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ABSTRACT

Two aerodynamic separation techniques for uranium enrichment were investigated
for technical feasibility and economic viability. These techniques are known as
the Jet Membrane and Velocity S1ip Processes. Both analytical and laboratory
studies were conducted to explore the technical feasibility of the subject
processes. The Jet Membrane Process Studies demonstrated that the process was
feasible and that a condensable gas carrier is available. The Velocity Slip
studies demonstrated the predicted effects and did not identify a suitable
condensable gas carrier. Hence the Velocity Slip Process exhibited a larger
power consumption than did the Jet Membrane Process.

An independent contractor prepared detailed cost estimates of the processes.
The independent results indicated that, based on the same costing ground rules,
the Velocity S1ip process would require 16 times the fixed capital costs and 12
times the cost per separative work unit as compared to the Jet Membrane Process.

The same cost structure indicated that the cost per separative work unit for the
Jdet Membrane process would be two to thrée times that for the Gas Centrifuge
process. There are a number of uncertainties associated with these cost
estimates, such that, in the extreme, the costs might be the same.

Further, more detailed cost analysis would be required to resolve the
uncertainties associated with the initial cost estimates. The conduct of new
studies was not considered to be appropriate for EPRI because of the changes in
enrichment program management and security philosophy discussed in the text.






EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report presents the results of a series of economic and technical evalua-
tions of aerodynamic methods of uranium isotopic separation. These activities were
initiated several years ago when it appeared that the nuclear option might be in-
hibited by the combination of transfer of enrichment supply from federal to private
ownership and the difficulty in financing the associated large-scale plants. Aero-
dynamic methods were investigated since they appeared to offer a method of creating
modular production capacity that could be economically expanded as needed.

PROJECT OBJECTIVES

The objectives of this program were to screen aerodynamic uranium enrichment methods
and to perform economic and technical evaluations of promising candidates that

might lend themselves to competitive production at relatively small scale (nomi-
nally 300,000 SWU/year).

PROJECT RESULTS

The project resulted in the demonstration of uranium enrichment by an aerodynamic
method as well as the development of technical and economic studies of industrial
application prospects. Gas handling and transport is a major cost element of aero-
dynamic enrichment. Approaches that lend themselves to cost reductions in gas
handling and transport (i.e., by the use of a condensable carrier gas) appear to

be competitive with currently accepted alternates such as centrifuge methods and

may warrant pilot scale testing. However, changes in federal policy (related to
capacity additions, ownership, and security classification) tend to restrict further
work at present.

M. E. Lapides, Project Manager
Nuclear Power Division






FOREWORD

This report summarizes EPRI studies of two Aerodynamic Separation Techniques that
were part of the RP506 Program. EPRI also sponsored a study on Field Ionization
for Laser Isotope Separation that is separately reported in EPRI Report No. NP-334,
December 1976.

This report is divided into three sections.

Part I Overview - This section discusses the results of studies of the Jet
Membrane Process and the Velocity Slip Process and compares the costs
of the two processes.

Part II  Jet Membrane Isotope Separation Process - This entire portion of the
report, prepared by Grumman Aerospace Corporation, summarizes project
effort on the process.

Part III Velocity Slip Isotope Separation Process - This portion of the report
is a review and compendium of reports and articles dealing with the
Velocity Slip Process.

Project 506 also included the following related studies:

RP506-1  July 1975 to Sept. 1978 - Theoretical and Experimental studies of
the Velocity S1ip Isotope Separation Process. P. Davidovitz, Boston
Coliege.

RP506-2  July 1975 to July 1976 - Additional technical studies of Velocity

S1ip Process to provide basis for cost analysis. J. B. Anderson,
Pennsylvania State University.
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RP506-3 July 1975 to Oct. 1977 - Laboratory demonstration of use of Field

RP506-4

RP506-5

RP506-6

Ionization for Laser Isotope Separation. T. F. Gallagher, R. M.
Hi1l, S. A. Edelstein - Stanford Research Institute (EPRI Report

NP-334).

Sept. 1975 to Jan. 1978 - Theoretical Experimental and Econometric
Studies of Jet Membrane Isotope Separation Process. J. W. Brook,
V. S. Calia, Grumman Aerospace Corporation, Report entitled the Jet
Membrane Process for Uranium Separation and Enrichment Enrichment.

Sept. 1977 to June 1978 - Detail Cost Studies of Velocity Slip and

Jet Membrane Isotope Separation Processes based on RP506-~1, 2 and 4.
Ajresearch Manufacturing Corporation of California, a division of
Garrett Corporation. Two reports were prepared that are available

for inspection from the RP506 Program Manager: 78-15191, Final Report
on Evaluation of Advanced Enrichment Techniques; Part I Velocity

S1ip, Part II, Jet Membrane.

Aug. 1978 to Jan. 1979 - Preparation of Integrated Report on Project
506. G. Coe, M. Stickney, Coe Associates, Mountain View, California.

viiji
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SECTION 1
INTRODUCTION AND SUMMARY

BACKGROUND

The activities described in this report were initiated approximately four years
ago, at a time when uranium enrichment technology, economics and institutional
issues were substantially different from now. A brief review of these historic
circumstances provides necessary perspective for this report.

During 1972-1975 the transfer of supply responsibility from federal control to
private industry was a central dissue of uranium enrichment. Assuming an
accelerating growth in demand, planning was based on the construction of
large-scale, gaseous diffusion isotopic separation plants--each capable of
meeting the annual needs of more than fifty commercial nuclear electric units.
The gaseous diffusion plant was emphasized since it was felt that only a service
proven method could meet the targeted dates while offering reliability consistent
with a commercial enterprise. The large capital investment in these plants, the
cost of feed stock for continued operation and the consequential costs of
interruptions in plant operations all served to make the contracting process a
major focus of ownership transition activities. Potential suppliers of
enrichment services desired rigorous contracting terms; utilities, faced with
growing construction delays could not find ready compatibility with these
constraints.

The EPRI program described in this report primarily derived from the observation
that demand uncertainty might continue to characterize the uranium enrichment
market for many years. Thus it was of interest to determine a) what constraints
demand uncertainty imposed and b) what enrichment technology was adapted to these
constraints. The essential criteria which derived were that:

a. the enrichment plant be capable of implementation in small size without
serious economic penalty on unit costs.
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b. that the approach be based on an existing industrial equipment base (in
lieu of being dependent on a substantial investment in same); this
being a prerequisite of timely implementation.

Despite recognizable T1imitations, the aerodynamic enrichment techniques, as
typified by the German Becker Nozzle work appeared to satisfy these criteria.

Typically, aerodynamic  isotopic enrichment methods are characterized by
comparatively high stage separation factors, straight-forward equipment
configurations and high power consumption. Accordingly, the technical focus of
the EPRI-sponsored work was to determine if the desirable features of the
aerodynamic processes could be retained while reducing the power consumption.
Since much of the power consumption is related to carrier gas handling the
emphasis was on the introduction of condensable gas carriers which can be more
efficiently transported than non-condensing gases.

The costing of any enrichment plant 1is dependent on the state of technical
definition of the approach, the degree of detailing of the specific plant and the
economic assumptions related to interest, escalation, depreciation and rate of
return. For these reasons comparatively few existing estimates of the costs of
future enrichment capacity can be directly compared. Indeed, the usual process
for achieving value comparisons is an iterative process of review and
normalization. Recognizing that such effort was beyond the scope of this program
the economic evaluation of selected systems was conducted in a somewhat more
condensed fashion which is believed to be sufficient to portray the prospects and
potential of the methods assessed. As an initial step, economic analyses were
performed by the system proponents using techniques appropriate for screening and
design evaluations. Subsequently, the preferred designs were given to an
independent contractor who performed a more comprehensive study benchmarked
against a recent commercialization program for a competitive technique. To
complete the effort a second design iteration reflecting the influence
coefficients identified in the detailed cost evaluation should have been
conducted. However, this effort is merely restricted to an assessment of the
possible cost changes which might result from such iteration.

Considerably more effort could be identified and justified for technical
evaluation of the systems selected. However EPRI decided to terminate effort at

the level summarized herein because of substantial changes in government
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enrichment policy encountered during the period of performance. Specifically,
conduct of enrichment by private industry is not currently a posture of interest
and government classification procedures essentially preclude further EPRI
participation. The vresults of this work have been reviewed with federal
interests for both technical and classification review prior to publication.

In 1974, EPRI reviewed more than eighteen different potential isotope separation
techniques. The objective of the review was to identify techniques that could be
implemented in a modular fashion to accommodate changes in demand with unit costs
that were competitive with the then currently favored separation techniques
(gaseous diffusion and gaseous centrifuge). Two  aerodynamic  separation
techniques plus a study on a technique to enhance the effective cross section of
an atom in a Taser separation process were selected for study.

The atom excitation technique study was conducted by Stanford Research Institute
and showed favorable results. This work is reported separately (EPRI NP-334,
Research Project 506-37).

