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1. Introduction

Fuel elements for High Temperature Gas-Cooled Reactors of the

Federal Republic of Germany consist of coated fuel particles

embedded in a 6 cm diameter graphite sphere. Whereas the 15

MW experimental power plant AVR mainly is and the 300 MW pro-

totype plant THTR will be operated with High Etoriched Uranium/

Thorium (HEU) fuel, a Low lEnriched Uranium (LEU) fuel cycle

was chosen for THTR follow-on plants. The fuel of these reac-

tors will therefore be composed of uranium oxide only with an

enrichment in the order of 10 %. To reduce fission product re-

lease during operation to a very low level, a so-called TRISO

coating consisting of two coating layers of PyC with a SiC

sandwich coating inbetween will be applied to the fuel ker-

nels .

2. HTR Fuel Reprocessing Flowsheet

An unique feature of spent HTR fuel reprocessing is that the

graphite moderator amounting to about 95 % of the fuel element

weight has to be processed together with the fuel. R&D work

started about 15 years ago primarily focussed on the develop-

ment of methods for graphite/fuel separation. Besides burning

techniques different kinds of processes like mechanical, chemi-

cal or electrolytical desintegration, chlorination etc. have

been investigated. However, burning off the graphite proved to

be the technically most feasible process and the reference re-

processing flowsheet evolving was therefore based on this head-

end treatment method (1).
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Recovery of valuable materials from HTR-LEU fuel will comprise

the following unit operations

- fuel element size reduction

- burning of the matrix graphite and the PyC coatings with oxy-

gen

- clean-up of the burner off-gas

- dissolution of the burner product in HNO

- separation of uranium and plutonium from the fission pro-

ducts by TBP solvent extraction

As far as solvent extraction is concerned/ credit can be taken

from the well proven PUREX technology. Head-End operations,

however, still require development effort towards the status

which allows construction and operation of a technical scale

processing plant.

3. Status of Head-End Development

3.1 Fuel Element Size Reduction and Graphite Burning

In contrast to (U,Th)O2 fuel kernels which remain intact dur-

ing graphite burning, U,0 powder is formed from any exposed

UO2~kernels. Based on experience with size reduction operati-

ons in hammer-mills and jaw crushers - which resulted in SiC

breakage in the order of 50 % even with unirradiated fuel - an

one-step burning process has been chosen as the reference for

LEU-Head-End Treatment (2). This process consists of a simulta-

neous burn of the matrix graphite and the inner and outer PyC

coating having milled the fuel to a mean grain size of 300 -

400 urn. This grain size corresponds to 100 % SiC-particles

breakage.

To demonstrate both process and equipment on a pilot scale,

the existing JUPITER head-end facility - basically designed

for (UfTh)O fuel - has been modified to the extent that it

can be operated on a single-step burning mode. Besides that
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hot lab-scale experiments will be performed on LEU fuel to

gain basic data on the release of volatile and semivolatile

fission products and on the properties of "real" LEU burner

products (4).

3.1.1 JUPITER Head-End

Fig. 1 shows a simplified process flow diagram of the JUPITER

head-end facility as already installed in hot cells. Main

equipment items of the facility are

- components for receiving and emptying of fuel element cani-

sters and for fuel element handling

- a two-stage fuel element size reduction system consisting of

a hammer-mill and a double-roll crusher

- a 30 cm diameter fluidized-bed burner

- an in-burner cyclone to recycle 95 - 99 % of the elutriated

fines to below the bed, and

- a burner fines bunker equipped with six blow-back filters

and a pneumatically operated conveying system to recycle the

residual amount of elutriated fines into the burner

The fluidized-bed burner can be operated with gas velocities

of 15 - 50 cm/sec, thus allowing maximum graphite burning

rates of 10 kg/h. Ignition temperature is reached by heating

up the burner with preheated coolant (N_) and combustion (CO2/

O2) gas. Removal of the reaction heat is achieved by means of

a water cooled closed N_-circuit. Because both SiC and U_0o

£ Jo

are fluidized during normal operation and cannot be easily dis-

charged, LEU fuel processing to date requires semi-continuous

operation. Effectively the burner is fed continously and all

of the product is discharged after a tailburning operation.

