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1. Research Reactors in the Federal Republic of Germany 

In the Federal Republic of Germany there are 7 research 

reactors utilizing highly enriched uranium. Some INFCE-

relevant data of these reactors are summarized in Table 1. 

All these reactors have a variety of application areas but 

the accents are somewhat different: FRJ-2, FRM and BER-2 are 

primarily used for fundamental research especially with 

neutron beams. FRJ-1 and FRG-2 are mainly reactors for ma

terial irradiation and isotope production. FMRB specializes 

in standard problems. A new beam research reactor is being 

planned with about 25 MW with a fuel element design similar 

to that of the HFR in Grenoble. In addition there are 4 Triga 

reactors fueled with 20 % enriched uranium and 12 training 

reactors of 0.1 Watt fueled with 20 % enriched uranium homo

geneously immersed into plastic discs. But in the following 

only the reactors with highly enriched uranium are considered. 

The presently used uranium loading of the plates is signifi

cantly below the limits of fabricability. This has mainly two 

reasons: 

1. Coolability considerations and irradiation space require

ments led to a certain core size and there is no incentive 

to reduce it by going to higher uranium loadings of the ele 

ments. 

2. The pressntly achieved low failure rate of the fuel ele

ments is the result of a long-term development. There is 

clearly a reluctance to modify the fuel design again and 

to encounter new problems and possibly increase the release 

of radioactivity. 
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2. Fuel Technology 

All plate type fuel elements for the research reactors in 

the Federal Republic of Germany are fabricated by NUKEM. Thus, 

the state of the art and the development potential in fuel fabri

cation technology are determined by the work and experience of 

NUKEH.Table 2 shows the present state and a tentative estimation 

of the potential of different fuel types for short-term and long-

term development made by this company. For convenience the data 

are given as uranium density in the meat, percent by weight 

of uranium in the meat and volume fraction of fuel (UAlx,U30g) 

in the meat. Fig. 1 gives a graphic representation of the den

sity values. 

"Presently available" means that fuel with these data has been 

fabricated, was irradiated, and good experience exists. It does 

not mean that the fuel is immediately available without furthar 

R and 0 effort for all reactors. For instance, UA1 with an 

uranium density of 1.35 g/cnr is utilized in the HFR Grenoble. 

But this reactor uses a special cladding material not applicable 

in reactors with a longer burnup lifetime, it requires extreme

ly narrow tolerances and has an extraordinarily high standard of 

quality control which makes the fuel plates much more expensive 

than usual. Experience with this fuel for the normal fabrication 

line still has to be gained yet. 

"Short-term development" means that good fabricability is ex

pected on the basis of present experience, but about 18 months 

of R and D work for fuel element fabrication are.required. Not 

included is the irradiation behavior test program which takes 

much longer. 

"Long-term behavior" is the estimated ultimate potential of 

the various fuel types from the point of view of fabricability. 

It may well be that the irradiation behaviour sets a much lower 
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value for the upper limit. Fuel fabrication R and D work 

is estimated to take about 3 years. 

Adaptation of the fabrication plant to lower enriched higher 

loading fuel elements requires modifications at nearly all 

stages of the fabrication process and the following items 

have to be investigated: 

- Adaptation of the UFg conversion to process medium enriched 

fuel economically 

- economic melt and fabrication technique for UA1X, UAI2 

and UjOs* respectively 

- grinding process for OAI2 taking into account its pyrophoric 

character 

- optimization of picture fabrication of high uranium loading 

material with respect to good rolling properties 

- rolling of plates in the picture frame technique, possibly 

by using alternative Al-cladding materials 

- manufacture of prototype fuel elements for irradiation tests 

- adaptation of the quality control procedure to high uranium 

density medium enrichment fuel in the meat 
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3. Consequences of enrichment reduction 

In order to maintain a reasonable reactor performance en

richment reduction has to be compensated by higher uranium 
235 

loading at least up to the point where the U-content of 
the fully enriched fuel element is obtained again. But the 

235 same U content does not mean the same excess reactivity. 
Even in case meat, fuel plate and coolant channel dimensions 

remain unchanged a reduction in reactor performance inevitab-
238 

ly results from the U absorption effect. Fig. 2 shows the 
238 238 

reactivity reduction from U versus core averaged U den

sity under these conditions. Included is for convenience a 

corresponding enrichment scale. The data refer to a reactor 
235 

with NUKEM standard MTR type fuel elements of 180 g U per 
element and could be somewhat different in other cases. 

There are three alternatives to cope with this reactivity 

reduction: 

1. To accept the lower reactivity and the corresponding re

duction in core lifetime; 

2. to increase the core size; 

235 

• 3. to increase the U loading until the original core life

time is obtained again. 