This report discusses the two aerodynamic separation techniques that were
selected for further study, the Jet Membrane Process and the Velocity Slip
Process. The techniques were evaluated for technical feasibility by a
combination of analytical and experimental studies. The report includes details
on the theoretical and experimental studies of the Jet Membrane Process, which
were conducted by Grumman Aerospace Corporation; an econometric study of the Jet
Membrane Process also prepared by Grumman, and details on the theoretical and
experimental studies on the Velocity S1ip Process, which were conducted by Boston
College and Pennsylvania State University.

Both processes were evaluated for economic viability by Airesearch Manufacturing
Corporation of California, a division of Garrett Corporation.

STATE OF ART SUMMARY

U.S. enrichment efforts have focused on laser isotopic separation at the research
level, on centrifuge enrichment at the developmental level and on capacity and
process improvement of existing diffusion production facilities. The nominal
judgemental criteria imposed on these various efforts include:
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a. anticipated overall cost per SWU*,
b. relative power consumption,

c. state of readiness for production implementation to meet demand
anticipated beyond 1985, and

d. adaptability to low tails assay production in the interests of resource
conservation.

Most of the processes considered exhibit an "economy of scale". Assurance of a
sustained market as well as siting for access to necessary electrical source are
important considerations.

Foreign enrichment efforts have been somewhat similarly oriented except that:
a. there has been a more limited historic commitment to diffusion and,

b. there has been a reasonably intensive effort in aerodynamic separation
techniques.

Classically, the aerodynamic wmethods have been characterized by comparatively
simple construction and equipment as well as by high power consumption. The
latter consideration is not regarded as significant in countries such as South
Africa which have abundant sources of low cost electrical power and no internal
or export market for this power.

EPRI PROGRAM

EPRI selected aerodynamic methods for investigation with the specific objective
of determining if the simplicity of the equipment could be retained while
reduc ing power consumption. Other themes of interest included:

a. the prospects for economically viable enrichment at comparatively Tow
production rates, and,

b. use of non-electric power sources,
*SWU: Separative work unit, a relative measure of the energy required for uranium

enrichment.
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The Jet Membrane approach (Muntz, Hamel, Grumman) has the fundamental objective
of reducing power consumption by substituting a condensable fluid for the normal
helium carrier. The Velocity S1ip approach was of interest because of the
possibility of obtaining centrifuge-type performance and implementation without
the necessity for ultraspeed equipment which could result in a major reduction in
the manufacturing investment needed for equivalent centrifuge operation and
maintenance.

As part of the RP506 program EPRI initiated studies with:

a. Boston College and Pennsylvania State University on the Velocity Slip
Process (RP506-1,2).

b. Stanford Research Institute on Field Ionization for Laser Isotope
Separation.

c. Grumman Aerospace on the Jet Membrane Process.

d. Garrett Corporation on the costs of private separation plants based on
the Jet Membrane and Velocity Slip processes.
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SECTION 2
KEY FINDINGS

Theoretical and experimental studies demonstrated the technical feasibility of
both aerodynamic separation processes.

The results obtained on the Jet Membrane Process indicated that there are two
gases that may be suitable for use as condensable working vapors which means that
thermal pumping is feasible for this process.

While the Velocity S1ip Process technical studies demonstrated that the velocity
differences are substantial, the studies did not identify a satisfactory
condensable gas that could be used as the carrier for this process.

Two cost estimates were prepared (Section 6) on the Jet Membrane Process, an
econometric analysis by the group performing the theoretical and experimental
studies (See Part III) and a more detailed analysis by a separate organization
(See Part I, Enclosure 2). Both estimates covered a 300,000 SWU/year private
plant. These estimates indicated that the cost per SWU/year for a Jet Membrane
Process Plant would be in the range of $100 to $450 per SWU and that the capital
costs would be appreciably less than that of a gaseous diffusion plant. Section
6 identifies a number of items that could strongly influence unit costs of the
Jet Membrane Process.

A single detailed cost estimate for a Velocity Sl1ip Process Plant of 300,000
SWU/yr. was prepared by the same organization that developed the detailed Jet
Membrane Process Plant costs. The Velocity S1ip Process Plant would result in
costs per SWU of about $5000 per unit, substantially more than the competitive
processes. Based on the study results, the Velocity STip Process does not appear
to be competitive with the Jet Membrane, Gaseous Diffusion or Gaseous Centrifuge
Process.

Further cost studies would be required to establish "hard data" on a number of
factors including the cost basis that should be wused to describe equivalent
gaseous diffusion and gaseous centrifuge plants, appropriate interest rates,
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contingency factors and rates of return on investment. In addition, such a study
would have to examine the various cost reduction items discussed in Section 6 as
possibilities for the Jet Membrane Process.
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SECTION 3
ALTERNATE SEPARATION PROCESS

The currently most used uranium isotope gaseous diffusion separation process is
based on the random motion vectors and velocity differences associated with
differences in molecular weight which occur in the molecules of a gas. In a
contained gas the individual molecules all have the same average kinetic energy.
The velocity of any given molecular (or isotopic) species is therefore inversely
proportional to the square root of its molecular weight. On this basis the ratio
of thermal velocities of the hexaflourides of the uranium isotopes 238y and 235U
is 1.0043. An additional pertinent factor is that the collision cross sections
of the isotopic compounds are identical. Because of these considerations, the
distance traveled by molecules before striking a wall of the container is
statisticaly the same. The frequency with which the molecules of the two
isotopes impact the container walls is proportional to the velocities. The
frequency with which the Tighter molecules will impact the walls will therefore
average 1.0043 times more than for the heavier molecules.

In the diffusion isotope separation process a porous membrane is substituted for
one wall of the container. The openings in the membrane approach molecular
dimensions. The probability that molecules of a particular species will enter an
opening in the membrane is equal to the probability of striking a wall. The
enrichment factor per stage for 2350 with respect to 238y is therefore
theoretically 1.0043. In actual practice the factor is reported to be somewhat
less and about 1000 separation stages are required to achieve 3% enrichment.

In a gaseous diffusion plant, where the goal is to produce useable quantities of
an enriched (increased 235U content) gas, a number of successive processing
stages are used. Essentially, each stage consists of a pressurized chamber with
an internal porous membrane. The gas to be enriched, UFg, is fed into one side
of the screen and the enriched product is drawn off from the other side and fed
into a subsequent stage where it is again enriched. The effective enrichment
factor per stage is about 1.003 so a very large facility is required to produce a
practical quantity of enriched gas. The Tlarge number of stages required
precludes developing a small facility that would also be economically viable.

3-1



The Jet Membrane Process is analagous to the gas diffusion process. In the Jet
Membrane Process a conical gas jet is used instead of a membrane as a diffusion
barrier and takes advantage of other gas dynamic characteristics. Since higher
stage enrichment factors are feasible, smaller facilities than those required for
gaseous diffusion can be used.

An earlier process, the German Becker Nozzle, which triggered the interest in
aerodynamic separation processes, used the mass differences between molecules as
reflected 1in centrifugal forces to effect separation. This device requires a
curved nozzle with very small precise mechanical structure to obtain separation
of species. The effectivity of the process is in part Timited by the fact that
the isotopic molecular populations have a distribution of velocities that
overlap. This process also allows the use of smaller facilities.

In the gaseous centrifuge process the gas is mechanically spun in a centrifuge to
separate the 235 on the basis of centrifugal forces. The life of the equipment,
which involves very high speed rotating machinery, is one of the major economic
considerations in the process. The stage separation capability of this process
is higher than that for gaseous diffusion which means relatively small facilities
are feasible.

The Velocity S1ip Process is based on differences in velocity of the heavy
isotope containing moTecules as enhanced by acceleration in a Tight gas "seeded"”
beam. Separation is by passing the beam through a mechanical velocity separator.
This process also potentially allows the use of smaller facilities (See Section
5).




SECTION 4
JET MEMBRANE TECHNIQUE

Saclay (1966) reported an "invasive separation effect" through a free jet shock
wave structure that was the basis for a patent by Campargue in 1967. This was
followed by a proposal by WMuntz and Hamel to replace Campargue's downstream
sampling configuration by an upstream sampling configuration which is the basis
for the Jet Membrane Process discussed in Part II of this report.

DESCRIPTION OF JET MEMBRANE PROCESS

The Jet Membrane Process is analgous to the gaseous diffusion process in that a
jet of gas acts, in part, as though it were a diffusing membrane. Conceptually,
the term Jet Membrane can be misleading. Higher separation efficiencies than are
theoretically available from straight gaseous diffusion differences are obtained
with the invasive separation apparatus. The actual separation mechanisms
involved are complex and discussed in detail in Part II of this report. The
discussion in Part Il shows that the cost of the process per unit of separative
work is reduced if a condensable gas can be used which allows thermal rather than
mechanical pumping of the gas. The apparatus that is the basis for the cost
estimates in this report is shown schematically in Figure 4-1.

