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ABSMACT

This paper marks the conclusion of the Techno-Economic study into the
conversion of SAFARI-1 reactor in South Africa to LEU silicide fuel.
Several different fuel types were studied and their characteristics
compared to the current HEU fuel. The technical feasibility of
operating SAFARI-1 with the different fuels as well as the overall
economic unpact of the fuels is discussed and conclusions drawn.

EMODUMON

The Atomic Energy Corporation of South Africa I.Ad (AEC) became involved in the
Reduced Enrichment for Research and Test Reactor RERTR) programme in September
1993 with the signing of a protocol agreement between the United States Department of
Energy (DOE); Argonne National Laboratory (ANL) and the AEC. This protocol made
provision for a joint techno-economic study between ANL and AEC on the feasibility of
converting the SAFARI- I Reactor to LEU silicide fuel. The joint technical study, which
commenced in June 1994, has been completed and a report issued 1]. A comprehensive
economic study was then undertaken at the AEC using the results of the technical study
with additional input from the licensing, operational safety, fuel production, commercial
products, reactor utilisation and other departments.

This paper presents an overview of the results of both the technical and the economic
study. The first portion of the paper deals with the technical study and addresses the
calculational models and computer codes used and the neutronic: and safety results. 'Me
latter portion of the paper gives a short smmary of the results of the economic study.

GENERAL OVERVIEW

Details of the SAFARI-1 materials testing reactor as well as the computer codes and
models used in the technical feasibility study was reported earlier [1]. A short overview
is given here for the sake of completeness.

The SAFARI-1 reactor is a 20 MW tank-in-pool type materials testing reactor (of Oak
Ridge Research Reactor design) which is owned and operated by the AEC at its
Pelindaba site near Pretoria. Since its commissioning in 1965, the reactor has operated
with an exemplary safety record having logged 1,000,000 MWh in January 1995. It is
supported by the infrastructure of the AEC which includes a fuel fabrication plant, hot



cell facilities, isotope production centre, radioactive waste disposal site and theoretical
and experimental reactor physics support groups.

The reactor is located in a large pool with easy access to both in-core and ex-core
irradiation positions. An x 9 grid houses 28 fuel elements, control rods, regulating
rod, in-core irradiation facilities and reflector elements.
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Figure 1: SAFARI-1 Core

The core is fuelled with 19-plate MTR-type fuel elements. The reactor was originally
operated with 90 wt% enriched uranium-aluminium. alloy fuel (HEU) but was converted
to a 45 wt% uranium-aluminium alloy (MEU) during the early 1980's. Due to the higher
scrap rate in the manufacturing process of our MEU fuel and the availability of HEU in
South Africa it was decided to return to the manufacture and use of HEU fuel assemblies
for economic reasons. Tis decision was made prior to the commencement of this joint
study on the feasibility of converting SAFARI-1 to use low enriched uranium suicide fuel.
The core is currently in a state of transition from MEU to HEU fuel and at this stage
approximately half of the fuel elements in the core are HEU elements.

For this joint technical study calculational models were developed to suitably model
SAFARI- 1. Care was taken to ensure that these models adequately represent the reactor.
Bumup dependent broad group cross sections for the fuel and reflector elements were
generated with the WIMSD4m 2] code in six energy groups using standard slab geometry
models. The bum-up and core neutronics calculations were performed in three
dimensions using the REBUS code system 31 and the DIF3D 41 diffusion theory
neutronics code. A detailed Monte Carlo model using the MCNP4A [51 code was used
for benchmarking the accuracy of the diffusion theory model.



A substantial effort was made both in the diffusion theory and Monte Carlo models to
accurately represent the key irradiation positions of economic interest. Table lists the
major irradiation positions and their uses.

Comparisons made between the diffusion theory, Monte Carlo and operational results
for an existing core indicated that the methods and models used provide acceptable
results.

235uA variety of fuel element types were included in the study varying in enrichment,
density, fissile loadings, material and geometry.

Table 1: Major Irradiation Facilities

Facility Main use/Product

Pool Side Silicon Dopin& Gemstones
Neutron Radiogrptphy Realtime Neutron Radiography
In-core Facilities0 Molybdenum, Iridium, etc.
Hydraulic Rabbits Isotope Production, Neutron Activation Analyses
Pneumatic Rabbits IIsotope Production, Neutron Activation Analyses

Thew facffities are partially surrounded by fuel and can be loaded while the reactor is at power

Ile pool side is used primarily for silicon doping and gemstone irradiations. An
automated silicon irradiation facility (SELIRAD) has been operational for a number of
years. All quality control requirements are met and resultant resistivities within 3 of
client requested target resistivities are consistently achieved. Commercial irradiation of
gemstones for colour enhancement is also performed. The irradiated stones comply with
the current international requirements for transport of non-radioactive materials as well
as release to the public.