An assessment of the merits and drawbacks of these measures 

requires detailed case studies including burnup calculations 

with fuel shuffling and experimental program assumptions. Up 

to now only some scoping calculations were performed by 6KSS 

and INTERATOM company for the reactors at Geesthacht and 

Berlin. They refer to the NUKEM standard fuel element with 

23 plates, UA1X cermet fuel of 0.51 mm meat thickness with 

0.38 mm clad thickness, 2.23 mm coolant channel and a loading 

of 200 g uranium with 90 % enrichment. This corresponds to 

15 % by weight uranium in the meat or 0.46 gU/cm^ meat. The re* 
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suits are consistent with findings of other groups and are 

used in the following for the more qualitative arguments. 

Fig. 3 shows the factor by which the core lifetime is redu

ced with enrichment reduction as a consequence of the 
238 235 

U absorption. Meat thickness and U loading are kept 
235 3 

constant, the U loading being 0.414 g/cm meat in the 

form of UAlx. With the maximum uranium density presently 

available of 1.35 g/cm3 the lowest enrichment giving the 
235 O 414 s 

same U content is Y'*w 31 t. For the reactor FRJ-i 

(Merlin) at Jtllich which has already a J U loading of 

0.622 g/cm the lowest enrichment feasible is 46 %. Experien-

ce with the 1.35 g/cm density only exists for the HFR 

at Grenoble. As mentioned above it is not realistic to con

sider this as an immediately available fuel for all reactors 

with plate type fuel elements. Therefore, and in order to 

have some margin for reactor performance improvement, 45 % 

enrichment is considered the lowest enrichment level presently 

feasible for reactors using the NUKEM standard fuel element. 

This corresponds to a 10 % reduction in core lifetime. In principle, it is possible to bring the core lifetime back 

to its original value by increasing the number of fuel ele

ments. This is not feasible for most of the research reactors 

in the Federal Republic of Germany, however, since they are 

operating already at their maximum power limit and increasing 

the core size without increasing the power unduely reduces 

the neutron flux levels. 

Thus, a preferable way to increase core lifetime would con-
235 

sist in increasing the U loading beyond its present value 
when enrichment is reduced. Fig. 4 shows - again for the 

235 
standard fuel element case - the factor by which the U loa
ding has to be increased in order to keep initial excess reac* 
tivity constant. This is slightly conservative when constant 
core lifetime is required because of the smaller reactivity 
swing of lower enrichment fuel. 
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235 The increase in U loading by more than a factor of two 

for 8 % enrichment is in accordance with the results repor

ted for U02 fuel in OSIRIS /l/. 

The ratios of Fig. 4 can be converted into uranium density 

values and this is shown in Fig. 5. In case the starting point 

of uranium density is higher the whole curve would be shifted 

upwards. From Fig. 1 and Fig. 5 one can see that under the con

dition of constant meat thickness and nearly constant burnup 

lifetime the minimum enrichment is 38 % for the standard fuel 

elements. One can estimate a value around 50 % for FRJ-1 (Merlin). 

It has to be stressed again that these data are of a preli

minary nature and should only serve for the illustration of trends. 

With a density of p«10 g/cm (U0-) an enrichment of about 

8 % is obtained, again in accordance with the OSIRIS design 111. 

This agreement is probably fortuitous, since the basic assump

tions and conditions for the conversion to lower enrichment 

were quite different. 

235 Increase of the U loading beyond its present value has the 

following consequences: 

1. The reactivity value of the control system is reduced 
235 

by nearly the same factor by which the U content is increa
sed. 

2. The thermal neutron flux in the core is reduced by the same 
23e factor by which the WU content is increased. 

3. The power peaking factor is increased due to the stronger neu

tron absorption of the core. Thus, the hot spot factor is 

higher and reactor power has eventually to be reduced. 

4. As a result of the larger peaking factor average burnup 

and fuel utilization may also be reduced when tne metallur

gical burnup limit was already reached. 
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An alternative to increasing the uranium density or a supp

lementary measure to it could consist in increasing the meat 

thickness as it has been investigated e.g. in the studies of Japan 

and the European Community, /2,3/. Because of the reduction 

in fuel plate number and heat transfer surface this is only 

feasible when a margin in the cooling properties of the reactor 

exists. For most of the research reactors in the Federal 

Republic of Germany this is not the case. As a result of 

recent upgrading programs they were already brought to their 

design limits, especially for emergency core cooling conditions. 

Even the low power reactors such as the FRM with 5 MW are 

operating at their design limit and have no potential for 

higher heat fluxes. 

In addition, a reactor modification with a tendency to reduce 

the safety margins, such as increased fuel plate thickness, 

or a modification which includes changes of reactor components, 
235 

such as increased U content, requires a complicated licen
sing procedure with several years of reactor downtime, back-
fitting measures and cost implications which may not be justi
fied for some older reactors. 