A heavy condensable gas such as perfluorotributylamine (FC-43) is allowed to flow
as an annular free jet into a chamber containing UFg. A collector probe is
positioned within the Jet annulus and used to draw out the central fraction
enriched in the lighter 235y  which preferentially penetrated the Jjet. The
depleted portion of the working gas is collected and recycled or removed. The
working gas (FC-43) is condensed, collected, and recycled in the process.

Laboratory and experimental studies have shown that the dimensional relationship

of the Jjet orifice and the collecting probe are critical and involve relatively
small dimensions.
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A theoretical discussion of the process is presented in Part II, Section 5. The
factors that relate to the energy consumption and cost of the process are
discussed in Part II, Section 4.

BASIS FOR COST ESTIMATES

The basis for the Jet Membrane cost estimates prepared by Garrett Corporation is
presented in Part I, Enclosure 2.

The units were based on a stage separation factor of 1.009402, a plant with a
capacity of 300,000 separative work units per year, a condensable working gas
(FC-43), a private plant on a site shared with a power plant and a 100 percent
duty factory. Project unit costs were $441 per SWU. There are a number of areas
of cost uncertainties that could Tead to lower unit costs (See Section 6.0).
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SECTION 5
VELOCITY SLIP TECHNIQUE

The Velocity S1ip technique of isotope enrichment was proposed by J. B. Anderson
of Pennsylvania State University and P. Davidovits of Boston College. Their
jnitial estimate indicated a separation factor of 1.1, a value so high that even
in the event of substantial disadvantages there was the possibility of
development of an economically attractive isotope separation process.

DESCRIPTION OF VELOCITY SLIP TECHNIQUE

In "seeded” molecular beams formed from jet nozzles operating at Knudsen numbers
Tess than 1 and more than 0.001 (0.001<Kn<l) the velocities of the minor
molecular species depart from the normal Maxwellian thermal distributions. A
"seeded" beam is one in which up to a few percent of a vapor phase component is
dispersed in a relatively lighter carrier gas. Incomplete acceleration in the
beam of the heavy species by the 1light gas is termed "velocity slip".
Furthermore, the velocity ratios between mixed heavy species, such as isotopes,
may be much Tlarger than the normal thermal velocity ratios. This enhanced
velocity difference could be the basis for separation of the heavy components.

Isolation of the desired component from the beam requires a "velocity selector".
The velocity selector chosen was all mechanical in the form of a pitched bladed
wheel (eg., turbine 1like) rotating at a peripheral velocity such that the desired
component would pass through without interference while all other components
would be dispersed by impinging on the blades.

Figure 1 displays the elements of an isotope separation system based on the
velocity slip phenomenon as follows:

a. The "seeded" carrier gas source manifold at a pressure defined by the

relationship between the selected Knudsen number and orifice
dimensions.
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b. A suitably shaped orifice to define the beam.

c. A drift space long enough to permit the optimum interactions between
the carrier gas and the seeded isotopes.

d. The rotating velocity selector.

e. A second drift space, probably minimal, determined by mechanical
tolerances.

f. A pumped expansion chamber enclosing the drift spaces and the velocity
selector,

g. The orifice which defines the beam of the isotope to be accepted.
h. A pumped product receiving chamber,

One main pumped chamber and selector wheel can accommodate many beam defining and
accepting orifices when aligned with the bladed radius of the selector wheel.

A review of the theoretical and experimental studies on this process is presented
in Part III, Section 5.

The investigators were able to demonstrate that the velocity differences between
the isotope species would be enhanced from about 1.0043 to 1.05. While the
jmportance of using a condensable carrier to reduce separation costs was known to
the investigators they were not able to identify such a gas.

BASIS FOR COST ESTIMATES

The basis of the Velocity S1ip Process cost estimates prepared by Garrett
Corporation is presented in Part I, Enclosure 3.

These costs were based on a stage separation factor of 1.0658, a plant with a
capacity of 300,000 separation work units per year, a non-condensable working
gas, a private plant on a site shared with a power plant and a 100 percent duty
factor. Projected unit costs were $5228 per SWU.



FIGURE 5-1 SIMPLIFIED DIAGRAM,VELOCITY-SLIP APPARATUS
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SECTION 6
COST ANALYSIS

GENERAL

Preliminary cost estimates (See Part II) were developed that were based on the
findings of the technical and experimental studies (RP506-1,2 and 4). These cost
estimates were, in part, derived by scaling available data on the costs of
gaseous diffusion and gaseous centrifuge plants. There are a considerable number
of uncertainties 1inherent 1in the RP506 cost estimates including assumptions on
the true costs of the competitive process, interest rate return on investment,
and the mathematical relationship that should be used to scale costs from one
separation process to another and to adjust from one annual level of separative
work units to another.

The technical studies indicated that the product cost for private plants based on
aerodynamic separation processes is considerably less if a condensable working
gas can be used (See Part II). The Project 506 technical/experimental studies
demonstrated that a suitable working fluid was available for the Jet Membrane
Process. The studies (see Part III) did not identify a specific practical
condensable working fluid that would suffice for the Velocity Slip Process.
Consequently, as shown in the following section, the Jet Membrane Process appears
to be more economical and require Tess capital investment than the Velocity S1lip

Process.

COMPARISON OF THE RELATIVE COSTS OF JET MEMBRANE AND VELOCITY SLIP PROCESS

Detailed cost estimates were developed for both processes based on privately
owned plants in Texas with an annual capacity of 300,000 separative work units
per year. The detailed estimates were based on the same assumptions for the
costs of the gaseous diffusion and gaseous centrifuge processes and the scaling
relationships that should be used to apply these costs to the Jet Membrane and
Velocity S1ip Processes.
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Table 6-1 summarizes the findings in terms of the ratio of the costs for the
Velocity Slip Process to those for the Jet Membrane Process. On a relative basis
the Jet Membrane Process appears to be a considerably more economical and less
capital intensive process than the Velocity S1ip Process. Table 6-2 presents some
of the results of the Airesearch cost studies. The distribution of costs for the
Jet Membrane, Velocity Slip and Gaseous Diffusion Process are shown in Figures
6-1, 6-2, 6-3. Additional data on the Jet Membrane and Velocity Slip Processes
are presented in Tables 6-3, 6-4, 6-5, and 6-6.

DISCUSSION

The cost estimates developed in this study are sensitive to assumptions on the
achievable stage separation factor, return on investment, interest rates, capital
recovery requirements etc. There is some indication that the annual unit cost
per separative work unit for a large gaseous diffusion plant and for 300,000 SWU
per year gaseous centrifuge or jet membrane plants are in the range of $100 to
$500.

The objectives of the RP506 Program were satisfied by the development of the
technical data and the various cost estimates. These estimates were dependent
upon the accuracy of externally derived data, particularly data on gaseous
diffusion plant costs. Further pursuit of the Velocity S1ip process seems to be

inappropriate.

Investigation and resolution of the uncertainties presented in the following
section would be appropriate if some private or government interest was actively
seeking a competitive alternative to gas centrifuge process for plants with
capacities below 1,000,000 SWU per year. In this circumstance, the Jet Membrane
Process would warrant further study. Since the Jet Membrane Process costs are
dependent upon heating costs, consideration of sitings in areas where
geothermally derived heat and electrical power are available might warrant
further investigation. Alternatively, there might be an opportunity to locate
these plants in an area where Solar heating is practical such as parts of Texas
and Arizona.
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TABLE 6-1

COMPARISON OF RELATIVE COSTS (1)
OF JET MEMBRANE AND VELOCITY SLIP PROCESSES

ITEM RATIO OF COSTS VELOCITY SLIP vs JET MEMBRANE,
Fixed Capital Cost 16.42
Unit Cost (Per SWU) 11.87
Operation Cost 7.05
Working Capital 1.0

(1) Reference: Enclosures 2 and 3
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TABLE 6-2

SUMMARY COMPARISON - JET MEMBRANE AND VELOCITY SLIP PROCESS
BASED ON AIRESEARCH COST ANALYSIS

ITEM JET MEMBRANE VELOCITY SLIP GASEOUS COMMENT
PROCESS PROCESS CENTRIFUGE
Plant Capacity | 300,000 300,000 350,000
(Annual SWU)
Siting Sharing with Sharing with Stand alone
Texas Power Texas Power in Texas
Plant Plant
Ownership Private Private Private
Capacity Scale 0.6 0.6
Factor
Product Assay 3.2 3.2 3.2
Wt. percent
235U|:6
Tails Assay 0.25 0.25 0.25 No cost for
Wt. percent disposal
235UF5
Feed Assay 0.711 0.711 0.711 Available in
wgs percent sufficient
2 UFg quantity
at accep-
table cost..
Duty Factor 100% 100% 100%
Plant
Cost Basis Jan 1978 value Jan 1978 Jan 1978
Capital Cost 6.144%/yr. 6.144%/yr. 6.144%/yr. | Full recovery,
Recovery in initial
vendor costs
Fixed Capital 410x106 6732x106 184x106
Costs §
Unit Cost $441/swU $5228/SWU $128/SWU
Per SWU




SOURCE: GARRETT CORP.

