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Introduction

Uranium enrichment is a vital element of the nuclear fuel

cycle. Approximately 95% of all non-Communist enrich-

ment capacity now in operation or under construction uses the

gaseous diffusion process. It is an established, reliable,

proven process with well-understood technology and economics.

The process is the benchmark against which all other processes

are evaluated and forms a measuring stick for determination

of the appropriate process to use for future increments of

capacity.

While the new plants are a departure from existing plant



Gaseous diffusion capacity has been in operation in the united

States for more than 30 years and has been stated to be a

mature technology. While it has undergone major technologi-

cal improvement^1 ] UnaU'OIslU] there remains opportunity for sig-

nificant technological and economic improvement. Therefore,

while gaseous diffusion is the benchmark against which other

processes are measured, it is a moving benchmark; and the

potential for other processes to supplant it for future incre-

ments of capacity rests on their ability to achieve more

rapidly improving economics while simultaneously demonstrat-

ing the reliability necessary to warrant contractual commit-

ment by nuclear power plant owners.

U.S. Diffusion Technology Development

Work has been under way in the United States on improving the

gaseous diffusion process since the first cascade at Oak Ridge

was started in 1945. Development work has been carried out

principally by ERDA prime contractors. Union Carbide Corpora-

tion — Nuclear Division and Goodyear Atomic Corporation.

Except where prevented by geometric limitations, most of the

results of development efforts have been tested by long-term

operation in the present ERDA plants.

Diffusion technology has progressed beyond the state of

development when the bulk of the united States capacity

was constructed to the extent that it has been economically

attractive to incorporate those developments into the present

quantities, equipment weight per unit of throughput, and con-



plants to the extent allowed by physical limitations. The pro-

grams to incorporate the technology advances, and to increase

the plant power to take advantage of the increased process cap-

ability, called the Cascade Improvement Program (CIP) and the

Cascade Uprating Program (CUP), are now under way and are

scheduled for completion in the early 1980's. These programs

will increase the output of the present plants by over 60% at

a small fraction of the cost for new plants of the same capacity.

New plants, without the physical constraints of the present

facilities, have been in the design phase for several years.

These are the ERDA add-on plant at the Portsmouth, Ohio, site

and the recently shelved UEA stand-alone plant at Dothan,

Alabama. The two new plants have the same approximate capac-

ity, but are designed to significantly different basic cri-

teria. The stand-alone plant was designed as a full gradient

grass roots plant, capable cf producing enrichment for LWR fuel

with economic tails. The add-on is intended to operate in con-

junction with the improved and uprated ERDA facilities. Never-

theless, the application of the latest technology has produced

very similar process, equipment and plant designs.

The basic development effort is directed at minimization of

the separative work unit (SWU) cost, which is primarily affected

by plant capital cost and power cost. There is relatively

smaller emphasis on other operating costs. Table I shows the

distribution of cost components of toll enrichment pricing.

The table was developed from cost projections of UEA for sale of
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enriching services from its stand-alone plant. It clearly

illustrates the capital and power intensive nature of the

process.

TABLE I

Cost Components of Toll Enrichment Pricing

Cost Element

Cost of Capital

Electric Power

Royalties and Taxes

Operation, Maintenance and G&A Co3ts

% of SWU Price

43.5

35.0

15.0

6.5

Measurements of Performance

The cost of enrichment by the gaseous diffusion process is so

strongly dependent on plant capital and power costs that indices

of plant performance in terms of these factors are used to

measure the merit of plant improvements. The two indices are

the specific plant capital cost, expressed in dollars of cap-

ital investment per unit of annual plant capacity, $/SWU/year;

and PUI, the power utilization index, which denotes SWU's per

megawatt-day, and is of the order of 10 for new diffusion

plant designs. Some authors of articles on uranium enrichment

prefer to express power utilization in terms of che "specific

power" which is usually expressed as "kilowatts per SWU/yr.n

For modern diffusion plants, the specific power is of the

order of 0.25.



Progress in Gaseous Diffusion Process Development

U.S. development effort in gaseous diffusion can conveniently

be divided into four principal areas: barrier performance;

process design; equipment design; and plant design.

Barrier Performance. The barrier is the key element in the

diffusion process. The earliest U.S. plants had relatively

inefficient barrier requiring a large number uf stages and

resulting in a low PUI. Barrier development has continued

since the first plants were built, and steady progress has been

made in barrier performance. The barrier which went into the

Paducah and Portsmouth plants and the later additions at Oak

Ridge represented a significant advance over that in the ori-

ginal K-25 and K-27 plants. Further improvements have made it

economically advantageous to periodically replace old barrier.

