR CORE 

The VHTR core is the same size [842 MW(t)J and operates at the same 

power density as the FSV HTGR. In addition, the prismatic fuel block 

design is identical to the FSV design. The core consists of vertical 

columns of hexagonal graphite fuel moderator elements and graphite reflec

tor blocks grouped into a cylindrical array and supported by a graphite 

support structure. The core is divided into 37 fuel regions, each con

sisting of a central fuel contro] element column with standard surrounding 

columns. This arrangement contains 210 standard fuel columns and 37 con

trol fuel columns. Each column consists of six fuel elements, for a total 

of 1482 elements in the core. The coolant flow rate through each fuel 

region is controlled by a variable orifice mechanism at each region inlet. 

The fissile fuel material is TRISO-coated uranium carbide, and the 

fertile material is BISO-coated thorium oxide. The uranium and thorium 

particles are coated with layers of pyrolytic carbon (and silicon carbide 

for the uranium particles) and bonded into fuel rods within the hexagonal 

graphite elements. The particle coatings provide the primary barrier for 

fission product retention. Either highly enriched uranium (HEU) or 

medium-enriched uranium (MEU) cores are possible. The basic structural 

material of the core is nuclear-grade graphite machined in the form of 

hexagonal blocks. These blocks also serve as the moderator and heat trans

fer medium between fuel and coolant. 

The 3-year fuel cycle with annual refueling of one third of the core 

should reduce the effects of fuel age differences in the core by minimizing 

the local power peaks in the core, thus lowering peak fuel temperatures, 

neutron exposure, and consequent fission product release. Design require

ments for yielding low fuel particle failure fractions, low fission product 

release, and low graphite block stress levels can therefore be satisfacto

rily met for the VHTR. 

INTERMEDIATE HEAT EXCHANGER 

The IHX is a nuclear-grade safety class component which transfers the 

heat from the primary helium circuit to the secondary helium circuit during 

normal operation and is also used to remove heat during emergency core 

cooling. This component has been designed as a modularized straight-tube 

cour.tefflow heat exchanger to obtain (1) geometric heat exchanger-propor

tions most consistent with the PCRV envelope, (2) minimum metal- temperature 

gradients, (3) reduced helium pressure loss requirements, and (4) minimum 

potential for flow-induced tube vibrations. The design is similar to that 

of helium-to-helium heat exchangers used in the HTGR gas turbine plant. 

Table 4 gives pertinent design data for the IHX. Although normal operation 

is in a near-pressure-balanced condition, the design basis is predicated on 

the loss of the secondary loop pressure putting the tubes into compression. 

The current selection of tubing material is Inconel 617. An extensive 

high-temperature materials program is in progress to obtain high-temperature 



data for the potential materials in this application. The material selec

tion and design of the IHX represent a substantial technical development 

effort. 

HELIUM CIRCULATORS 

Axial and centrifugal flow circulators are used to pump the helium in 

the VHTR primary and secondary helium loops, respectively. With the pres

ent loop arrangement, electric motors with variable frequency control are 

used to power the primary loop circulators and steam turbines are used to 

drive the secondary loop circulators. Safety class pony motors on the 

primary helium circulators, in addition to the main motors, and safety 

class electric-motor-driven circulators in the secondary loops provide 

helium circulation for emergency core cooling. Table 4 gives additional 

design information for the primary, secondary, and auxiliary circulators. 

REFORMERS 

The steam-methane reformer transfers the heat from the helium loop to 

the reformer feedstock in the presence of a nickel catalyst. It is, in 

effect, an axial counterflow convective heat exchanger, but with space 

provided on the tube side for the inclusion of the catalyst material. 

Many different concepts which appear to satisfy basic reformer 

requirements are possible. However, the design considered in this paper 

is a concept which has been used in the fossil-fired reforming industry for 

many years, with variations'required for adaptation to convective- heating. 

This concept utilizes a shell-and-tube heat exchanger which has. tubes large 

enough to contain the catalyst material in stacked particle bed form. The 

feedstock is introduced on the tube side of the heat exchanger and flows 

over the catalyst particles while being heated by the. tube walls. The con

version reaction takes place during passage through the bed, requiring that 

heat be supplied to the tubes over the entire active length. In fossil-

fired reformers this heat input is supplied by means of radiant energy from 

many fuel burners or gas jets located adjacent to a row of catalyst tubes. 

To adapt this concept to a secondary loop convective heat source, the tubes 

are grouped together to form a gas-to-gas tube-and-shell heat exchanger. 

The hot secondary helium is introduced on the shell side at the hot end of 

the catalyst tubes, flows counter to the product gas around the tubes, and 

is discharged at the cold end. 

STEAM GENERATORS 

The steam generator is similar to the HTGR steam cycle steam generator 

in bundle size and basic design; both are vertical, uphill-boiling, once-

through helical-tube generators. For tiie VHTR, the bundles are installed 

in internally insulated steel pressure vessels which are located in the 

secondary loop and therefore are not required to be designed as an ASME 

Code, Section til, Class 1 component. 

PLANT SAFETY AND EMERGENCY CORE COOLING 

The VHTR incorporates all of the inherent safety characteristics of 

the HTGR power plants. These include low reactor power density, high core 

heat capacity, use of ceramic materials for the core and moderator, 

single-phase reactor coolant, and employment of a PCRV, In addition, 

engineered safety features are provided to reduce the probability and 

mitigate the consequences of accidents. These include redundant means 

for emergency core cooling and provisions for containment of radioactive 

releases. 

The main core coolant loops have safety class components to provide 

emergency core cooling capability. In addition, a diverse-design safety 

class core auxiliary cooling loop is provided. One hundred percent shut

down core cooling capability can be provided by any one of these three 

loops, with the reactor either pressurized or depressurized. The reactor 

containment building contains releases from any postulated primary coolant 

depressurization accidents. 

BALANCE OF REACTOR PLANT 

Figure 5 shows a conceptual plant plot arrangement. The plot is 

arranged to be compatible with a twin reactor plant installation using 

common fuel handling and storage facilities. Reactor auxiliary structures 
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Twin 842-Mtf(t) HTGR-process heat plot plan 

are arranged similar to current HTGR power plant concepts. A minimum 

separation distance of 61 m (200 ft) is maintained between safety-related 

reactor plant structures and the reformers in the secondary helium loops 

to provide protection against possible failures in the process plant. A 

similar separation is maintained between the reformers and other equipment 

in adjacent process plant trains. 

The secondary helium circulators and turbine-generators are located 

in a building near'the reformers and steam generators. Equipment items 

required for safe reactor operation and shutdown are located in safety 

class protective buildings near the reactor containment. Secondary'helium 

containment piping penetrations and isolation valves are located in pro

tective enclosures attached to the containment. "Z"-shaped bends in the 

secondary helium pipes provide for thermal expansions between the contain

ment and process plant equipment. 

The design of reactor auxiliary systems is very similar to that for 

the HTGR power plants, except for additional facilities for helium handling 

and purification associated with the secondary helium loops. The Nuclear 

Island includes the reactor service building, which contains equipment for 

fuel handling and other reactor support operations; the fuel storage build

ing, which includes a hot service facility and fuel shipping equipment; the 

control and diesel-generator building; the ultimate heat sink buildings, 

which house equipment for emergency core cooling heat rejection; and the 

access control building. 

PLANT DESIGN AND PERFORMANCE CODE 

As part of the development of the nuclear process heat work, a com

puter model of the nuclear heat source and the associated process plant is 

under development. This Process Heat Reactor Evaluation and Design (PHRED) 

code will be able to: 

1. Calculate the complete.mass flow and heat balance for the reactor 

plant for a wide variety of independent variables, e.g., core 

outlet temperature, primary loop pressure, process temperature. 

2. Specify design operating conditions for all major components and 

calculate the size of the components based on their performance 

requirements, e.g., IHX, helium circulator, steam generator, PCRV. 

3. Calculate the capital and operating costs of the entire nuclear 

heat source and associated process plant. 

4. Couple to any available multi-variable direct search optimization 

program for system optimization studies. 

The program is designed so that it is capable of running a series of 

cases where each case is defined by a set of values for the independent 

design variables (IDVs), and these values are input by the program user. 

The program operates in a base case-alternate case mode. A base case, or 

reference design plant, is defined for the program by stored input data 

describing the design, performance, and cost of the reference plant. An 



alternate case plant is then defined by exercising the plant model within 

the program using values of the IDVs which are different from the base 

case values. A list of the 52 IDVs available to the user is shown in 

Table 5. 

TABLE 5 
VALUES OF INDEPENDENT DESIGN VARIABLES 

"AXIMUM PRIHARY HELIUM PRESSURE 
REACTOR THERMAL POWIR 
PEACTOR INLET TEMPERATURE 
REACTOR OUTLET TEHPtRATUOE 
PEACTOR COPE DIAMETER 
REACTOR CORE HEIGHT 
TOP RErLECTCR THICKNESS 
SIDE REFLECTOR THICKNESS 
BOTTOM REFLECTOR THICKNESS 
CORE COOLANT HOLE OIAKETER 
CORE HOLE PATTERN PITCH 
CORE CAR90N/TH0RIUH RATIO 

INTERMEDIATE HEAT EX CAVITY DIAKETEP 
REACTOR OUTLET DUCT DIAMETER 
INTER HEAT CX OUTLET DUCT DIAMETER 
CIRCULATOR tAVITY OIAMETER 
REACTOR INLET OUCT OIA-ETER 
NUMBER OF CACS LOOPS IN THE PCRv 

NUMBER OF INTERMEDIATE HEAT EXCHANGERS 
INTER HEAT EX SECONDARY INLET TEMP 
INTER HE»T EX SECONDARY OUTLET TEHP 
INTERMEDIATE HEAT EX TUBE OUTER D1A 
INTER HEAT EX TUBE PITCH/DIAMET£P RATIO 
INTER HEAT EX CENTRAL DUCT OUTER OIA 

MAXIHUH SECONDARY HELIUM PRESSURE 
P L A C T O R - T O - R E F O P U L R SEPARATION 

SECONDARY PIPING HOT-LEG CUTER DIA 
SECONDARY PIPING COLO-LEG OUTER CIA 
HOT-LEG THERMAL BARRIER THICKNESS 

NUMBER OF REFORHERS 
PEFORMFR STCAM/M^THANE RATIO 
REFORMER PROCESS OUTLET opESSURE 
PEFORM^R PROCESS OUTLET TE"PERA1URE 
REFORMER TUBE OUTER DIAHETES 
REFORMER TUBE PITCH/DIAMETER RATIO 
REFORMER TOTAL NUMBER OF TUBES 
REFORMER CATALYST PARTICLE DIAHETEP 

NUMBER OF STEAM GENERATOPS 
STEAM GEN STEAM OUTLET PRESSURE 
STFAM GEN STEAM OUTLET IEMPERATURC 
STEAM GEN EES1 TUBE OUTER DIAMETER 
STEAM, GEN EES1 TUBE WALL THICKNESS ' 
STr»M GEN EESJ TPANS PITCH/OIA RATIO 
STEAM GEN EES1 LONGI PITCH/OIA RATIO 
STEAM GEN S2 TU6E OUTER PIAMETEK 
STEAM GEN S? TUBE WALL THICKNESS 
STFAM GEN SZ LONGI PITCH/DIA RATIO 
STFAM GEN TOTAL NUMBER OF TUBES 
SIFAM GEN NUM9ER OF TUBE LAYERS 
S G CENTRAL DUCT OUTER OIAMETER 

COGENERATEC ELECTRIC POUfR OUTPUT 
AMBIENT TEMPERATURE 

The top-level logic i s shown in Fig. 6. The major i t e r a t i on loop 

shown on the diagram i s the i t e ra t ive solution required to achieve an 

energy and mass balance over all the flow and energy paths iff the plant . 
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Fig. 6. Top level logic'diagram for the PHRED computer program 
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The plant-design used for Che reference design is that described in 

this paper and shown diagrammatically in Fig. 7. There are four interact

ing fluid loops that must be solved iteratively in order to complete the 

mass and heat balance: primary helium, secondary helium, steam cycle, and 

process cycle. In order to keep the program as flexible as possible and 

to match the reactor program with different process plants, the process 

plant is handled separately and methods of joining the two together have 

been developed. The reference process plant is steam-methane reforming 

and has been modeled using the commercially available process design code 

DESIGN/2000 developed by the Chemshare Corporation (Ref. 4). The data 

obtained are transcribed to supply a data table within the parametric 

design program. • When programmed for a particular process, DESIGN/2000 has 

the capability o£ iteratively solving for all fluid flow streams, sizing 

process equipment, and establishing performance data. The results of this 

code are also used as input to establish the cost of the process plant. 

HEAT EXCHANGERS 
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Since the heat exchangers are at the loop intersections, the modeling 

of these units is very important. These models are described briefly below. 

Intermediate Heat Exchanger 

The IHX heat transfer is computed using a single mode and averaged 

helium properties. Previous studies have shown excellent agreement 

between this simple approach and more complex analysis performed by iter

ating along the length of the bundle. For a given set of operating con

ditions and IHX frontal geometry, the model designs a counterflow tubular 

helium-to-helium heat exchanger based on the mechanical layout established 

for the reference design. This heat exchanger design process includes the 

following determinations: 

1. Thermal sizing. 

2. Primary and secondary side pressure losses (including parasitics). 

3. Tube material selection (Incoloy 800H or Inconel 617) with the 

option of siting a bimetallic weld at a reference metal 

temperature. 

4. Structural thicknesses of cylindrical pressure parts (short-tern 

compressive loads, long-term tensile loads, and practical handling 

thicknesses considered in the selection process). 

5. PCRV cavity envelope requirements (including parasitic height 

allocations). 

6. Weight breakdown of IHX constituent parts. 

7. Enhanced surface geometry option. 
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Fig. 8. IHX computer model flowsheet 

A flowsheet description is given in Fig. 8. Items 3 and 4 above are the 

most important features of the IHX model because the material type and 

quantity o£ XHX tubing are an important VnTR. economic consideration. 

Since the IHX cubing cost is roughly proportional to the tube wall 

thickness, considerable attention was given to developing-simple, closed-

form correlations for computing tube wall thickness consistent with the 

procedures given in Section II of the ASME Boiler and Pressure Vessel Code. 

This entailed extrapolating available test data for the operating 

temperature/material regimes not covered in the Code. No additional wall 

thickness allowance calculations are built into the IHX model at this time. 

Instead, the model can accommodate a specified thickness allowance as an 

input IDV which is added to the calculated structural thickness prior to 

thermal sizing operations. 

Work to refine the IHX model is continuing, and it is expected that 

this upgrading will continue as more materials data and design technology 

improvements become available. 

Reformer 

The reformer model utilizes a reformer sizing program originally 

developed by Los Alamos Scientific Laboratory. This model will determine 

the reformer tube length, heat duty, process outlet composition, and 

helium outlet conditions when given the following set of IDVs: 

1. Tube inside diameter. 

2. Tube pitch/diameter ratio. 

3. Steam/methane ratio. 

4. Methane-steam inlet temperature. 

5. Methane-steam outlet temperature. 

6. Methane-steam outlet pressure. 

7. Catalyst diameter. 

This model calculates, for each increment of length along the tube, 

the helium side heat transfer coefficient, process side heat transfer 

coefficient, and temperatures as well as the reforming reaction rate. 



This reformer model has also been adapted to operate as part of the process 

design model within DESIGN/2000 (Ref. 4), so both the secondary loop model 

and process model utilize the same reformer model. 

Steam Generator 

The steam generator model is taken from the standard steam generator 

design computer program used at General Atomic, but it has been reworked 

so that it requires less computer run time than its standard version. The 

tube bundle configuration used is a helical coil design. The IDVs used to 

define the steam generator design are: 

1. Inner diameter of the outer bundle shroud. 

2. Outer diameter of the inner bundle shroud. 

3. Number of tube rows. 

4. Longitudinal tube pitch. 

5. Stress margin (determines tube diameter). 

6. Outlet steam temperature. 

7. Outlet steam pressure. 

The computations are performed over small increments of the length of 

the bundle, from the hot end toward the cold end, and the bundle is divided 

into three main sections: economizer, evaporator, and superheater. The 

length of each section of the bundle and the associated pressure drops are 

the major dependent variables computed by the model. 

INTERACTION OF PROCESS PLANT AND NUCLEAR PLANT 

The major link between the nuclear plant and the process plant is the 

steam generator and the reformer. The steam generator is the key item in 

coupling the two systems. The steam produced in the steam generator has 

three uses. It provides the steam which is mixed with methane to form the 

reformer feed; it provides heat and power (from turbogenerator sets) for 

the process plant; and it provides a separate flow to drive the turbogener

ator for the house load (including the primary helium circulator motors) 

and to power the turbines which drive the secondary helium circulators. 

If the steam produced by the steam generators is not sufficient to supply 

all three uses, then the iteration variable (methane mass flow rate) must 

be reduced to achieve the overall plant energy and mass balance. The 

overall energy and mass balance is obtained by using a linear fractional 

secant method to revise the estimated methane mass flow rate for each 

iteration until convergence is reached. 

The logic structure of the program required to model the steam reform

ing of methane to produce hydrogen is extremely complex. This process has 

been modeled separately in DESIGN/2000. The complexity, size, and computer 

running time of this program preclude its incorporation into PHRED as a 

subroutine to model the process plant. Therefore, the process plant is 

modeled in PHRED by a series of data tables and curve-fit subroutines 

which represent the results of a series of independent runs of the DESIGN/ 

2000 program. The extent of this data will be expanded as additional 

process information becomes available and as studies using PHRED indicate 

areas of design which improve the overall plant economics. 

CONCLUSIONS 

1. The current U.S. energy picture provides a bright future for syn-

fuel programs based on coal. Process development plans are being 

firmed up, and demonstration size plants should be started in the 

near future. 

2. Current analysis of the inclusion of HTGRs in the synfuel program 

shows a major advantage in coal savings and environmental impact 

but no particular cost advantage at present U.S. coal prices. 

3. A conceptual design for the nuclear process heat plant at 950°C 

(1742°F) core outlet has been developed based on the General 

Atomic steam cycle and gas turbine work. For some applications, 

notably coal gasification by steam-carbon reaction of bituminous 

coal and thermochemical watersplitting, the 950°C (1742°F) temper

ature may be required. For steam-methane reforming, lower temper

atures are still efficient and are being examined. 

4. The PHRED code currently under development will be a powerful 

tool in establishing the overall system parameters for nn opti

mized nuclear heat source-chemical process plant. 
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BASIC LAY-OUT, ARRANGEMENT AND DESIGN CRITERIA OP 
HEAT COMPONENTS OP THE "NUCLEAR COAL GASIFICATION 
PROTOTYPE PLANT (PNP)» 

R. PRUSCHEK 

GHT Gesellschaft fttr HochtemperatwreaJrtor-TechniJc iribH. 
Bergisch Gladbach 
Federal Republic of Germany 
1. Introduction 

Since 1975, the companies Bergbau-Forschung GmbH, GHT 

Gesellschaft fur Hochteraperaturreaktor-Technik mbH, 

Hochtemperatur-Reaktorbau GmbH, Kernforschungsanlage 

Jiilich GmbH und Rheinische Braunkohlenwerke AG - are 

working jointly on the Project "Prototype Plant Nuclear 

Process Heat (PNP)", with promotion of the "Bundesminister 

fur Forschung und Technologie" ' and of the "Minister far 

Wirtschaft, Mittelstand und Verkehr des Landes Nordrhein-

Westfalen" 2). 

The objectives of the project are the development of a high-

temperature reactor, with a core outlet temperature of 

950°C, suitable for various process heat applications, 

and the development and testing of the appropriate coal 

gasification technology. 

In the initial stage of the project, various alternative 

methods were examined in respect to the gasification of 

lignite and hard coal for various gasifications products. 

In order to restrict the number of different variants and 

the development effort itself, only such gasifications schemes 

were selected, which would allow the processing of all types 

Federal Minister for Research and Technology 
2) 

Minister for Economics, Small Business, and Transport of the 
State of North Rhine/Westfalia 



of coal and the recovery of various desired products 
(synthesis gas, synthetic natural gas, reducing gas) 

through combinations of a limited number of system 

components. Hydrogasification and steam gasification 

(or a combination of both methods) were selected as 

reference solutions for producing methane on the basis 

of the coal, water and nuclear energy, with a high 

temperature reactor as the heat source. Hydrogasification 

and steam gasification, resp. combined gasification 

methods connected to a nuclear high temperature heat will 

be demonstrated in the afore mentioned Prototype Plant. 

The applied gasifications methods comprise endothermal 

and exothermal reactions. Therefore, various heat transfer 

components are to be developed. In the context of this 

Specialists Meeting, only those components will be dis

cussed by which heat is transfered from primary helium 

to secondary helium or from helium to the working or 

process fluid. 

Gasification Processes 

According to the hydrogasification process (figure 1), 

hydrogene is produced by reforming a fraction of the 

methane being generated in the gasifier. The heat required 

for splitting of the methane in the steam reformer (SR) 

is covered by the heat transfered from the primary circuit 

of the HTR. Hydrogasification is an exothermal reaction, 

as is also the shift reaction or conversion, where carbon 

monoxide and steam are reformed to yield carbon dioxide 

and hydrogen. The heat set free during such exothermal 

reactions is recovered and used in the cycle at a process 

stage of an appropriate temperature. 

2.2 Steam Gasification 46 

The steam gasification process (figure 2) involves the 
gasification of coal by steam, coupled with a conversion 

process and a methanation stage to produce SNG. The 

heat requirement for steam gasification is met by nuclear 

energy. The steam gasifier is installed outside of the 

containment in order to avoid difficulties with the 

integration of gasification components within the 

containment. An intermediate heat exchanger transfers 

the heat from the primary He-loop via the secondary He-

loop to the gasifier. In the combined gasification process, 

the coal is initially subjected to hydrogasification. 

Then, the residual char is used for producing hydrogen 

via steam gasification and conversion. The heat recovered 

from the exothermal reactions is returned to the cycle 

at a point of appropriate temperature. The high' tempe

rature reactor is capable of supplying all the energy required 

in both the high and low temperature ranges, thus saving 

all the "enery coal" otherwise required for an auto-

thermal process. However, special attention must be 

given to accomodate the various process stages to the 

thermovector of the reactor coolant, especially if the 

electric power produced is to be balaned to the internal 

consumption of the gasification plant. 

2.3 §tate_of_the_Gasification_Technolggy 

The above described gasification technology is presently 

being tested on a semi-industrial scale. 

The companies Bergbau-Forschung und Rheinische Braun-

kohlenwerke each have operated pilot plants with a 

throughput of approx. 200 kg/h hard coal, resp. 400 kg/h 

raw lignite, for testing and further development of 

equipment used in the processes described above, 

especially the gasifiers. 



Figure 3 illustrates the semi-industrial pilot plant 

for hydrogasification of raw lignite with a throughput 

of 400 kg/h; figure 4 is a photograph of a semi-industrial 

pilot plant for steam gasification with a throughput of 

approx. 200 kg/h hard coal. 

Prototype Nuclear Process Heat Plant (500 MWth Power) 

Since 1977 the project partners have concentrated on the 

design of a nuclear gasification plant incorporating a 

HTR of 500 MW thermal power output, whereby both hydro-

gasification and steam gasification of lignite and hard . 

coal shall be demonstrated (figure 5 ) . In addition, the 

principle of the "Long Distance Nuclear Energy Transport 

System" is to be demonstrated with the aid of the proto

type plant. 

This plant is capable of simultaneously gasifying 

712.3 t/h lignite and 63.4 t/h hard coal. The total gas 

generation amounts to 73700 standard m3 SNG. 

The reactor and the primary system are located within a 

prestressed concrete pressure vessel (integrated primary 

system). The prototype plant is eguipped with two 

parallel cooling loops of 250 MWfch each, which provides 

an adequate scale of the loop and gasification components 

for future large-scale plants. 

The steam reformer (SR) and the subsequent primary steam 

generator- (SG) of the hydrogasification plant are in

stalled in the primary loop. 50 % of the steam reformer 

capacity is diverted for testing the Long Distance 

Nuclear Energy Transport System. 
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The He/He-intermediate heat exchanger (IHX) is located 

in the primary loop associated with the steam gasification/ 

resp. combined hydro-steam gasification plant. Other heat 

transfer components heated by secondary helium include: 

steam gasifier, secondary steam generator, and process 

steam superheater. 

Figure 6 is a cross-section of the prestressed concrete 

pressure vessel showing the arrangement of the heat 

transfer components heated by primary helium, i.e. the 

He/He-IHX, the SR, and the SG, The residual heat removal 

coolers, which are also installed in the primary system, 

are not discussed within this context. 

Heat Exchangers and steam reformers of the dimensions in 

question have not yet been operated under similar conditions 

in other technical fields. Apart from very stringent 

material requirements, there are also a number of special 

requirements to be fulfilled, such a compactness, in-

service inspection compatibility and repairability. 