$6732 MILLION

$410 Million
A
$184 MILLION
VELOCITY- JET- GAS
SLIP MEMBRANE CENTRIFUGE
(300,000 (300,000 (350,000
SWU/yr) SWU/yr) SWU/yr)

FIGURE 6-1 RELATIVE FIXED CAPITAL. COSTS
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SOURCE: GARRETT CORP.

$5228/SWU
$441/SWU
N\
$128/SWU
$92/SWU
VELOCITY SLIP JET GAS RECENT PRICE

MEMBRANE CENTRIFUGE OF SEPARATIVE

(350,000 WORK

SWU/yr)

FIGURE 6-2 RELATIVE UNIT COSTS
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Special
Process
Equipment

SOURCE:

Interest during
Construction

JET-MEMBRANE PLANT

$441 per SWU

GARRETT CORP.

PROJECT MGMT

GAS CENTRIFUGE PLANT

COMPRESSOR'S
FACTORY COST

COMPRESSORS
ALLOWANCES

INTEREST DURING
CONSTRUCTION

VELOCITY-SLIP PLANT
$5228 per SWU

FIGURE 6-3 DISTRIBUTION OF COSTS
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TABLE 6-3

JET-MEMBRANE PROCESS FIXED CAPITAL COSTS

FIXED-CAPITAL COSTS EXTENS ION

millions of dollars
Other Special Other
Architectural | Structural] Process Process Mechanical | Electrical | Industrial
N Land | Systems Systems Equipment] Equipment] Systems Systems Systems Instrumentation| Totals
Base Cost Estimate 10.0 4,7 17.3 49.5 19.8 3.6 13.6 4.7 6.4 119.6
Freight in 1.5 - — 13
Subtotal 10.0 4.7 17.3 51.0 19.8 3.6 13.6 4.7 6.4 121.1
Al lowances for indirect, Procurement,
Insurance, FICA, State and Local
Taxes, Smal! Tools, Scrappage and
Overage, Premium Labor Rates Costs 0 1.3 4.8 25.7 5.5 1.0 3.8 1.3 1.8 45.2
Subtotal 10.0 6.0 22.1 76.7 25.3 4.6 17.4 6.0 8.2 166.3
Subcontractors' Markups and Fees 0 0 2.3 7.5 2.6 0.5 1.8 0.6 0.8 16.1
Subtotal 10.0 6.0 24,4 84.2 27.9 5.1 19.2 6.6 9.0 182.4
Construction Contractor's indirect
Costs 0 0.9 3.6 0 0 0.7 2.8 1.0 0 9.0
Operations Contractor's Overhead 0 0 0 12.3 4.2 0 0 0 1.4 17.9
Subtotal 10.0 6.9 28.0 96.5 32.1 5.8 22.0 7.6 10.4 209.3
Construction Project Cost (less land) 209.3
Engineering (ALE) Fees Cost 29.3
Subtotal 238.6
Project Management Costs 16.7
Subtotal 255.3
Contingency for Oversight and Uniden-
tified Miscelianeous 54.5
Subtotal 309.8
Interest during Construction 73.4
Land 10.0
Subtotal 393.2
Start-up Costs 16.8
Total 410.0
SOURCE: GARRETT CORP.
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TABLE 6-4

FIXED-CAPITAL COSTS EXTENSION

VELOCITY-SLIP PROCESS FIXED CAPITAL COSTS

millions of dollars
Other Separator &] Other
Architecturat} Structurall Compressor | Process Mechanical] Electrical]l industrial
Land | Systems Systeme Systems Equipment] Systems Systems Systems |nstrumentation ] Totals
Base Cost Estimate 10.0 6.0 41.8 1417.0 272.0 9.0 30.9 5.1 168.9 1960.8
Freight in 42.5 . 42.5
Subtotal 10.0 6.0 41.8 1459.5 272.0 9.0 30.9 5.1 168.9 2003.3
Al lowances for Indirect, Procurement,
Insurance, FICA, State and Local
Taxes, Small Tools, Scrappage and
Overage, Premium Labor Rates Costs 0 1.7 11.7 729.8 _16.2 _2.5 _8.7 1.4 47.3 879.3
Subtotal 10.0 7.7 53.5 2189.3 348.2 11.5 39.6 6.5 216.2 2882.5
Subcontractors' Markups and Fees 0 0 5.4 219.6 35.3 1.2 4,0 0.7 22.0 288.2
Subtotal 10.0 7.7 58.9 2408.9 383.5 12.7 43.6 7.2 238.2 3170.7
Construction Contractor's Indirect
Costs o] 1ot 8.8 0 0 1.9 6.5 1.1 0 19.4
Operations Contractor's Overhead 0 0 0 354,3 57.1 0 0 0 35,4 446.8
Subtotal 10.0 8.8 67.7 2763.2 440.6 14.6 50.1 8.3 273.6 3636.9
Construction Project Cost (less land) 3626.9
Engineering (AE) Fees Cost 507.8
Subtotal 4134.7
Project Management Costs 290.1
Subtotal 4424.8
Contingency for Oversight and Uniden-
tifled Miscelianeous 943.0
Subtotal 5367.8
interest during Construction 1235.5
Land 10.0
Subtotal 6613.3
Start-up Costs 118.6
Total 6731.9
SOURCE: GARRETT CORP.
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TABLE 6-5

JET-MEMBRANE OPERATIONAL COSTS

OPERATIONS VARIABLES

TOTAL OPERATIONS COST

$000,000/YEAR
DIRECT BURDEN
VARI- COSTS, CcosT, NOMINAL | MINIMUM | MAXIMUM
ABLE DESCR [PT 10N $000/YR | $000/YR | VALUE VALUE VALUE
16 | LABOR 5.0 1.2 6.2 6.0 6.5
17 | PROCESS EQUIPMENT
UPKEEP 3.5 0 3.5 3.0 7.0
18 | STANDARD EQUIPMENT
AND BUILDING UPKEEP | 17.4 0 17.4 15.0 20.0
19 |UTILITIES 32.0 0 32.0 32.0 40.0
20 | OVERHEAD AND
M1 SCELLANEOUS 8.1 0 8.1 7.0 . 9.0
L= TOTAL* 66.0 1.2 67.2 ﬁ
CAPACTTY, MILLTON SWUS/VEAR
VART= NOMTNAL | MINIMUM | MAXIMUM
ABLE | DESCRIPTION VALUE VALUE VALUE
21 | PRODUCT ION 0.3 0.25 0.31

*The minimum and maximum values for the total are determined by Monte Carlo
simulation.

SOURCE:

GARRETT CORP.
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TABLE 6-6

VELOCITY-SLIP OPERATIQNAL COSTS

OPERAT IONS VAR!ABLES

TOTAL OPERATIONS COST*
$000,000/YEAR
DIRECT BURDEN
VARI - COSTS, COST, NOM INAL MINIMUM MAX IMUM
ABLE DESCRIPTION $000/YR $000/YR VALUE VALUE VALUE
16 LABOR 5,411 1,353 6,764 5,500 7,000
17 PROCESS EQUIPMENT
UPKEEP 298,960 0 298,960 200,000 400,000
18 STANDARD EQUIPMENT
AND BUILDING UPKEEP 22,907 0 22,907 20,000 25,000
19 UTILITIES 30,220 0 38,220 35,000 41,000
20 OVERHEAD AND
MISCELLANEQUS 107,540 0 107,540 100,000 150,000
TOTAL 473,038 1,353 474,391
CAPACITY, MILLION SWUS/YEAR
VAR - NOM INAL MINIMUM MAX IMUM
ABLE | DESCRIPTION VALUE VALUE VALUE
21 PRODUCT | ON 0.3 0.25 0.31

*The minimum and maximum values for the total are determined by Monte Carlo
simulation,

SOURCE:

GARRETT CORP.




