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South African Uranium Enrichment Program

PRECIS

South Afrlca has built Its first uranium enrichment plant, & small
facility that 1s thought to have become operational in recent months.
This pilot plant, which employs an aerodynamic enrichment process, is
expected to produce between 23 and 70 tonnes of reactor-grade uranium
per year. The lower end of the range is more likely and corresponds to
the annual fuel requirements of one large power reactor, Although the
plant may be capable of enriching uranium to moderately high levels, it
probably was not designed to produce weapon-grade uranlum (90-
percent U-235) on a continuous basts, Nevertheless, production of a
significant amount of weapon-grade uranium (enough to make at least
several nuclear devices per year) could be accomplished in this plant; it
would require recycling batches of enriched uranium through the pilot
plant—a somewhat difficult operation,

A second enrichment plant, using more sophisticated technology is
planned for operation in the mid-1980s. Orders will be placed next year
for equipment having long manufacturing times. Although the size of
the plant has not yet been decided, it is to be a large plant for
commerclal production of reactor-grade uranium, If used to supply
enriched uranium as feed for the Valindaba pilot plant, it could Increase
South Afrlca’s capacity to produce weapon-grade uranium, South
Aftlca Is seeking both forelgn investments and technical assistance for
this project and is testing new prototype equipment, If these efforts are
successful, South Africa may capture 10 percent of the world-wide
enrichment business available in the mid-1980s,
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PREFACE

In 1870 South Afrlea announced that it had developed a new process for enriching
uranium in the flssile lsotope U.235 and that It was constructing & pilot plant to
demonstrate this process. The announced goal of the program was to convert natural
uranium, mined from South Africa’s extensive deposits, to a more valuable product for
export, Since then there has been much Interest In determining South Africa’s
canabllity to produce weapon-grade anriched uranlum and ir predicting the role of
this new entlchment provess In the internatlonal uranium entichment market.

nly ene <cientiti

g p P as been released by South
Africa. That report was presented to the European Nuclear Conference In Parls In
April 1975 by Dr. A. J. A. Roux, head of the South African nuclear program,
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TECHNICAL FOREWORD

Uranlum as found in nature It primarily a mixture of two varietles, or isotopes:
~ uranlum-235, the Jsotope that sustains nuclear reactions, and the falrly Inert urantum.

238, Nuclear weapons and most nuclear reactors require a groater concentration of
U-235 than is found In natural uranjum. Consequently, uranium s enriched from the
natural state (0.7 percent U-235) to about 3 percent U-235 for power reactor fuel or to
about 80 percent U-235 for use In nuclear weapons.

Uranium can be enriched by any of several l1otope separation technlques, although
only a few methods (e.g., gaseous diftuston, gas centrifuge, and asrodynamic processes
such as the Becker nozzle process) are feasible for large-scale application. In each
technique uranium s passed through a machine, or sage, which separates t.1e feed
material Into an enriched portion and a depleted portion, The fraction of uranium
that is split off to become the entiched portion is called the cut,

The degree of enrichment achieved by a stage depends on the stage separation
Jactor or enrichment facior, In gencral, decreasing the cut of a stage Increases the
enrichment factor of the stage, hut the flow of enriched materlal from the stage alio
decreases, Although s large enrichment factor is deslrable, very fow lsotope separation
techniques allow more than a very small degres of enrichment at each stage, To reach
& useful U-233 concenteation, therefore, urantum must be passed through a succession
of stages called a caicade. For example, a cascade based on gaseous diffusion, which
exhibits an enrichment factor of about 0.004, is made up of more than 1,000
individual stages,

To perform useful entichment, natural uranium iy fed Into a stage somewhere in the
lower portion of a cascade, The cascade splits that uranium Into depleted uranium, -
which Is withdrawn from the low end, or bottom, and enziched uranium, which is
withdrawn from the top of the cascads, _

The flow of uranlum varies from stage to stage In an Ideal caseade, The flow is
greatest at the stage where natural uranlum i1 fed into the system, On either sids of
this polnt the flow gradually decreases and teaches a minimum at the ends of the
cascade where product and depleted uranium are withdrawn, In an ideal cascade each
stage would be sized according to its place in the cascade, but the assoctated cost of
building each stage a different size would be unacceptably high. Instead, only o few
sizes of equipment are manufactured and installed, with a.small resultant loss of
efficlency, o '

In dividing uranium Into enriched and depleted portions, a certain amount of
teparative work Is performed, Enrichment tasks are evajuated by the amount of
separative work Involved; stages and enrlchment plants are classifled by their
capacities to perform separative work,
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SOUTH AFRICAN URANIUM ENRICHMENT PROGRAM

PROSLEM

To assess the South Afrlcan enrichiment program and to determine the important
characteristics of the uranium enrichment plant at Valindaba.