Two beam tubes currently service the neutron radiography facility, which provides for real
time dynamic neutron radiography, and the neutron diffraction facility. The five in-core
irradiation facilities are used primarily for fission molybdenum production and irradiation
of iridium. The four stations of the ydraulic rabbft facilities and the two stations of the
pneumatic rabbit facilities are used primarily for isotope production and neutron
activation analyses.

NEU'FROMC RESULTS

Details of the neutronic analyses can be found in the technical feasibility study report [1].
Equilibrium core studies have been performed for a variety of different fuel types and
235U loadings. The euilibrium core was defined to represent the average SAFARI-1
operational procedures as closely as possible. The resulting equilibrium core cycle length
and discharge burnups of the spent fuel for an MEU core are in good agreement with
actual operational data. Table 2 summarises the cycle lengths, percentage burnup of
235U and the total number of assemblies used per year for the various fuels.



Table 2 Fuel used Annually as Function of Assembly Type

Description U2" DischaW Assemblies
U Cycle Burnup used pav

BOEC de Length
Loading No Meat k-eff (gcm- (fpd) Fuel Follower

Fuel 231U plate$ Thickness Fuel Followe

(9) (cm)

alloy, 9001o 200 19 0.051 1.0483 0.61 12.6 45.4 633 70 12
250 19 0.051 1.0567 0.76 19.2 55.8 74.8 46 8
300 19 1 0.051 1.0666 0.92 26.7 65.1 83.8 34 6

-Al aoy, 45% 225 19 0.051 1.0487 135 1 15.2 48.11 66.6 58 i 10

20% 225 19 0.051 1.0425 3.13 13.6 42.0 59.1 65 11
285 19 0.051 1.0497 3.97 22.3 53.7 72.5 40 7
340 119 0.051 1.0542 4.73 30.1 60.5 79.1 1 30 5

'2-Al, 20% 340 18 0.076 1.0528 3.34 28.5 57.4 76.2 3 6
400 18 0.076 1.0561 3.93 36.7 62.3 80.8 5
485 18 0.076 1.0593 4.76 48.2 167.1 84.9 4

i2-Al, 20% 340 18 0.076 1.0528 3.34 28.5 57.4 76.2 31 6
340 20 0.076 1.0485 3.00 27.0 54.6 72.7 33 6

1 340 123 1 0.051 L�0501 3.91 27.9 56.2 74.0 1 32 1 6

Based on 2 efpd annual operation at 20 MW

The neutron fluxes and spectra were calculated in each of the irradiation facilities for a
variety of different fuel types and 235U loadings. The series of figures below show the
percentage differences in the thermal flux and thermal-to-total flux ratios in the
irradiation positions relative to the HEU core operation with fuel elements initially
loaded with 200 g of 235U.
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Figure 2 Thermal Flux: Pool Side Figure 3 Thermal-to-Total Flux Ratio:
Pool Side
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Figure 4 Thermal Flux: Neutron Figure 5: Thermal-to-Flux Ratio:
Radiography Beam Tube Neutron Radiography Beam Tube
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Figur 6 hermal Flux: In-core Facilities Figure 7 Thermal-to-Flux Ratio:
In-core Facilities
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Figure 8: Thermal Flux: Hydraulic Figure 9 Thermal-to-Flux Ratio:
Rabbit Hydraulic Rabbit
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Figure 10: Thermal Flux: Pneumatic Figure 11: Thermal-to-Flux Ratio:
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Figure 12: Thermal Flux: Fuel in Core Figure 13: Thermal-to-Flux Ratio:
Fuel in Core

It is seen that increasing the 235U content of the fuel elements leads both to lower
thermal fluxes in the core and a harder spectrum For the equilibrium cores studied the
power densities of the peripheral fuel elements also increased. Both the harder spectrum
and increased power delivered by the peripheral fuel lead to increased neutron leakage
from the core. These trends become more pronounced with low enriched fuel.