COST UNCERTAINTIES

Factors that would warrant further investigation to improve the quality of Jet
Membrane Plant cost estimates are:

a. Definition of the attainable stage separation factor. Since some of
the test results with SF* have indicated factors of as high as 1.043,
it would appear likely that improvements over the 1.0094 figure used by
Airesearch might be feasible.

b. Investigation of sources of thermal energy and possibilities for shared
plants where energy costs could be reduced seems appropriate.

c. Staffing levels used in the ~cost analysis warrant further
investigation.

d. Definitive data on the actual costs of the gaseous diffusion process,
particularly with regard to equipment that could be used for the Jet
Membrane Process.

e, Use of cooling ponds rather than cooling towers.

f. Reappraisal of penalty factors, interest rates, costs for "special®
process equipment, contingency factors, return on investment and rate
of capital recovery. The potential for tax incentive programs or some
form of subsidy that deals with taxes and interest rates shoud also be
considered.

g. Reassessment of maintenance and operation costs.
The degree of cost changes associated with the above uncertainties is indicated

in Tables 6-7 and 6-8. These changes could reduce the cost/SWU by $100 or more
over the Garrett estimates.
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CONCLUSION

There is a possibility that the Jet Membrane Process would be economically
competitive with the gaseous centrifuge process. The Velocity Slip Process does
not appear to warrant further consideration unless major technical improvements
can be identified.
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TABLE 6-7

EFFECT OF COST UNCERTAINTIES ON CAPITAL COSTS

Item Change Cost Cost
Increase Decrease
Land Add 200 acres for cooling $2,000,000
ponds.
Special o Cost of collector probes $8,400,000
Process down 1/2.
Equipment
o Compressor HP from 15 to 1,600,000
11.
0 Reduced Freight In. 300,000
Other o Eliminate cooling towers. 1,400,000
Process
Equipment o Waste heat powered plant. 5,900,000
Electrical Associated with elimination of 600,000
Systems cooling towers.
Miscellaneous o Add on from 50% to 28%. 14,300,000
o Contingency from 21% to 15% 24,600,000
o Startup. 8,400,000
Gross Effect $104,600,000
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TABLE 6-8
EFFECT OF COST UNCERTAINTIES ON OPERATING COSTS

Item Change Cost Cost

Increase Decrease

Process Replacement Parts $840,000

Equipment

Maintenance

Other Scaling Change 8,722,000

Maintenance

Electrical Associated with change in 9,155,000

Power cooling and HP (Table 6-7)

Thermal Use Waste Heat 14,978,000

Power

Gross 33,695,000

Effect

Annually
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FIELD IONIATION FOR LASER ISOTOPE SEPARATION
Final Report, December 1976, EPRI NP-334
Project 506-3

ABSTRACT

The use of laser excitation for isotopic separations and particularly for
the enrichment of uranium is under intensive investigation at many labora-
tories. Laser separation has been the subject of much publicity on claims
of performance, but process details are generally classified. Scale-up
from present small laboratory experiments to industrial practice requires
extrapolation of laser and vacuum technology to reach reasonable efficiency,
reliability, and producibility. For some cases of interest, it is evident

that the requisite laser has not yet been obtained on even a laboratory scale.

A concept for reducing the demands on laser technology is selective exci-
tation of the source material in a manner that increases the effective
cross—-section for optical frequency energy interactions. (If the isotope
of interest can be made into a better "target", the laser can be less
efficient or selective.) Such potential is offered by creating "High
Rydberg Number Atoms", an excitation state which serves to increase effec-
tive size of atoms to as much as 1000 times their normal values. The
purpose of this study was to demonstrate that such excitation could be
achieved and was, in principle, applicable to isotopic separation. The
study achieved these initial objectives. It also became apparent that
the basic processes examined might permit extension of available laser
wavelengths as well as simplify scale-up problems related to through-put.
These important results, which have been made available to ERDA and other

researchers, may help to accelerate scale-up of laser methods.

This report provides a background study of laser isotopic separation methods
together with a description of field ionization methodology and experiments.
Technical journal articles which further describe the work and its impli-

cations are provided.
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PART 1

JET-MEMBRANE {SOTOPE SEPARATION PLANT CONCEPT

INTRODUCT ION

The following work presents the proposed engineering design for a 300,000
SWU/yr uranium enrichment plant which utilizes the jet _membrane isotope separa-
tion process. The plant product is 3.2% (by weight) U235F6 and the piant tails
contain 0.25% (by weight) U255F6. The theory and performance of the jet mem-
brane device is based on work done at Grumman Energy Systems as reported in
References 1 through 6. The jet-membrane device consists of a single annular
jet=forming nozzie and an enriched=isotope collector probe. The design task
inctuded a review of jet-membrane isotope separation phenomenon. Optimistic
values of stage separation factor and |ine pressure losses were used in the
design. Processing modules containing the required number of jet devices
were sized for each cascade stage and the peripheral boilers, condensers,
pumps, and fans were designed as was the interface flow diagram between pro-
cessing modules.

JET-MEMBRANE !SOTOPE SEPARATION PLANT DESIGN PARAMETERS

A processing module, which contains a variable number of jet-membrane
devices, is iflustrated schematically in Figure 1. This figure shows cross-
section of a single cluster of jet-membrane devices. Feed process gas,
consisting of UF, with a small mole fraction of jet gas, enters the vacuum
chamber at 280 torr static pressure. The heads process-gas stream is siphoned
from the vacuum chamber by the collector probes which empty into a collecting
manifold at 85 torr pressure. The heads stream consists of a 0.334 nominal
mole fraction of jet gas, after passing across the jet membrane. The tails
process-gas stream leaves the vacuum chamber by way of a condenser which
removes most of the jet gas from the mixture. Jet gas is fed into the nozzie
manifold at 420 torr pressure and discharges through the jet nozzles into the
processing chamber. FC 43 (perfluorotributylamine, 3M Company) has been chosen
for use as the jet gas. The jet gas is continuously removed from the vacuum
chamber as a condensed liquid and is circulated paraliel to the heads and
tails UFg streams. A cross section of the jet-membrane device is also shown
in Figure 2. The nozzle cluster is two-dimensional with a depth of 2 centi-
meter. The colliector probe is surrounded by two converging jet-gas nozzles.
Each jet-membrane device has a total jet throat area of 0.02 square centimeters
and a collector probe inlet area of 0,018 square centimeters.

The design of the jet-membrane isotope separation plant is based on the
following performance characteristics of the individual jet-membrane device
given by Grumman Energy Systems in References 1, 2, and 3.

Stage separation factor a = 1,009402

Vacuum chamber pressure P, = 280 torr
Col lector probe suction pressure P, = 88.5 torr
Jetmgas plenum pressure Ps = 420 torr
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Compressor pressure ratio (P,/P,) PR = 3.1638 ‘

Process-gas feed temperature T = 360 Kelvin

Width of jet nozzle (each side) Dj = 0,01 cm

Inside width of collector probe W. = 0.009 cm

Jet gas FC-43 (perfluorotributylamine,
3M Company)

Stage cut 8; = 0.5

Mole fraction of UF in process- 0.666 mole percent

gas heads stream

The product flow (P) for the 300,000 SWU/yr plant is 105,457.6 kg/year of
UFg or 0.007368 {b/sec of UFg for a 0.00711% (by weight) UZ39F; plant feed.

1SOTOPE SEPARATION CASCADE

The preliminary-design plant layout has been prepared according to the
principles given by Benedict and Pigford in Reference 7 for an ideal, symmetric
cascade, with separation factor independent of composition.

The stage heads~to-feed separation factor, B, is calculated as:

B =/ = |.00469

The total feed and taiis flows are calculated as:

XP - XW

F = =X P = 0.047147 1b/sec
F W
Xp = Xk

W= —o——— P = 0,039779 1b/sec
XF - Xw

Number of stages in the enriching section (including the feed stage) is:

Xp( ! XF)

Ez e s Mg = 327 stages

n

Number of stages in the stripping (not including the feed stage) section is:

X (1 - X))
In F W
il - XFSX
ns Z ——]—rm— -1 a ns = 224 stages
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Total number of stages is:
n=ng + ng =551 stages
The feed stage is No. 225

The heads flow in stage i of the enriching section is calcuiated from
the equation:

Ly = {' + g [xp(n =87 (1= x )BT - ;} } P

The heads filow in stage j of the stripping section is:

where n = total number of stages

The maximum stage inlet flow rate is 11.1075 Ib UFg/sec at the feed stage.

Table 1 presents selected cascade flows and U?35F6 assays as functions
of the stage number .*

Although the stage tails flow differs stightly from the heads flow in an
ideal symmetric cascade with low stage separation factor, the difference is
small, so that practically the stages have the same tails and heads flows.

The total cascade flow is calculated as follows by summing the stage
heads and tails flows:

X X
B + | W P
Yror S TE - 1YIn(E [w(2xw =1 n (l - Xw) + P(24p = 1) In (T“?'Y;)

X
F(2x. = 1) 1n (T‘Zii;)]

JoT = 2831.95 Ib/sec of UFy flow

|

*The nomenclature of the Table 1 printout is as follows:

i - stage number

X = inlet assay
X! = heads assay
xh - tails assay
L = inlet flow - {b/sec
L! - heads flow - Ib/sec

L? - tails flow - Ib/sec
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JET-MEMBRANE DEVICE

The jet nozzlie-collector tube assembly can be manufactured in several
ways. Two ways are presented here. The first is indicated in Figure 2a;
the second in Figure 2b. The first builds the nozzle-collector tube assembly
from aluminum extrusions, cut and then assembled between two pipes. These
pipes supply the necessary fluorocarbon gas fiow. This entire assembly forms
the division between the vacuum chamber and the discharge of the enriched
heads flow. The extruded nozzle-collector tube parts are cut to 2-cm lengths
and then assembled with the spacing balls intfo the space between the pipes.
The pipes have openings to fit the space where the fluorocarbon enters the
nozzle assembly. The number of nozzle assemblies required is determined by
the flow requirements. According fo calculations presented by Grumman and
supported by test results, one nozzle assembly 2 ¢m long will produce 1.988
x 109 Ib/sec flow of enriched UFg. This means that the smallest flow (product)
module "B" needs 37 nozzles each 2 cm long. Since the nozzles are 3 mm
apart in the assembly, the 37 nozzles take up 11.12 cm length. The largest
module, "D", needs 6968 nozzles. Table 5 shows the minimum and maximum numbers
of nozzles in each module. Such a large number of nozzles cannot be assembled
in one row between two pipes. A cross network of FC-43 ducts is needed to
properly distirubte the jet gas among the nozzle-col lector tube assemblies.
Figure 2a shows such a cross network.