CONCLUSIONS

1. Although technical difficulties delayed startupof  plant In batches, a significant amount of weapon-
the South African piant at Valindaba for morethana  grade uranium (enough to make several nuclear
year, 1t is thought to have reached full operation  devices per year) could be produced,

recently. © 7 . 4 Enrichment technology used in the pilot plant s
£ Tormed a pilot plant, becauss of it role In  belng modifled for use In a commerclal enrichment
demonstrating South Africa's aerodynamlc enrich-  plant, with which South Africa hopes to capture what
ment process, the plant is expected to produce  amounts to about 10 percent of the world-wide
: between 25 and 70 tonnes of reactorgrade uranlum  reactor-grade uranium entichment buslness In the
' annually; an amount near the lower end of thisrange  mid-1980s. The technology to Le used in the
Is considered the most likely, ct;'mrlz:ercinl plant has some unique chasacteristics .
' which require testing in prototype equipment, If this
8. The designed enrichment level for uranium  prototype equipment ls successful, South Africa should
: product probably Is about 3 percent U-235, which is be able t te well with other enrichinent
' appropriate for power reactor fuel, The plant may, = °¢ A0 tocompete we other enrichinent groups,
; however, be designed to enrich uranium to a higher 8. Forelgn capital Is being sought to assure that the
! level. Highly enriched uranfum suitable for nuclear. plant can be built to the desired sizo; the planned
weapons application probably cannot be produced  plant capacity m&y have to be reduced if South Africa
continuously, but, by recycling uranium through the  proceeds alone, .

. SUMMARY

The aerodynamic uranfum enrichment process A small enrichment plant, the Valindaba pilot plant
developed by South Africa s intended to Increass the  near Pretoria, has been built to demonstrate the South
value of exported uranium and to make the domestic . African antichment process,
nuclear power program Independent of forsign fuel It probably Is"nrt able to produce
: suppliens, As with other aeradynamic ertichmont  weapon-grade uranium on a curiiruous basis, The
i provenses, such as the Becker nozzle procen, the South plant may be operated, howevar, to produce weapon.
. African process could ba used o enrich uranium to 80 ' grade uranium by recycling material through the
=‘ percent U-235, sultable for nuclear weapoms plant in batches. The rate at which South Afriea could

production, : Co . ! produce weapon-grade uranium In this menner would

i H
Details of the specific isotops separation technique suffice to make several nuclear devices per year; it

used In the South African enrichment process have . ™Mght correspond to several dozen devices per year If

been tightly held, Other charactstistics of the process  the highest estimate of plant performance i
applicable,

have been reported, however, such as the working - ,

fluild (a mixture of uranlum hexafluoride and L

hydrogen) and a falrly high enrichment factor (0.03). — :
' |
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mﬂle plant is
expected to produce annuaily between 25 and 70
tonnes of reactor-grade tranium, The smaller amount
ls the most likely and s roughly equivalent to the
annual fuel requirements 6f one large power resctor;
Evidence

uggests that the plant 1s

operational at nearly full eapacity,

A commerclal plant that will make we of
technology significantly more advanced than that
demonstrated at Valindaba is to begin producing
rouctor-grade uranlum by 1884, The plant will use
rellable and costly materials, and several components
will be altered considerably, Axial compressors wili be
required, Instead of the reciprocating compressors that
probably were used throughout the Valindaba plant;
South Africa apparently requires tochnical assistance
in this area. Also, South Afrlcan Industey apparently
has not developed methods for mass producing high
quality ‘separation elements in sufficlent quantity;
these methods are being dsveloped with foreign
assistance. Compact heat exchangers reportedly must