Present day barrier, being installed in the plants under the

CIP program, has a productivity about 23 times as high as that

installed in the first plants.[3] Since the barrier is under

constant development, that installed at the end of the program

is expected to have better performance than that which was

installed in the first stages and that now being installed.

The barrier for the add-on plant at Portsmouth is expected to

have superior performance to that for the CIP program, since

the earliest barrier for the add-on plant will be at least as

good as the last material installed in CIP, and improvement

should continue during the course of production of the add-on

barrier.



Barrier quality can asymptotically approach the theoretical

maximum separation factor. This will result in lower specific

power consumption, and a decrease in the number of stages

required to obtain a specific plant assay span. There

remains a potential for further barrier improvement. This

potential, if realized, can lead to further major gains in

plant performance- Some of that performance can be obtained

in then existing plants by again replacing barrier, but the

greatest gain can be made in new plants, in which operating

parameters and design have been optimized for the higher per-

formance barrier.

Process Design. The diffusion process has undergone major

design development since the first cascades at Oak Ridge went

into operation in 1945. Some of the improvements have been

due to new process concepts, some have been made possible by

improvements in barrier performance, and some have resulted

from the excellent record of plant performance achieved over

the last 30 years.

i Î
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Major process evolution has included significant change in

operating pressure and temperature parameters, relocation of

the stage process coolers from the diffuser inlet to the low

pressure (enriched stream) diffuser outlet, clustering of the

stages, and increasing the number of stages per cell. Some

of these changes have gradually been made in the existing

ERDA plants, to the extent permitted by physical limitations



and economic prudence. The Cascade Improvement Program

incorporates additional changes in each of the modified and

improved stages. Others have been developed and refined for

inclusion in the ERDA add-on plant at Portsmouth and the

stand-alone plant design.

Operating parameter changes have been made possible by

improved barrier performance and by the use of high speed,

high capacity computers which allow the optimization of plant

design based on consideration of many design and economic

variables.

Barrier efficiency decreases with increasing gas pressure,

but an indication of advanced technology barrier is its abil-

ity to provide satisfactory efficiency at high gas pressure

levels and high productivity. Barrier now being produced at

the ERDA barrier plant has satisfactory efficiency at gas

pressures about nine times as high as those used in the ori-

ginal K-25 plant.^3' Some stages of modern plants operate at

above atmospheric pressure. The high pressure and high

throughput result in increased output from the present plants

following completion of the CIP and CUP programs, and greatly

compacted plant design and decreased capital costs for new

plants.



A further improvement in modern U.S. diffusion plants is

obtained by the grouping of stages into clusters which results

in decreased capital costs. The clustering of stages is

shown in Figure 1. Figure la shows "conventional stages" in

which there is one "standard" compressor, one diffuser and

one control valve per stage. The enriched stream (A stream)

from the adjacent lower stage and the depleted stream

(B stream) from the adjacent higher stage both enter the

compressor, where their pressure is increased. The combined

stream then enters the diffuser. In the cluster arrange-

ment, a pressure gradient is established across the cluster of

stages. The A stream is recompressed in each stage while the

B stream is compressed only once per cluster. The advantages

over the conventional stage design are increased efficiency of

compression, decreased number of control valves (only one per

cluster), and decreased quantity of large diameter, low pres-

sure pipe. In particular, the cluster design permits limita-

tion of intercell process piping to two high pressure lines,

while the conventional stage design requires a minimum of one

high pressure and one low pressure pipe for intercell connec-

tions. Figures lb and lc show two-stage and four-stage clus-

ters. The ERDA add-on plant employs the four-stage cluster,

as does the stand-alone plant baseline design. The two-stage

cluster design was under consideration for the stand-alone

since it appeared to minimize design risk and replacement

equipment inventory requirements. A final decision had not

been made at the time design work was halted.



A cell is the smallest element of the cascade which can be

bypassed for equipment maintenance and repair. The present

ERDA plants use cells of eight and ten stages. This arrange-

ment was developed before much information was available on

component reliability, and was appropriate in view of hardware

and operational control problems anticipated to occur in the

early years of operation. Since that time the experience

gained, together with improved designs and materials, have

greatly increased the on-stream availability of the plant to

the point where the on-stream record has been over 99.6% for

the last 16 years. This reliability performance has permitted

a change in design whereby the optimum grouping of stages in

cells is approximately 16 with the present level of technology.