The total number of nozzles is 7,138,544,

Figure 2b indicates the second way the nozzle-collector tube assemblies
can be manufactured. The total nozzle cross-section is etched into a metal
foil then the foils are put on fop of each other to form the assembly. Pins
through the holes provided could be used for proper alignment. The jet gas
enters and the headsflow [eaves on the sides of the assembly. This fact makes
necessary the use of somewhat complicated side tubing to distribute the
fluorocarbon and collect the headsflow. The overall arrangement, the number
of assemblies, and total number of nozzies can be very similar to those
described before.
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STAGE PROCESSING MODULE DESIGN

Figure 3 is a flow diagram of the jet-membrane processing modules from
the (i - 1)th stage to the (i + 1)th stage. Table 2 itemizes the major compo-
nents. Figure 4, together with Table 3, gives the pressure and temperature
levels at key points in the system for FC-43 carrier gas.

The system design is based on the assumption that each stage consists of
one or more processing modules. Each module has the required number of jet-
membrane devices consisting of jet nozzles and collector tubes of cross-sec-
tional areas to match exactly the total flow across the stage. The number
of Jet-membrane devices in any stage is the ratio of the required stage
separative capacity to the individual device separative capacity. Each jet-
membrane device discharges 0.0001988 1b of UFg per sec to the heads stream.
Each module has heat exchangers, compressors, and pumps of capacity sufficient
for the flow through the module but not necessarily designed to the exact
flow rate. The compressors have a surge bypass control device to facilitate
startup and to permit the modules to operate at fiows below the compressor
surge limit. The pumps can operate at any flow rate below rated capacity,
and need no bypass control; a simpie throttle valve can adjust the flow rate.

The modules are selected to accommodate the required flow rates as
follows. Module "A" is designed for twice the cascade product flow rate.
Module "B" [s designed for the cascade tails flow rate. Module "C" is designed
for 5.9 times the "B" flow rate. Module "D" is designed for 5.9 times the "C"
flow rate. The smaller "A"™ modules could be replaced by "B" modules with very
little Increase in power requirement. I+ is possible to assign a certain
number of any combination of modules to each stage, without dropping below
50% of rated flow, except when a "B" module is replacing an "A" module. Table 4
shows the distribution of module sizes for the cascade stages.

The total module requirement is then as follows:

Size Number Required
B 60
c 280
D 1177

The total number of each component, except individual jet-membrane devices
can now be determined.

PROCESSING MODULE OPERATION

The layout of a typical cascade stage is shown in Figure 3. UFg feed
gas enters the processing chamber of processing module 1 from aftercooler 4
through the intake valve. The fluorocarbon jet gas is evaporated in boiler 8
and enters the plenum of the processing module.* A mixture containing 0.666

*The jet gas then expands through the jet nozzles forming the jet membrane
through which the UFg gas diffuses into the collector tubes with the fluoro-
carbon gas.
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mole fraction of enriched UFy gas and 0.334 mole fraction of FC-43 gas are
drawn from the module collector tubes. The FC-43 is separated from enriched
mixture in the condenser-separator 2. UFg gas is drawn from the top and the
condensed FC-43 liquid is removed at the bottom. This liquid FC-43 will still
contain a neglectable amount of dissolved UFg.*

This gas is compressed to vacuum-chamber pressure by compressor 3. The
heads stream from stage i mixes with the tails stream from stage (i + 2) through
circulator 5, and after which it is cooled prior to entering stage (i + 1),

The UFg tails stream and half of the FC-43 jet gas are cooled in the
processing unit, This chamber is designed to provide cooling to condense
only the jet gas and thereby separate the jet gas from the gaseous UFg tails
stream. No appreciable amount of UFg Is dissolved in the condensed FC-43.
This liquefied jet gas is utilized in the preceding stage module_ so that all
dissolved and gaseous UFy, gas entering the stage has the same U235ﬁb concen-
tration, **

The gaseous tails stream from stage i is compressed through the circulator
5 and then mixed with the heads stream from the (i - 2) stage below. The circu=-
lator pressure ratio is designed to match the resistance of the heat exchangers,
pipes and fittings,***

The pressure of the liquid FC-43 from stage i condenser-separator 2 is
increased by pump 6 to the boliler pressure pump above., These streams are then
mixed and pumped by pump 7 to the pressure of boiler 8 where the liquid is
evaporated and fed into the stage (i + 1) stagnation chambers,

FLUID MOTIVE POWER REQUIREMENTS

The total electric power requirements for the gaseous UFg streams are as
follows:

Compressors 11.7 Megawatts

Circulators 0.63 Megawatts

¥The separated gas fraction is mostly UFg, but also contains 9.473 weight
percent of FC-43,
**The gas portion of the tails contains 94.25 weight percent UF, and 5.75
weight percent FC-43,

*¥%*The |iquid fluorocarbon leaving the heat exchangers is pressurized by
two pumps: pump 6 is handling the liquid from the condenser 2 while
pump 7 is pressurizing the fluid from the processing unit 1. To reduce
the heat required for cooling and heating, the fluid is returned into
the recuperator portion of each component. The liquid heads stream from
the condenser of stage i and the liquid tails stream from the processing
unit of stage (i + 2) are mixed and fed into the boiler of stage (i + 1)
where it is evaporated and fed into the processing unit of the same stage.
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The pumping of condensed FC-43 and dissolved UFg requires very littie
power. Pumps 6 and 7 can be run at the two ends of one motor as described
later on. The total electric power requirement for all liguid pumping is
about 57 kilowatt for FC-43 (see also Table 11).

THERMAL MANAGEMENT REQUIREMENTS

The total heat |npu+ required to evaporate 2468.79 lb/sec total flow of
FC-43 is 4.023 x 108 Btu/hr. This power can be electrical, waste heat, or
even a heat pump, since the required temperature is only 311.3°F, The heat
could be pumped directly from the condensers and aftercooiers by an R-114
coolant-heater system,

The ?o+a| heat rejection for the condensers and gas intercoolers needed
is 4.373 x 108 Btu/hr.

PROCESSING MODULE WITH THE JET MEMBRANE DEVICE

Figure 5 shows the principal sketch of the jet-membrane device as pre-
sented in Reference 4 by Grumman Energy Systems. The device is incorporating
the process chamber, the stagnation chamber, the jet orifice, the collector
probe, and the jet-gas (fluorocarbon) condenser.

The size and basic form of the jet nozzles and the collector tube has
been determined by Reference 1. They are longitudinal slots, the jet nozzle
surrounding the collector tube. The width of the collector tube is 0.009 cm
while the jet nozzle width is 0.010 cm overall. The length of the slots
were not defined.

Figure 2 shows a cross section of the nozzle. A length of 2.0 cm has

been assumed for each orifice. Reference 5 specifies the minimum distance, S,
between orifices to be calculated by the equation:

$=0.8 D\/Pb 0.98 D; = 0.0098 cm

This value is not practical, the actual distance has to be much larger.
The practical value of it has to be determined by the flow of the jet gas
to the nozzles to ensure good flow and velocity distribution along the length
of the nozzle. This gives a density of one nozzle per centimeter.

The minimum theoretical depth, X, of the reaction chamber is also given by

Reference 5:
p
= 0.67 D; \/r_— 0.8206 DJ 0.025 cm

The practical value is much larger than this.
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The question came up whether an improvement of the separation performance
~of the device could be achieved by a crossflow arrangement of the nozzles as
described in Reference 7 (pages 493 to 495). |t shows, in connection with
the gaseous~diffusion separator, that If the quality of the gas is not uniform
across the surface of the membrane but flows across, thus continously depleting
from one end to the other, the integral of the gualities will become higher
than that of the original uniform quality. Thus the stage separation factor
is improved. A similar system could be employed in connection with the jet
membrane device; but the outcome is quite questionable for several reasons:

1. The jet membrane is not a uniform membrane but a series of jet flows.
The proper distribution of gas flows is very difficult here. The
efficiency of the separation does depend on another (called "Z")
factor, which is unknown in the case of the jet membrane. The
presently assumed 100 percent efficiency figure and the assumption
of the perfect flow distribution is very optimistic,

2. The defivation of the cross-flow analysis has been developed for UFg
gas alone, In the case of the jet membrane there is the other gas,
a condensible fluorocarbon present, In the case of cross-flow sys-
tem this gas would continuously dilute the UFg stream, thus reducing
the effectiveness of the diffusion process. [t is our opinion
that the good distribution of the UFg~ FC~43 gas atmosphere is very
important for proper operation of this device to reach the 100%
efficiency level as assumed.