DISCUSSION

THE ENRICHMENT PROCESS

Suspicions that South Africa’s enrichment process
was a modification of a West German process, the
Becker nozzle process, were only partially con.
firmed In 1973 when Dr. A, J. A, Roux described an
aerodynamle process which used a “stationary-walled
centrifuge” as the separating element. The operating
pressure’ given for the process gas, a mixture of
uranium hexafluoride (UFs) and hydrogen, was too
high to suggest a simple modification of the Becker
process, Whereas the Bocker process has always

operated below atmospheric pressure, Roux stated that .

all process pressures in the Sonth African plant were
above atmospheric and indicated & maximum pressure
of up to 6 atmospheres.! The two proceises, therefore,
cannot be equated,

The separation factor for the South African
‘separation element was stated to be 1,025 - 1,030
depending on economic considerations,” This factor
was explained by Roux in 1973 to be the degree of
enrichment achleved by a South African separation
element.! The fact that Roux desceibed the South
African separation factor as depending on economie
considerations rather then engineering constraints
implies that this separation can be achisved not only
in the [aboratory but also In an enrichment plant.!

2

_ all natural-uranjum

__remains unknown,

_ process involves a
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be developed, but this should not be a difficult
problem,

To prove the advanced technology noeded for
commerclal application. of the South African
enrichment process, a small facility is belng bullt to
test prototype equipment. The South Africans expect
tests on this equipment to lead to commercia]
equipment orders beginning in 1978, At that time the
slze and location of the commerclal plant probably
wil be announced, :

Sauth Africa hopes to capture 10 percent of the
world-wide uranlum enrichment business in the mid-
16803 with & commorcial enrichment capacity of 5,000
tonnes of separative work per year, If attempts to
obtain forelgn Investment are not successful and South
Africa has to bulld the plant alone, howevei, a smaller
capacity Is possible. Whatever capacity is chosen, the
project should be & success If the efficlency of the
commerclal plant has beon accurately predicted in
South African reports, or if South Africa requires that
sales be sccompanled by an
enrichment contract,

In the gaseous diffusion process the separation

: element is & porous membrane; in the Becker process it

consists of a curved wall and a knife edge, Except for
the vague description given by Dr. Roux, the
ssparation element In the South African process

According to Roux’s presentation, the Sauth African
small cut;* that is, the amount of
enriched uranium leaving each stage in an enrichment
plant is a small portion of the uranium fed Into the
stage. Figure 1 shows, for example, flow diagrams of
two stages that have a cut of 1/4, The enriched stream
of Stage 1 has 1/4 the flow of the feed stream; the
depleted stream has the remalning 3/4. This is the
usval kind of stage; with a cut of 1/4, the effect of
lsotope separation s three tlines greater for the
enriched stream than for the depleted stream. The use

t————

*The valus of the eut b discussed in Appendix A,
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Figure ), Uranlum Flow Through Two Types of Stages

of & small cut creates a higher enrichment factor than
would be achieved by the same equipment operating
with a cut of 1/2, but it complicates the
Interconnection of stages in a plant, Figure 2 shows
how stages like this may be arranged in a cazcade to
produce useful levels of enrichment (and to deplete
the remaining waste to low U-235 concentration). The

appropriate arrangement for stages like Stage 1 of !

figure 1 is seen to be & romplicated cascade with thres
entiched streamns, If the cut were smaller there would
be an even greater number of enriched streams.

Lognler 1K OX
path along the

. stage. The actual mixing that will occur ir the

Roux claimed, in his presentation at the Eu ‘opean
Nuclear Conference, that the small cut associated with

* the South African process led to the development of &
. novel cascade arrangement “based on the principle

that an axial flow compressor can simultaneously
transmit several streams of differing U.235 concentra-

. tons without there being aignificant mixing between
* thom " He called his caseade technique-the “helikon
- technique,” It was developed later than the pllot plant .

technology and hence is not used at Valindaba, k

-

U D1 T
compressor and reemerges with little
mixing, compressed and ready to be fed Into the next

compressor Is not known,

A module consists of “one sat of compressons"

. (Interpreted to mean one compressor carrying several
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Figure 2, Twe Casccde Techniques

streams) “'and one set of sepuration alements” (which
implies that the South African separation unit will also
be capable of handling several streams of different
U-235 concentration without mixing), Furthermore,
according to Roux, a module is not limited to one
separation factor of enrichment; a module “can
produce varlous degress of enrichinent up to a
maximum of several times the separation factor over
the slement,"! . :