On the basis of past experience at GXSS with reactor modifica

tions the following time scale estimation for conversion of 

a reactor to high uranium density lower enrichment fuel is made: 

months 

1. detailed neutronics and thermodynamics cal

culations 8 

2. decision within the research center 2 

3. writing of a safety report 3 

4. transfer to licensing authority and order to 

"Technical Inspection Agency" (TUV) 2 

• • • 
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months 

5. comment from TtJV with clarification of details 5 

6. report from the licensing authority to the 

Ministry of the Interior and the Reactor Safe

ty Commission 

7. comment of the Reactor Safety Commission with 

backfitting demands 2 

8. Tt)V entrusted with detailed safety assessment 2 

9. safety assessment and backfitting program defi

nition 8 

10. judgement by licensing authority and TOV 6 

11. additional requests 3 

12. clarification, order of components, delivery 24-30 

13. construction 6 

14. start-up experiments 2 

76-82 

total 6a - 7a 

Parallel to this procedure an irradiation test program would have 

to be perfor.ned with 10 fuel elements and roughly the following 

time seal : 

months 

1. Procedures 1 to 5 above 20 

2. licensing 3 

3. fabrication of 5 test elements 6 

4. irradiation 9 

5. modification, licensing thereof and new fabrication 6 

6. new tests 5 fuel elements 9 

5 fuel elements 9 

7. modification of reactor 6 
8. start-up experiments 2 

70 
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In case fuel element geometry, coolant flow, number of 

fuel elements in the reactor end reactor power remain unchanged, 

a significantly shorter licensing procedure can be expected 

and the conversion will take about 4 to 5 years with the time 

being determined by the test irradiation program. 

Thus, practically the only available modification to accommodate 

enrichment reduction would be an increase of uranium loading where-
235 

by the meat thickness is maintained. The U loading would be 

limited to the present value and shorter burnup lifetime would 

be the penalty of enrichment reduction. 

An additional major penalty results from the higher fabrication 

costs of elements with high density fuel. It is estimated by 

NUKEM that for 45 % enrichment fuel the costs for fabrication 

and quality control of a fuel element will be higher by a factor 
of 1.2 to 1.7 when compared with the corresponding element using 

235 90 % enriched fuel and the same U-content. 

The savings in separative work costs are marginal when going from 

90 % enrichment to 45 % enrichment. Thus, about the same fuel 
235 price per gram U can be assumed. Then the total increase in 

fuel cycle costs taking into account increased storage, transpor

tation and reprocessing costs will nearly be a factor of two. 

Moreover, one has to consider the costs of the fuel development 

program. It is difficult to make a meaningful R and D cost esti

mate for the irradiation tests, since it depends very much on the 

way the reduced availability of the research reactors during the 

fuel tests is taken into account. For the fuel fabrication the 

estimate is DM 3 to 4 million, the cost at the reactor site being 

much higher. 

A special situation exists for the new high flux beam research 

reactor being planned now in the Federal Republic of Germany. 

This type of reactor utilizes exclusively leakage neutrons and 

thus there is a particularly high incentive to use a compact 

high power density core. 
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A reactor which is optimized for highly enriched fuel has nor

mally no potential for enrichment reduction, since it would al

ready use the highest uranium density available. Enrichment 

reduction would be possible only by increasing the core size 

and thereby reducing the flux to power ratio. 

In view of the feet that fuel fabrication costs steeply increase 

with fuel performance requirements and that the requested ther

mal neutron flux of the new reactor is significantly lower than 

that of the Grenoble reactor, the tentative design was not pushed 

to ultimate performance limits. This gave a margin fo*: enrichment 

reduction by sacrificing the relaxed fuel element specifications 

and reduced flow and pressure values. But then, of course, the 

fuel cycle costs grow significantly when going to lower en

richment. A detailed analysis of this reactor is quite complex 

and goes beyond the scope of this paper. 

4. Conclusions from and coronets on other INFCE papers 

Prom the calculatory results of section 3 and also from other 

papers of INFCE WG-8 Subgroup C the following conclusions can be 

drawn: 

238 

1. In a research reactor U is a parasitic absorber which re

moves neutrons that otherwise could be used in experiments or 
238 

for core jize and power reduction. Thus, the U content should 
be kept as small and the enrichment as high as compatible 

with the non-proliferation goals. This requires a more detailed 

assessment of the dependence of the proliferation risk on en

richment . 

2. The penalty of enrichment reduction is smallest when the ura

nium content in the fuel plate meat can be increased to a 
235 

value where the original U content is obtained without in
crease of meat thickness. The lowest enrichment which can be 
achieved in this way is given by the ratio of U density in 
the meat presently in use to the highest uranium density pre
sently available. 
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For many research reactors with MTR-type fuel elements this 

is in the range of 45 t, for some it is higher. None of these 

allows a reduction to 20 %. 