The jet nozzle-collector tube assembly can be arranged in many combina-
tions, The total fiow across the nozzles must be equal to the theoretical
value for the operation of the separation stage. The whole assembly is built
according to the modular principle using three module sizes to fit the machinery
but the total area of the jet nozzles and collector tubes vary according to
the flow requirement of the separation stage. The assumed 1-cm-long jet nozzle
orifices having 0.01 cm width and 0.02 cm2 total area will pass 0.0012507
ib/sec of FC-43 gas expanding from 420 torr to 280 torr pressure. With 33.4
mole percent FC-43 and 66.6 mole percent UFg in the reaction chamber, the
col lector tube will transmit 0.0007173 Ib/sec of UFy head flow per tube. The
minimum head flow is the product output, 0.007368 Ib/sec of UFg. Therefore
10.3 nozzle assemblies are needed in the last jet membrane device ina B size
module, Table 5 gives the maximum and minimum numbers of nozzle assemblies
in each module jet membrane device.

The arrangement of the processing unit will include the jet membrane
device and the condenser for the tails flow of the gases. Many variations
are possible in the geomefry, generally the processing chamber with the
jet membrane is arranged in one end and the condenser-recuperator on the
other. The position can be horizontal, vertical, or folded. The unit can be
separated into the jet membrane and the condenser or it can be integral. The
folded-vertica! integral arrangement has been selected as the best for several
reasons.,

The UFg gas will remain on the top in the processing chamber longer, thus
giving better distribution across the jets and longer time to diffuse.
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. The descending part followed by an ascending portion gives better separation
fo the UFg and FC-43 fractions.

The recuperation coils are set in the descending section and the cooling
coils in the ascending section.

The sketch of the processing unit is shown in Figure 1. The description
of the heat exchanging arrangement and performance is given in the second
part of this report.

SELECTION OF JET GAS

Jet gas is the medium which forms the jet membrane by expanding through
the nozzle surrounding the heads collection probe, The ideal jet gas should
be compatible with Ufg, easily separable from UFg, and should require low
interstage power for boiling and circulating. Two fluorocarbons, FC-43 and
FC-75, have been investigated for this purpose.

FC-43 fluorocarbon has been selected for this study because of the
relative ease of separation from UF gas by means of simple equipment. Figure
6 shows the calculated phase curves of UFg-FC-43 and UFg~FC-75 mixtures at
85 torr pressure. The diagram clearly shows that the FC-43 can be separated
by simply cooling and flushing the phases while FC-75 needs distiliation.

A complication with FC-75 could be caused by the fact that the UFg separates
into gas and solid phases which must be dissolved by the liquid fluorocarbon,
This reduces the allowable percentage of UFg in the liquid fluorocarbon phase.
The diagram has been calculated for ideal solutions,

COMPRESSORS

The flow diagram of the separation stage, Figure 3, shows the position
of compressor 3 in the system. The compressor is placed after condenser
2 and it should recompress the gaseous portion of the low-pressure heads
stream up to the pressure needed to feed the gas into the next jet membrane
stage.

The composition of the gas mixture leaving the condenser is determined
by the temperature, and it is calculated as 94.789 mole percent UFg and 5.211
mole percent of FC-43. The temperature is 330.55°K at 83.64 torr pressure.
The gas mixture is assumed to behave as ideal gas having a calculated gas
constant of R = 4,19273 f+-1b/Ib°R and a gas exponent of vy = 1,056285.

The pressure limits for the compression were calculated allowing reason-
able minimal pressure drops through the heat exchangers, pipes, and fittings.
These pressures are as listed in Table 3 for positions 3 and 4 as 83,64 torr
for the compressor inlet and 292.74 torr for the discharge. The overall total
Yo static pressure ratio is then 3.5.

Table 1 shows the UFg mole fraction of the heads flow for each separation

stage. The flow through the compressor should be 1.10464 times this value due
to the additional amount of FC-43 fluorocarbon still remaining in the gas.
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The ideal compressor would be one which has the best performance exactly
at the required stage flow. This means that an individual design would be
made and built for every one of the 551 stages. A more practical solution is
to utilize modular units thus minimizing design and development effort just

as well as manufacturing expenses. The unit compressor will operate at
partial flow when lower than design flow is required by the separation stage
and muitipie units will be used when the flow requirement is higher than the

compressor design flow.*

If only one kind of compressor module is used within one separation
stage, the minimum partial flow rate of the compressor should be half of the
design flow rate. A compressor producing such a high pressure ratio has a
narrow operating range: maximum to surge flow ratio. Figure 7 shows the
typical compressor performance map at constant speed. It shows that the surge
flow is only 90 percent of the maximum flow at 3.5 pressure ratio. Surge
contfrol is needed then to operate at flows lower surge flow, A surge Control
Device provides automatic recirculation below the surge point. The power
required in bypass operation is just as high as the total flow determines
useful flow plus the recirculated flow. The average power of compressors
operating at various flow rates is calculated as 0.9673 times the power at
design point.

Three compressor modules are to be designed, handling flows equivalent
to the requirement of the cascade tails flow (B module), 5.9025 times that of
the B module (C module) and again 5.9025 times that of the C module (D module).
The maximum number of modules used in one separation stage is four. The source
of the flows handled by four D module compressors represents the maximum
heads flow requirement in the whole system.

The sizing and efficiency calculations of the compressors are performed
by an AiResearch computer program well proven by the performance of compressors
built by AiResearch. This program optimizes the geometric design of the
compressor and then predicts its performance. Table 6 shows the input-output
printout of the computation made for the three compressor modules. The
rotational speed is the parameter. The speed can be selected to maximize
efficiency and to select one which is achievable by an electric motor. In
case of the module "D" compressor, the speed of best performance is exactly
the speed of a 4-pole, 400-cycle electric motor, 11,600 rpm.

The dimensions and performances of the machinery used in this separation
plant are summarized in Tables 8, 9, and 10 for the modules B, C and D,
respectively. The first column gives the values for the compressors.

The layout of the compressor modules is visualized as a hermetic design
containing the rotor with the impe!ler and electric motor-roftor running on
process fluid foil bearings. The bearing lubricant can be either the surround-
ing UFg-FC-43 gas mixture or, much better, the pressurized FC-43 liquid from
the pumps. Figure 8 shows a similar compressor assembly built by AiResearch
for solar power application showing the hermetic design principle.

¥ Table 4 shows the system of modules used for each separation stage.
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CIRCULATORS

Transferring the gas portion of the tails stream from the jet membrane
device to the previous separator stage inlet is the job of the circulator
compressor. Item 5 represents the circulator on the system layout in
Figure 3.

The circulator handies a gas mixture separated from the liquid FC-43
portion by cooling the tails stream. This gas mixture contains 96.8948 mole
percent of UFg and 3.1052 mole percent of FC-43 vapor, at 341.67 Kelvin
temperature and 275.0 torr pressure. For the circulator design and perform-
ance calculations, we assume that it is an ideal! gas mixture having a calcu-
lated gas constant of R = 4,27032 f+-Ib/Ib°R and a gas exponent j = 1.0600.

The working pressures of the circulator are determined by the pressure
drop through the heat exchanger portion of the jet-membrane device and the
resistance of the pipes and fittings. The discharge flow from the circulator
Joins the compressor discharge flow. The intake pressure is taken as 270.0
torr and the discharge as 292.74 torr which is equa! to the compressor dis-
charge pressure. The overall pressure ratio is then 1.08423.

The flow through the circulator is determined by the taits flow of each
stage containing almost all of the UFy portion and some FC-43 vapors. The
total weight of the flow is 1.061 times the weight flow of the UF, head flow
of the stage.

The circulator modules are designed the same way as the compressor
modules. The three module sizes are then as follows: B module is the
smallest, handling a flow equivalent to the waist fiow; C module is designed
for 5.9025 times more flow than B; and D module is designed for 5.9025
times more than C.

The design configuration of the circulator could be either axial or radial
since the pressure ratio is low., The radial or mixed flow design would have
an advantage over the axial due fo its wider flow range, therefore it is
assumed for this investigation. Figure 9 shows the performance of a typical
AiResearch circulator compressor at fow pressure ratio output. The diagram
shows the excellent stability of the output even below half the ful I* flow
rate. The power consumption of many compressors operating between full and
half flow rate is indicated as 0.782 times that of the power at full flow.

Sizing and efficiency calculations are made by the AiResearch computer
program, the same as used for the compressor design. Optimization is made
for speed selection aiso, as shown in the computer output sheet for module D
circulator in Table 7.

The dimensions and performances of the circulator modules are given in
the second column of Tables 8, 9, and 10.