4. Conditions and Design Parameters for Heat Transfer Components 

4.1 He^He-IHX 

There are two IHX of each 125 MW heat transfer capacity 

installed in parallel in the primary flow path. The helium 

leaves the reactor core at a temperature of 950°C. Having 

entered the plenum, it flows shellside upwards through two 

parallel IHX's, thereby cooling down to 290°C. Leaving the' 

IHX's it returns to the core cavity via blowers. The 

secondary helium enters the heat exchanger tubing through 

the tube plate at a temperature of 290°C, where it is heated 

to 900°C before passing through the hot gas header and into 

the secondary hot gas line located above. 



The system pressure in the reactor amounts to 40 bar. 

The pressure in the intermediate loop is always slightly 

higher. The pressure differential between the primary 

and secondary loops must be kept at a level somewhere 

between 0 and 3 bar during operation in order to keep 

the material stresses as low as possible and to ensure the 

realization of safety-related aspects. This subject will be 

discussed in more detail within the scope of the special 

presentation on IHX-design by W. Niemeyer, under session II. 

4 .2 Steam_Ref ormer_and_Priinary._Steam_Generator 

The steam reformer (SR) - as compared to conventional 

types of heat transfer equipment - requires a different 

mode of heating (heat transfer by convection instead of 

radiation). It must meet nuclear engineering requirements 

and be tested under reactor conditions. The primary helium, 

at a temperature of 950°C, flows outside around the reformer 

tubes in the steam reformer and cools down to approx. 700°C. 

The reformer gas enters the reformer tubes from the top, 

subsequently emerging into an internal return tube leading 

through the catalyst column. The total heat transfer rate of 

the steam reformer amounts to 146 MW, 96 MW.. of which are 

provided by the primary helium and the remainder by the 

return tube and recuperation. 

The helium - still at 700CC - is then used for heating the 

tailing primary steam generator (SG), which requires 

154 MW . The steam leaves the SG at a temperature of 

540°C and at a pressure of 115 bar. 

48 
4.3 Summary_of_Conditigns_and_Reguirements 

Figure 7 lists the conditions and requirements for the 

heat transfer components of the primary loop (inter

mediate heat exchanger, steam reformer, steam generator) 

and secondary loop (sec. steam generator, steam gasifier). 

The design basis includes removability, repairability, 

and in-service-inspectability (accessibility) of all 

main primary loop components. 

The design requirements in respect to strength calcu

lations, classification, etc. present a special problem: 

no adequate design codes exist for such a high temperature 

range and the anticipated life time. An extensive material 

R & D program has been initiated. At present, IN 617 

seems to be most suitable for the IHX, and hot gas header. 

Indications are that cast materials may also be used 

for the steam reformer. 

An extensive test program is in progress for the IHX 

and other heat transfer components. In the case of the 

SG, experience gained on the THTR is of help, and some 

such data may be taken over. Component-integral testing 

on the IHX has not yet started? the necessary test loop 

is still in planning. Testing on single steam reformer-

tubes has been conducted for improving the basic 

knowledge of this component. The test facility for 

testing of SR-tube bundles is nearly completed and 

preliminary testing will start soon. 

Further papers within the scope of this conference will 

deal with aspects of design, experiments, materials 

and the problematics related to stress and strain 

analysis of the described heat transfer components of 

the PNP-500. 
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HTR-NUCLEAR PROCESS HEAT APPLICATION* 
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JUlich 
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* The work discussed here has been performed under the terms of the cooperating 
agreement between 
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GHT/lnteratom GmbH 
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dealing with the development of processes for the conversion of solid fossile 

fuels with heat from high temperature reactors. The project is sponsered by 

the Minister for Research and Technology of the Federal Republic of Germany 

and the State of Northrhine-Westfalia. 

1. Introduction and problems 52 

The successful development of nuclear process heat depends critically on 

the evaluation, qualification and development of metallic materials for 

components operating at the highest temperatures within the primary and 

secondary circuits. Although the main topics of this specialist meeting 

are the concepts and the design of the components, one major problem for 

the construction of the plant is the availability of specified,alloys for 

use at high temperatures, especially in view of the fact that established 

design rules and accepted codes are available only for temperatures up to 

about 800 °C. 

In the FRG, therefore, an extensive materials evaluation and development pro

gramme is underway. In addition to the principal project partners, the steel 

and tube-making companies, several research institutions in Germany and the 

successor of the Dragon-Project metals group, HTMP, are involved in this 

programme. . 

A schematic cross-section, of the present design of a prototype plant for 

nuclear process heat is shown in Fig. 1. The tubes and headers which transfer 

the heat.from the primary circuit helium either to the secondary circuit 

helium or to the methane reforming process gas mixture are typical examples 

of the critical components for which the materials problems have not yet been 

solved. 

In order to use nuclear heat for coal gasification we have to specify materials 

which can withstand the high temperature corrosive attack of 

the primary helium coolant, which contains small, but significant amounts 

of the impurities Hg, H20, CO, CĤ ', XOg and N2 (500, 1.5, 15, 20, 1 and 

5 .ubar); 

the secondary circuit helium (SC-He), to which small amounts of oxidants 

may be added to ensure the formation of protective oxide films; 

the methane reforming gas, the reference test atmosphere consisting of 

steam (50 vol-*), hydrogen (35 vol-2), CH., CO and C02> each at about 

5 vol.-S; 



the process gas for the steam gasification of coal, the reference test 

atmosphere consisting of steam (50 vol.-2), hydrogen (27,5 vol.-?), CO 

(7,5 vol.-%), CH4 (4,5 vol.-2), C02 (10 vol.-*), with some additional 

impurities, e.g. HoS; 

conditioned water. 

The mechanical properties must be sufficient to withstand the following 

loadings: 

2 
under normal service condit ions, a very low stress of less than 5 N/mm 

due to the small differences of pressure between the primary and secon

dary c i r c u i t s ; 

at s tar t -up and shut-down condi t ions, thermally induced stra ins which 

depend on the geometry of the components and the temperature gradients; 

at upset condit ions, a t ransient superheating and/or stresses up to about 

20 N/mm2. 

In the select ion of materials fo r PNP-components, fo r example hot duct ing, i n te r 

mediate He/He-heat exchanger tubes, steam reformer tubes, steam gas i f i e r and 

steam generator, a t tent ion must be given t o : 

hot and/or cold workabi l i ty 

weldabi l i ty 

high temperature creep resistance 

high temperature oxidation and carburizat ion resistance. 

The high temperature austeni t ic Fe-Ni-Cr and Ni-Cr-base a l l o ys , current ly under 

evaluation for the tubing components, are (F ig . 2 ) : 

for, steam reformer and steam generator tubes: Incoloy 8oo H and Incoloy 

8o2, (Fe-32 % Ni-22X Cr) austeni t ic a l loys with d i f fe ren t levels of carbon; 

fo r intermediate heat exchanger (IHX) tubes: Hastelloy X, Nimonlc 86 ; 

Hastelloy S, Ni-Cr-base a l loys , sol id solut ion hardened by molybdenum and 

fo r steam reformer tubes: the al loys IN 519 and Manaurite 36 X, both Fe-

Ni-Cr-al loys for centr i fugal tube castings. 

Besides these a l loys , a number of modified commercial a l loys and experimental 

al loys is being examined to provide an understanding of the high temperature 

corrosion behaviour in HTR-helium as well as in process gases. Typical J*1- pre- 53 

c i p i t a t i o n hardened turb ine blade superalloys are not taken in considerat ion 

due to t h e i r low workab i l i t y . 

Although the a l loys under considerat ion are already used commercially, there 

are no establ ished design codes f o r nuclear appl icat ions above 816°C. 

F ig . 3 shows the development of the HTR, as measured by the highest . 

temperature of me ta l l i c components, and i t can be seen that the'metal 

temperatures in the advanced HTR-systems exceed the .temperature range 

covered by the ex is t ing design code ASHE Code Case N 47. 

The evaluat ion of the long term behaviour of the a l loys i s one of the p r inc ipa l 

tasks to be completed before the construct ion of the high temperature components 

can be s ta r ted . The c r i t i c a l components are : 

hot gas duct ing between core and heat exchangers; 

IHX; 

steam reformer; 

immersion heater of the gas generator in the steam gasification plant. 

It has been shown already in Japan that a simple extrapolation of the ASME 

Code N 47 design rules cannot be made for the use of alloys at IWgner temperatures. 

Therefore the philosophy and basis for the design rules need to be assessed. 

In order to fulfil the data requirements of the designers a large number of 

tasks must be undertaken ( Fig. 4 ). The tasks can be divided into three 

groups : 

those dealing with the properties of the materials themselves; . 

those dealing with parameters which relate to the operation 

of the reactor; 

those which consider the problems of producing and using 

components fabricated from the materials. 

In the first group, we have tasks to determine : 

the short time tensile, and the 

creep and fatigue properties of the materials, 

particularly under the relevant environmental conditions; 



the toughness of the materials and the influence of thermal 

exposure on the toughness; 

the processes of material degredation due to corrosion and .the 

kinetics and thermodynamics of the corrosion processes; 

the influence of the service parameters ( i.e. stress, 

thermal exposure and corrosion ) on the end-of-1ife properties 

of the material. 

In the next group, we have tasks to determine : 

the influence of irradiation on ductility, which is particu

l a r important for control rod materials; 

the friction and wear characteristics of the materials used, 

for instance, for spacers and tube supports; 

the extent of the difficulties that can arise from using 

cobalt-containing alloys; 

techniques to decontaminate primary circuit components 

to facilitate maintenance. 

In the third group we are considering such questions as : 

the hot and cold workability of the alloys; 

weldability, and the development of appropriate welding 

techniques. 

For insulation in the hot gas ducting, ceramic materials are being considered. 

To give an idea of the present status, we would like to discuss the following 

aspects of the behaviour of metals : 

creep behaviour 

fatigue behaviour 

end-of-life properties 

corrosion. 

2. Current Status 

54 

2.1 Creep behaviour 

In Fig. 5 the dependence of rupture strength of Incpnel 617 as a function of • 

time and temperature is shown together with the maximum operating temperature 

of HTR-plants. The difference between the short-time tensile strength and the 

long-term stress rupture strength becomes more and more important with 

increasing temperature. This emphasises the importance of understanding 

the creep behaviour of the material. In advanced HTR's, the time-dependent 

strength properties, e.g.: 

- stress rupture 

- stress for 1% strain 

- creep rate 

determine the stress level allowable in the design of the components. 

As service lives for PNP components are planned to be 14o.ooo hours, long-

term testing is required to enable safe and reliable extrapolation of creep 

properties.Using Inconel 617 as an example, the present status is illustrated 

by Fig. 6 in which the time for IS strain is plotted. 

- up to lo.ooo hours, the mean curves are well supported by experminental 

results ( thick line ). 

- extrapolation to 3o.ooo hours is permissible ( thin line ) 

- beyond 3o.ooo hours the extrapolation is very uncertain ( dotted line ). 

Similar curves with experimental results of up to lo.ooo hours for 1 * creep 

strain and rupture time both in air and in HTR-helium have been determined for all 

the other alloys of the reference list. Up to test times of about lo.ooo hours 

no clear influence of the HTR-helium test environment on the 1 % creep strain 

and creep rupture strength can be established in comparison with the scatterband 

of air values. There are insufficient results from creep tests in simulated 

process gas to indicate an influence of this atmosphere. Considering the creep 

rupture elongation the values obtained in HTR-helium are generally in the lower 

part of the scatterband obtained in air. 



2.2 Fatigue behaviour 

For the analysis of the influence of start-up and shut-down of the plant, 

the low-cycle fatigue behaviour must be examined ( Fig. 7 ). In the case of 

Inconel 617, the material properties, based on test results obtained with virgin 

materials under cyclic conditions without hold-times and the ASME CC N 47 safety 

factors, exceed the requirements of specific operation conditions. The design 

values will be explained in the contribution of Mr. Sce;i.;fer (GHT/IA, Bensberg). 

If hold-times are introduced, as shown in Fig. 8 , a decrease in the number of 

cycles to failure is observed, which could lead to problems in respect of the total 

envisaged life of a component. For the prediction of allowable service life, 

especially in components which have been in service and in which by nondestructive 

test methods a crack has been found, an understanding of crack propagation is 

neccessary. In the materials programme, the crack growth is being examined ( Fig. 9 ) 

a) under creep conditions 

b) under fatigue conditions. 

The determination of creep crack growth rate ( da/dt) in dependence on normalised 

stress ( c" N), that means the load on the remaining cross section, and of the fatigue 

crack growth rate ( da/dN ) as a function of the stress intensity factor ( ̂ K , ) 

are carried out in air and HTR-helium at different temperatures. For the design, a 

first approximation for the threshhold stress or stress intensity factor for the 

beginning of a crack growth and the crack growth rate can be derived from this 

kind of curves. 

2.3 End-of-life properties 

In the safety philosophy, the end-of-life properties are of high importance. 

Data of overaged and long term exposed materials are required, to predict the 

behaviour of the materials during up-set conditions. 

During exposure at high temperatures the structures of the alloys change 

and can lead to changes in the mechanical properties. As an example, Fig, lo 

shows the effect of thermal exposure on the impact strengths of Incoloy 8oo H, 

Hastelloy X and Inconel 617. In tests at room temperature and at the exposure 

temperature ( in this case 9oo C ) a marked decrease in the impact strength of 

:he two nickel-base alloys after long-term exposure can be seen. In contrast, 

the iron-base Incoloy 8oo H retains a high proportion of its impact strength . 

2.4 High temperature corrosion 55 

The impurities in HTR-helium typically cause the following effects at or 

below the surface of the materials ( Fig. 11 ). 

Beginning with the surface/helium boundary : 

A surface oxide scale is formed, sometimes containing carbide particles 

or, especially at temperatures above 9oo°C, even carbide surface layers. 

below the surface, a zone depleted in oxidizable alloying elements such as 

chromium is observed; 

in some alloys, particularly those containing aluminium,internal oxidation 

is. found; 

deeper in the material a region of enhanced carbide precipitation due to 

carburization is formed; 

an overaged structure is formed with precipitations of carbides as HC, 

M23 C6' M6 C > 

In process gas the main problem is concerned with internal oxidation. 

Carburization or decarburization may be prevented by changing the content 

of minor elements in the alloy such as Al, Ti, Nb and Si. 

For the design, the corrosion effects must be taken into account, but at present 

there are no established rules for indicating how this may be done. 

2.5 Alloy development and coatings 

Besides the reference alloys, whose behaviour is being evaluated broadly in the 

basic programme, the possibilities of optimization of existing alloy compositions 

for HTR applications are being investigated. Three properties are used as guiding 

parameters : 

a) creep strength necessary for IHX-tubes; 

b) resistance against carburization in HTR-helium; 

c) resistance against corrosion in the fluidized bed of the steam gasification 

process. 

For (b) coatings are also being developed and tested. 



3. Final remarks 

In this contribution problem areas as seen from the materials standpoint 

have been indicated. 

In the German project, basic data of the materials for construction are now 

available for a design life of 3o.ooo hours. The programmes in progress are 

aimed at providing the design data for a design life of loo.ooo hours. 

The real.ization of nuclear process heat should be possible, if all technical 

and scientific potentials are used for the evaluation and development of high 

temperature alloys. To fulfil this requirement a close collaboration between 

the different national institutions working on nuclear process heat is manda

tory. 

This contribution based on the current status of the PHP-material programme. 

Overview papers are : 

H. Nickel, H. Schuster, Jakobeit : 

" Werkstoffe flir fortgeschrittene Hochtemperaturreaktoren " 

Beitrag zum HTR-Statusbericht der KFA-Jiilich und ihrer Projektpartner, 

September 1978. 

F. Schubert, H.-O. Schroter, H. Lorenz, W. Theyroann, K. Schuhmacher : 

" High Temperature Alloys for PNP-Components " 

Contribution to ENC 79, May 1979. 

H. Nickel, F. Schubert, H. Schuster : 

" HTR-Steam Cycle and Nuclear Process Heat : High Temperature Alloys, 

Requirement and Probems " 

Contribution to International Conference on 
- The Behaviour of High Temperature Alloys in Agressive Environments -

Petten, Oct. 1979. 

P.J. Ennis, H. Schuster 
" High Temperature Alloys for the Primary Circuit of a Prototype 

Nuclear Process Heat Plant " 

Contribution to SMIRT '79 ( Aug. 1979 ) 

% 

H.P. Meurer, H. Breitling, E.D. Grosser : 

" Low Cycle Fatigue Behaviour of High Temperature Alloys in HTR-Helium" 
Contribution to International Conference on 

- The Behaviour of High Temperature Alloys in Agressive Environments -

Petten, Oct. 1979. 
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INTERMEDIATE HEAT EXCHANGER 
FOR HTR PROCESS HEAT APPLICATION 

M. CRAMBES 
Socifite" NOVATOME 
20, avenue Eiouard Herriot 
F-92350 Le Plessis Robinson 
Prance 

1. SUBJECT. 

In the French study on the nuclear g a s i f i c a t i o n of c o a l , the fo l lowing 

opt ions were recommended : 

Coal hydrogenation, the hydrogen being derived from CH reforming 

under the e f f e c t s of HTR heat. 

- The use of an intermediate helium c i r c u i t between the nuclear plant 

and the reforming p lant . 

The purpose of the present paper i s to descr ibe the heat exchanger 

designed to transfer heat- from the primary to the intermediate c i r c u i t . 

2 . PRELIMINARY CHOICES. 

The power l e v e l of the largest reforming p lant s corresponding to the 

present hydrogen output -is approximately 200 MW. Keeping the same basic 

power l e v e l and assuming that 4 heat exchangers can be placed round the 

reactor core , we arr ived at an 8.00 VIW power l e v e l for t h e r e a c t o r . 

Taking Fort St VRAIN as re ference plant (840 MW), t h i s g ives four 210 MW 

l i n e s , which corresponds to the power l eve l of the intermediate heat 

exchanger here descr ibed. 

Main opt ions ( s l i d e 1 ) . 

The present heat exchanger study i s based on the fo l lowing 

design opt ions .' 

- The primary helium Elows upwards in t h e IHX because i t flows 

downwards in the reactor core . 

- The primary helium flows outs ide the exchanger tubes , because 

i t i s eas ier to keep the primary helium in the presCressed 

concrete reactor v e s s e l l i n e r , rather than ins ide the tube 

bundle, where thermal expansion problems would a r i s e . 

- The heat exchanger i s of the "once through" type , but the 

intermediate helium i n l e t and o u t l e t are both located on the 

same s i d e and as near as p o s s i b l e to the fondation ra f t i n . 

order to mi t iga te se ismic problems. With a once-through devicp, 

the pressure drop i s lower and i n - s e r v i c e inspect ion i s e a s i e r . 

- The hot parts are made of Incoloy 800 H. We sha l l come back on 

t h i s opt ion l a t e r . 

Main design c r i t e r i a ( s l i d e 2 ) . 

In accordance with other reactor data, the heat exchanger i s 

designed for : 

- An upper helium temperature of 850°C for the primary c i r c u i t 

and 800°C for the intermediate c i r c u i t . These are not in fact 

extremely high temperatures, but combined with the other 

operating parameters (70 bar-and a 300.000 hour l i f e t i m e ) the 

mechanical r e s i s t a n c e requirements are r e l a t i v e l y d i f f i c u l t 

t o comply with . These temperatures, together with t h e flow-

r a t e , determine helium lower temperatures of 480°C for the 

primary c i r c u i t and 350°C for the intermediate c i r c u i t . 



A 70 bar pressure in che primary circuit: and 72.5 bar pressure 

in che intermediate c i r c u i t . These values are high enough to 

permit a low pressure drop and consequently, a low blower 

power leve l . 

- The pressure drop i s l imited to 800 mbar on the primary side 

and 1600 mbar on the intermediate s ide . 

- The A P i s calculated at 2.5 bar for'normal conditions and 

upset conditions (intermediate depressurization accident) a t 7 o b 

870°. C for 1 hour. 

2 . 3 . Main design requirements ( s l ide 3) . 

The design concept has to allow for in-service inspection and 

the closing of a faulted tube. 

The design calcula t ions are based on ASME and code case 1592, 

for a 300.000 hour l i fe t ime. Provision i s made for operation 

with 2 7. of the tubes plugged. 

DESCRIPTION. 

3.1. Design (slide 4). 

Taking into account the requirements described above and after 

some research into various possible solutions, we propose the 

following design. 

Each of the 4 heat exchangers consists of 6 modules arranged 

round a central collector. The tube bundle modules are of the 

straight tube type. The primary (hot) helium enters at the 

bottom of the device, flows up outside the tubes and leaves 

the heat exchanger towards the main circulator at the top. 

The intermediate (cold) helium enters the device at the bottom 

through an intake chamber located under the metal structure 

bounding the primary containment, flows up through a central 

collector, is distributed to each module by helicoidal subheaders 

and is warmed as it flows down to the lower cavity where it is 

collected. 

The modules are fixed at the base to a support structure, the 

overall thermal expansion being accommodated at the. top of the 

tube bundle where the tubes are unconstrained. The helicoidal 

subheader cakes up the thermal expansion difference between the 

module and the central header. The support structure is insulated 

on the primary side to keep the metal part cool. 

Construction (slides 5.6.7). 

The module main characteristics are as follows : 

- 10/14 mm 0 tubes, arranged in 21 mm triangular pitch bundles, 

having an exchange length of 11.2 m. 

2 
- The tube number i s 1602. The heat exchange surface is 711 m ; 

2 
the primary helium flow area i s 0.486 m and that of the 

2 
intermediate helium 0.126 m*". 

- The primary helium flow veloci ty is 14 m/s and that of the 

intermediate helium 29 m/s, which r e s u l t s in 40 mbar and 460 mbar 

respectively for the outside and inside bundle pressure drops. 

- The module diameter is 920 nm and i t s weight 24.2 tonnes. 

Further pa r t i cu la r s of the module can be seen on s l ide 6. 

The bundle tubes are welded a t each end to tube sheets . An 

upper tank co l lec t s the cold intermediate helium and a lower 

tank, the hot intermediate helium. 



The primary helium enters and leaves through a port provided 

in the outer shroud, which guides the helium flow. The shroud 

i s reinforced every 700 am by r ings , which also support Che 

cube bundle bracing grids, formed of two layers of cross rods, 

butt-welded to the ring. At the top, the shroud widens, in 

order to canalize the primary helium towards the circulator 

suction chamber. 

The tubes are undulated at the top, to make allowances for 

dif ferential thermal expansion, which, at the worst, can amount 

to Ao°C. 

On s l ide 7, you can see a general view of a heat exchanger. 

The module support structure also bounds the primary containment. 

It has a convex base with 6 module seatings and one central 

col lector , which also acts as a support for the modules and 

for the seismic buffers. The lower guide forms a separation for 

the hot primary helium and the upper guide forms a separation 

for the primary helium leaving the circulator. Provision i s made 

for a s l ight helium leakage to the hottest areas of the system 

to adjust the temperature in the intermediate zone around the 

modules. 

The intermediate helium outlet pipes are internally insulated 

and flanged onto the seatings provided. They act as thermal 

sleeves between the very high temperature elements and the 

module seatings. 

Free expansion gaskets connect the hot intermediate helium header 

to the lower cavity, with a s l ight leak of cold into hot inter

mediate helium. 

The intermediate helium cold col lector i s supplied from free 

expansion headers, which are connected to the central collector 

by 10 helicoidal sub-headers. 

Each module can be extracted through the top of the penetration 

after removing the circulator and i t s helium suction devices. 

One of our concerns with th i s design was to locate in the cold 

area structures subjected to severe mechanical s tresses . 

SIZING. 

Thermal considerations. 

The thermal sizing of this exchanger is based on heat exchange formulae 

found in literature on the subject. The helium characteristics taken are 

those published by the CEA. 

A 12 7. margin is allowed : 

- 6.5 7. for heat transfer coefficient uncertainties 

- 2.5 7. for inactive surfaces 

2 7. for plugged tubes 

17. for manufacturing allowances. 

Mechanical considerations. 

The mechanical properties of Che exchanger structures shall comply with 

ASME and code case 1592 recommendations. The materials selecCed are as 

fo 1 lows : 

- 2.\ Cr, 1 7. Mo for the parts functioning below 400°C. 

Incoloy 800 H for the hot parts, which can reach temperatures up 

to 870°C. 

Before deciding Co use Incoloy 800 H, on the basis of references in Che 

Wiggin catalogue, we made a comparison between the 800 H and 802, from 

which we reached the following conclusions : 



- Incoloy 802 e las t ic limits are higher than those of 800 H. 

Incoloy 802 creep resistance i s higher than that of 800 H for 

u t i l i sa t ion periods of less than 10-000 hours but this advantage i s 

no longer apparent over longer periods. 

We consequently selected Incoloy 800 H, with a view to basing the project 

on the most penalizing data. 

For the coldest parts, we found a l l the requisite data in the ASME. 

For the very hot parts, the admissible stress l imits Co"* S , S ) 
r rupture, m' t 

had to be obtained by extrapolation of the code case 1592 data, which only 

go up to 760°C. 