An additional increase of uranium loading and thus a po

tential for further enrichment reduction results when the 

meat thickness is increased. Because of the reduction i*i 

heat transfer surface this is only feasible when sufficient 

coolant properties exist. This is not a question of reactor 

power or power density, but a question of the margin between 

the maximum heat flux of the present reactor and the safety 

limits. A 4 MW reactor with natural convection could be closer 

to its design limits than a 20 MW reactor with forced convection 

for instance. 

Vhen increasing the meat thickness the consumption in reac

tor upgrading potential is particularly high. Since no upgrading 

potential exists for the research reactors in the Federal Republic 

of Germany using highly enriched uranium, this method can not 

be applied there. 

When the uranium density in a cermet fuel meat is increased 

the volume fraction of matrix material is decreased. Thus, 

the capability of fission product recoil retention is decrea

sing. The tendency towards a higher risk of fission product re

lease leads to licensing difficulties with a costly and time-

consuming R and D program. Hopefully, satisfactory fuel be

havior will be achieved and demonstrated by such a program. 

But for the moment this is not sure and one must be careful 

when talking about t'.e possibilities o' enrichment reduction. 

Nearly all the above statements seem to be in contradiction 

with investigations of the possibilities for enrichment re

duction of the HFR Petten, where it was shown that for this 

high power density reactor ujing already relatively high 

uranium loading a conversion to 20 % enrichment is feasible. 

Ill. But there is a number of facts one has to recognize: 
238 1. The reactivity loss from U is compensated by not using 

the boron in the fu«l element side plates any more. This 

possibility does not exist for other reactors and it ob-
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scures the real penalty of enrichment reduction. Without 

boron in the plates a much longer lifetime could be ob

tained for the reactor with highly enriched uranium. 

2. The 47 % by weight uranium in the meat "underlying the enrich

ment reduction study of the Petten reactor is far beyond 

the present state of the art and close to the ultimate 

properties of cermet fuel (see Table 2). The time required 

to develop and test such a high density fuel seems to be 

greatly underestimated in the paper. 

3. The assumed meat thickness of 1.32 mm is also far beyond 

present technology. Not even fabricability has been demon

strated. 
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Table 1 Research Reactors in the Federal Rpublic of Germany 
using highly enriched uranium 

Institution operating 
the reactor 

name of reactor 

reactor power [HW[ 

'ype of fuel elem. 

number of fuel 
plates per element 

fuel 

weight of U per 
fuel element (g) 

uranium density , 
in the meat (g/cm ) 

number of fuel 
elements in the core* 

annually required 
fuel elements* 

annual (kg) 
uranium throughput* 

average lifetime 
of fuel elements^ 

KFA 
Julich 

FRJ-1 
MERLIN 

10 

MIR 

22 

alloy 

290 

0.69 

28 

40 

10 

1 year 

KFA 
Julich 

FRJ-2 
DIDO 

23 

DIDO 

12 

alloy 

167 

0.47 

25 

120 

20 

4 months 

GKSS 
Geesthacht 

FRG-I 

5 

KIR 

23 

UA13 

200 

0.46 

45 

FRG-2 

15 

MTR 

23 

UA13 

200 

0.46 

49 

80 

16 

3 
years 

8 
months 

HMI 
Berlin 

BER-2 

5 

MTR 

23 

UA13 

200 

0.46 

25 

15 

2.5 

2 years 

TU 
Munich 

FRM 

4 

MTR 

23 

UA13 

200 

0.46 

25 

20 

3 

2 years 

PTB 
Braunschweig 

FMRB 

i 

MTR 

12 

UA13 

150 

0.46 

25 

25 

1 

4 - 5 years 

* rough figures 
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ALLOY UAl^ UA12 U ^ 

uranium 

density 

in the 

meat 

Cg/'"n ) 

weight X 

uraniuu 

in the 

meat 

volume X 

of fuel 

in the 

cermet 

or alloy 

present 

short 
term 

long 
term 

present 

short 
term 

long 
therm 

present 

short 
term 

long 
term 

1.35 

1.35 

1.35 

35 

35 

35 

'7.5 

7.5 

7.5 

1.15 - 1.4 

1.6? - 1.8 

2.4 

31.5 - 36 

40 - 43.5 

50 

25 - 30 

35 - 40 

50 

2.25 

3.1 

50 -

60 

35 -

-

- 2.6 

^ 

54 

-

40 

50 

1.3 

2.4 - 2.7 

3.3 

35 

53 - 57 

63 

18.5 

35 - 40 

50 
I 

Table 2 Potential of Plate Type Fuel Elements 
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