Processing batch size is limited at the moment to about 35 kg

of unburnable bed material, the maximum amount which allows

continued operation without burner shutdown. Efforts are, how-

ever, underway to increase the batch size and/or to find out

suitable conditions for product discharge during burner opera-

tion.
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An interesting design feature of the JUPITER facility is that

the only moving part in the burner/fines system is the stirrer

in the fines bunker. By use of ejector/venturi designs in the

- crushed product feed

- internal fines recycle

- external fines recycle and

- burner ash conveying

systems, all mechanical pressure locks were eliminated.

The JUPITER head-end has successfully processed 1000 unirradia-

ted TRISO-UO fuel elements up to date. Besides, 5000 BISO-

(U,Th)O and 2000 TRISO-(U,Th)O fuel elements have been pro-

cessed in "cold" demonstration runs.

The main operating conditions and results of the test runs

with LEU fuel are listed in Table 1. After carbon burnout the

average burner product was composed of 66 wt% SiC, 29 wt% U O

and 5 wt% C. Fines samples, taken during burner operation, ty-

pically consisted of 6 - 30 wt% SiC, 5 - 2 9 wt% U3Og and 65

wt% C.

Ignition Temperature:

Bed temperature:

Burner wall temperature:

Offgas composition:

Gas velocity:

Burning rate (max./average):

Bed inventory at end of run:

600 -

800 -

500 -

10 -

ca.

40 -

9.6/9.

33 kg

700°C

875°C

600°C

15 % CO

0,5 % O2

45 cm/sec.

1 kg C/h

Table 1: Main operating conditions and results of test runs

with

lity

with TRISO-UO2 fuel in the JUPITER Head-End Faci-
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Further work will concentrate on the completion of component

development, on the demonstration of effective tailburning ope-

rations resulting in burner products with a residual carbon

content of less than 0.5 wt.% and on the preparation of the fa-

cility for operation with irradiated fuel.

3.1.2 Lab-Scale Experiments with irradiated LEU fuel

Fig. 2 shows the mock-up part of the lab-scale twin facility.

Shakedown tests with the mockup are in progress; in-cell in-

stallation is scheduled to be completed by end of 1983.

Burning of irradiated LEU fuel will be performed in a small

fluidized-bed burner of 9,5 cm diameter. The burner which is

equipped with an integral disentrainment section at the top

and a special replacable offgas-cooler for studies on plate-

out effects of condensable fission products has a maximum burn-

rate of 1 kg C/h and is also operated semi-continuously. The

off-gas leaving the burner first goes through a cooler and

than passes a filter-unit for fines removal. The separated

fines are heated and reinjected to the low-bed area of the

fluidized-bed burner; the offgas is further purified before be-

ing released to the atmosphere.

Burner runs in the hot cell equipment will start early in 1984

and will provide basic data on the flow characteristics of ir-

radiated graphite and fuel material, on the release of volati-

le fission products and on the behavior of semivolatile fis-

sion products like plate-out at different places and potential

accumulation. The material to be processed consists of 300 LEU

fuel spheres of a special AVR reload (BISO-UO-) with a maximum

burn-up of 80000 MWd/t.
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3.2 Burner Off-Gas Treatment

A problem closely linked with HTR fuel element burning is the

separation of radioactive contaminants from the burner off-

gas. Besides the main components from the burning process:

C02, CO, 0- and impurities that stem from inleakimj air: N_,

from the graphite: S02, Cl_, H_0 and from the feed-oxygen: Ar,

Kr, N_, the off-gas contains the volatile fission products Kr,

Xe, I2, T (as HTO) and elements such as Cs which are entrained

in the gas in the form of aerosols. Typical concentrations are

shown in the following table 2:

C02 86 Vol%

CO 12 Vol%

N2 1,5 Vol%

0 2 0,5 Vol%

Ar 550 ppm

H O 300 ppm

Xe 42 ppm

Kr 18 ppm

SO2 2 ppm

Cl2 2 ppm

12 . 2 PPm

Cs-Aerosols 50 mg/m3

Table 2: Typical Composition of the Burner Off-Gas

To remove noxious components from the burner off-gas a special

process, called AKUT (Aerosol, Krypton jond Tritium Separati-

on), has been developed and a facility with a nominal through-

put of 10 m3/h (STP) constructed (5). As outlined in Fig. 3

AKUT divides into a low pressure section (p<l,5 bar) for the

removal of impurities other than Kr and a high pressure sec-

tion (pf 100 bar) for the enrichment and separation of Kr.
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The low pressure section comprises electrostatic precipitators

(EF 1+2) and HEPA-filters (FF 1+2) for the removal of aero-

sols, adsorption beds for !„ and Cl (IA 1+2), S0 2 (SA 1+2),

and HJD (WA 1+2) and a recycle system with a catalytic oxidi-

zer (CTK 1) for the conversion of CO and 0 to CO (Fig. 4).