The ERDA add-on and the stand-alone plant project each came

to this conclusion in independent studies, and both projects

adopted cells of 16 stages, using four four-stage clusters in

each cell.

Process design improvement can be expected as further advances

are made in barrier performance, equipment design and materi-

als technology. Operating parameters for existing plants can

be optimized to take advantage of these improvements, and new

plant designs can incorporate them from the outset.

Equipment Design. Improved equipment design decreases the

cost of separative work through improved reliability, decreased

capital cost and more efficient use of power. Principal



improvements to U.S. gaseous diffusion plant equipment have

been in compressor design, compressor drive systems, nozzle

design, piping arrangements, and instrumentation and control

system design.

The compressors in K-25 were small centrifugal machines.

Those used in modern operating plants are axial flow machines

designed for the elevated operating conditions at which the

plants run. Continuing development on compressor desiqn —

blading, flow paths, stators and nozzles — has resulted in

further major improvements over the years. These improvements

are presently being incorporated into the compressors in the

existing plant as part of the Cascade Improvement Program.

The add-on and the stand-alone plant involve significantly

changed equipment designs. The most visible change is the

employment of tandem compressor drives in each plant. The

tandem compressor design uses a single motor to drive two com-

pressors. The add-on, which will be operated in conjunction

with the Portsmouth plant and the rest of the three-plant

ERDA complex, uses only one very large stage equipment size.

The stand-alone plant, which is designed to produce LWR grade

enrichment (nominal 3.2% 235U) with 0.25% 235U tails, uses

two stage equipment sizes. The two-stage size design

results in a somewhat different cascade shape after squaring

off than that which would be optimum with the three equipment

sizes which have heretofore been standard for plants spanning

the 2 3 5ü assays appropriate to the LWR fuel cycle.
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Equipment development and design work necessary to produce

prototype compressors for the operating conditions of

the stand-alone plant, and the larger machines required for

the add-on, has been under way for the last several years.

The designs include improvements being incorporated in the

present plants, and further developments required to accommodate

the tandem drive shafts and cluster design flow patterns.

Continuing effort has been made to reduce cascade pressure

losses through improved nozzle design, improved stage and cell

arrangement, and minimum intercell losses. Air model tests

applicable to the add-on and the stand-alone plant have been

performed, and the results have been factored back into design.

The improved overall flow patterns result in substantially

reduced power requirements with other conditions held constant,

and form a part of the overall improvement in new diffusion

plant capability.

7ÍÍ-:

It should be emphasized that each change incorporated in

the present plants and planned for the add-on and stand-

alone plants is only accepted after it has baen thoroughly

tested in vendor's shops, with model tests, and at the test

loops operated for EEDA by Union Carbide Corporation —

Nuclear Division (ÜCC-ND) and Goodyear Atomic Corporation

(GAT), and/or in a modified cell of the operating cascade.

Improvements accepted for inclusion in plant design thus

reflect the benefit of testing experience and the knowledge
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and confidence gained from those tests. Uprated test facili-

ties are planned for the add-on. It has been planned to use

the Oak Ridge test loops for initial testing of equipment for

the stand-alone plant. Project plans have included construc-

tion of new test facilities at the plant sites. The planned

test program for the stand-alone has been developed as

required to provide a basis for the necessary ERDA guarantees

of technology.

Further improvements in plant equipment design beyond those

incorporated in the add-on and stand-alone plant design can

be made. Some of them will result from improvements in mate-

rials technology, some from further process design develop-

ment, and others will come from the evolution of equipment

technology. Some potential changes include triple or quadru-

ple drive compressor motors, further improvements in motor and

compressor internal efficiencies, use of aluminum piping, use

of SF6 insulated electrical distribution systems, direct air

cooling, and power recovery systems.

Plant Design. Development of the potential for improvement

in gaseous diffusion plants has tended to center on barrier

performance, compressor design and performance, and process

systeia design. The united States, with an excess of enrichment

capacity for many years, concentrated its efforts on those

areas of improvement adaptable to the existing plants. With

no csirrent or near-term plants to build new capacity, there

was little incentive to devote resources to this area of dcvel-

OBcemfc.
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For the stand-alone plant, the capital cost breakdown given

in Table II shows that costs associated with process equipment

are about equaled by the costs for the rest of the main proc-

ess facilities; the buildings, cell structures, heating and

ventilating systems, and cooling water systems.