The admissible stress l imits are defined using the following values : 

- For S 
IB 

, instant rupture stress versus temperature 

. yield stress versus temperature 

. stress in i t iat ing tertiary creep versus time and temperature 

. rupture stress versus time and temperature 

. stress resulting in 1 $ creep versus time and temperature 

- Ibr 800 H at 870 C, the following data sources were 
available: 

. case 1592 for the yield stress only 

. a Wiggin catalogue for the yield stress , the rupture 

stress with time versus temperature, the stress resulting 

in 1 $ creep with time versus temperature, Dut for periods 

of time less than or equal to 10.000 hours. 

. a creep law defined by the CEA and GAC. 

The data derived from a l l these sources had to be extrapolated either for 

temperature (code case 1592) or for time (Wiggin) and the values selected 

were consistently the lowest possible. 

As we had no data on the stress in i t iat ing tertiary creep, we applied 

a safety factor of 0.6 to 0.7 to S.; this gave the curve shown in slide 9 

which we used for our calculations. Slide 10 gives the rupture stress . 

C O N C L U S I O N 

This design study for an exchanger for HTR heat generating applications, 

using conservative material characteristics, has shown that i t i s 

presently possible to consider building such a component for temperatures 

of 870 C. It also evidences the necessity to focus efforts mainly on 

the materials used for very high temperature nuclear developments, 

particular attention being paid to the investigation of their 

characteristics versus temperature and time for periods of up to 

300.000 hours. These materials should also include insulating materials. 

MAIN OPTIONS 

Reactor with 4 heat exchangers 

Primary helium flow upwards in the IHX 

Primary helium flow outside the exchange tubes 

Once through H X 

Intermediate helium inlet and outlet located on the same 
side of the I.H.X. module 

Structural material 800 h. 
SLIDE 1 



I.H.X. DESIGN CRITERIA 

Power 

Primary helium loop 

temperature 

mass flow 

pressure 

pressure drop 

Intermediate helium loop 

temperature 

mass flow 

pressure 

pressure drop 

Normal conditions 

Upset conditions 

210 HW 

850/480 °C 

109,35 kg/s 

70 bar 

< 5 0 0 tnbar 

350/800 °C 

89,92 kg/s 

72,5 bar 

< 1600 mbar 

A p = 2,5 bar 

A p = 70 bar at 870 °C 
during 1 hour 

S L I D E 2 

MAIN DESIGN REQUIREMENTS 

Possibility of inservice inspection 

Possibility of closing faulty tubes 

Possibility of operating with plugged tubes 

Design calculations made with ASHE and Code Case 1592 

Life time 300.000 h. 

Maximum dimensions compatible with transport possibiliti 

SLIDE 3 



•REFERENCE litAT EXCHANGER 

3,5, 

in le tC350 'c ) 
INTERMEDIATE HELIUM 

outlet C800°cD 

^ 1 
5 V ' ^ | p outlet C480r) 

PRIMARY HELIUM 

= " inlet C8 5'0"c) 

SLIDE 4 

MODULE CHARACTERISTICS 

Tube diameter 

Triangular pitch 

Number of tubes 

Heat exchange length 

Front area prim. 0,486m^ 

Heat exchange area 

Flow velocity inside tubes 

Flow velocity outside tubes 

Pressure drop inside the bundle 

Pressure drop outside the bundle 

Diameter 

Weight of the exchange bundle 

Total weight 

10/14 mm 

21 mm 

1 602 

10 m 

inter. 0,126m 2 

711 m 2 

29 m/s 

14 n/s 

460 mbar 

40 mbar 

940 mm 

9,75 t 

24,7 t 

SLIDE 5 
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HEAT-EXCHANGING COMPONENTS FOR COAL GASIFICATION: 

- HE/HE INTERMEDIATE HEAT EXCHANGER ( i H X ) AND 
STEAM REFORMER (STR) I N THE PRIMARY CIRCUIT 

W. NIEMEYER 
GHT Gesellschaft fUr Hochtemperatur-
reaktor-Technik rribH. 

Bergisch Gladbach 
Federal Republic of Germany-

constructive design and helium flow of the IHX 

As compared with the conventional manufacture of apparatus , 

there are some essential differences due to the 

- utilization of 950°C hot helium from a HTR 

- installation in a PCRV 

- prevention of major failures 

- long lifetime 

The following basic solutions result from these essential 

features: 

- Metallic tubular heat exchanger with extremely high wall 

temperatures 

- Precautionary measures (in-service inspections) 

. - Fully qualified material 

- Comprehensive analyses of the strength and creep behaviour 

- Comprehensive qualification tests of the component 



The above-mentioned constructive features and the respective 

solutions shall be discussed in the following taking the He/He 

intermediate heat exchanger (IHX) and the steam reformer(StR) 

as examples. 

Constructive design and gas flow of the IHX 

The support plate is arranged at the'top of the helical IHX 

and forms the primary/secondary barrier. It bears the load 

of the heating surface as well as the load of the central 

secondary hot gas return pipe. Besides, it forms the header 

for the cold secondary helium. This flows through the helical 

tubes, positioned,by supporting plates, downwards to the 

secondary hot gas header at the bottom end of the secondary 

hot gas return pipe and through the internally insulated 

pipe to the secondary hot gas duct. 

The hot primary helium from the core passes the coaxial gas 

duct and flows through a 90°-bow into the heat exchanger 

upwards cross flow to the tubes. Transferring its heat to 

the secondary fluid and returns coaxially to the insulated heat 

exchanger skin to the circulator. 

The legs of the U-tube-compact IHX are adjusted in an inner 

"hot" and outer "cold" concentrial annular space divided by 

shells and an insulation between. They are grouped on 

evolvents to obtain equal packing density. Through helical 

compensation pipes and an hanging annular header, the cold 

secondary helium flows into the tubes of the heat exchanger 

bundle. There the fluid is heated up and streams into the 

hot secondary header, which is attached to the secondary 

hot gas return pipe at the support plate building up the 
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primary barrier. The inside-out-turned shell between the cold 

and hot annular space forms the connection between the secon

dary cold and hot annular headers, so that the heat exchanger 

tubes can slide while extending. 

The arrising central duct brings the hot primary helium into the 

heat exchanger. After turnabout in front of the shock plate of the 

hot secondary header the fluid streams in counter flow around 

the tubes. After cooling down the fluid passes coaxially be

tween the insulated heat exchanger shell and the cavity wall 

to the circulator. 

As for the fulfillment of the precautionary measures, all 

measures are understood, which shall confirm the orderly 

condition in accordance with the layout and'thus a high 

probability for a further undisturbed operating period. In 

particular these are the non-destructive test methods such 

as X-ray examination, eddy-current test (EC) ultrasonic test 

(US), Met-L-Check and pressure test. A leak test only indi

cates an existing condition and cannot be considered to be 

a precautionary measure. Since expecially EC and US are 

being developed further, at least a good accessibility and 

the fulfillment of all known marginal conditions (radii, 

wall thicknesses, arrangement of weldings) are required 

for any practical solution. 

When inspecting from the inside of the tube by ultrasonic 

test only a reflection method can be applied. It is disad

vantageous that in the case of an austenitic structure the 

scattering of echos at the boundary surfaces of the crystals 

will effect a high noise level. In the individual case the 

respective material structure will be decisive. As for 

ferritic U-tube of steam generators with tube dimensions 



of 25 x 2,3 nun and 15,9 x 2 mm, an ultrasonic system is 

being tested. Measuring heads helically arranged on a carrier 

are moved along the tube axis and enable a wall thickness 

measurement and a control of the surface condition. Hitherto 

achieved results have shown an accuracy of up to 0.0125 mm 

at wall thickness measurements. 

The eddy-current test method is also limited by the kind of 

test materials, in the case of austenitic materials satis

factory results are to be achieved for volumetric tests. 

On inside surfaced a proportional relation between fault 

depth and signal is possible in the range from 0.1 to 5 mm. 

Wall thickness up to 8 mm are testable, whereby any defects 

can inside be detected from 5% wall thickness onwards and 

outside from 10 to 15% onwards if using a test coil. In the 

case of ferritic steels, mainly surface inspections can be 

made. Respective probes are available for straight tubes 

from 10 mm 0 onwards. U-tubes having an inner diameter cf 

12 mm and a bending radius of up to 64mm are already being 

tested in existing steam generators. 

This procedure is very sensitive against changes of the 

surface - e.g. due to corrosion - because the conductivity 

will hereby be changed. 

In the case of helix heat echanges, the movement of the 

probe (rotation and translation) and its centering within 

the helical coil leads to difficulties. However, tests are 

being performed in order to solve the problems that still 

exist and it can be expected that in the near future heat 

exchanger tubes up to a length of 120 m can be passed with 

accurate positioning. 
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Another objective is the'fully volumetric test of very thick 

tube plates. However, the required time must be taken into 

account. Tests shall not lead to additional long shutdown 

periods. Contamination may require a remote-controlle operation. 

In order to prove the applicability and for further improve

ments first tests on an original helical coiled tube shall 

be performed at the beginning of 1980. 

Because of the long service life required and the detailed 

analyses on the strength and creep behaviour comprehensive 

material qualification tests are necessary and - because 

of the high temperatures - a material development programme 

has been initiated, too. This subject will be discussed 

in another presentation. 

In our opinion the constructive measures will ensure a sound 

constructive design. 

- Metallic heat exchanger because of the required gas leak-

tightness. Ceramic or graphitic heat exchangers would have 

great advantages regarding the life expectancy, but the 

problem of gas leaktightness has not yet been solved. With 

metallic heat exchangers integral leak rates of <£10 m bar 

1/s have been achieved by Sulzer at the steam generators for 

the THTR. 

- Tubular heat exchanger for reasons of better accessibility and 

more convenient contours for inspections. First investigations 

on plate heat exchangers resulted in very compact dimensions 

of the heat transfer bundle, but in too large dimensions of 

the gas inlet and outlet ducts and in a lack of accessibility 

for in-service-inspection. Compared to that the accessibility 

to tubes, headers and tube plates is fully given in case of 

the tubular heat exchanger. 



- Maxima wall temperatures of 930°C result due to the require

ments of the steam gasification process. To master these 

temperatures it is absolutely necessary to have only a 

very small pressure difference between the different sides 

of the hot component walls - such as heat exchanger tubes 

and hot headers - and an extremely low-stress constructive 

design ensuring a non-inhibited thermal expansion. 

- Comprehensive qualification programm is necessary in order 

to minimize the operational risks. The R+D Program includes 

cold•thermohydraulic tests, hot tests of constructs a elements 

and finally integral tests of sufficiently large IHX with 

a capacity of 10 HW to 60 MW under most true operation con

ditions such as temperature, pressure, medium and velocities. 

Constructive design and gac flow of the steam reformer 

The constructive design of the steam reformer is largely de

fined by the heat source being different from that of con

ventional steam reformers. Thereby the following features 

and requirements are especially important: 

- The heat generated in the HTR is transported by circulating 

helium to the steam reformer and is then transferred by 

convection to the single steam reformer tubes. 

- The steam reformer is installed in a separate cavity within 

the PCRV and - regarding its dimensions - shall therefore 

have a most compact constructive design. 
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- since the steam reformer forms the barrier between the 

reactor's primary circuit and the gasification plant, 

most stringent requirements are to be met regarding its 

reliability. 

- For the change of the catalysts and for in-service inspec

tions a good accessibility must be provided from the 

secondary side. 

The essential parts of the steam reformer are the single 

reformer tubes, a support plate and a distribution and 

header system for the process gas above the support plate. 

At their upper end the reformer tubes are welded in the 

support plate. Due to a close tube pitch, high heat trans

fer coefficients are achieved on the He side without re

quiring additional internals. Inside of the reformer tubes 

the Ni catalysts are provided as shaped catalysts or as 

Raschig ring column together with a process gas feedback 

tube and a process gas recuperator. 

The distribution of the process gas on the individual re

former tubes and the collection of the reformed gas occur 

above the support plate in two compartments arranged one 

above the other and having small volumes with regard to 

any incidents. 

The process gas to be reformed is heated up from approx. 

330°C to 580°C by the reformed gas leaving the steam 

reformer. Due to the integration of these process gas re

cuperators into the reformer tubes, the temperature of the 

support plate can be kept at approximately 330°C. Still 

within the reformer tubes the reformed gas is cooled down 

again from 810CC at the outlet of the catalyst column in the 



inner feedback tube up to approx. 676°C and furthermore in 

the process gas recuperator up to approx. 462°C. 

The helium of the primary side passes the heat exchanger bundle 

from the bottom to the tops. When flowing upwards in counter-

current direction, it transfers its heat to the process gas. 

it then laterally leaves the heat exchanger below the support 

plate. 

The keypoints at the development of the steam reformer are 

as follows: 

- Support plate with reformer tube welds and insulation. Here 

the problems particularly refer to the welding joint between 

support plate and reformer tube to enable a fully volumetric 

inservice-inspection of the support plate and of the reformer 

tubes including the tube weld. The insulation provided below 

the support plate provides a protection against the 700°C hot 

helium and it must be ensured that there are no vagrant flows 

on the rear side. 

- Tube supports for avoiding bending forces and for taking up 

horizontal earthquake loads. 

- Catalyst system meeting not only the usual requirements of 

a catalyst but also those of a nuclear plant. These are in 

particular the aspects of additional loads on the reformer 

tube and of a good and convenient accessibility to the 

reformer tubes from the catalyst side. 

The qualification programme for this component includes cold 

flow tests, optimization of the catalyst system, hot tests of 

construction elements and finally an integral component test 

in the test loop (EVA II) provided at the KFA-JUlich under 

original operating conditions such as temperature, pressure 

and medium. 

THERMAL POWER 

PRIM, HE IN/OUT 

SEC, HE IN/OUT ' 

SYSTEM PRESSURE PRIM/SEC 

PRESSURELOSS PRIM/SEC 

TUBE OUTERSURFACE 

NUMBER OF TUBES 

TUBE DIAMETER 

TUBE LENGTH 

WEIGHT 

I H X (H 

THERMAL POWER 

PRIM HE IN/OUT 

SEC, GAS IN/OUT 

GASTEMPERATUR MAX. 

SYSTEM PRESSURE PRIM/SEC 

PRESSURELOSS PRIM/SEC 

H20: CH4 

NUMBER OF TUBES 

TUBE DIAMETER 

TUBE LENGTH 

TUBE MATERIAL 

WEIGHT 
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125 MW 

950°C/293°C 

220°C/900°C 

10/12 BAR 

HELICAL 

0,145/1,1 BAR 

4245 M2 

1660 

22,4 X 2,25 

37 M 

160 • HP KG 

( U-TUBE 

0,31/1,1 

393.2 M 2 

1900 

20 X 2 

33 M 

170 • 10 

CAL / U-TUBE) 

96 MW 

9508C/700°C 

330°C/460°C 

810° C 

40/45 BAR 

0,3/5 BAR 

4:1 

289 

120/100 MM 

17 M 

HASTELLOY X / IN 617 

230 • 103 KG 

STEAM REFORMER 
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DESIGN, CONSTRUCTION AND OPERATION EXPERIENCE 
OP THE HE-HE INTERMEDIATE HEAT EXCHANGER 

M. ITOH 
Nuclear Power Development Division 
Ishikawajima-Harima Heavy Industries, Co., Ltd. 
Tokyo 
Japan 

1. Introduction 

The multipurpose utilization of nuclear heat is now 

attracting public attention from the viewpoint of improving 

and strengthening the energy supply structure. By the multi

purpose utilization of nuclear heat it means utilization of 

nuclear energy not merely for generating electric power but 

also as a source of process heat for steelmaking, chemical 

industry, sea water desalination, district heating, and so 

forth. Now that high-temperature heat energy is required for 

such direct use of nuclear energy, a high temperature helium 

gas cooled reactor has been brought into focus of attention 

as one type of nuclear reactor for its application. 

In Japan, the research and development of direct 

steelmaking technology using high-temperature reducing gas, 

that is, nuclear steelmaking, has been taken up since 1973 

as one of the national research and development programs by 

the Agency of Industrial Science and Technology of the Ministry 

file:///tcdin


of International Trade and Industry (MITI). In May 1973, 

the Engineering Research Association of Nuclear Steelmaking 

(hereinafter called as "ERANS") was established as an 

organization, whose role was to implement and promote xhis 

project in the most efficient way. At present, fifteen 

business organizations including IKI and one association 

are the members affiliated with ERANS, and research and 

development work has been kept in steady progress with the 

cooperation of universities and various research organs. 

Ishikawajima-Harima Heavy Industries Co., Ltd., in 

its capacity as one member of ERANS, has been performing 

"Research and Development of High Temperature Heat Exchanger," 

as a part of "Research and Development of Direct Steelmaking 

Technology Using High-Temperature Reducing Gas." 

The general outline of the nuclear steelmaking system 

is illustrated in Fig. 1. This system is designed for 

production and heating of the reducing gas with the use of 

nuclear thermal energy and for the final production of the 

reduced iron by means of high temperature reducing gas'. 

2. Objectives of Research and Development of High-Jemperature 

Heat Exchanger 

One of the important factors to be considered for 

the utilization of nuclear thermal energy as a process heat 

is to prevent the fission product from mixing into the 

processed product. For this-reason, safety considerations 

have led to the adoption in Japan of the system generally 

known as the indirect heat exchanging process, which is 

characterized by an intermediate heat exchanging loop con

necting the nuclear reactor with the utilization systems. 

Research and development work on the high temperature 

heat exchanger has been progressing and is being directed 

to the subject matters of the intermediate heat exchanging 

system ana the main unit of the intermediate heat exchanger, 

which play important roles in the whole process, as mentioned, 

previously. 

The conditions required for the primary helium, which 

is the cooling medium ror the high temperature gas cooled 

reactor, are prescribed to be i,000°C in temperature ana 

to kg±'/cm2 in pressure at the outlet of the reactor, while 

the conditions required for the secondary helium at the outlet 

of the intermediate heat exchanger are prescribed to be 

925°C in temperature and ^5 kgi'/cm^ in pressure. This means 

that relatively high temperatures and high pressure are 

required for the system. 

The purpose of the present research and development 

project is to establish a design method, safety evaluation 

technique, and safety-securing measures to be applied to an 

intermediate heat exchanger and to the overall heat exchanging 

system, which will satisfy -hose strict operating conditions 

as mentioned above. Research and development works on the 

high temperature heat exchanger have been and are being 

carried out on each and every item listed in Fig. 2. 



The objectives of the R & D are roughly divided into 

two categories: the first concerning the development of 

high temperature heat exchanger itself, and the other the 

heat exchanging system. In order to develop an ideal type 

of heat exchanger, we have established the design criteria 

and performed a number of experimental tests on the charac

teristics and efficiency of thermal insulation, vibration, 

augmentation of heat transfer, laminarization by heating, 

and so on. In addition, repeated experiments followed on 

safety problems, which included hydrogen permeation and 

research on wear and self-welding. 

. On the basis of the results obtained from these 

basic researches, the design and construction of 1.5 KV/t 

intermediate heat exchanger had been brought to completion 

by the end of 1977. Further, the design, fabrication and 

installation &£ a high temperature helium test loop, required 

for the operation tests of these high temperature heat 

exchanging equipments, had satisfactorily been completed, 

and the operation of the test loop has started in the latter 

half of Fiscal Year 1978. 
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3. High Temperature Helium Test Loop 

The high temperature helium test loop v/as designed 

and constructed for the purpose of carrying out examinations 

of overall functions and performance of the high temperature 

heat exchange system and also for the purpose of ascertaining 

the functions of the individual equipments, which were the 

main objectives of development under the "Research and 

Development of High Temperature Heat Exchanger" Project. 

To be more specific, the individual equipments were 

designed and constructed by incorporating the results of 

various kinds of basic researches, and thereafter the 

operating tests have been conducted on those equipments 

integrated into the test loop. Figure 3 shows the flow 

diagram of th-:- high temperature helium test loop. 

The circuit system of the high temperature helium 

test loop is structured similar to that of the heat exchanging 

system of the nuclear steelmaking plant. The test loop 

consists of primary helium circuit, secondary helium circuit, 

and heat utilization system in its main circuit and the 

auxiliary system. This has been put into operation since 

the latter half of Fiscal Year 1978 throughout the year 1979, 

as was originally scheduled. 



4-. Design and Construction of Ke-He Intermediate Heat 

Exchanger 

The high -temperature heat exchanger which has been 

taken up under the present project is placed under research 

and development for the purpose of obtaining basic data 

required for the design and construction of a high temperature 

heat exchanger to be used in an experimental plant for direct 

steelmaking. This experimental plant will be connected into a 

50 MWt multipurpose high temperature helium gas cooled reactor, 

which is planned for the second stage of the project. 

As was explained previously, the He-He intermediate 

heat exchanger is to be used under, conditions of extremely 

high temperature, specifically 1,000°C in terms of primary 

helium temperature and 925°C in the secondary helium. In 

order to design a high temperature heat exchanger which will 

meet these strict requirements, as many results obtained 

from basic researches as possible have been incorporated into 

the design studies carried out from technical standpoint. 

As regards the type of intermediate heat exĉ .TJiger, 

a helical coil counterflow type has been adopted upon com

parison and evaluation made on several different types as 

straight tube type and others. Helical coil type is con

sidered to have advantages from the viewpoint of its size 

and heating surface. 
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As for the selection of the material to be used for 

the heating tube in the high temperature section, one kind 

of heat-resistant alloy was decided to be. selected from a 

list of seven such kinds of alloys which were designated as 

"candidates." Inconel 617 was the one chosen by us as a 

result of detailed examination and deliberations. Incoloy 800 

and Z\ Cr.lMo steel are used for the medium and low temperature 

zones depending on the required temperature of each tube. 

The principal specifications of the Ke-He intermediate 

heat exchanger are as stated in Table 1. 

The general arrangement of the He-He intermediate 

heat exchanger is illustrated in Fig. 4. As is shown on the 

picture, the component parts to be exposed to extremely high 

temperature are arranged along the axis of the heat exchanger; 

and the overall structure is designed so as to form the axial 

symmetry. 

For the construction of the He-He intermediate heat 

exchanger, technical investigations and preparations were 

conducted with particular attention on manufacture and 

fabrication of the heating tube bundles. The major investi

gations ares 

- examination on the necessity of the tube bending 

method to be applied to the heating tubes, and on the 

necessity of solution heat treatment; 



- examination on the welding method to be applied to 

the welding joints of the same material as well as 

of different materials; 

- trial construction of a moctaip in the scale of actual 

helical coil bundle; and 

- trial production of a supporting structure for the 

heating tube bundle. 

5. Performance Test of IHX 

The operation tests of He-He intermediate heat exchanger 

were conducted to confirm the performance of IHX at the 

rated condition with the primary helium of X,000°C at the 

inlet and the performance at the partial load condition. 

The test also confirmed the efficiencies of thermal insulation 

of the internal insulation structure and the function ana 

stability of the components. 

The total test operation time consumed and the 

start-up/shut-down frequencies as of end of October 1979 

turned out to be as follows: 

Helium circulation operation: ^,0^0 hours 

Heat-up by gas heater:- 3,509 hours 

High temperature test operation: 1,80>+ hours 
(primary helium teperature at IHX inlet above 900°C) 
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?ull load test operation: 864- hours 
(primary helium temperature at IHX inlet 1,000°C) 

Number of start-up and shut-down: 24-. 

The followings are the summary of our test results 

on the IHX. 

1) When the primary helium at the inlet of IHX was 1,000°C 

in temperature, the secondary helium was heated up to 

925°C at the outlet of IHX. It was confirmed that the 

experimental results were in good agreement with the 

estimated values, except small adjustments in the amount 

of primary helium flow. The experimental results in 

comparison with the predicted performance are shown in 

Fig. 5. The flow of primary helium had to be increased 

by 5f of the estimated value, in order to obtain a 

desired temperature at the secondary helium outlet. 

This increase by 5£t however, is regarded as a reasonable 

adjustment for the verification of the heat transfer 

in IHX. 

2) Actual heat transfer coefficient in the helical coiled 

tube bundle was proved to coincide with the experimental 

results of the basic research upon minor corrections 

on several factors. Also, the efficiency was confirmed 

on heat transfer augmentation by the radiation plates. 



3) Distribution pattern of the tube wall temperature in 

the helically coiled zone coincided with the estimated 

values as well. Unbalance of any noticeable degree was 

not recognized in the flow distribution and heat absorption 

within the tube bundle. Figure 6 shows the axial tem

perature distribution in the helically coiled zone of IHX. 

k) The tubs bundle was extracted from the shell for inspec

tion of the internals after completion of all the scheduled 

operations for fiscal year 1978. 3y the inspection it 

was confirmed that every part of the internals had been 

kept in as good condition as at the initial fabrication 

stage. Photo. 1 shows the internals of 1KX extracted 

by the crane. 

5). Good result was also attained on the efficiency of the 

internal insulation in the intermediate heat exchanger. 

Temperature distribution pattern of the insulation 

structure was very similar to that of the estimated values. 

