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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 