In short, higher 235U loadings and lower enrichments result in lower fluxes and a harder
spectrum in the in-core positions while the ex-core positions exhibit higher fluxes and a
similar spectrum relative HEU fuel with 200 g 235U per element. The commercial effect
of the differences in the thermal flux and spectrum on the products are addressed in the
economic analysis.

SAFM PARANMTER RESULTS

Various safety parameters have been calculated for use in transient analyses. A limited
set of transient analyses were performed to obtain an overview of the relative
performance characteristics of the different fuel types. A comprehensive safety analysis
was not performed.



Fuel temperature as well as moderator temperature and -density reactivity coefficients
have been calculated for the various fuel types using the OSCAR3 Code System 6]. The
OSCAR3 Code System (Overall System for -the Calculation of Reactors) is a three-
dimensional core neutronics analysis package developed at the AEC. It is an automated,
easy to use system containing both a cross section generation and core analysis module.

Full three-dimensional core calculations were performed in six energy groups at various
core conditions. Good agreement was obtained in comparisons between reactivity
coefficients calculated with DEMD and OSCAR3 for MEU fuel. The effect of increasing
the number of energy groups to more accurately account for small reactivity changes and
spectral shifts was studied 7 It was found that the largest effect is seen in the
moderator temperature coefficient which differed by %. Fewer energy groups,
however, provided more conservative reactivity coefficients.

Table 3 Negative Reactivity Coefficients versus Fuel Type
I

Coefficient HEU 2g HEU 3g MEU 225g LEU 225g LEU 340g LEU 485g

Moderator Temperature 0.1315 0.1095 0.1212 0.1132 0.0905 0.0690
Moderator Density 0.0394 0.0435 0.0452 0.0515 0.0582 0.0677

Sum of Moderator 0.1709 0.1530 0.1664 0.1647 0.1487 0.1367
Coefficients 0.0002 0.0004 0.0088 0.0189 0.0218 0.0243

1 -_ I I I I

Total Coefficient 0.1711 0.1534 0.1752 0.1836 0.1705 0 1610

(Coolant Temperature 40 'C, Coolant Density 09M gcm-3, Fuel Temperature 60 Q

The moderator density coefficients become more negative for LU fuel and HEU fuel
with increased 235U loadings due to the harder spectrum. he doppler reactivity
coefficients are also more negative for the LEU fuel due to the increased 238U contents
of the fuel. 'Me moderator temperature coefficients, on the other hand, are less negative
for both the LEU cores and increased 235U loadings in the HEU due to the harder
spectrum.

By examining the combined effect of water temperature and density, it is seen that a
harder spectrum results is a slightly smaller reactivity feedback. With lower enrichments,
however, the doppler feedback becomes more significant than at the higher enrichments
and results in larger feedback coefficients for fuel elements with the same initial 235U
mass.

The effective delayed neutron fraction and prompt neutron generation times were
calculated for the various fuel types and are given in Table 4 Both the effective delayed
neutron fraction and prompt neutron generation time decrease for the harder spectra.



Table 4 Delayed Neutron Fraction and Prompt Neutron Generation Times

Fuel Description Delayed Neutron Prompt Neutron Generation Time
Fraction (X 10-6 )

HEU 200 g 19 plates 0.00752 64.9
HEU 300 g 19 plates 0.00750 57.9

MEU 225 g 19 plates 0.00742 60.5

LEU 225 g 19 plates 0.00732 57.3
LEU 340 g 19 plates 0.00717 48.7
LEU 485 g 18 plates 0.00707 41.4

The SAFAR.1-1 Operating Technical Specifications state that the total rod worth of all
control rods must be greater that 20. Table shows this to be true for all the fuels
studied. The harder spectrums, both for the increased 235U loadings in the HEU fuel as
well as for the LEU fuel, result in decreased rod worths.

Table 5: Control Rod Worths

Fuel Description Total Rod Worth in %p Total Rod Worth in 

HEU 200 g 19 plates 28.8 38.3
HEU 300 g 19 plates 24.7 32.9

MEU 225 g 19 plates 27.5 37.1

LEU 225 g 19 plates 27.5 37.6
LEU 340 g 19 plates 23.4 32.6
LEU 485 g 18 plates 21.6 30.6

Table 6 shows the maximum assembly powers and the peak power relative to the- core
average power density for the various fuel types. The peak relative power increases
almost linearly as the mass of 235U per fuel element is increased.