6. Conclusion 

Starting on the basic research in 1973, we have been 

devoted ourselves to the research and development of this 

project for the past seven years up to the present stage of 

test loop operation, and the results sc far obtained have been 

to our great satisfaction, 

82 

The project will further proceed step by step into 

the advanced stages in the future, and we not only expect 

that our experiences up to now will be effectively utilized 

for the fulfilment of the overall project, but also hope 

that our efforts and endeavors win contribute to the 

extended application of nuclear heat energy in the world, 

Table 1. Specification of He-He intermediate heat exchanger 

Type ! Helical coil, one-through type 

No. of unit ; 1 

Tube side 

Shell side 

Fluid J . Helium 

Flow rate | 1,780 kg/h 

Temp, ent./leav. 

Press. 

Fluid 

Flow rate 

Temp, ent./leav. 

Press. 

Heat transfer 

Tube 

Helical coil 

Shell 

Material 

Size -

Number 

Pitch 

No. of layer 

Dia. max./min.-

Material 

Outside dia. 

Height 

327/925° C 

45 kg/cm2 g 

Helium 

" 1.740 kg/h 

1,000/379° C 

40 kg/cm : g 

1.32 x 1 0 ° kcal/h (1,535 kWt) 

Inconel 617, Incoloy 800, STBA24, Hastelloy X 

25.4 mm O.D. x 4.0 mm t 

30 

45 mm (trans.) x 40 mm (long.) 

3 

780/600 mm 

2-1/4 Cr • 1 Mo 

1,555 mm 

13.180 m 
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ANALYSIS OF HEAT EXCHANGER BUNDLES 
OPERATED AT ELEVATED TEMPERATURES 

U. BLUMER 
Sulzer Brothers Limited 
Winterthur 
Switzerland 

1. Introduction 

Heat exchanger equipment operating at elevated temperatu

res has to be designed with careful consideration of the 

effects of creep and other time-dependent phenomena. In 

this regime the crucial material properties become very-

sensitive to the most important parameter, temperature. 

Therefore it is essential to avoid as much as possible all 

effects that increase the material temperatures above that 

which is needed for the process. Since the absence of si

gnificant hot gas streaks in the primary gas cannot be 

guaranteed, the design of the bundle should minimize their 

effect on the temperatures in the secondary gas and in 

the metal of the heating surface and the header. 

The bundle with helically coiled tubes, as it is used e. g. 

in the steam generators of the Thorium High Temperature Re

actor (THTR), has this distinctive feature (Fig. 1): The 

individual tubes see hot streaks as well as cold ones and 

therefore average out the fluid temperatures. Besides, gas 

velocities at the entrance of the bundle can be kept fairly 

uniform and gas mixing in cross flow is relatively efficient. 

Gas bypass at the boundaries of the bundle, which might also 

cause excessive temperatures, can be kept under control. 
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Still, a bundle with helically coiled tubes is subject to 

a number of loadings that have to'be considered in design. 

It is the purpose of the following to give some comments 

on the analysis of such a bundle. 

2. Codes and Criteria 

The only consistent set of rules which is generally avai

lable at the moment is given by the Code Case N 4-7 of 

ASME B + PTC, Section III. It may be assumed that the ba

sic procedures and the modes of failure considered can be 

extended to even higher temperatures than those covered 

by this Code Case. The modes of failure covered by the 

Code Case N 47 are shown in Pig. 2. However, the material 

data above WO C have to be generated by a separate ma

terial program which yields the necessary information for 

the detailed stress/strain-analysis. 

3- Loadings to be considered 

In a helix bundle, the loadings that have to be conside

red, are the following (Fig. 3): 

In' the first layout phase of a design, where wall thick

nesses and other basic values are determined, the follo

wing three loadings are considered: Pressure, Weight and 

Fluid Forces. In a design as the THTR-bundles, the fluid 

forces alleviate the loading from weight by the upstrea-

ming primary gas acting on the tubes. 

Earthquakes are loadings which are very short in nature 

and'have no significant effect on the relatively small 

bundle tubes, as their natural frequencies are high enough, 

not to be harmful. 



Fluid induced vibrations have been calculated carefully 
for the THTR-bundles and found negligibly small. The order 

of magnitude of the stresses is 1 MPa, calculated under 

very conservative assumptions. The safety factor against 

high cycle fatigue failure is about 170 in stress, which 

illustrates the harmlessness of these flow-induced vibra

tions. Even at very high temperatures, up to 1000 °C, we 

do not expect a different conclusion, unless new high-

cycle fatigue data in this regime will show an extremely 

lower acceptable value of alternating stress than expec

ted by extrapolations. 

As it is the case for most of heat exchanger equipment, 

the loadings that need careful attention are the thermal 

strains. 

For these bundles there are two main causes for these 

temperature effects: 

- the differential expansion between the tubes and 

their support plates. 

- the temperature difference across the tube walls, 

which is necessary to transmit the heat from the 

outer to the inner fluid. 

4-. Evaluation of thermal bending moments 

The tubes of the bundle and their support plates consti

tute an elastic system which has to be analyzed as a 

whole. Fig. 4 show, the basic idea of such a system. The 

helically coiled tubes cati be approximated conservatively 

by closed rings with a cross section of a tube. These tu

be rings penetrate the main support plates with all their he

lical cylinders. Floating support plates, which are situated 

between the main ones, contain only a part of the tube 

rings, in this way supporting only the longer outer tubes 

while leaving the inner ones free for thermal movement. 

Auxiliary plates may be separated into several parts by 

radial cuts. 

The tubes are generally colder than the support plates. 

In the case of the THTR, they also are made of a different 

material with a somewhat differing thermal expansion coef

ficient, and the materials of tubes and plates change with 

the height of the bundle. The superimposed temperature pro

file as a function of bundle height causes a complicated 
distribution of thermal restraint interactions which nume

rically can only be treated by a computer code. 

The first basic elastic component, can be represented by a 

plate element, as shown in Fig. 5- It.is a section of a 

plate, taken out of the whole one by two horizontal cuts. 

The equilibrium conditions, represented by forces and mo

ments, as well as the continuity conditions, represented 

by displacements and rotations, must be fulfilled. The 

support plate element is elastic in bending and shear, the 

latter being important in the case of a bimetallic weld in 

the bundle tubes. 

The second basic elastic component is the tube ring, as 

shown in Fig. 6. The two loading cases of radial forces 

are superimposed linearly and yield the necessary 2 degrees 

of freedom for radial movements, which in turn are linked 

with the plate movements. 

Fig. 7 shows the values of different parameters as a func

tion of bundle length, for the example of a THTR evaporator 

and superheater bundle at 40 % load. Tubes and plates both 

consist of partly ferritic and partly austenitic material, 

the bimetallic welds being at different locations. The 

temperatures go from saturated steam temperature up to 

580 °C, the plates being somewhat higher in their values. 



The radial displacements of the plates show that the par

tial floating plates can accommodate "better to the tem

perature profile of the tubes than the whole fixed plate. 

The moments exerted on the large plate are correspondingly 

higher. 

The stresses in the tubes have maximum values at two loca

tions: firsbly at the bimetallic weld of the plates and 

secondly at the one of the tubes. 

For an application at much higher temperatures, we can 

learn from the above, that these thermal bending stresses-

can be kept low with three main means: 

- avoid bimetallic welds within the bundle 

- a linear temperature profile is favourable 

- the plates should be segmented to bend freely as 

much as possible. 

In a design for an intermediate heat exchanger, these 

three points can be fulfilled and the resulting stresses 

are correspondingly low. 

5. Creep Damage calculations 

When knowing all the elastically calculated stresses 

arising from the different mechanical and thermal loadings, 

they can be superimposed and assessed by the Code Case 

N 47 rules and relevant material data. Often it becomes 

necessary to consider the inelastic behaviour of the tube 

material to show the compliance with the allowables. 

As an example, in the following the assessment of damage 

• due to creep-fatigue is demonstrated. In contrast to com

ponents like headers, which are usually sensitive to fa

tigue damage during transient conditions, the bundle tubes 

are more subject to creep damage that accumulates during 

the hold times. 

Fig. 8 shows in the upper half the daily load cycle bet

ween maximum and minimum power level, as it is specified 

for the THTR. The lower half of the figure shows a typi

cal stress history. The elastically calculated stress at 

full load, which consists mainly of deformation-controlled 

thermal stress, relaxes during the full load hold times. 

The stress at minimum load is shifted to negative values, 

until a stable cycle with reversed relaxation evolves. If 

creep ratchetting remains small and the transient condi

tions do not produce yielding, the creep damage can be 

assessed by these two parts of the stress history. 

The damage equation can be written as follows: 

_t t 

D„ 
dt 

t 0 lh 
dt CD 
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With the assumption of a Norton 's creep law: 

de. 
C 

dt 
K • a n (2 ) 

and a definition for the parameter m: 

de„ 

de. 
« constant (3) 

which considers effects of elastic-follow-up, it is pos

sible to integrate equation (l), with the following re

sult: 

CI (n-l+M)-K-E L° m -I 

+ 1 
1-n-K 

•w 

This equation can conservatively be applied for t equal

ling the plant life, which does not result in a large da

mage fraction in most cases. 



Now, as the relaxation cannot procede in the monotonous 

way to very low values because of reversed relaxation, one 

has to consider the steady cycle, as shown in Pig. 9- A 

typical case is compared with two extreme cases, one with 

practically no relaxation and the other with full relaxation. 

The amount of relaxation is measured by the stress ratio rQ 

which can vary between 0.5 and 1: 

Ao 
(5) 

With equations (2) and (3), it is possible to write 

for the time of half a cycle: 

..i 
Ao 

1-n 
+ (n-1) • 

KEt 

1 
1-n 

(6) 

This equation determines o , the initial stress. Using 

equations (4-), (5) and (6), one can write for the accumu

lated damage in a half-cycle: 

o^-Vn-1) ( l - r 0 ) 1 - n - K - p 0
1 - u - x 

AO- K .2 (n- l+K) ( 1 - r ) 1 _ n - r 
I = 5 — ( f o r r 0 / 0 , 5 ) 

(7a ) 

ft ° l h % 0K 
c0.5_ Aae -2 

(for r a = 0.5) 
(no relaxation) 

(7b) 

Normalizing results in the following: 

rD = 

(l-^) 1-*-*-^ 1-"-" 

'0.5 
2* (n-l-m) ( l - ^ ) 1 " 0 "T=n~ (8) 

Fig. 10 shows this function for different values of n and 

ratios £ . From this it becomes obvious that for reason

able values of n and H , a conservative assessment of da

mage is the case of almost no relaxation, i. e. ra = 0.5, 

and therefore the second part of the damage can be calcu

lated very simply by equation (7b): 
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D„ 
"II "0.5 

(9) 

In the case, where holdtimes At,, ht^ and temperatures 

(T-,, T2) differ in the two hold times, the initial stresses 

can be written ( o„ positive in compression): 

a, + a_ = Ao 
1 c. e (10) 

With minimal relaxation we get with anextension of the 

Norton law for temperature: 

Aa 

°1 = 
1 + 

At 

, cr/l 1 <fl 1/n 
1 e XW^ ~ Tp 

(11) 

The creep damage for the asymmetric cycle then becomes: 

'II 'lh 

At 
(12) 

The procedure that has been presented is fairly simple to 

apply without being overly conservative. For very high tem

peratures, where creep effects dominate it can be useful 

both for design stage and stress analysis purposes. 



6. Summary and Conclusions 

Summarizing, the following aspects can be pointed out: 

- The heat exchanger bundle with helically coiled tubes is 

suited for high temperature application, owing mainly to 

its insensitiveness to hot streaks and transient con

ditions. 

- The analytical tools for design and stress analysis of 

such a bundle are ready to a great extent. Detailed 

knowledge of the stress-strain history is not always neT 

cessary, due to the use of simplified methods. 

- For very high temperatures, two main questions have 

to be answered: What are the needed material proper

ties' values ? Are the present damage models still adequate ? 

7. List of Symbols 

Creep Damage 

D due to monotonous relaxation 

D due to cyclic relaxation 

Young's modulus 

Constant in equation (2) 

defined in equation (3) 

Exponent in equation (2) 

stress ratio, defined in equation (5) 

damage ratio, defined in equation (8) 

time 

time for a full cycle 

times at max. and min. load 

Temperatures (K) at max. and min. load 

elastic strain 

creep strain 

stress exponent for damage law (negative) 

initial stress 

stresses at max. and min. load 

stress to rupture in 1 hour 

elastic stress range between max. and min. 

I load 

E 

K 

m 

n 

r a 
rD 
t 

*c 
At 

'II 

1' At2 
TT , T~ 

aih 
to 
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Fig. 1 Steam Generator Bunc 

of the THTR 

Fig. 2: Mechanisms of damage and failure 

1 load controlled failure: 

1. Instantaneous failure due to excessive loads 

2. Long-term failure due to excessive loads 

(Creep rupture) 

3. Instantaneous buckling 

4-. Long-term buckling (Creep buckling) 

2 Strain controlled failure: 

5- Creep-fatigue interaction failure 

6. Gross distortion due to ratchetting 

7- Loss of function due to excessive deformation 



PiR. 3: Loadings to be considered 

- Weight 

- Pressures 

- Earthquakes 

- Fluid Forces 

- Vibrations (Flow Induced) 

- Temperature effects 

Tube Rings 

Support 

cylinder 

ii 

Plate median line 

i 

Rg.J. 

Typical Arrangement of 

Support Plates in THTR 

Steam Generators 

Fixed 
Plate 
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Fig. 5 A Plate element with its force 

and displacement values 

Fig. 6 The two loading cases for a tube 

ring with two plate movements 
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HELIUM-HEATED STEAM REFORMER 

T. MEGURO 
Research & Development Centre 
Chiyoda Chemical Eng. & Construction Co. Ltd. 
Moriya/Cho, Kanagawa-ku Yokoham 
Japan 

1. Introduction 

A helium-heated Steam Reformer has been developed in "the Research and 
Development of Reducing Gas production", which is one of the element 
technologies to be developed in "The Research and Development of Direct 
Steelmaking Technology using High Temperature Reducing Gas" (Nuclear 
Steelmaking) as one of the National Research and Development Programs 
performed by the Agency of Industrial Science and Technology of the 
Ministry of International Trade and Industry (MITI). In May 1973, the 
Engineering Research Association of Nuclear Steelmaking (ERANS) was 
established as an organization, whose role was to implement and promote 
this project. Chiyoda Chemical Engineering s Construction Co., Ltd., 
in its capacity as one member of ERANS, has been performing, 'the 
Research and Development of Reducing Gas production.' 

The Reducing Gas Production System consists of four main units as follows? 

(1) Steam Cracking Unit 

(2) Steam Reforming Unit 

(3) Hydrodesulfurization Unit 

(4) Pitch Gasification Unit 

Vacuum residue is thermally cracked with high temperature steam in the 
steam cracking unit to give light hydrocarbons, fuel oil and pitch. 
The cracking unit has been already commercialized. Fuel oil is turned 
into low-sulfur fuel oil. Lighthydrocarbons containing cracked gas 
and naphtha are converted into reducing gas in the steam reforming unit 
and pitch is also done into the reducing gas in the pitch gasification 
unit. The reducing gas is supplied to a shaft furnace to reduce iron ore. 

Since either of the cracking and hydrodesulfurization units will employ 
conventional technologies, the helium-heated steam reforming and the pitch 
gasification units are subjects of the research and development. In addi
tion, the optimization of reducing gas producing system also is. 

(1) Helium-heated Steam Reforming Unit 

(2) Pitch Gasification Unit 

(3) Optimization of Reducing Gas Producing System 



This national program \tas started in 1973 and will be completed after 
seven years in March, 1980. The seven-year-program is named the first 
phase program, which will include the development of heat exchanger type 
steam reformer employing the heating medium of helium (STOOD test plant) 
and pitch gasification with fludized beds (#4000 test plant) and the 
conceptual design of pilot plant in the next phase program. The pilot 
plant, integrating the element technologies to be developed in the first 
phase program, would be scheduled to start in 1980. 

The paper on the helium-heated steam reformer of #7000 test plant will 
be presented. 

Helium-heated Steam Reformer 

In contrast with crdinary furnace type steam reformer using fuel oil, 
fossil fuel, the heat-excl.anger type steam reformer has been newly 
developed, utiliziny high temperature helium simulating secondary loop 
helium heated by nuclear energy. 

Light hydrocarbons generated in the steam cracking unit are fed to 
catalyst tubes with steam to produce reducing gas. Helium passes 
through the shell side. #7000 test plant was successfully operated 
with the feed stock of naphtha. 

The first work in the beginning year of 1973 was to develop the computer 
simulator of new type reformer, applied for the preliminary design. 
The simulator was improved to be applied for the design and the deter
mination of operation modes, adopting the experimental results on reforming 
reaction, heat transfer and pressure drop. 

It is important to improve the heat transfer of helium with small pressure 
drop in the shell side of new type reformer. A variety of baffles were 
investigated with heat transfer mock-up (#7100 Unit) . An orifice type 
baffle showed excellent performance and was employed. 

The design conditions of reformer was discussed from 1974. In the 
next year, the present typo of the reformer called Model-305 was selected, 
considering the reaction condition, structural design, maintenance, packing 
and withdrawing of catalyst, scale-up, cost, etc. Prior to the manufacture 
of reformer, a variety of heat-resistant materials were tested and the 
fabrication model of a real scale of reformer was made to confirm the 
fabrication procedure. 

The design of #7000 test plant was started in 1975 and the construction 
of plant was begun in 1976. The test plant is composed of four units. 

(1) Naphtha Desulfurization 

(2) Steam Reforming 

(3) Reducing Gas Purification 

(4) Helium Circulation 

The design conditions are as follows: 

Reformer Heat Duty 310,000 Kcal/Hr 

Feed stock Naphtha 100 Kg/Hr 

Reducing Gas Pressure 20 Kg/cm^G 

Reducing Gas Outlet Temperature 850 °C 

Helium Pressure 45.2 °C 

Helium Inlet/Outlet Temperature 910/730 "C 

Immediately after the construction completion of 5lant early in 
1978, the preparatory work was started and then tie test 
run in May, 1978. The plant was put in normal operation in July and 
achieved successfully approximately 3,000 hours of whole operation 
tine by June, 1979. 

Both of the static and dynamic performance were examined through the 
operation. The following investigations were carried out for the 
static performance: 

(1) Temperature profile of process gas and helium in various 
capacity. 

(2) Effect of steam carbon ratio, temperature and pressure on 
CH4 content in reformed gas. 

(3) Effect of recycle gas on temperature profile and reformed 
gas composition. 

(4) Characteristics of long period operation 

and for the dynamic performance: 

(1) Step response 

(2) Single input pseudo-random response 

(3) Multi-input pseudo-random response 

In these investigations, the predetermined displacement with the scheduled 
period of time was imposed on the pressure of fuel oil to helium heating 
furnace, helium flow rate to the reformer, naphtha flow rate, pressure of 
process gas, recycle flow rate of process gas and steam flow rate to 
examine the response at the measuring points specified. 

The tube bundle of reformer was dismounted after the scheduled operation, 
inspected visually with no damage and submitted to material test. 
Refractory brirks were also observed with no damage. 

95 



3. Remarks 
96 

The helium heated steam reformer of #7000 test plant has shown excellent 
performance both in thruput and structure. The proceeding analysis 
would prove the excellence more materially. As for the following scale-
up, a real-scale of weld model with sixty catalyst tubes has already 
been made tc confirm the fabrication procedure. Reducing gas produced 
by the new ';ype of steam reformer would be expected to be used for not 
only the direct reduction of iron ore but also synthetic fertilizer, 
methanol synthesis, power generation by fuel cells, etc. 

Process related in 

the R & D item 

Steam reforming process test pliant 

Catalyst action and the supply of high-temperature 
heat generating energy cause a steam reforming re
action on light hydrocarbons, which produces the re
ducing gas. The reactor, which permits this reaction 
to take place, is a steam reformer, the conventional 
type of which is a flame heating furnace. 

A heat-exchanger type steam reformer was newly 
developed for the National Research and Develop
ment Program nuclear steelmaking project. Unlike 
conventional ones, this reactor is heated by high-

temperature helium. 
A steam reforming process test plant was planned 

to test the performance and characteristics of this 
new steam reformer. Construction of the test plant 
was begun in 1975. It was completed at the end of 
May 1978. Subsequently, research and development 
passed onto the operating phase. 

The test plant has a nominal raw material treatment 
capacity of 100kg/hr. The nominal quantity of heat 
exchanged is 310,000 Kcal/hr. 
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[ Detail. Operation Schedule of Steam Reforming 

Test Plant ( #7000 plant ) 

-

2. 

3. 

4. 

5. 

Test Operation 

Overall Ability Test 

The First' Operation 

(first half) 

The First Operation 
(latter half) and 
the Second Operation 

The Third Operation 

1 
May 29 

June 20 

July 10 

Aug. 25 

May 9 

— June 8 

- June 29 

- Aug. 7 

- Oct. 7 

- June 10 

(1978) 

• 1 
(1978) 

(1978) 

(1978) 

(1979) 
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720 " « 

1,040 " 

750 « 

Total "2,990 '• 

w 
5;-v y.-;w» 

v- " 

*9 

FM-5MU-*— A • »J*'-v-e03-<*» . *£-«??* 



STTEAHI mQIPHDmEflBm 



GAS GENERATOR FOR THE STEAM GASIFICATION 
OF COAL WITH NUCLEAR GENERATED HEAT * 

G. BUCHNER 
Mannesmann Anlagenbau AG 
DUsseldorf 
Federal Republic of Germany 

Summary 

The use of beat from a High Temperature Heactor 

(HTH) for the ate am gasification of coal saves coal, 

which otherwise is burnt to generate the necessary 

reaction heat. The gas generator for this process, 

a horizontal pressure vessel, contains a fluidized 

bed of coal and steam. An "immersion-heater" type 

of heat exchanger introduces the nuclear generated 

heat to the process. Some special design problems 

of this gasifier are presented. Reference is made to 

the present state of development of the steam gasifi

cation process with heat from high temperature reac

tors. 

* 

The work is performed within the framework of a coope

ration between Bergbau-Forachung GmbH, Essen, and 

Mannosmarm AG, DUsseldorf, and is sponsored by the 

"Minister fur Forechung und Technologic der Bundes-

republik Deutschland". 

Xptroduction 

Basis for the process under discussion is the well-

known steam-gasification for the production of wa

ter gas. In this process coal reacts with steam at 

high teaperatures, normally abeve 700 C. The gaa pro

duced mainly consists of hydrogen, carbonmonoxide and, 

additionally of noticeable quantities of methane and 

carbondioxide. Depending on process conditions the 

proportion of the various gases may vary widely. 

After purification of the raw gas there is a wide 

range of applications. It may be directly used as fuel 

or as reduction gas. In the first case the combined 

gas- and steam-turbine process for the generation of 

electric power should be referred to. 

Vaen CO is partly or totally converted to CH^ synthe

tic gaa is obtained, which may be processed te ammonia, 

methanol, gasoline or other chemical raw materials. 

Catalytic methanizatlon of CO and B2 produces a high 

Btu (a> if the reaction is only partially performed or 

substitute natural gas (SKG) if the methanization la 

complete. 

Per the production of SNG a combination of steam gasi

fication and hydrogasificatlon is particularly advan

tageous. The gasification of coal with steam is endo-

themic. In all traditional processes of steam gasifi

cation coal serves a dual purpose. On the one hand it 

is the base material for the gas to be generated, on 

the other hand it has to supply the energy required for 

reaction heat and cover the heat demand in other areaa 

of the plant. 



The special f»»tur» of the proctii to bo dlaeuaaod la 

tho allethermic supply of the reaction heat. Thio boat 

It to bo generated by a hifh temperature nuclear reac-

t.r. (1), (2), (3), ( M . 

The coal otherwise used for heat generation can 

thus bo conserved. 

The gasifier for this process shall, be described brief

ly and its functions shall be explained in the follow

ing sections. 

2 Description and Function of the Gasifier 

In principle the gasifier is a horizontal pressure 

vessel (fig. 1). 

This arrangement allows for an unidirectional extended 

fluidized bed. The coal is fed to one end of the bed 

and is flowing slowly along the longitudinal axis of 

the vessel while fluidized by the process steam. At 

the other end the residual ash is drawn off. 

This design oT the fluidized bed together with the 

shape and arrangement of the heat exchanging elements 

allows for a uniform "plug-type" flow of the coal. 

Backmixing is restricted and kept at a minimum. This, 

of course, is of great importance as far as the full 

utilization of the feedstock is concerned. 

2.1 Pressure Shell 

The reaction room with its service conditions - pressure 

kO bar and temperature up to 900 C - is enclosed by the 

outer pressure shell. For economic reasons and to make 

fabrication possible within the available production 

facilities the shell is lined with a thermic insulation. 

Thus the operating temperature of the pressure shell 

is leapt lov (fig. 1 and 2) 

The pressure vessel consist* of single,identical 

units. This way an economic transportation or the 

vassal la guaranteed and by varying the number of 

•odules the size oT the gasifier may be changed. 