. Consideration of this information has resulted In a
concept of a South African module, shown in figure 4,
The axial compressor and separation unit are built into
an Integeated unit, perhaps including the heat
oxchanger that is needed to remove the heat generated
by compression of the process gas, The entire module
Is divided into segments, with. physteal barriers
between the segments wherever possible to limit
mixing, For the purpose of illustration, six segments
are shown.* Each compressor segment has a high-

pressure Inlet and a low-pressure inlet, because -

according to Roux,! feed streams are separated into

entiched streams that are ut 2/3 the original pressure -

*Reparts received whils this paper was being procensad Indicated
that the moduler constst o) 10 segments, or stages, and that each
operates with & cut of 1/20, This does not sipnificantly alter the
aszrun.ents made in this paper. 7 .

and depleted streams that are at 6/10 the original
pressure,

There are certaln advantages in such a module. The
module could be installed as one group of six stages
operating with a cut of 1/7. This system would
amellorate the complicated cascade arrangement
requized by Individual stages operating with cut of
1/7, consistent with Roux’s remark that the hellkon
technique was developed because of the small cut
assoclated with the South African process, Alwo, a
module could be further segmented and operated ns
several smaller groups of six stages. One size of
equipment could then be used throughout the
cascade, using multiple groups of small segments
where the flow requirements are small and using one
group of large segments where the flow requirements
are greatest, This would reduce the capital costs
Involved in building a plarit.

THE VALINDABA ENRICHMENT PLANT
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Enrichment Capability

; The equation which predicts the maximum

entichment that normally will be achieved by s fixed

number of stages arranged in a simple series is the
" following:

/(Ly) = (s/(1en)) vt

The variables y and x ars the U-235 concentrations of
the product and waste material, respectively. The
quantities ¢ and N are the enrichment factor* and
number of stages, respectively, The maximum
enrichment level, therefore, is related to the U-238
concentration in the waste material and ir @ function
of the enrichment factor and number of stages, Table
1 shows the maximum enrichment levels assoctated

" *The enrichmen* factor and separation factor differ by 1.
-]
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with a varety of U-235 waste concentrations end .
enrichment factor values, for normal operatlons,

k iDL {2
nowever, for uranium enriched to Jevels between 4 and
80 percent U235 i
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Plant Capacity

Several studies of the Valindaba pilot plant
conducted In recent. years form the basis for
calculating the plant capacity, as discussed below.
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consist of two 923.-MWe pressurized-water reactons,
*Based on West Getsnan experienca with the Backer asrodynamie
[»otope separation proces,
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each requiring 24 tonnes or 3.25-percent-enriched
uranlum annually.

Operational Status

Thero Is little evidence and much debate concering
the operational status of the Valindaba enrichment
plant. In the absence of physical evidence, one must
choose among conflicting reports to assess plant
operations, '

In his April 1975 presentation, Dr. Roux confirmed
that “part of the pllot plant together with Its
assoriated hydrogen separators and all other anclilary
equipment has beon successfully brought iInto
operation,
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APPENDIX A

Estimate of Cut and UFs Concentration at Valindaba

The cut is defined as the ratio of the enrlc
to the feed flow or, in thi: estimate, (1 percent of the
enriched stream flow rate) /(sum of the enriched and
depleted stream flow rates multiplied by the feed
concentration of UFe).

V7
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Consideration of figures 6, 7, and 8 and other
photographs published . by South Africa led to the
disgeam shown in figure 11, Geometeio relationships
were altered to simplify the diagram. Small dlameter
piping, and vessels ausociated with: only small
. diameter piping, have been ignored In the diagram.
The components assoclated with 'small diameter

APPENDIX B

Dissussion of Process 'Etiulﬁmom at Valindabs

_ of the compressor probably refer to A, H. Pillman and
: Sons, a flrm that apparently has provided parts for at
. least two sizes of reciprocating compresson.™ A
~ turnbuckle connecting the top of tha compressor to the

adjacent unit indicates the high-pressure side of the
compressor, and hence. the direction of gas flow
through the compressor., '
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