Table 6 Maximum Assembly Relative Powers and Power Peaking Factors BOC

Parameter MM HEU HEU HEU LEU LEU LIM LEU LqJ LEU

Initial U235 per assembly (g) 225 2W 250 300 225 295 340 340 400 495
Number of plates 19 19 19 19 19 19 19 19 is 18

Max. asembly relattve power I'19 III 1.18 1.20 , 1.23 1.16 1 1.16 1 1.18 1.20 1.23
Peak relative power 1.91 1 1.80 7-M 1 2M Im 709 2M 2.32 2_54 2M

ECONONUC ANALYSES

As the Atomic Energy Corporation of South Africa continues its commercialisation drive,
decisions regarding policy, projects, products, etc. are dominated by economic
considerations. To this end, the results of the SAFARI-1 technical study have been used



to quantify the effects of using other fuels on fuel costs and product portfolio. Te major
products are described in the General Overview Section of this paper.

A comprehensive economic analyses was performed with input from various departments
at the AEC including licensing, reactor operations, reactor utilisation, safety, reactor
theory, fuel production and product marketing. Firm quotes for the fabrication of the
fuel were obtained from various fuel vendors. The international average market price
for the current SAFARI-1 products was used in the analyses.

In the economic analyses the cufferit fuel used in SAFARI- I (HEU fuel with 200 grams
of 235U per fuel element) was used as the reference case and two possible scenarios were
examined. In the first, high enriched 90 %) uranium-alliminium alloy fuel with 30
gram of 235U loaded per fuel element was evaluated. The second scenario examined
the use of low enriched 19.75 %) uranium-silicide fuel with 340 grams of 235U loaded
per fuel element. In both of these scenarios the standard 19-plate SAFARI-I fuel
elements were used and only the material composition of the meat of the plates was
changed.

Some of the assumptions made in the study are listed below:

b. Core configuration remains same as reference core
b. Fuel assembly design remains the same except for meat composition
b. Name-plate capacities used for all products
b. No attempt made to optimise the scenario cores
b. Molybdenum target plates produced with 45 U-A aoy
b. HEU fuel elements manufactured at ABC

(Cost of enriched uranium omitted)
b. LEU fuel imported

(HEU sold and LEU purchased on a kilogram-for-kilogram 2U basis)
P. Discounted cash flow techniques were used over a 15 year project life
P. Transition wl take I year

Table 7 shows the percentage differences in fuel costs and the nett cost (including loss
of income) of using HEU fuel loaded with 300 grams of 235U per fuel element and LEU
suicide fuel with 340 grams of 235U per fuel element relative to the reference core (HEU
fuel with 200 grams of 235U per fuel element).

Table 7 Relative Comparison of Fuel and Nett Costs for Scenarios

Scenario Fuel Cost Difference Net Cost Difference
M M

1. U-Al alloy, HEU 90 - 19 24
300 g 235U per element

2. U Si LEU 20 + 80 + 1633 29
340 g 235U per element



One migh t expect the reduction in the fuel costs for scenario I to be greater (closer to
50 %) since the number of fuel elements used annually halves. Ibis is not the case,
however, since there are various fixed costs involved in rnnnin the fuel production plant
and thus the cost per fuel element increases as production is lessened. There is a
tremendous difference between the cost of locally manufactured and imported fuel. One
of the reasons for this is that the AEC fuel production plant has been in operation for
many years now and the capital costs have been fully depreciated.

By far the dominating effect in both of these scenarios is the reduction of in-core facility
fluxes and the resulting loss of production capacity for fission molybdenum- Although the
spectrum in the pool side at the centre of the SELO-AD facility is practically unchanged
the harder spectrum which is seen closer to the core box causes concern for possible
irradiation damage to the silicon ingots.

CONCLUDING REMRKS

Ibis paper marks the successful conclusion of the study into the technical and economic
feasibility of operating SAFARI-1 on low enriched silicide fuel. It appears to be
technically feasible to operate SAFARI-1 on low enriched silicide fuel without violating
any of the prescribed safety limits of the operating licence.

The AEC is fortunate to have a ftiel production facility at which uranium-aluminium alloy
fuel can be fabricated at relatively low costs. The cost of importing fuel is noticeably
greater. The effect of the different fuels on the SAFARI-1 products is significant.

Based on this study, at this current stage of the AEC's commercialisation process as the
AEC concentrates on market penetration it would be economically penalising to operate
SAFARI-1 on LEU uranium silicide fuel.
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