Therefore it can be adapted to different requirements 

of capacity or process needs which may for instance ori

ginate from different qualities of feedstock. Further, 

thia arrangement allows for an easy maintenance or re

pair of the plant. Spare modules can be kept in stock 

and be exchanged rather quickly. Thus the down-time of 

the plant for maintenance operationa can be kept at a 

lov rate. 

Steam Diatributor 

The process steam, which is utilized for the fluid!zing 

of the coal as veil in fed to the vessel through • nozzle 

at the bottom of each module. The steam pressure system 

inside the vessel is designed as a pipe ceil. Each of 

these distributor pipes bears the steam orifice* in a 

well defined grid. 

Heat Exchanging Unit 

The reaction heat is introduced to the fluidized bed 

allothermically. To achieve this in reality the heating 

elements are hanging from the top into the fluidized bed 

like an immersion-heater. 

The heating system consists of a tube coil. Through the 

heating tubes flows the heat bearing fluid. In our case 

we use helium which haa been heated to a temperature of 

900 C by heat from a high temperature nuclear reactor. 



As the reaction temperature Is net far below the terape-

ratura of tha haliua the i n n temperature difference 

i> rather low. Eera the high heat transfer rates 

of fluidized bads ara of great advantage. 

On the ether hand the great volume of heating gas requires 

a Multiple subdivision of the exchanger tube bundle into 

several units vith parallel flow. These units are required 

to achieve uniform pressure drop values between each unit 

as well as between each single tube to provide for an equal 

flow rate and a uniform heat supply for the chemical reac

tion. 

Fig. k shows an example of the arrangement of the tube 

coils in a gasifier cross section. Even with two tube bankB 

connected to each header - except for the outermost ones -

quite a number of headers are required. In the example shown 

there are nine such collectors. 

Supply and drain of the helium require large nozzle sizes 

in the pressure vessel shell. These nozzles have to be of 

"Thermal-Sleeve" type due to the temperature difference 

between helium and vessel shell, (fig. 5)« So it is not 

possible to provide individual connecting lines from each 

header to a system outside the gasifier. It was therefore 

necessary to provide a helium-distributor system within 

the pressure vessel (fig. 6 and 7). 

Here, the He-distributors are in the shape of spherical 

collectors. The connecting lines flow into the center of 

each of the header tubes. 

This means a diminishing of the helium speed in the hea

ders. The wall thickness of the helium distributors could 

be kept low using a spherical shape. As we have learned 

in our discussions with several manufacturers, it is ab

solutely possible to manufacture the single parts of these 

spheres. Thus, the number of helium nozzles could 

could be reduced in each module to one inlet- and one oat-

let nozzle. The header system could be arranged symmetri

cally to tha transverse axis of the vessel. This ia of par

ticular importance when considering thermal expansion. 

As to the dimensions and temperatures in question the 

thermal expansion is within the range of some centimeters, 

vith the present solution up to approx. 75 mm. This expan

sion by far exceeds the elastic limit of the components. 

Furthermore .in the upper part of the gasifiarthe largest 

possible space is left for the disengagement of the raw 

gas. Finally, this solution offers the best space condi

tions for the erection and assembly of shell and piping 

system. 

Suspension of Heat Exchanging Pnits 

The single heating pipe coils are being welded each 

with one end directly to the inlet- resp. outlet header. 

In order to take the weight of the coils without any 

additional stresses the pipes are guided vertically to 

the headero. 

In view of the fact that the headers carry the total 

weight of the pipe units, the reliability of the support

ing of these hangers is of the utmost importance. Out 

of the various possibilities of suspension resp. support

ing the obviously most stable and most simple one was 

chosen. The headers were placed on two transversely po

sitioned and continuous girders. These girders are designed 

as box-type beams with internal cooling and an outside 

thermal insulation. They are arranged in such a way that 

the bending moments in the headers are minimized. 

A system has been developed in which the cooling mediusi 

(hot water) is fed to the girder by one suspension tube 

and discharged by the other one. This results in an 



efficient circulation-system (fig. 8). By baffles resp, 

displacement bodies in the box type girders a sufficient

ly high water -velocity will be achieved to assure safe 

outlet of the heat which is penetrating the insulation. 

Thus the girder wall* are kept cool. 

2.5 Support of the Hangers at the Generator Shell 

Xt is an essential function of the supporting system to 

take up the total weight of the heat exchanger including 

headers and feeder lines which move up and down approx. 

60 mm due to thermal expansion. 

For the transmission of forces between hanger and shell 

a system had to be developed allowing for a movement of 

60 mm in the direction of the forces under full load with

out creating additional forces. In addition, the supply 

of the cooling medium to the hanger has to be maintained. 

Fig. 9 shows a possible design of such a system. The 

gas-tight connection between the hanger and the generator 

shell is achieved by inserting an expansion joint. The 

load is carried by a hinged link to a vertical operating 

hydraulic cylinder. 

During operation of the gasifier the hydraulic cylinder 

has to be kept under constant internal pressure corres

ponding to the weight, and the suspension is capable of 

following the thermal motions without any additional force 

being introduced. 

3 Present State of Development 

In the preceding paragraph the gasifier for a large-scale 

plant was described and some design problems were demon

strated. Finally, it shall be mentioned that Bergbau-

forschung GmbH following laboratory -research and low-scale 

testing in 1976 put a semi-technical plant for steam-gasi

fication of coal into operation. 

The reaction room of the gas generator of this plant 

is identical to a section of the full scale gasifier 

described above (fig. 10). 

In a number of trial runs the technical feasibility of 

this process could be proved. 
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DESIGN OF STEAM GENERATORS FOR PROCESS HEAT PLANTS: 
REQUIREMENTS, DESIGN CONCEPTS, STATUS AND FURTHER DEVELOPMENT 

J . RAUTENBERG 
Hochtemperatur-Reaktorbau GnibH. 
Mannheim 
Federal Republic of Germany 

The Nuclear Process Heat Project incorporates two types 

of steam generators. The primary steam generator, which 

is integrated in the prestressed concrete reactor vessel, 

PCRV and the secondary steam generator which is used in 

the intermediate circuit and located in the gasification 

plant. 

Figure 1 shows some general design criteria for the primary 

steam aenerator. 

The design of the primary steam generator can be based on 

the experience gained with the THTR steam generators, 

although there are differences regarding the boundary 

conditions. 

/// 

Design Criteria for Primary Steam Generators (figure 1) 

- Inspectability of all pressure retaining parts and 

bearing structures (or backup-structures) 

- Protection against fretting 

- Compact design i.e. small diameter 

- Height of steam generator shall not affect the height 

of the PCRV 

- Possibility of tube plugging 

- Removability (only for unexpected events) 

- lifetime of 40 a at loading factor of 80 % 

- Heat surface as small as possible (Tritium) 

- Low pressure drop on He-side (circulator-power) 

- Flow stability up to low reactor power (decay heat removal) 

- Simple fabrication 

- Possibility of transport to all possible sites in 
Western Germany 



Compared to the THTR steam generators (Figure 2), which 

have been assembled and delivered to the construction site, 
there are some additional requirements especially with 

respect to inservice inspection. On the other hand the PNP 

primary steam generator permits some facilitations with 

regard to boundary conditions and requirements, which are 

shown in figure 3. 

Reduced 

THe inl" 

pressure 
(H20) 

A T 
He 

*~ Wall 

requirements PNP-versus 

no reheater 

reduced gas streaking 
(steam reformer) 

PNP 

695 °C 

115 bar 

400 °C 

45 °C 

THTR steam generator (figure 3) 

THTR 

750 °C 

190 bar 

500 "C 

120 °C (reheater) 

reheater 

streaking from 
core outlet 

Based on these facilitations the choice of the PNP steam 

generator concept permitted consideration also of less 

complicated designs. Since this steam generator does not 

include a reheater, there was a greater length available 

for the high-pressure, tube bundle. This is an important 

boundary condition which provides advantages especially for 

a straight-tube design. Since generally for a straight-

tube steam generator with greater length a smaller tube 

bundle diameter can be expected, (at an equal pressure drop on 

the gas side) there was a possibility to obtain a 

reduction in the PCRV diameter by using a straight-tube steam 

generator. In addition, it is to be expected that fabrication 

costs of a straight-tube steam generator are lower than that 

of a helicoil design. So it was decided last year to concentrate 

the activities on this type of design to obtain a state 

of know how comparable to that of the helicoil type. 

Based on preliminary thermohydraulic investigation and a 

basic study, Figure 4, a contract was placed with the company 

"Balcke Diirr" to prepare a detailed design of the straight-

tube steam generator, including manufacturing procedures and 

stress aspects. It was tried to find a concept having particularly 

good characteristics with regard to thermal behaviour by minimizing 

the differential expansion between tubes and support structures 

to obtain an uncomplicated expansion module. From various preli

minary concepts finally a concept was selected, in which the 

complete steam generator rosts on a central pipe, surrounding 

the hot-steam return pipe. 

In addition, the heating surface was subdivided into bundles 

of seven tubes each with subheaders at the feedwater side. 

In the course of the design work done by Balcke Dttrr it became 

evident that, in contrast to our proposal, this design resulted 

in an expansion zone which is feasible but presents great 

complications in fabrication. 

Based on the consideration that compared to the THTR the problem 

of hot streaks is likely to be less pronounced in the PNP steam 

generator due to the preceding steam reformer, Balcke Diirr 

proposed to design the steam generator as a "real" 

straight-tube heat exchanger, in which all tubes between life 

steam und feed water header are rigidly fixed and the expansion 

zone is transfered to the three feed water inlet tubes (Figure 5). 



Furthermore, the feed water and hot steam headers were modified 

on the basis of stress calculations and fabrication considerations, 

trying at the same time to reduce the volume of the feed water 

header. This is the state of design work obtained as a basis for the 

detailed comparison of a straight-tube and a heiicoil steam 

yenerator design, which is currently being carried out. 

Fig. 6 shows a comparison of the main design data. Major 

differences arise in the following items: 

heat surface 

number of tubes 

water / steam velocity 

tube bundle diameter 

tube bundle lenght 

It can be seen that the water inlet velocity in the straight-

tube steam generator is very low, which will possibly lead to 

stability problems, expecially in the low-load range. Due to the 

inlet and outlet flow regions required in a straight-tube steam 

generator on the gasside, the advantage of the smaller tube 

bundle diameter has hardly any effect at all. In both these 

regions of the straight-tube steam generator comprehensive 

experimental investigations must be initiated with respect to 

pressure drop and flow distribution. 

Apart from that, the following evaluation items may be taken 

for the comparison (figure 7 ) . 

Since in addition to the other topics, i.e. the design concept 

and the design data, also the behaviour during transient conditions 

and accidents is of importance, and since the state of know how 

on the general concept is not yet sufficiently comprehensive, it 

is extremely difficult to establish a real comparison of the 

concepts at the present date. 

At the moment particularly the potential of both concepts for 

transient conditions is being investigated, so that a conclusive 

Main topics for comparison of straight-tube vs. heiicoil 

steam generator (figure 7) 

- Acces for inservice inspection 

- Cavity diameter 

- Component Maight 

- Methods of wear protection 

- Fabrication costs 

- Behaviour during transient conditions 

- Accident behaviour (p.e. water ingress) 

- Load change behaviour 

- Tube plugging 

evaluation is not yetpossible. It can, however, be fundamentally 

stated that the expected advantages of the straight-tube steam 

generator have been confirmed only in part. 

For the secondary steam generator (Fig. 8) which is located in 

the gasification plant a steel pressure vessel is used. To 

minimize the dimensions a compact heiicoil tube bundle was selected. 

The main difference in the design parameters (Fig. 9) between 

the primary steam generator and the secondary steam generator 

is the low helium outlet temperature which results in a relativly 

great heat transfer surface, mainly for the economiser. 

It is a main characteristic of this design concept that all 

pressure vessel boundaries are cooled by the cold outlet helium. 

The only hot region - the steam header - is connected with the 

vessel closure by a thermal sleeve. 

Fig. 8 shows two types of tube supports, but neither may statisfy 

the special requirements of ISI and wear protection. 

The design analysis for the secondary steam generator was 

carried out also by Balcke DUrr on the basis of preliminary 

design studies performed by GHT. 



WVVttVMrtTftA Schmit durch eine Dampferzeugereinheit zum 
300-MWe-THTR-Prototyp-Kernkraftwerk 
Schmehausen, BRD 

i 
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1 AuRnrer Abschlud 
2 Innerer Abschlul i 
3 ZwischenubertiiUer-Dampfaustritt 535°C, 49bar 
4 Dchnzone 
5 Hochdruckdampf-Austr ia 550 °C. 186bar 
B Spannbetonbchalter-Durchdringung 
7 Zvvischcnuberhitzer-Dampleintritt 365 °C 
B Speisowassereintritt 180 °C 
9 Kernrohr 

10 Haliumaustri l lZSO'C 
11 HD-1-Biindcl 
12 Dampfcrzeugcrhemd 
13 HD- l l -B i indel 
14 Zwischcnubcrhi lzcrBundcl 
15 Hotiumointritt 750 0C 

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

-12 

1 Ouior closure 
2 Inner closure 
3 Rohoaier steam outlet 535 °C. 49 bar 
4 Expansion modulus 
5 HP steam outlet 550 °C. 186bar 
6 Prostrosscd concrete vessel penetration 
7 Rehcater 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-l l -bundlo 
14 Reheater bundle 
15 Helium inlet 750 °C 

-13 Section d'un generateur de vapeur pour la 
centrale nucleaire prototype de 3 0 0 MWe THTR 
de Schmehausen, RFA 

• f 

1 Fond cxtoricur 
2 Fond intcricur 
3 Sortie dn la vapour du rcsurchauffcur 535 °C, 49bars 
4 Zone de souplcssc 
5 Sortie do la vapour HP 550 "C. 186bars 
6 P6neiration du caisson en beton preconlraint 
7 Entrdc de la vapeur du resurchaulfcur 365 "C 
8 Entree de I'nau d'alinientation 180"C 
9 Tube central 

10 Sortie d'helium 250-C 
11 FaisceauHPI 
12 Chemise oxterieuro 
13 Faiscoau HPI1 
14 ,caisceau resurchauf/eur 
15 J •Hrced'h6l ium760°C F i g . 2 
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PNP PRIMARY STEAM GENERATOR 

thermal power Mj/s 

straight-tube 
design 

154,3 

helical design 

154,3 

Helium_side 

He-flow rate 

inlet pressure 

pressure loss 

inlet temperature 

outlet temperature 

max. outside tube wall temp. 

He-velocity 

water^side 

H20-flow rate 

steam outlet pressure 

pressure loss 

feed-water temperature 

steam temperature 

feed-water velocity 

steam velocity 

max. inside wall temperature 

design-data 

inner tube diameter 

outer tube diameter 

pitch 

tube length, total 

economizer 

evaporator 

superheater 

number of tubes 

heat exchanger surface 

diameter of the inner tube 

bundle diameter 

bundle height 

inclination angle 

kg/s 

bar 

bar 

°C 

°C 

°C 

m/s 

kg/s 

bar 

bar 

°C 

°C 

m/s 

ni/s 

°C 

mm 

mm 

mm 

m 

m 

m 

m 

-
m2 

m 

m 

m 

73,85 

39,8 

0,29 

695 

293 

633 

43,7 

54,67 

115 

0,27 

150 

540 

0,48 

13,4 

586 

12,4 

16 

29,5 

20,1 

8,4 

6,7 

5,0 

1018 

1029 

0,27 

1 ,096 

20,11 

73,85 

39,8 

0,28 

695 

293 

618 

21,1 

54,67 

115 

7,29 

150 

'540 

1,75 

48,8 

565 

12,4 

16 

45 

51,3 

22,0 

17,9 

11,4 

280 

722 

0,61 

1,78 

13,28 

15 

Fig. 6 
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P N P SECONDARY STEAM GENERATOR 

thermal power MJ/s 202 

Helium_side 

He-flow rate kg/s 71,1 

inlet pressure bar 40,65 

pressure loss bar 0,54 

inlet temperature °C 750 

outlet temperature °C 203 

He-velocity m/s 17,7 

water_side 

H20-flow rate kg/s 72 

steam outlet pressure bar 115 

pressure loss bar 6,5 

feed-water temperature °C 150 

steam temperature °C 540 

design-data 

inner tube diameter mm 

outer tube diameter mm 

tube length, total m 

economizer m 

evaporator m 

superheater m 

number of tubes 

heat exchanger surface m2 

diameter of the inner tube m 

bundle diameter m 

bundle height m 

14 

20 

76 , 

45 , 

2 2 , 

9 , 

425 

2040 

1 . 

2 , 

8 , 

, 8 

,4 

,0 

,0 

,4 
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CONSTRUCTION AND PERFORMANCE TESTS OP 
A SECONDARY HYDROGEN GAS COOLING SYSTEM 

K. SANOKAWA, M. HISHIM 
Tokai Research Establishment 
Japan Atomic Energy Research Institute 
Tokai-mura, Naka-gun, Tbaraki-ken 
Japan 

1. Introduction 

With the aim of a multi-purpose use of nuclear energy, such as a direct 

steel-making, an experimental multi-purpose High-Temperature Gas-Cooled Reactor 

(VHTR)1 ',l ' is now being developed in Japan Atomic Energy Research Institute 

(JAERI). In order to simulate a heat exchanging system between the primary 

helium gas loop and the secondary reducing gas system of the VHTR, a hydrogen 

gas loop as a secondary cooling system of the existing helium gas loop was 

completed in 1977, and was successfully operated for over 2000 hours. 

The objectives of constructing the H_ secondary loop were : 

(1) To get basic knowlege for designing, constructing and operating a high-

temperature and high-pressure gas facility. 

(2) To perform the following tests ; 

(a) hydrogen permeation at the He/H2 heat exchanger (The surfaces of 

the heat exchanger tubes are coated by calorizing to reduce hydrogen 

permeation.) 

(b) thermal performance tests of the He/H- heat exchanger and the 

H2/H2 regenerative heat exchanger 



(c) performance test of interna! insulation 

(d) performance tests of the components such as a H- gas heater 

and gas purifiers. 

These tests were carried out at He gas temperature of \ 1000°C, H» gas 
2 

temperature of ^ 900CC and gas pressures of ^ 40 kg/era G, which are almost the 

same as the operating conditions of the VHTR. 

f 31 
2. Secondary hydrogen gas loop1 ' 

Figure 1 shows the flow diagram of the secondary H2 gas loop together 

with the primary He gas loop. The maximum gas temperature and gas pressure 

2 of the Hp gas loop are 900°C and 42 kg/cm G respectively. 

H? gas is circulated by a reciprocating compressor, being heated up to 

840°C by a regenerative heat exchanger and a H2 gas heater. Then it is heated 

again up to the maximum temperature of 900°C by hot helium gas when flowing 

through the He/H2 heat exchanger. The heated H2 gas is cooled down to a room 

temperature by the regenerative heat exchanger and a cooler, returning to 

the compressor. Fluctuations of pressure and flow rate produced by the 

compressor are absorbed by high- and low-pressure surge tanks. 

The temperatures of the H„ and He gases were measured with W-5Re/W-26Re 

thermo-couples (The material of the seath is Mo.) or C-A thermo-couples 

(The materials of the seath are Inconel-600 and SUS 347.), and the surface 

temperatures of the components by C-A thermo-couples. H 2 gas flow rate was 

measured with flow nozzles, and He gas flow rate with orifice meters. H- and 

He gas pressures were measured with diaphram-type pressure gauges. 

In addition to the main circuit, the secondary H~ gas cooling system 

is equipped with a H2 gas purification system to remove 02 gas and water vapor 

a H2 gas supply system, a H2 gas exhaust system to discharge H2 gas to the 

120 
atmosphere, a sampling system to analyze 02 gas and water vapor 
concentrations in JL gas, a N2 gas protection system and an evacuation system. 

A H? gas absorber was installed in the primary He gas loop to remove 

H2 gas permeated from the H2 gas loop through the He/H2 heat exchanger. The 

H? gas absorber consists of a pair of CuO beds as well as a pair of molecular 

sieve beds. 

Main items of the components are presented in Table 1. 

3. Test results 

(4) 3.1 Thermal performance test of the heat exchangers' ' 

Figure 2 shows a schematic drawing of the He/H2 heat exchanger. It is 

a counter-flow U-type heat exchanger, which consists of five double-tubes. 

He gas flows inside the inner tubes, and H_ gas flows in the annular spaces 

between inner and outer tubes. The tube bundle of five double-tubes in a 

pressure vessel, and thermal insulation is packed in the space between the 

tube bundle and the pressure vessel. The Hp/H, regenerative heat exchanger 

is of the same type as the He/H2 heat exchanger. Main differences of the latter 

are : 

(1) The tube bundle consists of six double-tubes. 

(2) No thermal insulation is packed in the lower temperature section. 

Table 2 describes the test conditions, and Fig.3 shows a comparison 

of calculated and experimental overall heat transfer coefficients, which 

are quite in good agreement. 

Figure 4 shows the temperature efficiencies of the He/H2 heat exchanger. 

The experimental values are given by the following equations. 
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Tco —Tci 

for cooling 

for heating 
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The solid lines in this figure are theoretically calculated by the energy 

balance eouations. Temperature efficiencies thus obtained are expressed by 
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where $ and $' are the temperature efficiencies when heat loss is ignored, 

and are given by Eq.(3). C l o s s expresses the heat loss which is given by Eq.(4) 
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Where Kt denotes the calculated overall heat transfer coefficient, and Qi o s s 

is calculated by wh-(Tki-Tb.)-Wc-(Tco-Tcl) . 

As shown in Fig.4, experimental temperature efficiencies are in good 

agreement with the values calculated by Eq.(2). 

(51 
3.2 Performance test of thermal insulation of high-temperature components*' 

In order to keep the temperature of the pressure boundaries below 500°C, 

thermal insulation is packed inside the pressure vessels of high-temperature 

components and also inside the pressure tubes of high-temperature pipes. 

External thermal insulation is placed outside the pressure vessels or tubes 

of the components excluding the H~ gas heater and high-temperature He gas 

pipes. Surface temperature distributions of the pressure vessels and tubes 

were measured to obtain effective thermal conductivity of insulating materials. 

As shown in Fig.2, thermal insulation is packed in a space between the 

tube bundle and the pressure vessel of the He/H2 heat exchanger. The internal 

thermal insulation consists of two layers at the bent section, and three 

layers at the straight sections. Fibrous thermal insulation mainly made of 

AT203 and SiOz (Kaowool 1260S) is packed with the density ranging 0.2 °* 0.3 

g/cm (E = 0.88 -v 0.92). Each thermal insulation layer is separated from 

the other by a stainless steel foil or pipe. External thermal insulation 

is 6 mm in thickness. 

Figure 5 shows a schematic drawing of a high-temperature He gas pipe 

connected to the inlet of the He/H2 heat exchanger. Internal thermal insulation 

consists of three layers. Fibrous thermal insulation Kaowool 1260S is packed 

with the same density for He/H2 heat exchanger. Performance test was carried 

out under the conditions listed in Table 3. Figure 6 shows circumferential 

temperature distributions of the pressure vessel of the He/H_ heat exchanger, 

and Fig.7 shows those of the high-temperature He gas pipes. All the temperature 

distributions were not varied by gas pressure and flow rate. 

Figure 8 shows effective thermal conductivity of the internal thermal 

insulation of the high-temperature He j?as pipe. The shadowed portion including 

the curve 1 in this figure represents t.e range of effective thermal 

conductivity of Kaowool 12605 measured in He gas environment with high-

temperature pipes of similar constructions. The curve 2 indicates the effective 

thermal conductivity of Kaowool 1260S in He gas converted by the following 

equation, using the data in air. 

-*.«.H.= *el/,.,r+ *'•* ' C •!».- .l,ir) (5) 



The present data agree well with the curve 2 and also the data reported in 

references (6) and (7). The measured effective thermal conductivity was kept 
2 

approximately constant in the pressure range 10 * 40 kg/cm G. 

In a high-temperature and high-pressure atmosphere, Rayleigh number 

becomes larger because of large temperature difference established across 

the insulation layer. Consequently natural convection occurs in a horizontal 

porous medium when the product of Rayleigh number(Ra) and Darcy number(Da) 

is greater than 4ir2. In a vertical porous medium with one side cooled and 

the other side heated, however, the effect of natural convection becomes 

significant at Ra-Da > 1 i» 10. When it comes to an annular insulation layer, 

the occurrence of internal natural convection depends not only on Ra-Da value 

but also on the ratio of outer to inner radii of the annular section, r J r . . 

For example, in the cases when the. values of r Jr. are 1.25 and 3, the effect 

of internal natural convection cannot be ignored if Ra.Da are greater than 

350 and 10 respectively. 

As for the horizontally placed high-temperature components of this loop, 

the He/H_ heat exchanger, the regenerative heat exchanger, the He and H? gas 

pipes, r J r . is 1.4 ^ 1.8 and Ra*Da is smaller than 3, and for the vertically 

placed H- gas pipes Ra-Da is estimated as below 0.01. Therefore the effect 

of natural convection in the internal thermal insulation of this loop might 

be not so significant. 