For the enrichment of Kr the gas is compressed (K 4), lique-

fied (TK 1 and WT 4), and fed into the distillation column (RK

1). The Kr-rich fraction is withdrawn from the condenser (WT

5). The Kr-free bottom product is heated (WT 6), expanded, and

released to the stack.

Cold tests have been performed with synthetic off-gas as well

as with off-gas from the JUPITER head-end. The conditions of

the test runs with JUPITER off-gas are listed in Table 3. In

these tests the distillation column was used to distill of N_

and 0 .

Tests

Throuahput

C 0
2

CO

°2H2°

N 2 ...

Input

40-99 %

0-60 %

0-1,5 %

200-15000

0-10 %

16

3,5 - 11 mVh

Concentrations:

Effluent

Low Pressure Section

^100 %

< 5 ppm

0,5 %

ppm 3 ppm

Effluent

Distillation Column

<5 ppm N-j+Op in CO2

10-42% N2+O2 in CO2

(STP)

(Reboiler)

(Distillate)

Table 3: Test Conditions for Runs with JUPITER Off-Gas
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The gas flow was between 3,5 m3/h (STP) at the beginning of

the tests and 11 m3/h (STP) which is maximum flow which AKUT

can handle.

The most important result is, that independent of the variati-

on of the input concentrations the effluent concentrations are

constant. The variations in the distillate N ? + 0 2 concentrati-

ons are due to voluntary changes in temperature and pressure

of the column. The reboiler concentration is reliably under 5

ppm N 2 + 0 2 in C02<

3.3 Dissolution

The LEU burner product composes of 77 wt.% heavy metal and 23

wt.% SiC. As shown by preliminary tests using irradiated mate-

rial, the fuel dissolves easily in nitric acid; the amount of

insoluble heavy metal is in the range of 1 %.

For scale-up in the dissolution step a procedure was developed

which - whilst avoiding any NO - burst - directly leads to a

feed solution, acceptable for solvent extraction (6). Accor-

ding to this dissolution procedure the first half of the neces-

sary nitric acid is fed as 2 N HNO to the dissolver together

with the burner product, the second half of the acid is conti-

nuously added as 11 N HNO,. The resulting solution will be 3 -

3.5 N nitric acid containing 200 - 250 g/1 uranium.

With 1.1 - 1.5 vol.% plutonium the solution of irradiated LEU

HTR fuel will have only slightly more than the typical Pu-con-

tent of LWR fuel solutions. Recovery of uranium and plutonium

by solvent extraction can therefore be achieved by application

of PUREX standard flowsheets.
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Fig. 1: Simplified Process Flow Diagram of the JUPITER Head-End Facility



Fig. 2: Mock-up Part of Lab-Scale Twin Facility

367



AKUT

from burner

to stack

Fig. 3; Schematic Flow Diagram of the AKUT Facility

AKUT
Component

I2-Adsorber
(IA 1 + 2)

SO2-Adsorber
(SA 1 t 2)

Oxidizer
(CTK 1)

H2O-Adsorber
(WA 1 + 2)

Be

Volume

ID

6 5

6 5

12

6.5

d

Height

(mm)

650

650

2 x 4 0

650

Ma

Name

AC 6120

Zeolon
900 Na

1922 K
(0.15% Pd)

3 A
Molecular

Sieve

terial

Manufacturer

Sud-Chemie,
Miinchen

Norton,
WesseNng

Kali-Chemie,
Hannover

Merck.
Oarmstadt

Pressure

[bar abs|

1.4

1 3

1.2

t .2

Operatlor

Tempe-
rature

[°C)

25

25

250-650

25

I

Nominal
Gas

Velocity
(m/s]

0.21

0.23

Space
Velocity:
12.5 m3

(STP)/lh

0.25

Pressure

(bar abs]

-

1 1

1.1

Regenarati

Tempe-
rature

-

250

250

on

Gas
Velocity

[m/s]

-

0 24

0.28

Fig. 4: Adsorption and Catalyst Beds of AKUT
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