TABLE II

Stand-Alone Gaseous Diffusion Enrichment Plant
Capital Cost Breakdown

Cost Element

Plant Equipment

Process Plant (Incl. Cooling System)

Site Development

Support Facilities
(Maintenance, Administrative, etc.)

% of Constructed Cost

44

43

4

9

100

This provides a very strong incentive for cost reduction

through improvement in plant design.

Work on new plant design began at UCC-ND in the 1960 "s, during

which many new concepts were conceived. The work took on

renewed emphasis in the last several years when the need for

additional enrichment capacity provided the incentive for

maximum effort in plant design development. ERDA's prime con-

tractors, UCC-ND and GAT, devloped the design of the add-on

plant while UEA, working with the technical guidance and sup-

port of ERDA and UCC-ND, developed a stand-alone plant design.
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The new designs differ significantly from those of the exist-

ing plants, and provide major reductions in costs. Advanced

designs are possible in part as a result of process and equip-

ment development described above, and in part as a result of

advances in materials technology.

The use of tandem drive compressors in U-shaped cells permits

location of all motors at the two onds of a cell. Electrical

distribution systems and motor cooling are greatly simplified,

and space required for them is reduced. Figure 2 shows the

layout of a typical cell.

The arrangement of the cells, and advances in instrumentation

and control systems and equipment over the last 20 years per-

mitted single level construction of the new plants. Single

level construction, with all process equipment 0.1 the ground

level, has resulted in large cost savings from reduced build-

ing volumes, reduced building structures, reduced utility

requirements, and, most importantly, reduced construction

labor requirements. Construction schedules are facilitated

and construction time is reduced.

The add-on and stand-alone designs differ in several major

ways at their present stages of development. The add-on plant

cascade is in four main process buildings one cell wide while

the stand-alone plant cascade is in four process buildings

two cells wide. The add-on uses a piped system for cooling

water to remove process heat from the buildings while the

stand-alone uses covered concrete canals, as shown in Figure 3.

14
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Vïhile the new plants are a departure from existing plant

designs, large potential for improvement remains. Design to

facilitate constructibility, modularization, factory auto-

mated assembly of modules, and construction planning for opti-

mum use of field labor will, of course, be applied to the

add-on to the extent possible; but future plants can yield

further major improvements.

Operating Considerations

The use of high speed, high capacity computers, mentioned

above in design optimization, also yields improved operating

economies. Computer control facilitates cascade parameter

adjustment, and can quickly redirect electric power, when a

cell is bypassed, to obtain maximum plant production.

Operating staff for a gaseous diffusion plant is very small

relative to capital investment, and there is little or no

potential for development which will further reduce staffing

requirements.

Conclusion

The developments summarized in this paper have yielded a

decreasing cost of separative work in constant dollars by the

gaseous diffusion process. This improvement has been masked

by inflation, construction cost escalation, and power cost

increases. The PUI, and comparisons in terms of material
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quantities, equipment weight per unit of throughput, and con-

struction labor requirements all show major improvements when

new plants are compared with the past. In these terms, gas-

eous diffusion presently remains the lowest cost, large scale,

proven, and reliable process for uranium enrichment.

While new diffusion plants now in design and construction

have major improvement over previously built facilities, a

large potential for further development and economic improve-

ment remains. Further improvement in barrier performance,

process design, and equipment design could result in 15% or

more reduction in plant capital costs and electric power

demand. Plant design and construction development appear to

offer even greater potential.

The continuing ability of the gaseous diffusion process to

provide economically competitive enriching services in com-

petition with other processes is demonstrated by the relative

magnitude of new capacity commitment throughout the world to

that and to other systems. Continuing effort to achieve its

economic potential will determine the extent to which that

trend will continue.

Figure la
Figure lb

Figure lc

Figure 2

Figure 3

FIGURE CAPTIONS

Conventional Stage Arrangement

Two-Stage Cluster Arrangement

Four-Stage Cluster Arrangement

Typical Cell with Tandem Compressor Drives

Canal System Cross-Section
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CONVENTIONAL STAGES
Figure la

2 STAGE CLUSTERS
Figure lb

4 STAGE CLUSTER
Figure lc
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TYPICAL CELL
Figure 2
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CANAL SYSTEM CROSS-SECTION

FIGURE 3