The other problems to be considered relating to internal thermal insulation 

are : the hot spots which might occur at the loose-packing places or the 

contacting points of spacers, seal plates and supporters with pressure vessels; 

and the heat losses through the contacting areas. As shown in Figs.6(a) and 

7(b), however, the deformations of temperature distribution by the contacting 
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spacers were relatively small, and the estimated heat losses in comparison 

with total heat loss are ** 10% for the heat exchangers as well as He gas 

pipes, and ^ 5% for the H, gas pipes. 

From the above considerations, it could be concluded that there were 

no defects in thermal insulations as far as the components of the He and H-

gas loops were concerned. 

3.3 Hydrogen permeation tesr ' 

One of the features of the He/H2 heat exchanger is that the tube surfaces 

are coated by calorizing in order to reduce hydrogen permeation. The calorizing 

by which an aluminum-diffused layer is formed on the surface of metals, has 

been applied to protect metals from oxidation at elevated temperatures. Few 

experiments, however, have been done to investigate the effectiveness of 

calorizing against hydrogen permeation, and all the experiments carried out 

so far are quite limited to low pressures and relatively low temperatures.1 ' 

The methods of reducing hydrogen permeation which have been proposed 

are : 

(1) To make an oxide layer on heat tranfer surfaces by adding water vapor 

in H? gas/
1 0' 

(2) By an indirect heat exchanger concept where liquid metal is filled 

inbetween two heat transfer surfaces.'1'' 

(3) To make coating on heat transfer surfaces with ceramics, refractory 

metals, etc./ 1 2' 

Calorizing belongs to the category of a method (3). Before applying this 

calorizing method to the He/IL heat exchanger, preliminary experiments were 

carried out to find what the best combination of base metal and coating is. 



Aluminum-powder spraying, calorizing, plasma spraying of zircom'a and 

aluminizing were chosen as the tentative coating methods, and Incoloy-800, 

HK-40, Inconel-600 and SUS 304 as the tentative base metals. As the experiment 

proved that the calorized Incoloy-800 was most suitable, the calorizing was 

employed on the outer heat exchanger tubes of Incoloy-800. 

The measured hydrogen permeation rate through the calorized tubes of 

the He/H2 heat exchanger was 2 ^ 3 £(STP)/hour when the average temperature 
2 

of the tubes was 877°C and the K2 gas pressure 40 kg/cm G. Because the 

hydrogen permeation rate through the tubes of same base metal without treatment 

was estimated to be about 100 £(STP)/hour, the reduction by calorizing was 

tremendous. The reduction factors of hydrogen permeation converted at 1000°C 

viere shown in Fig.9. They were 1/30 "» 1/50 and finally remained almost 

constant during about 1000 hours' operation. 

Moreover, the most important thing worthy to note is that the effectiveness 

of calorizing was neither deteriorated nor daraeged by temperature and pressure 

changes. The calorized layer, as shown in Photo 1, consists of two sub-layers, 

an M-rich layer of ^ 150 u in thickness and a diffusion layer of ^ 120 u in 

thickness. After the hydrogen permeation test, the tubes were cut and taken 

out of the He/H- heat exchanger to re-examine the calorized layer. General 

features of the layer were almost the same as before the experiment and no 

significant defects were observed. 

Photo 2 shows a scanning image of the calorized layer taken by an electron 

probe X-ray micro-analyzer. A large quantity of Al, Fe, Hi and Cr were observed 

in the Al-rich and the diffusion layers. It is interesting to note that in 

the Al-rich layer, those elements were dispersed homogeneously, while in the 

diffusion layer, Ni, Fe and Cr were distributed in longitudinal ways. 

3.4 Performance tests of other components 
m 

In Fig.10 the overall thermal efficiency of the H- gas heater, which is 

expressed by the ratio of thermal output to electrical input, was shown. 

Consequently the net thermal efficiency which is defined by the ratio of 

thermal output to the heat generated in the element itself excluding in 

the electrode, junctions, etc. was estimated to be over 80%. The maximum 

temperature of the element during the operation was 1070°C, which was fairly 

below the maximum allowable temperature of 1300°C. 

Figure 11 shows the results of the performance test of Hn gas absorber 

installed in the primary He gas loop. The test was conducted prior to the 

high-temperature operation, by injecting H- gas into He gas flow to measure 

the Hy 9as concentration at the outlet. The H~ gas concentration at the 

outlet could be maintained below 1 p.p.m., except the first switching-over 

of each CuO bed. 

Figure 12 shows the results of the performance test of the H- gas purifier. 

In the test Np gas containing 0- gas as well as water vapor was, used. The 

concentrations of the impurities finally obtained were below 3 p.p.m. at the. 

outfet of the purifier. 

4. Summary 

A high-temperature and high-pressure hydrogen gas loop which was installed 

as a secondary cooling system of the existing helium gas loop was successfully 

run for over 1000 hours under high-temperature and high-pressure operating 

conditions. The maximum He gas temperature was 1000°C at the inlet of the 

He/Hg heat exchanger, and the maximum H 2 gas temperature was 900°C at the 
2 

outlet, while the maximum He and H? gas pressures were 40 kg/cm G at the He/H? 

heat exchanger. 



Several tests were carried out with this loop, and the results are 

summarized as follows: 

(1) The experimental values of the thermal performance of heat exchangers, 

such as overall heat transfer coefficient and temperature efficiency, 

were in good agreement with the calculation. 

(2) The temperature distributions of the pressure vessels and tubes of 

high-temperature components were found to be almost uniform, and no hot 

spots were observed. Since the effective thermal conductivity of the 

thermal insulation agreed fairly well with the other data, it could 

be assumed that no defects in packing occurred. 

(3) Hydrogen permeation rate was reduced to 1/30 <v 1/50 by calorizing. The 

reduction rate of hydrogen permeation was not affected by temperature 

and pressure changes. No defects were observed in the micro-photographs 

of the calorized layers which were re-examiend after the test. From the 

above results, it might be said that the calorized diffusion layer is 

stable in the high-temperature and high-pressure H~ gas atmosphere, 

and is quite resistable against the temperature and pressure changes. 

The calorizing could be said to be a very promissing method for 

reducing a large quantity of hydrogen permeation. 

(4) The desired performance was achieved with the components, such as 

the H_ gas heater, the H~ gas absorber in the He gas loop and the H„ 

gas purifier. 

124 
NOMENCLATURE 

Defined by Eq.(4). 

Specific heat at constant pressure 

Darcy number 

Heat transfer area of heat exchanger 

Mass flow rate 

Overall heat transfer coefficient of heat exchanger 

Total heat loss from heat exchanger 

Inner radius 

Outer radius 

Temperature 

C p X G 

Porosity of thermal insulation 

Thermal conductivity 

Effective thermal conductivity of thermal insulation 

Temperature efficiency of heat exchanger for cooling side 

Temperature efficiency of heat exchanger for heating side 

SUBSCRIPTS 

Air 

Low-temperature gas 

Inlet of low-temperature gas 

Outlet of low-temperature gas 

High-temperature gas 

Inlet of high-temperature gas 

Outlet of high-temperature gas 

Helium gas 

Theoretically calculated value 



REFERENCES 

(1) Murata.H. : Research and Observation Data on Multi-Purpose Use of Nuclear 

Energy Vol.1, Publication of Fuji International Co.(1973). 

(2) Ishikawa.K. et al. : System Design of High-Temperature Gas-Cooled Reactor, 

Journal of the JSME, 76, 744-782 (1973). 

(3) Sanokawa,k. et al. : Experiment on a He/H- Heat Exchanger with a High-

Temperature and High-Pressure H„ Gas Loop, (1) Design and 

Description of the Facility, Preprint of 1977 Fall Meeting 

AESJ, E 50, 274 (1977). 

(4) Takizuka,T. et al. : Experiment on a He/H- Heat Exchanger with a High-

Temperature and High-Pressure H„ Gas Loop, (3) Thermal 

Performance Test of Heat Exchangers, Preprint of 1977 Fall 

Meeting AESJ, E 53, 276 (1977). 

(5) Ogawa.M. et al. : Experiment on a He/H* Heat Exchanger with a High-

Temperature and High-Pressure H~ Gas Loop, (4) Performance 

Tests of Thermal Insulation and Other Components, Preprint 

of 1977 Fall Meeting AESJ, E 54, 277 (1977). 

(6) Suzuki,H. : The Materials of Insulation for Gas-Cooled Very High-Temperature 

Reactor and Nuclear Steel-Making, Ceramics, 11, 984-993 (1976). 

(7) Nakanishi.T. : Completion of High-Temperature Heat Exchanger Test Plant 

for Research and Development of Nuclear Steel-Making Process, 

Jounal of AESJ, 21, 147-153 (1979). 

(8) Hishida.M. et al. : Experiment on a He/H2 Heat Exchanger with a High-

Temperature and High-Pressure H2 Gas Loop, (2) Experiment 

on Hydrogen Permeation, Preprint of 1977 Fall Meeting AESJ, 

E 51, 275 (1977). 

125 

(9) Rudd.D.W. et al. : Permeability of Metals and Enameled Metals to Hydrogen, 

HAA-SR-6109 (1961). 

(10) ROhrig.H.D. et al. : Studies on the Permeation of Hydrogen and Tritium 

in Nuclear Process Heat Installations, Nucl. Eng. Design, 

34, 157-167 (1975). 

(11) Sanokawa.K. et al. : A Possibility of Reduction of Hydrogen Permeation 

Through Heat Exchangers of Multi-Purpose High-Temperature 

Gas-Cooled Reactor System, Preprint of 1973 Annual Meeting 

AESJ, C 39, 300-301 (1973). 

(12) Flint,P.S. : The Diffusion of Hydrogen Through Metals of Construction, 

KAPL-659 (1951). 



Table 

(I) He/H. Heat Exchanger 

gas pressure 

gas temperature ; He in/out 

; H_ in/out 

flow rate ; He / H2 

tubes ; He side : Incoloy-800 

H2 side : Incoloy-800, 

heat transfer area 

: 42 kg/cm2-G 

: 1000/860 °C 

: 840/900 "C 

: 40/30 g/s 

17.3 * O.D. x 2.3 t 

27.2 *O.D. X 2.9 t 

0.83 a2 

2 
overall heat transfer coefficient : 720 kcal/m -h-0C 

pressure tube : AISI 304, 267. 4 * O.D. x 9.3 t 

(2) H-/H- Regenerative Heat Exchanger 

gas pressure 

gas temperature ; 

flow rate 

tubes ; 1st side 

; 2nd side 

1st side 

2nd side 

: Incoloy-

: Incoloy-

neat transfer area 

in/out 

in/out 

-800 & A] 

-800 s A] 

overall heat transfer coefficient : 

pressure tube : AISI 304, 216.3 4 0. 

42 kg/cm2-G 

883/174 "C 

11/720 'C 

30 g/3 

CSI 304, 17.3*0 

'SI 304, 27.2 * O 

1.78 ra* 

716 kcal/m2-h-

D.x 8.2 t 

• D 

.0. 

»C 

X 

X 

2 

2 

.3 

9 

t 

t 

Components 

m 

(3) "H2 Heater 

aas oressure 

gas temperature 

flow rate 

heated element 

electrode : Mo, 

; in/out 

TZM alloy 

30 4 O.D. 

heat transfer area 

pressure tube .-

33 J O.D 

: 
AISI 304, 215.3* 0. 

42l 
— . * • • 

kg/cm •G 

702/840 "C 

.xl 

D.x 

30 g/s 

5 t X 1200 1 

0.113 ir/ 

8.2 t 

(4) High Temperature Piping 

gas pressure 

maximum temperature 

flow rate 

flow passage : 

pressure tube 

42 

Incoloy-800, 34*O.D.xl 

: AISI 304, 165 

139 

2*0 

3*0 

D.x 

0.x 

kg/cm -G 

900 "C 

30 g/s 

65 t 

7.1 t £ 

6.6 t 

(5) Main Compressor 

gas pressure 

flow rate 

head 

rotation frequency 

stroke 

cylinder 

moter : 22KW, 6P, 50 Hz, 

: 42 kg/cm • G 

: 30 g/s 

: 3 kg/cm2 

: 350 r.p.m. 

: 130 mm 

: 110 mm * 

970 r.p.m. 



Table 2 Test Conditions for Heat Transfer Characteristics 
of the Hear Exchangers. 

(1) He/Ha heat exchanger 

pressure 

f l o w rate 

Reynolds number 

in le t temperature 

outlet temperature 

He gas f low 

2 0 ~ 4 0 kg/cm2.G 

1f ~ 4 2 g/sec 

5000^26000 

4 0 0 ~ I O O O ° C 

2 5 0 ~ SSCTC 

Hz gas f low 

20~40kg/fcm2-G 

6.5 ~ 2 8 g/sec 

2 4 0 0 ~ 14000 

2 3 0 ~ 860°C 

3 0 0 ~ 900°C 

( 2 ) H2/Hz heat exchanger 

pressure 

flow rate 

Reynolds number 

inlet temperature 

outlet temperature 

hot H2 f low 

7~40kg/cm2 -G 

6 . 5 ~ 2 8 g/sec 

7 9 0 0 - 4 0 0 0 0 

3 0 0 ~ 890°C 

7 0 ~ I70°C 

cold H z f l o w 

7 ~ 4 0 kg/crr fG 

6.5 ~28 g / s e c 

2 8 0 0 ~ 1 4 0 0 0 

5 ~ I 6 ° C 

2 4 0 ~ 720°C 

Table, j Test Conditions for Thermal Performance Test 

of Inserted Thermal Insulation 

-

" f l u i d 

pressure 

gas temperature 

f l o w rate 

He/l-te heat exchanger 

Hz 

I 2 ~ 4 l kg/cm2-G 

2 3 0 ~ 9 0 0 ° C 

6 . 5 ~ 2 8 g / s e c 

He high terrppiping 

He 

12 ~ 4 1 kg/cm2-G 

4 0 0 ~ I O f O ° C 

f t ~ 42 g /sec 

He Loop 
High Temp. Fuel 
TesLSea ^QQ^ 

- ( J— 

He/Hz Heat Ex, 

He Heater /720kcai/hfh.t: 

lH2:4.3i(STP)/h 

He '389/fe, 40kqim2G,860t 
-jfiegenerafiveHeatExj^Qj^^g,. 

CuO Bed Sieve Bee 

iCooles 

H? Loop 
Regenerative Heat Ex. 
jTiekcoMrfh.^V Cooler ^ 

Cooler 
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2tg/s 
40kg/cnf'G 

Items 
pressure 
temperature 
flow rate 

high temp, pipe 

low temp, pipe 
capacity of 
heater 

Hi loop 
42kg/cm2-G 
900DC 
30q/s 

AISI 304 6B/ 
Incoloy-800 I8 

STPA12-18 

50 KW 

He loop 
42 kg-tn^-G 
1000°C 
iOOa/s 

AISI 304 8B/ 
Incolov-800 lB 

AISI 304 2 ' 

270 KW 

F/g.f Flow Diagram and Main Items of H2 and He Loops 
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Fig. 4 (a) Temperature Efficiency of He/H2 Heat 
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Fig. 5. High Temperature Piping System (He gas loop) 
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Symbol 

Q 
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Fig.6(a) Circumferential Temperature Distribution of the 
Pressure Tube at the Location of a Spacer (He 
/H2 heat exchanger) 

Fig.6 (b) Circumferential Temperature Distribution of the Pressure 
Tube at Normal Locations (He/H2 heat exchanger) 



Symbol 

0 

0 

• 

He temp. (°C) 

~ 9 0 0 

~ 5 7 0 
~ 8 9 0 

He press. (kg/cm2- G} 

\2 

4 f 

4 1 

Fig.7(a) Circumferential Temperature Distribution 
of the Pressure Tube at Normal Locations 
(He high temp, piping ) 

Fig.7(b) Circumferential Temperature Distribution of 
the Pressure Tube at the Location of the 

Spacing Bars (He high temp, piping ) 
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1. Introduction 

The possibility to supply high temperature heat from a HTGR for 

process application is investigated at some places in the world. 

In all programs or projects existing with respect to this appli

cation the endothermic steam reforming of methane is one main 

step to transmit heat produced by nuclear fission to different 

chemical processes. 

CH. + H-O = 5 ^ 3 H2 + CO A H° = 2o6 kJ/mol 

The KFA is involved in the two German projects 

PNP - Prototypanlage Nukleare Prozeowarme 

(Prototype-plant Nuclear Process-heat) 

NFE - Nukleare Fernenergie 

(Long Distance Energy Transport) 

Generally in a HTGR helium serves as reactor coolant. It trans

ports the heat from the core to the different components which 

are taking over this heat for various purposes. In case of 

arranging a steam reformer in the helium circuit for economic 

reasons it is necessary to reach very high temperatures. In the 

two German projects mentioned above the helium temperature at 

HTGR core outlet is determined to 95o °C. 

Thus the main design data for a steam reformer supplied by 

heat from a HTGR are 

maximum helium temperature 95o °C 

helium pressure 4o bar 

By an extensive utilization of the available advanced conven

tional steam reforming technology the helium heated steam re

former design is using normal steam reforming tubes arranged 

to compact bundles. 

2. Pilot plant EVA I 

With intent to study the behaviour of reformer tubes, heated by 

helium, the pilot plant EVA I was built in the Institute of 

Reactor Components; investigations with EVA I have been star

ted in 1972. It offers the possibility to test single reformer 

tubes with original dimensions so that scaling up only with 

respect to the number of tubes is necessary. 

Fig. 1 shows the building of EVA I containing the main compo

nents. The tower has a height of 4o m, so that reformer tubes 

with a length up to 15 m can be installed. 

Fig. 2 demonstrates the dimensions of the reformer tubes in

vestigated. 

In the control room all operations are directed and controlled. 

Important data measured inside the plant are recorded in this 

room. By means of an ON LINE - system the main important pro

cess parameters are evaluated by a direct coupled computer. 

Thus it is possible to get quickly a survey of the process with 

regard to heat transfer, chemical conversion, heat and mass 

balances and pressure losses. 

Fig. 3 shows a flow sheet of the pilot plant EVA I. 

The process feed gas consists of a mixture of natural gas and 

steam. Both are preheated and superheated respectively in the 

heaters E-1, E-2 and E-3 up to 5oo °C. Before entering the 



catalyst bed - in the shown special case - the process gas flows 

through an integrated recuperator system inside the reformer 

tube. In the fixed catalyst bed the process gas is heated up to 

temperatures of about 800 °C and is simultaneously reformed to 

a product gas with a high content of hydrogen. The resulting 

product gas flows through a small tube inside the fixed bed to 

the top of the reformer tube. On the way from the bottom to the 

top of the reformer tube the product gas is cooled in counterflow 

to the process gas. Thus an internal recuperation of the heat 

is realized. An additional recuperation occurs in the recupera

tor arranged in the upper part of the reformer tube. After lea

ving the reformer tube the product gas is cooled down to 2o C 

by special cooling systems. The condensed surplus of steam is 

separated. 

In EVA I the heat carrier for the process is helium too. The 

HTGR, as heat source in a nuclear process heat plant, is simu

lated in EVA I by an electrical heater. The maximum power of 

this heater is 1 MW. The helium enters the reformer D-1 at a 

temperature level up to 95o C. The heat transfer from the he

lium to the wall of the reformer tube is promoted by the high 

velocity of the helium flowing upwards through a narrow annulus 

around the reformer tube. On the way from the bottom to the top 

the helium is cooled down depending on parameters by an amount 

of 1oo to 35o K. The helium flows from the reformer to the 

recuperator E-4, the cooler E-8, the blower G-He, again to the 

recuperator E-4 and finally to the helium heater E-5, where it 

is heated again. So a closed circuit exists. 

In a purification bypass the helium is cleaned continuously by 

freezing and adsorptionprocedures. Each hour one fourth of 

the helium is regenerated. The gaseous impurities observed 

after a two week operation, including a gas cleaning procedure, 

are shown in Fig. 4. The dashed lines demonstrate the corres

ponding values of the High Temperature Reactor AVR /I/, which 

is in operation at Julich. In EVA I the partial pressures of 

steam and carbon dioxid are considerably higher. The explana

tion for this fact is the short EVA I - operation period, in 

which the gaseous impurities of the ceramic insulation material 135 

inside the pressure vessel could not be removed completely. 

Fig. 5 shows the design data of EVA I. On the left the maxi

mum operating parameters of the helium system, on the right 

the limiting values of the process-gas system are given. 

3. General test program 

The investigations refer to the steam-reformer in combination 

with a HTGR. By means of experiments with the pilot plant EVA I 

the knowledge of the following phenomena shall be improved and 

extended. 

- Heat transfer: especially at process gas side 

- Chemical conversion: depending on different temperature 

distribution, 

feed gas composition, 

catalyst arrangement 

- Pressure loss: in different catalyst arrangements 

and return pipes 

- Hydrogen permeation: through the reformer tube wall into the 

helium system 

- Operational behaviour of a reformer tube 

- Influence of geometrical parameters and constructional 

details on the process 

4. Experimental results 

Since start up of the EVA I a number of different reformer 

tubes were tested. The investigations so far extended to 

- various tube dimensions in length, diameter, wall thickness 

and material 

- various configurations of the catalyst, and 

- different types of internal return pipes for the product gas. 



Unconventional constructions were also tested: 

a helically coiled tube with catalytically active inner wall, 

and a duplex tube. 

In the following test results from one reformer tube shall be 

demonstrated as an example. Fig. 6 shows on the left side a 

sectional drawing of the reformer tube. It is equipped with 

an internal return pipe and an integrated recuperator. The 

main dimensions are: 

length of the catalyst bed lo m 

length of the recuperator 2.2 m 

outer diameter of the reformer tube 134 mm 

inner diameter 11o mm 

catalyst size: rings 1o x 1o mm 

tube material Incoloy 8ooH 

a) Heat transfer and chemical conversion 

Fig. 6 shows the measured temperature profiles. 

The helium was cooled down approximately linearly from 

95o to 75o °C. 

The process feed gas enters the reformer tube at a tempera

ture of 31o °C. In the internal recuperator - a helical tube 

the process gas is heated up to 55o C. In the following 

catalyst bed - with a length of 1o m - the process gas is 

further heated up to 82o °C. The endothermic reaction takes 

place simultaneously. The product gas - that means the con

verted gas leaving the catalyst bed - flows through the in

ternal return tube and the internal recuperator back to the 

top of the reformer tube. The temperature of the product gas 

decreases from 82o to 53o C at the reformer tube outlet. 

The heat recovery achieved by the arrangement shown here is 

significant and amounts to about 25 % of the heat consumption 

of the process gas. A further positive result is the low tem

perature level of the process gas at the outlet. Thus the 

requirements on the material of the following components 

•can be lowered compared with alternative solutions with less 

heat recuperation. 

Fig. 7 shows the profile of the gas composition along the 

catalyst bed for the discussed test run. The gas composi

tions of the dried process gas samples, taken from 4 axial 

positions in the catalyst bed are measured by a gas chro

ma tograph. The decrease of methane over the tube length in

dicates the continuous conversion of methane to H.,, CO and 

C02. The dashed line represents the calculated methane 

contents at equilibrium conditions corresponding to the 

measured process gas temperatures. There is only a small 

difference between the measured and calculated values. This 

leads to the conclusion that the product gas nearly is in 

equilibrium at the measured gas temperature. 

For the design of reformer tubes a reliable knowledge of 

convenient heat transfer correlations is required. Test re

sults obtained by experiments in EVA I can be sufficiently 

described by the following equations (shown in fig. 8) 

Helium flowing in annulus: 

NuHe = o.o24 . Re°-
8 . p r°-

4 4 (1) 

Heat transfer from reforming tube wall to process gas 

flowing through a fixed bed: 

NupQ = o,26 (Dp/Di)°-
2 . Rep°-

75 . Pr0-4 (2) 

The heat transfer correlation (1) for the tube wall on the 

helium side is well known by literature and could be con

firmed by the results. 

Different correlations have been published for the heat 

transfer from inner wall of the reformer tube to the process 

gas flowing through a catalyst bed with irregularly arranged 

rings. With the correlation (2) obtained from data measured 

by Kunii /2/ the EVA I - results can be described with an 

accuracy of + 15 %. 

Pressure loss 

Fig. 9 shows the pressure loss of the process and product 



gas in the reformer tube. At the inlet the pressure is 

32.7 bar. In the recuperator zone the pressure loss in on

ly o.1 bar, caused by the relatively large cross section. 

The pressure loss in the catalyst bed amounts to about 2 

bar; this results from the relatively small void fraction 

and from volume expansion of the process gas by increasing 

methane conversion and process gas temperature. In the 

inner return tube the pressure loss is 1.1 bar and in the 

recuperator on the product gas side it is o.7 bar. 

c) Hydrogen Permeation 

In some test runs hydrogen permeation was studied. Hydro

gen permeates from the process gas side through the refor

mer tube wall into the helium system. For the determination 

of permeation rates the hydrogen concentration in the he

lium was measured by a gas chromatograph. The integral 

permeation rate, related to the inner surface of the tube 

wall, represents the mean value of the hydrogen permeation 

flux. Picture 1o shows experimental results obtained with 

a tube made from Incoloy 8ooH. The upper and the lower 

curve correspond to measurements carried out on tube seg

ments in the test rig "Auwarm" of the "Institut for 

Reaktorentwicklung" /3/ at selected temperatures of 8oo 

and 65o °C. These are typical temperature levels at the 

lower and upper part of the reformer tube which was tested 

in EVA I. The mean values of the permeation flux obtained 

in EVA I are figured as circles. These integral results of 

EVA I are reasonable according to the permeation flux 

values for the tube segments. Both results show a strong 

time dependency, especially in the first 1o days of ope

ration. During this time the permeation flux is lowered by 

a factor of about 1o. This is due to the fact that stable 

oxid-layers are formed acting as permeation barriers. 

d) Operational Behaviour 

Now some remarks with regard to the operation conditions 

shall be given. During operation periods up to 11 weeks 

no significant variations of process parameters were ob

served. From conventional operation of reformer plants 

it is known, that the catalyst activity is very stable. 

One important presupposition for a stable activity for 
many years is clean feed-gas. In EVA I the content of 

sulphuric compounds is lowered to values sfe o.1 ppm by an 

active carbon filter and a zincoxid-bed. Another presuppo

sition for an operation without troubles is the prevention 

of carbon deposition. 

This can only be guaranted by a surplus of steam. One task 

of our actual work is to find out the limiting conditions 

for carbon deposition. Before such experiments shall be 

carried out in EVA I, knowledges from tests running at pre

sent in a laboratory apparatus have to be obtained. 

To study operation at breakdown conditions some dynamic ex

periments were performed. Fig. 11 shows the influence of a 

short time switch-off of the helium heater on 3 Important 

temperatures. One can see, that the helium inlet tempera

ture decreases rapidly within the first five minutes. This 

disturbance influences all process temperatures. For in

stance, the helium outlet temperature was lowered by 8o °C 

and the process gas temperature at the end of the catalyst 

bed by about 1oo °C. To control the described and other 

dynamic events R3dle developed an appropriate mathematical 

model /4/. Using the values of the helium inlet temperature 

the dashed lines were calculated with this model, A suffi

cient agreement of calculation and experiment was obtained. 

Within the relatively short operation periods no material 

problem occured. 

In view of a rapid change of catalysts, special catalyst 

arrangements have been tested. Fig. 12 shows a promising 

solution. In this case special cylindrical baskets filled 

with Raschig rings are mounted on a straight return tube. 

The complete arrangement can be changed within a few minutes. 
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1. Discussion of design codes and failure modes 

1.1 Development of a high temperature design code 

The temperature range envisaged for nuclear coal gasi

fication plants is not covered by available design codes. 

Figure 1 gives a survey of the present situation of design 

codes applicable for the stress-strain analyses of compo

nents of different nuclear power plants. This figure shows 

very clearly that a design code must be developed for 

temperatures up to about lOOO °C. The development of such 

a code will be performed on the basis of design rules 

which are applicable for temperatures and loading con

ditions where creep effects are significant, as for example 

in the ASME Code Case N 47. Besides the ASME series a lot 

of other design rules and recommendations will be con

sidered. Table 1 summarises the most important design 

codes applied in the stress-strain analysis necessary 

for the licensing procedure. As well as the codes listed 

in table 1, consideration will be given to previous ex

perience gained with the licensing authorities with regard 

to the SNR and THTR design. 

A review of the content of the Code Case N 47 - the most 

important design code for class 1 components up to 816 C -

shows that basic modifications and additions must be 

performed to account for the specific aspects of the HTR. 

I 



These aspects which are separated in "material related" 

and "design related" ones are given in table 2a and 2b 

respectively. 

Some of these aspects mean a substantial extension of 

the content of Code Case N 47 as for instance: 

- specified material data up to 1000 °C 

- consideration of corrosion effects (carburization, 

oxidation) 

- establishment of constitutive equations 

- statistical aspects (confidence limits, scatter bands)' 

The development of the HTR design code is closely connected 

with the R&D materials test program. 

1.2 Considered failure modes 

At temperatures in the creep range, the design analysis 

must consider - besides failure modes due to short term 

loadings - time dependent structural behavior by guarding 

against the following failure modes: 

- creep rupture from long-term loadings 

- c r e e p - f a t i g u e f a i l u r e 

- accumulated inelastic strains due to creep-ratcheting 

- creep buckling due to long-term loadings 

Protecting against creep rupture, mechanical as well as 

thermal long-term loadings must be considered. The 

corresponding analyses will be performed in two steps: 

- Approximate evaluation taking into account primary 

stresses only which have to be compared with the corres

ponding material behavior (creep strength or creep 

rupture strength). The contribution of structural damage 

due to secondary stresses under static loading conditions 

are generaly vary small and are neglected in this step. 

- Detailed or simplified inelastic analysis taking into 

account primary as well as secondary stresses due to 
mechanical and thermal loadings. The design criteria 

is the limitation of the accumulated inelastic strain 

under normal, upset and emergency conditions during 

lifetime. 

Concerning creep-fatigue failure, the corresponding fatigue 

analysis will be performed following the procedure described 

in Code Case N 47. That means: 

- Deriving a design curve by applying a factor of 2 to the 

strain range or a factor of 20 on cycles related to 

experimentally gained fatigue curves. 

- The experimentally gained fatigue curves consider hold 

times and strain rate effects. 

- Applying the linear damage rule and investigation of 

alternative rules. 

Up to now ratcheting rules of Code Case N 47 are applied 

for restricting accumulated inelastic strains. Modification 

of these criteria are under discussion taking into account 

temperature dependence of yield strength and the benefits 

of material hardening. 

Protection against load-controlled time dependent creep 

buckling will be performed by applying the loading factors 

which are recommended in Code Case M 47. 

1.3 Computer programs and constitutive equations for 

performing inelastic analyses 

3-dimensional inelastic analyses will only be performed 

if inevitable. For this purpose computer programs such 

as MARC and ADINA are available. 
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For axisymmetric geometries several computer programs have 

been developed at INTERATOM considering creep as well as 

plasticity as for example the finite element programs 

LUNTUS and ASBAK and the creep analysis program KAIRO 

which have already been applied in HTR component design. 

It has already been mentioned under 1.1 that constitutive 

equations must be established for the development of a 

new design Code for performing inelastic analyses. The 

present criteria for performing inelastic analyses for 

high temperature components of the SNR is characterised 

by the features given in table 3. These features have 

been incorporated in the computer programs used for 

performing inelastic analysis. They will be applied for 

the HTR components after adapting them to the corresponding 

material behavior of the materials envisaged. 

Present status of mechanical design work 

1 Critical structures of HTR components 

Critical structures of HTR-heat exchanger components have 

been selected by considering the following features: 

- pressure retaining component 

- barrier of primary circuit 

- high temperature components 

144 
leading to the following selection of critical structures 

- reformer tubes of RSO 

- heat exchanger tubes of the IHX 

- gas collector of the IHX 

- heat exchanger tubes of steam generator of the 

primary circuit. 

Due to the very high gas temperature of about 950 °C and 

the large outer diameter, the gas collector of the IHX 

has been selected as most critical component and has 

been investigated in detail. 

2.2 Loading conditions and material behavior 

The design condition values which have been assumed for 

the first calculations of the gas collector are compared 

with the actual loading condition values and are listed 

in table 4. The assumed mean wall temperature of 946 C 

under normal conditions already includes operating tempe

rature fluctuations. Transient conditions with the same 

temperature rates but opposite signs have been combined 

following the ASME Code recommendation leading to maximum 

strain ranges. 

There are some aspects which are of basic importance in 

connection with the calculated results discussed in 2.3. 

- First thermohydraulic evaluations have been performed 

showing that the wall temperature will decrease 

significantly with time if: the most critical emergency 

condition occurs (see figure 2). The assumption of 

10 hours at maximum wall temperature seems to be therefor 

very conservative. 



- Under normal c o n d i t i o n s the p r e s s u r e d i f f e r e n c e o ccu r in g 
r e s u l t s i n 3 n e g a t i v e p r i n c i p a l s t r e s s e s of the same 
o r d e r of magnitude l ead ing t o very low e q u i v a l e n t 
s t r e s s e s ( f igu re 3)*.'A s c a l e up f a c t o r of 1.5 i s used 
for s t r e s s e s in the p e r f o r a t e d s t r u c t u r e of the gas 
c o l l e c t o r . 

- The h o t t e s t p a r t of t h e gas c o l l e c t o r w i l l be p r o t e c t e d 
by the rmal shock s h e e t s a g a i n s t t empera tu re t r a n s i e n t 
l o a d i n g s . 

The m a t e r i a l behav io r has been taken from e x p e r i m e n t a l 

r e s u l t s of the PNP p r o j e c t . The c reep r u p t u r e s t r e n g t h s 

which a re a v a i l a b l e up t o about 10000 hours have been 

c o n s e r v a t i v e l y e x t r a p o l a t e d by us ing the we l l known 

" L a r s o n - M i l l e r " - r e l a t i o n up t o the l i f e t i m e e n v i s a g e d . 

The f a t i g u e b e h a v i o r was a v a i l a b l e for the low cyc le 

f a t i g u e range c o n s i d e r i n g the q u a l i t a t i v e i n f l u e n c e of 

He-atmosphere, bu t not i n c l u d i n g ho ld t ime e f f e c t s . 

2 . 3 C a l c u l a t e d r e s u l t s 

The f a i l u r e modes mentioned in 1.2 have been i n v e s t i g a t e d 

l ead ing t o t h e fo l lowing r e s u l t s : 

- Concerning c reep r u p t u r e from long term load ing t h e f i r s t 

s t e p procedure d e s c r i b e d i n 1.2 has been performed 

( f i g u r e 3 ) . The average e q u i v a l e n t s t r e s s ac ros s t h e 
2 

w a l l i s about 1.3 N/mm , which i n c l u d e s a f a c t o r of 1 .5 , 

thereby t a k i n g account of the co r respond ing l igament 

e f f i c i e n c y of the s t r u c t u r e . This s t r e s s w i l l no t c o n t r i 

bu te s i g n i f i c a n t l y t o a p o s i t i v e s t r a i n as de f ined and 

l i m i t e d by the Code Case N 47 because t h i s s t r e s s i s 

very low and the co r respond ing 3 p r i n c i p a l s t r e s s e s a r e 

compressive ones . Assuming a s a f e t y f a c t o r of about 2 .5 
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gives a design value of about 3.2 N/mm2, figure 3 shows 

that the difference between this design value and creep 

rupture strength seems to be sufficient but a final 

answer about the importance of this loading case can only 

be given by a comprehensive inelastic analysis. 

Figure 3 contains in addition the result of the buckling 

evaluation due to the emergency condition "pressure loss 

of the secondary circuit". Considering the ligament 

efficiency and applying an additional loading factor 

of 1.5 as recommended in Code Case N 47, the average 

stress across the wall is expected to be about 30 N/mm . 

Considering that the assumed emergency time at maximum 

temperature has been significantly overestimated, the gas 

collector will be sufficiently protected against this 

failure mode. A detailed creep buckling analysis will be 

performed applying Hoff's theory. 

Two additional conclusions can be drawn by the results 

presented in figure 3: 

- The temperature level has an important influence 

on the creep damage of the structure while the life

time is not an essential parameter. 

- The loading conditions of the critical structural 

parts of the RSO are significantly lower than they 

are for the IHX. 

Figure 4 gives the result of a preliminary fatigue 

analysis of a structural part of the gas collector which 

is not protected against the temperature transients listed 

in table 4. The strain ranges have been estimated by 

using very conservative assumptions. Comprehensive dynamic 

analysis which will be performed will certainly lead to a 

significant decrease in the calculated strain ranges. But 

! 



one should keep in mind t h a t t h e r e a r e some impor t an t 

unknows which have up t o now not been cons ide red a s : 

- hold time 
- geometrical discontinuity effects. 

Both effects could lead to a significant increase of the 

fatigue damage compared with the present calculated results 

Final creep-fatigue analysis will be performed when the 

necessary experimental basis becomes available. 

- The very low stress level due to the pressure difference 

under normal conditions is advantageous with regard to 

possible ratcheting effects. Comparing primary and 

secondary stress ratios (maximum principal stress com

ponent related to minimum yield strength) with the well 

known ratcheting limits derived by BREE, the situation 

given in figure 5 is as follows: 

- Plastic ratcheting will not occur. 

- Creep ratcheting may occur. 

- As both the secondary and primary stress ratios 

are relatively low, the inelastic strain increment 

per cycle is expected to be also very low. 

- The positive strain due to the compressive principal 

stresses will not be significant as discussed previously 

under the creep rupture failure mode. 
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Summary and conclusions 

In order to cover the temperature range envisaged for 

nuclear coal gasification plants a special design code 

must be developed taking into account HTR-specific aspects. 

The experimental basis for describing the material behavior 

will be gained by the current R&D materials test program. 

Besides the experimental research some theoretical methods 

must be improved. 

Preliminary evaluations on high temperature exposed struc

tures have been performed, discussing four possible failure 

modes. The results show that under the very low pressure 

difference occuring under normal conditions no significant 

damage is expected due to creep or ratcheting failure. 

Most uncertainties arise in the field of buckling and 

fatigue loadings. More sophisticated investigations are 

required although the calculations, which are based on 

conservative assumptions, indicate that for this material 

(IN 617) failure in these fields is also not expected. 

The information gained from tests on structural parts 

and components will be of basic importance in the con

firmation and completion of the theoretical work. 
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1. r.S't CODE WITH ADDENDAS AND CODE CASES 

2. KT/I-RULE FOR LMPs 

3. AD-RULES 

1 . TRD-RULES 

5. RECOMMENDATIONS OF TQV NUCLEAR DEPARTMENT 

6, BRITISH STANDARDS 

1 , MATERIAL PROPERTIES UP TO 1000 °C REQUIRED IN OPDER TO 

PERFORM STPESS/STRAIN ANALYSIS 

- PHYSICAL PROPERTIES 

- MECHANICAL SHORT TERM PPOPERTIES 

- MECHANICAL LONG TERM PROPERTIES (ISOCHRONOUS 

STRESS-STRAIN CURVES) 

2, MATERIAL PROPERTIES FOR ESTABLISHING DESIGN LIMITS 

- INELASTIC STRAIN LIMITS 

- ALLOWABLE STRESSES 

- ALLOWABLE NUMBER OF CYCLES 

3, STATISTICAL ASPECTS OF MATEPIAL BEHAVIOR (SCATTER BANDS) 

M, SPECIAL ASPECTS 

- WELDING MATERIAL 

- IRRADIATION 

- CORROSION (OXIDATION AND CARBURIZATION) IN HE AND 

PROCESS GAS ATMOSPHERE 

- TRIBOLOGY (SELFWELDIMG. FRETTING) 

- MULT1 AXIAL STRESS STATF. 

- COLD WORK, HEAT TPEATMENT AND AGING 

- CRACK PROPAGATION 

1 . MATHEMATICAL DESCRIPTION OF MATERIAL BEHAVIOR 

(CONSTITUTIVE EQUATIONS) 

2 . IMPROVEMENT OF COMPUTER PROGRAMMES TO ACCOUNT FOR 

SPECIAL PHENOMENA (CSEEP-PLASTJCITY INTERACTION, 

RATCHETTIHG ETC. ) 

3. CONFIRMATION OF CALCULATIONAL HYPOTHESES 

- EQUIVALENT STRESS RELATION (SHEAR STRESS; MLSES CRITERIA ETC.) 

- LINEAR DAMAGE RULE 

- FREQUENCY SEPARATION 

- STRAIN RANGE PARTITIONING 

1 . VERIFICATION OF COMPUTER PROGRAMMS BY MODEL TESTS 

5, DEVELOPMENT OF SIMPLIF IED INELASTIC METHODS 

TABLE J : CONSIDERED TESIGN CODES FOR HTP DESIGN TABLE 2 A ; MATERIAL ASPECTS FOR ESTABLISHING A DESIGN CODE TABLE 2 B : DESIGN ASPECTS FOR ESTABLISHING A DESIGN CODE 



TYPE OF INELASTIC 

STPAIN 
FEATUPES 

PLASTIC 

RATCHETING 

CONTINUOUS STRESS/STPAIN FUNCTION FOR CONTINUOUS LINEAR LOADING INCREASE 

nRNL-BiLiNEAP RELATION FOR TREATING CYCLIC LOADINGS 

MODIFIED KINEMATIC AND ISOTROPIC HARDENING FOR DESCRIBING CYCLIC LOADING 

IS UNDER DEVELOPMENT 

NORTON'S CREEP LAW AS WELL AS THE BLACKBURN RELATION 

CONSIDERATION OF PRIMARY CREEP 

STRAIN HARDENING RULE FOR INCREASED LOADING IN ONE DIRECTION 

MODIFIED STRAIN HAPDENING RULE FOR ALTERNATING LOADING CONDITIONS 

CREEP AND RELAXATION IS CALCULATED BY ASSUMING THE SAME MATERIAL BEHAVIOR 

CREEP/PLASTICITY INTERACTION IS UNDER DEVELOPMENT 

COMPREHENSIVE DESCRIPTION OF RATCHETING BEHAVIOR IS UNDER DEVELOPMENT 

IN ORDER TO AVOID PLASTIC RATCHETING AND TO MINIMIZE CREEP-RATCHETING 
THE FOLLOWING LIMITS HAVE BEEN ESTABLISHED 

A, 0,55.s„ J t ! 
rM ^ o , 7 . sT 

TABLE 3: CHARACTERISTIC FEATURES FOR PERFORMING INELASTIC ANALYSES FOR SNR COMPONENTS 

LOADING CONDITION VALUES 

PRIMARY | SECONDARY 

HJWLH 
rfcMPERATUR-INLET 
rCMPt.RAHIR-EXIT 
PRESSURE 

Mj/b 
°C 
°C 

125 
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39,7 
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41,25 

DESIGN CONDITION VALUES 

DIAMETER 
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TEMPERATURE T(T1QX 
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mm 
h 
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[ H 
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110 
60 
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64 

FABLE A 
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IHX GAS COLLECTOR 
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DESIGN TEMPERATURES OF DIFFERENT 
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ABB. 1 
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DEVELOPMENT AND TEST EVALUATION 
OP DUPLEX STEAM REFORMER TUBE 

D.C. ALLEN, D.J. METER, 
G.R. PPLASTERER 
General Electric Company 
Sunnyvale, California 
USA 

1. BACKGROUND 

The steam/methane reformer which produces synthesis gas (hydrogen and carbon 

monoxide) has been-identified in the United States and the Federal Republic 

of Germany to have a significant potential in the application of high temper 

ature gas reactors (HTR) to synthetic fuels production. The applications 

include conversion of coal to fluid fuels, oil shale processing, and the 

closed-loop thermochemical energy pipeline (TCP). In these applications 

the HTR supplies high temperature (approximately 950°C) helium to heat the 

steam/methane reformer, where the heat is converted to chemical energy by 

converting a steam/methane mixture to a hydrogen/carbon monoxide mixture. 

As shown in Figure 1, in the TCP application -.he H2/C0 mixture is piped 

over long distances (150 to 300 kilometers) to dispersed industrial users 

where the chemical energy is released in methanator units to produce 600°C 

heat (e.g., steam) for industrial process heat and daily peaking electricity 

generation. The product of the methanation reaction (methane and water) is 

piped back to the HTR plant for recycle through the reformer. 

A recent preliminary market study in the U.S. shows that there is a poten

tially significant economic incentive (possibly as high as 40% cost savings) 

for the HTR-TCP system to supply heat to one- and two-shift dispersed 

industrial users and for daily peaking electricity generation. This study 

indicated potential U.S. markets of 250 GWt for industrial heat and 150 GWt 

in peaking electricity generation by the year 2020, including only new and 

replacement markets (no retrofitting) and assuming a 2% growth rate. The 

HTR-TCP system offers the advantage of operating the HTR plant at a unity 

capacity factor and storing the gases during off-peak hours while supplying 

one- and two-shift users. The pipeline volume itself provides eight hours 

of storage (at slightly increased pressure) while additional storage can 

be provided in underground caverns. 

For HTR applications involving a steam reformer (SR) it is uncertain whether 

an intermediate heat exchanger (IHX) is required. 

There are several system configurations (Figure 2) that could be developed 

for the application of nuclear heat using the steam reformer reaction. 

They may be characterized as: 

SR-PHX The steam reformer process heat exchanger, constructed 

with single-wall tubes, is inside the secondary contain

ment and is located directly within the primary coolant 

path. 

SR-IHX The steam reformer process heat exchanger is constructed 

with double walled (duple-/) tubes providing, relative 

to the single-wall tube design: 

- increased reliability 

- capability for leak detection 

- greater resistance to hydrogen and tritium diffusion. 

Loop- IHX An intermediate heat exchanger is inserted into the 

primary loop isolating the primary system from the 

process heat exchangers via an intermediate loop. The 

steam reformer process heat exchangers are located 

outside the reactor containment building. 

The considerations (advantages vs. disadvantages) for each of the system 

configurations are summarized in Figures 3A, B and C. The approach that 

technically and economically appears to be the most attractive in studies 

conducted by General Electric, combines the SR process heat exchanger and 

the IHX in a single component using a duplex tube. A central question con

cerning the duplex tube concept is whether the design would provide adequate 

leak monitoring capability and significant reduction in tritium and hydro

gen diffusion, while introducing only a small increase in overall temperatur 

difference from the helium to the process gas. 



A cooperative GE-KFA e f fo r t was undertaken to develop, fabr icate, tes t , and 

evaluate a duplex steam reformer tube. G£ was responsible for the develop

ment and fabricat ion of the tube, and KFA was responsible for test ing the 

tube in the EVA I f a c i l i t y at Ju'l ich. Both GE and KFA are evaluating the 

thennochemical and metallurgical test data. Actual fabricat ion of the tube 

was performed by Foster-Wheeler in accordance with the GE design. This 

paper reviews the highlights of the fabrication development and preliminary 

evaluation of the test data. 

2. GENERAL DESCRIPTION 

A schematic of the duplex steam reformer tube is shown in Figure 4. The 

HpO and CH« process gas mixture enters the top and flows downward through 

a bed of catalyst pellets where the reforming reactions take place. After 

passing through the catalyst bed, the reaction products flow upward through 

a coiled "pigtail" tube and leave the reformer at the top. As the products 

pass through the pigtail tube, they are cooled by heat transfer to the 

reactants. The radial gap between the duplex tubes is filled with a moni

toring stream of helium. The stream of helium in the gap annul us provides 

a technique for sensing a tube leak. 

2.1 Design Configuration 

The Duplex Tube Assembly consists of a capped tube within another capped 

tube (Figure 4 ) . The tube material was Incoloy 800H, the nominal tube 

configuration I.D. was 90.9 mm {3.58 in.), O.D. 127 mm (5.0 in.), and over

all length 12 m (472 in.). A radial gap of 0-0.076 mm (0-0.003 in.) was 

specified between the O.D. of the inner tube and I.D. of the outer tube. 

Six longitudinal grooves were located on the O.D. of the inner tube to 

provide a gas flow path between tubes. Nozzle fittings were welded to 

the outer tube and were used during testing to flow helium through the 

gap tc m,easure rates of hydrogen permeation from the process gas to the 

gap. The inlet nozzle was located on the bottom end cap of the outer tube. 

The outlet nozzle was located at the upper or open end to the outer tube. 

2.2 Gap Sizing 152 

Heat is transferred from the helium to the process gas through five thermal 

resistances consisting of the helium film, the outer tube wall, the gap 

between tubes, the inner wall, and the process gas film. Calculations were 

performed to determine the effect of the helium-filled gap between the 

tubes on the overall heat transfer coefficient and to choose a gap with a 

resistance that is only a small percentage of the total. Based on these 

results, a design gap of 0-3 roils was chosen. Figure 5 shows the flT's 

across each of the thermal resistances for typical operating conditions. 

Mote that the process side temperature should be only slightly affected 

by relatively large changes in the gap width. 

2.3 Operating Conditions 

Typical design point conditions that were used as a basis for the duplex 

tube design and for evaluating its performance are shown in Figure 6. The 

operating conditions were based on results of ongoing process heat studies. 

2.4 Permeation Considerations 

Some of the hydrogen generated on the process side of the reformer will 

permeate through the walls of the reformer into the primary helium flow 

stream. Similarly, a fraction of the tritium generated in the primary 

circuit will permeate into the process gas stream. The presence of an 

oxide film on the reformer tubes can result in a greatly reduced permeation 

rate, particularly at low hydrogen partial pressures. The rate of hydro

gen permeation from the reformer tubes (in a 3000 MWe plant) is estimated 

to be 28 m /hr (STP) with no oxide film. A single oxide film can reduce 

this to 3 m /hr (STP). The duplex tube offers the opportunity of placing 

four oxide films in the tritium diffusion path, which could significantly 

reduce the permeation rate of the hydrogen isotopes. 

3. MATERIAL SELECTION 

Incoloy 800H was chosen as the alloy to be used in the fabrication of the 

duplex steam reformer tube. The advantages of Incoloy 800H are summarized 

as follows: 



Creep strength camparatively high 

Free from cobalt and tantalum (potential radioact iv i ty problem) 

Good thermal s t a b i l i t y 

Hydrogen permeability comparatively low 

Should oxidize in steam (iron-base al loy) 

Readily available 

Good fab r i cab i l i t y 

4. FABRICATION PROCESS 

A survey was made of potential duplex tube fabricators to evaluate possible 

methods of fabr icat ion and to determine interest in a fabricat ion program. 

The following fabricat ion methods were evaluated: 

t Sl ip Fi t • Drawing 

• Kinetic Expansion t Swaging 

• Hydraulic Expansion • Intraforming 

• Coextrusion 

The methods considered to be most satisfactory for fabrication of the test 

duplex tube assembly were kinetic expansion and hydraulic expansion. Since 

the results of the survey indicated that the kinetic expansion (explosive 

deformation) process was the most practical and feasible production method 

for the test tube, a subcontract was placed with the Foster Wheeler Develop

ment Corporation to demonstrate the feasibility of fabricating a duplex 

tube assembly. Choice of the explosive forming for the test tubes does 

not imply that such a process would be chosen for production assemblies. 

4.1 Fabrication Feasibility Demonstration 

The objective of the fabrication feasibility demonstration program was to 

develop the techniques necessary to fabricate duplex tubes, having controlled 

dimensions, by explosively expanding an inner tube into an outer tube. Once 

formed, the radial gap between the two tubes was required to be within 

0.076 mm (0.003 in.). 

The objectives of the program were successfully met, as demonstrated by the 

fabrication of a 3.05 m (10-ft.) long stainless steel 304 duplex tube with 

end caps and with the required tolerances on the gap between the two tubes 

(Figure 7 - Fabrication Feasibility). However to achieve the small radial 

gap between the tubes (<0.076 mm), it was found necessary to utilize an 

annealing process between a "rough sizing shot" and a "final sizing shot" 

to achieve the required gap between the two tubes. In the simplest terms, 

this is because elastic "springback" of the inner tube and plastic defor

mation of the outer tube place limits on the minimum gap that can be 

attained. No problems were encountered with the end caps or end cap welds. 

4.2 Veri fication Tests 

Prior to fabricating the first complete duplex tube assembly for testing at 

KFA, a verification test progran was performed on prototypical duplex 

assembly materials. The objective of the test program was to establish 

the explicit charge sizes and the process procedure that was to be used 

to achieve the desired duplex assembly characteristics. Incoloy 800H tub

ing material from the production tubes was used for the verification tests. 

A total of six duplexing tests were conducted. Figure 7 - Verification Tests 

summarizes the results of the duplexing tests. After the gap was achieved 

in the third test, which required three expansion cycles, a fourth test 

was performed in an attempt to achieve the required interface radial gap 

of less than 0.003 in. without going through an intermediate annealing 

step. The required gap was obtained and two more tests were conducted 

with slightly varying charge sizes to verify that the results obtained 

were consistent. 

5. FABRICATION 

The assembly of the tubes was performed in the vertical position by first 

placing the outer tube into a narrow 40 foot well and then lowering the 

inner tube. The radial gap before detnaforming is 0.125 inches. The 

practice assembly operation is shown in Figure 8. Once the inner tube 

was installed, the tube was positively centered at the top and bottom. 

A 0.125 inch thick metal strip gage was passed down between the tubes in 



four places to ensure that the gap was continuous the full length of the 

tubes. The detnaforming process was performed in three stages using the 

parameters established by the verification tests. One of the explosive 

forming shots is shown in Figure 8. Note that the inner tube is filled 

with water for the explosive forming. 

After final welding and machining of the duplex tube assembly, pressure 

tests, leak tests, and gap flow tests were performed on the assembly. No 

direct measurements could be made of the final gap size. The flow test 

data indicated only the existance of a gap. The completed duplex tube 

assembly met all the manufacturing and test requirements for testing in 

the EVA facility at KFA. 

6. TEST PLAN 

The test plan is shown in Figure 9. The test conditions and test runs shown 

in the plan were chosen to allow verification of the thermodynamic behavior 

of the DSR tube under various temperatures, steam to methane ratios, and 

flowrates. The total test duration was 3 weeks, with about 1 week at the 

highest helium temperature, 950°C. 

7. ASSEMBLY AND INSTALLATION IN EVA 

A sketch of the DSR tube installed in EVA is shown in Figure 10. Temper

atures, pressures, and process gas compositions were obtained at each of 

the four measurement planes shown. Measurement plane 1 is located at the 

top of the catalyst bed. The catalyst consisted of highly porous alumina 

substrate Raschig rings coated with nickel. 

The DSR tube was surrounded fay a shroud which left an annulus 15 mm wide 

between the outside of the duplex tube assembly and the inside of the 

shroud. This resulted in a large helium velocity along the length of the 

tube and, therefore, a large heat transfer coefficient between the helium 

and the steam reformer tube. 

Temperatures were measured using two-thermocouples at each measurement 

point. Pairs of thermocouples were located in the high temperature helium 

and process gas streams at each of the four measurement planes. Figure? 11 

12 show the instrumentation installed at plane 4 on the wall of the DSR 

tube and at the bottom of the pigtail subassembly, respectively. 

Process gas compositions were determined by gas chromatograph (G.C.). 

Small diameter tubes attached to the outside of the pigtail were used to 

obtain samples of process gas at the four measurement planes, Process 

gas pressure at each measurement plane was measured by comparing the static 

pressure in each of the G.C. sampling tubes to the process gas inlet pres

sure. Chart recorders at the EVA facility provided continuous monitoring 

of temperatures, flowrates, and gas compositions. 

8. TEST DATA 

Results of the DSR tests in EVA are presented in the summary of Figure 13. 

Power stored in the chemical reaction was calculated based on compositional 

changes of the process gas from the reformer inlet tc outlet and was refer

enced to the process gas inlet temperature. The total power transferred 

included sensible heat effects along with compositional changes due to the 

chemical reaction. In these tests, the sensible heat component ranged from 

15 to 20 percent of the total power transferred. 

8.1 Energy Balance Uncertainty 

The energy balance was calculated by dividing the helium enthalpy change by 

the process gas enthalpy change. Thus, for a test rig with no heat losses 

the energy balance should be 10058. Any heat transfer from the helium stream 

other than to the process gas would increase the value of the energy balance 

to greater than 1002. Heat losses from the process gas would also result 

in an energy balance of greater than 100X. However, due to the arrangement 

of the EVA test rig, such losses are highly unlikely. 

Uncertainty in the energy balance measurement was determined based on 

uncertainties in the measurement of flowrates, temperatures, and process 

gas compositions. The maximum deviations observed in the energy balances 

for the measurement points were +2.2S and -10%, which were well within the 

il5% total uncertainty in energy balance resulting from measurement uncer

tainties. 



9. PERFORMANCE EVALUATION 

Performance of the duplex tube was measured by two parameters: (1) the 

amount of energy stored in the chemical reaction per mole of methane feed, 

and (2) the percentage of the methane feed which reacted. For both of 

these performance indicators, the moles of methane feed included methane 

formed from the pyrolysis of any higher hydrocarbons present in the natural 

gas. 

The thermochemical pipeline (TCP) concept provides a method of transporting 

process heat long distances by storing energy in a chemical reaction. The 

first performance indicator is a measure of the energy which can be trans

ported without loss normalized to the methane feed rate and is, therefore, 

an important parameter if this reformer is to be used in conjunction with 

a TCP. The second parameter simply measures how completely the methane 

feed was consumed in the chemical reaction. 

The effect of process gas temperature on the performance of the duplex tube 

reformer is shown in Figure 14 for methane ratios of approximately 1.9, 2.8, 

3.55, and 3.75. The effect of steam to methane ratio on reformer perform

ance is shown in Figure 15 for plane 4 process gas temperatures of approxi

mately 825°C. In all of these cases, reformer performance was found to 

improve as temperatures and steam to methane ratios increased. Uncertainties 

were calculated to be 355 for the energy transferred to the reforming 

reaction and 555 for methane conversion based on 2% uncertainty associated 

with the gas analyses. 

The measurement uncertainties are not large enough to change the order in 

which the data points appear on any of the performance plots. However, 

changes of at most 20% in the slopes of the lines connecting the data 

points are possible. 

The results of the test measurement points were used to verify the accuracy 

of the DSR analytical computer code. As a result, several changes were 

incorporated into this code in order to obtain better agreement with the 

experimental data. The results of fitting the experimental data using 
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the revised code (DSR 1) are presented in Figures 15A, 15B and 15C for 

measurement point 476. For these figures the experimental data are plotted 

along with the DSR 1 computer code results to facilitate comparisons 

between the two. Figure 15A shows temperature profiles, Figure 1 SB plots 

the methane, steam and hydrogen compositions, and Figure 15C presents 

carbon monoxide, carbon dioxide, and nitrogen compositions. In general, 

the temperature profiles of measurement points having an energy balance 

approaching 100% were fit very well by the DSR 1 computer code. The dis

continuity in the process gas temperature predicted by the OSR 1 code near 

the top of the reformer is the result of adding all of the energy released 

in the pyrolysis of hydrocarbons to methane into the first axial node of 

the computer model. 

The data fits of composition agree to within two mole percent (absolute) of 

the experimental values. For the hydrogen and steam compositions, this 

amounts to a 555 relative error. A larger relative error is attributed to 

the C02, CO, and CH- data since the compositions of this constituents were 

in the range of 3 to 12 percent. 

The DSR 1 code calculates the composition of C02 assuming that the water 

shift reaction is in equilibrium. In every case, the experimentally deter

mined COo concentration was greater than that calculated by DSR 1. The 

experimental data provided gas compositions at plane 4 that indicated an 

equilibrium constant greater than theoretically possible. Therefore, it 

is suspected that some systematic error may have been present in the deter

mination of CO- composition which resulted in somewhat greater concentrations 

being reported than were actually present. 

10. MATERIAL EXAMINATIONS 

A preliminary evaluation has been made of some aspects of the post-test 

condition of the duplex tubing material. At this time, results from visual 

inspection, chemical analysis, and hardness measurements indicate that, as 

expected, no significant changes took place during the testing of the duplex 

tube. No analysis has yet been made of the surface layers or the nature of 

the precipitate structure. 



Bow and diameter measurements along the tube have been made and indicate 

changes from the pre-test measurements. 

Interfacial gap measurements have been obtained and indicate a maximum 

radial gap of 0.074 inches at an axial position of 20 feet from the top 

weld of the adapter section. The extent of the wide open gap over portions 

of the cross section can be seen in Figure 16. Over some of the remaining 

portions of the circumference the gap is within the specified 0 to 3 mi ls . 

The gap was closed over most of the circumference on cross sections that 

were taken- from the ends of the tube. Only the middle section showed such 

large radial gaps. Figure 17 is a cross section taken at the bottom of 

the duplex tube. The large gap shown around the end cap is typical of the 

sections made during the fabrication feas ib i l i t y phase. 

Tensile test results have been obtained and a preliminary analysis ind i 

cates the following results which agree with expectation from the process 

and test conditions: 

1 . The inner tubes of the EVA tested sections have approxi

mately a 602 higher y ie ld strength {.1% of fset) than the 

outer tubes of the corresponding sections. The detnaform-

ing procedure has substantial ly cold worked the inner tube 

of the duplex assembly. 

2. The inner and outer tubes of the pre-detna formed archive 

section have essential ly (to within 9% at room temperature) 

comparable y ie ld strengths. 

3. There is no degradation (as regards y ie ld strength) of the 

tube or adaptor material as a result of the EVA test . 

4. There is a reduction in the ductility of the EVA tested 

material , par t icu lar ly the inner tubes, when compared with 

the pre-detna formed material . 

5. The EVA test resulted in no s igni f icant y ie ld strength, 

tensi le strength, or duc t i l i t y variat ion with circumfer

ential posi t ion. 

6. Inner tube, outer tube, and adaptor material in the pre-EVA 

test and post-EVA'test condit ion, tested at room temperature, 

are within ASME SB-407 (408) y ie ld strength, tensi le strength 

and elongation specif icat ions. 

CHEMICAL REACTOR-
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DIFFUSION MAY BE A 
PROBLEM 

-RELIABILITY DUE TO 
LEAKS OR RUPTURE MAY 
BE A PROBLEM 

• MAY REQUIRE (WERT 
CONTAINMENT 

• MAY WOT BE LfCENSABLE 

FIG. 3 . A COMPARISON OF COUPLING ARRANGEMENTS 

CONFIGURATION ADVANTAGES 

SR-IHX 
(DUPLEX TUBE) 

•LESS EFFICIENT THAN 
SR-PHX BUT MORE EFFI
CIENT THAN LOOP-IHX 

-PROBABLY LESS COSTLY 
THAN LOOP-IHX 
CONFIGURATION 

• INCREASED RELIABILITY 
• MINIMUM DOWNTIME 

• LEAK DETECTION 
CAPABILITY 

• IMPROVED RUPTURE 
CHARACTERISTICS 

-MINIMUM DESIGN PERTURBA
TION FROM SR-PHX 

- SAME MATERIAL DEVELOP
MENT PROGRAM AS FOR 
SR-PHX 

• HYDROGEN AND TRITIUM 
DIFFUSION BARRIER 

DISADVANTAGES 

-MORE COSTLY THAN 
SR-PHX 

-MAY REQUIRE INERT 
CONTAINMENT 

F I G . 3. B COMPARISON OF COUPLING ARRANGEMENTS (Cont.) 

CONFIGURATION ADVANTAGES DISADVANTAGES 

LOOP-IHX 

- APPLICABLE AT HIGH 
TEMPERATURES 

- WITH NEW MATERIALS CAN 
OFFER INCREASED 
RELIABIL ITY 

- HYDROGEN AND TRITIUM 
DIFFUSION BARRIER 

•WOULD NOT REQUIRE 
INERT CONTAINMENT 

- PROBABLY MOST COSTLY 
CONFIGURATION 

- SIGNIFICANT ADDIT IONAL 
MATERIALS AND COMPO
NENT DEVELOPMENT 

• MATERIALS MAY NOT BE 
AVAILABLE 

-INCREASED OPERATING 
COSTS 

FIG. 3. C' COMPARISON OF COUPLING ARRANGEMENTS (Cont.) 

PRODUCT GAS EXIT 
FROM PIGTAIL 

HELIUM MONITOR 
STREAM EXIT" 

PIGTAIL-

CATALYST-

PROCESS GAS ENTRANCE 

-INNER TUBE 

-HELIUM FILLED GAP 

-OUTER TUBE 

HIGH PURITY HELIUM 
MONITOR STREAM 

ENTRANCE-~= 
HIGH 

TEMPERATURE 
HELIUM 

FIG. 4. 
DUPLEX STEAM 

REFORMER TUBE 



TEMPERATURE DIFFERENCE ACROSS 
DUPLEX TUBE WALLS 

THERMAL 
RESISTANCE 

HELIUM FILM 

OUTER WALL 

GAP 

INNER WALL 

PROCESS FILM 

AT, 

°F 

70 

25 

11 

38 

61 

% OF TOTAL 
AT 

31 

11 

5 

17 

36 

205 100 

FIG. 5. 

DETNAFORMING PROCESS DEMONSTRATION 

PHASE 

FABRICATION 
FEASIBILITY 
(10 TESTS) 

VERIFICATION 
TESTS 

(6 TESTS) 

PRODUCTION 
(2 TUBE SETS) 

MATERIAL 

304 S.S. 

INCOLOY 800H 
(PRODUCTION 

TUBES) 

INCOLOY 800H 

PROCEDURE 

TWO EXPANSIONS, 
WITH INTERMEDIATE 

ANNEALING 

THREE EXPANSIONS, 
WITH AND WITHOUT 

INTERMEDIATE 
ANNEALING 

THREE EXPANSIONS 

GAP SIZE 
(mils) 

1.0 TO 3.0 

1.3 TO 2.0 

1.5 TO 3.0 

FIG. 7. 
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DESIGN AND OPERATING CONDITIONS 

HELIUM SIDE 

INLET TEMPERATURE 
OUTLET TEMPERATURE 
INLET PRESSURE 
MAX. PRESSURE DROP 
MASS FLOW RATE 

METRIC 

950°C 
700°C 
39.4 b 
0.24 b 
0.202 kg/sec 

ENGLISH 

1742°F 
1292°F 
571 Dsia 
3.5 psi 
0.466 Ibm/sec 

PROCESS SIDE 

INLET TEMPERATURE 
REFORMING TEMPERATURE 
OUTLET TEMPERATURE 
OUTLET PRESSURE 
MAX. PRESSURE DROP 
METHANE INLET FLOW RATE 
STEAM INLET FLOW RATE 
H20/CH4 INLET MOLE RATIO 

450°C 
825° C 
600°C 
40 b 

6b 
98 kg/h 
321 kg/h 

3 

842° F 
1517°F 
1112°F 
580 psia 
87 psi 

216lbm/h 
709 Ibm/h 

DUPLEX REFORMER TUBE DATA 

MIN.TUBEI.D. 90 mm 3.54 inch 
TUBE LENGTH 12m 39 feet 

FIG. 6. 
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INSTALLATION DETNAFORMING 
FIG. 8. 



TEST PLAN 
HELIUM SIDE 

INLET TEMPERATURE 9S0°C 
INLET PRESSURE 40 BAR 
MASS FLOW RATE . . 0.1 TO0.46kg/sec 

PROCESS SIDE 
INLET TEMPERATURE 500°C 
INLET PRESSURE 35 BAR 

TEST RUN 

REFORMING TEMPERATURE °C 

METHANE INLET FLOW RATE 
Nm3/h 

STEAM INLET FLOW RATEkg/h 

H20/CH4INLET MOLE RATIO 

1 

<810 

150 

410 

4:1 

2 

810 

125 

342 

4:1 

3 

810 

100 

273 

4:1 

4 

810 

75 

205 

4:1 

5 

810 

125 

256 

3:1 

6 

810 

125 

171 

2:1 

7 

825 

125 

342 

4:1 

8 

825 

125 

256 

3:1 

9 

825 

125 

171 

2:1 

FIG. 9. 

PRODUCT GAS f 

' ' V — PROCESS GAS 
ENTRANCE 

PLANE 1 

I'M PLANE 2 

HIGH TEMPERATURE — , . 
HELIUM ENTRANCE ^ r ^ T ^ J 

v q , -PLANE 3 
^ ~ HELIUM EXIT 

PLANE 4 

FIG. 10. 

STEAM REFORMER TUBE 
(NEVA 



PIGTAIL AND 
INSTRUMENTATION 

SUBASSEMBLY 

FIG. 12. 

RESULTS OF DUPLEX STEAM REFORMER TESTS IN EVA 161 
H 2 0/CH 4 

MEASUREMENT POINT 

POWER TRANSFERRED(Kw) 
TOTAL 
STORED IN CHEMICAL REACTION 

1.87 

475 

197 
166 

2.82 

477 

231 
185 

3.56 

478 

222 
180 

3.81 

470 

253 
206 

ENERGY BALANCE (%) 
(HELIUM AH/PROCESS AH) 

FLOWRATES (kg/sec) 
HELIUM 
STEAM 
NATURAL GAS 

TEMPERATURES |°C> 
HELIUM 
PLANE 1 
PLANE 4 

PROCESS GAS 
PLANE 1 
PLANE 4 

PIGTAIL 
PLANE 1 
PLANE 4 

METHANE CONVERTED(%) 

97.3 93.1 90.0 93.6 

0.2380 
0.04679 
0.02806 

796.8 
947.7 

509.5 
825.9 

649.3 
825.9 

58.9 

0.4291 
0.07025 
0.02791 

829.5 
921.3 

596.6 
826.2 

662.4 
826.2 

66.7 

0.4308 
0.07444 
0.02346 

817.0 
901.7 

502.9 
823.1 

660.5 
823.1 

73.9 

0.3325 
0.09274 
0.02730 

817.7 
949.6 

515.8 
825.8 

658.6 
825.8 

76.3 

FIG. 13 

0.80 

DUPLEX STEAM REFORMER TUBE PERFORMANCE 
FOR VARIOUS PROCESS GAS TEMPERATURES 

750 760 770 780 790 800 810 
PLANE 4 TEMPERATURE (°C) 

820 830 

FIG. 14. 
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FIG. 15. 

DUPLEX 
STEAM REFORMER TUBE 

PERFORMANCE FOR 
METHANE CONVERSION 

GAS TEMPERATURES 
1000 

900 

H 800 
LU 

a. 

< 
cc 
UJ 
Q. 

700 

600 

500 

400 

DIRECTION OF GAS FLOW 
MEASUREMENT POINT 476 

2 4 6 8 10 12 ; 
DISTANCE FROM TOP OF CATALYST BED (M) F i G . 15. A 

PROCESS GAS COMPOSITION 
•100 

162 

2 4 ' 6 8 10 
DISTANCE FROM TOP OF CATALYST BED (M) 

12 

FIG. 15. B 

10 
PROCESS GAS COMPOSITION 

MEASUREMENT POINT 476 

• A • PROCESS GAS DATA POINTS 

ANALYTICAL PREDICTIONS 

2 4 6 8 10 
DISTANCE FROM TOP OF CATALYST BED (M) 

12 

FIG. 15. C 



SECTION THROUGH 
MIDDLE OF 

DUPLEX TUBE 

FIG. 16. 
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BOTTOM SECTION 
WITH END CAPS 

AND NOZZLE 

FIG. 17. 



5 . AGENDA OP THE MEETING 

Meeting room: Administrat ion Bui ld ing, Main Conference Room 
Chairman : R. Pruschek 

November 27 

9:00 Opening 

Session I Design Recjuirements 
Session Chairman: J . Malherbe 

9:30 Design of a nuclear steam reforming plant 
by J. Malherbe 

10:00 

10:30 

Coffee break 

Core design for nuc lear process hea t r e a c t o r 
by A. L'Homme 

11:00 Design and app l i ca t ion for a high temperature nuc lear 
hea t source by R.N. Quade 

11:30 Basic l a y - o u t , arrangement and design c r i t e r i a of 
hea t components of t he "nuclear coal g a s i f i c a t i o n 
prototype p lan t (PNP)" by R. Pruschek 

12.00 Lunch 

Session I I Design Construction and Prefabr ioa t ion Tes ts for 
Special Components 
Session Chairman: K. Sanokawa 

14:00 Mater ia ls eva lua t ion and development for HTR-nuclear 
process hea t app l i ca t ion by H. Nicke l , P. Schubert , 
H. Schuster , E.D. Grosser, W. Theymann 

14:30 In termedia te heat exchanger for HTR process heat 
app l i ca t ion by M. Crambes 

15:00 Heat-exchanging components for coal g a s i f i c a t i o n : 
- He/He in te rmedia te hea t exchanger (IHX) and 

steam reformer (STR) i n the primary c i r c u i t 
by H. Niemeyer 

164 

15:30 Coffee break 

16:00 Design, cons t ruc t ion and operat ion experience 
of the He-He in termedia te heat exchanger 
by M. I toh 

16:30 Analysis of hea t exchanger bundles operated a t 

e levated temperatures by U. Blumer 

17:00 Helium-heated steam reformer by T. Meguro 

18:00 Reception by KFA Board of D i r e c t o r s , KPA 

November 28 

Session I I (continued) Session Chairman: K. Sanokawa 

9:30 Gas generator for the steam g a s i f i c a t i o n of coal with 

nuc lear generated heat by C. Buchner 

10:00 Coffee break 

10:30 Design of steam genera tors for process hea t p l a n t s : 
requirements , design concepts , s t a t u s and fu r the r 
development by J . Rautenberg 

11:00 Construction and performance t e s t s of a secondary 
hydrogen gas coo l ing system by K. Sanokawa, M. Hishida 

Session I I I Selected Problems 
Session Chairman: C.B. von der Decken 

11:30 Resul ts from i n t e g r a l t e s t s of s ing le reformer tubes 
under simulated nuc lear r e a c t o r condi t ions by 
C.B. von der Decken, H. Pedders, R. Harth, B. HiJhlein, 
E. Hiensche 

12:00 Lunch 

13:30 Mechanical design aspects of HTR-heat exchanger components: 
d e s c r i p t i o n of loading cond i t ions , d iscuss ion of f a i l u r e 
modes, design c r i t e r i a and present s t a t u s of mechanical 
design work by H . - J . Seehafer 



14:00 Development and test evaluation of duplex steam 
reformer tube by D.C. Allen, D.J. Meyer, C.R. Pflasterer 

14:30 Coffee 'break 

15:00 Departure to Aachen 

19:30 Dinner hosted "by BMET 

November 29 

9:00 - 11:30 Round Table Discussion 

Afternoon V i s i t of KFA-Facil i t ies 
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