The layout of the machines are similar to the compressor design shown

in Figure 8. It is a hermetic unit running on gas bearings or fluid bearings
lubricated by FC-43 liquid.
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PUMPS

There are two pumps needed per processing module. Both are feeding the
boiler at 430 torr pressure after driving the fluid across the recuperator
as seen in system sketch in Figure 3. The fluid handled by the pumps is
almost pure FC-43 liquid containing only a small amount of UFg.

Pump 6 serves the heads stream and is located after condenser 2. The
suction pressure of this pump is 83.64 torr and the discharge is 435.0 torr,
allowing 5 torr of pressure drop through the condenser pipes. The temperature
of the fluid is 135° at inlet. The flow is dependent on this requirement
and changes from module to module.

Pump 7 is located in the tails stream of the jet membrane device. The
inlet conditions are 275 torr pressure and 155°F temperature. The discharge
pressure is 435 torr allowing 5 torr pressure drop across the recuperator
piping.

The maximum flow requirements and the characteristic operational vaiues
of both pumps are given in Tables 8, 9, and 10 for modules B, C and D pumps
respectively.

Since the pumps need very little power, the two pumps of each module
could be combined into one unit. The two impellers of each pump couid be
mounted one on each end of the shaft of the electric motor.

Figure 10 shows a sketch of such an arrangement. The maximum electric
power requirement of each unit is as follows:

Module B - 6.67 watts
Module C - 24.01 watts
Module D - 61.04 watts

Since high specific speed pumps need constant power at part flow operation,
the total electric power requirement is calculated to be 57.111 kw of electric
current, as it is shown in Table 11 which gives a summary of the power required
by each component.

COSTS

The following calculation provides a cost estimate for one 2000-jet
cluster assembly for the processing module using aluminum extrusions for
the jet clusters.

Qty.
Jet (2) Pieces Each cost $ 3.50 x 2000 =% 7,000
Top Plate (1) Piece Cost per hole 1.75 x 2000 = 3,500
Bottom Plate (1) Piece Cost per hole 2.75 x 2000 = 5,500
Assembiy 100 hrs x 20.00 = 2,000
Inspect 30 hrs x 25.00 = 750
$18,750

Contingency (25%) 4,700
Cost per jet cluster $23,450
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. The cost estimate for tooling (electric-discharge and lathe machines)
is calculated as:

Jet tooling $ 3,500
Top plate tooling 5,000
Bottom plate tooling 8,000
Assembly tooling 2,500
Subtotal $19,000

Contingency (25%) 4,750

Tool ing cost $23,750

Grumman Energy Systems suggests (reference 9) that the cost of a nozzle
built by the photochemical machining technique is 15 cents per cm or 15 cents
per nozzle. To achieve such costs, the photoetching process would be com-
pletely automated. Sheet nickel would be fed from a roll. |1t would be
cut intfo 18 cm by 20 cm plates. These plates would be photoetched to produce
strips such as shown in Figqure 2b. These strips would be stacked and diffu-
sion welded under pressure.

The distributors would be built by some sort of casting process. Analysis
of the aultomated process suggests per nozzle costs of roughly one doltar.

REFERENCES

1. Grumman note to Gary Greene, from Dr. R. W. Madey, 6-14-77.
2. Grumman note to Gary Greene, from Dr. R. W. Madey, 8-9-77.
3. Phone conversation with J. W. Brook of Grumman, 8-18-77.

4, Grumman Staff, "Jet Membrane Uranium Enrichment Process," Mid Term
Program Review #2208.

5. J. W. Brook, "The Physical Basis of the Jet Membrane Enrichment Process,"
Grumman #UE-TR-1, June 1976.

6. J. W. Brook, "Jet Membrane Process for Uranium Enrichment, Economic
Analysis," Grumman #RM-611, January 1976.

7. Benedict and Pigford, "Nuclear Chemical Engineering," McGraw-Hill, 1957.

8. R. deWitt, "Uranium Hexafluoride: A Survey of the Physico-Chemical
Properties," Goodyear Atomic, GAT-280, August 1960.

9. Js W. Brook, letter of March 1, 1978.

E2-13



vi-23

«
14009402 1,00406090

v

I W

(Y]

2838,2R5126

.

[3 X
551 03213067
550 ¢0319R548
549 003104092
S48 003169700
547 ¢03155370
546 «03143103
545 +03126A99
LTYY +03112756
543 +0J09PRTE
542 «0I0ALEST
541 «03070700
540 «NJ0S6RA0S
539 «NINA296R
538 003029194
537 +03015480
536 +03001A2S
535 W« N29AR231
S3a eN2974697
533 » 02961222
532 W012947R06
53 012934449
530 012921151
529 02907911
520 «N2A94730
s27 s02RAJ6U6
528 «07R6P540
525 + 02AK5832
524 W 02R425P]
523 «N2RP96nT
522 «02R16AS0
s21 PL LYY
520 207791365
519 02TTHETT
518 02786064
517 «N2783507
516 02741006
518 W N2T12R560
514 «N271€169
513 N2703R32
512 e N269]1K50
511 02679322
510 WN26AT148
509 PN2665028
508 WNP642962
507 «N2630949
506 «026189R9

Table 1

IDEAL SYMMETRIC CASCADE WITH JET-MEMBRANE SEPARATION UNIT

n

LY

[N
X
W01227650
« 03213067
REIELLYY]
v03]104092
«0169700
«03155370
«0¥14110)
*«03]126R99
«03112756
201098676
LALLIT LA
2 03INTOTOD
+NINS6BUA
20042968
«0I029194
+N31)154R0
+0N30N1R2S
+NP9RPD 3]
N29T4697
s 02961222
W N294TR0D6
2« NP034449
«N242115)
sh2907911
« 12194770
«NPRAYIANA
2UPABRSAN
2 IPHESR3D
NELYFLIY
N2NP2I6AT
JNIE1RASH
«NPHDANKY
WN2T79]145
CU2TTERTY
WN2THHNOS
CNPTRIGNT
«N274100F
J12T2AB60
N27T1£169
SUPTOIRI?
MELTIRLY ]
sN12ATQ322
26N TT1AR
cUPRES (PR
e N2H42YN2
102630949

m Foodlbskae  Poddibsie  Wiskdnke  Xp Xp
;;s 204709678 +N0736800 +03972A7A «0071700n +032276%0
———FEED STAGE NO.
TOP STAGE NO.
1] ! "
x ¢ l'£ L ¢ ‘ A
+0319RSAR 2014768133 «00736R0D 00740077
«03184092 « 02960148 «01476A3) 001483318
«03149700 204449978 «0222011% «02279863
«03155370 « 059461356 + 029666613 202979693
«0314110] 207449314 203716493 +0373282)
03126899 <ORISARHA 004469421 2 044R9264
03112756 10475101 05226064 «0524903R
«N309R676 «11997997 «059A5R30 «06012160
«0INR4EST +13527606 « 06748960 006770648
s03070700 +15063961 107515446 «0754R518
2 N308680A «1660TN% «PAP653)S 08321781
203042968 «IRIST04S +0905A581 2090964619
«03029194 +19713840 «N9RJIS526) +09ATRSTT?
«03015480 21277517 «10615377 W10662140
«113001825% +27848110 01139894 +11449170
«0298R23) «2442565) +»1210597 0122396R)
«N2974697 26010181 012976483 «1303369A
12961222 «27601729 013770490 »13RI127)
«02947R06 «29200330 014568031 014632300
2 N2934449 30906021 «15369100 215436922
«1292115] «32418837 016173722 216245118
«02907911% «340388]2 016561915 «17086A97
«f2R94730 « 315665982 ¢ 17793497 «1TRT22RS
«N2NAL1608 237300383 «1A6090HS o 1R691 2090
«N2R6HS40 «3R942051 +)1942H09R +19513953
«12R85532 +40591021 020250753 «2034026A
«N2042581 +42247330 221077n6A «21170262
«N2R29687 «43911013 «21907T062 «22003952
OELS LLLT] + 45582109 W 272740752 02204 )3%7
«:2N04NET +47260652 023578157 ¢2IAR2498
(12791345 «4R946ATY 20419298 «24%273P5
JUPTTHATTY «5064022P 225264185 «25376044
2027660064 «52341337 026112048 226226493
«02753507 54050040 26965293 +27NRATAR
N2741008 JH55TARITH «?TR215%48 «27944R30
12720560 +%7490385 YLLK ] «2RANATHA
e P271M169 59222102 0295455856 29676546
«1270IRI2 « 60961565 «308133448 «INS4R2L9
«N2691550 «H?TNHBLD «31285019 ¢314623794
12679322 «64463AH4 032160594 «32203290
N26RTLEH « 66226816 «33040090 REILLRFZ
0 12684%02R 67997648 +331923526 clanTal??
IPRARURD 69776418 34010922 + IA0K5AQT
«02R20949 « 71563164 035702297 «ISRENKTN
126 1H949 «73357932 «IA5976T0 36760262
1260 T0A2 75160752 ¢37497062 «ATRH369]

Xw
«002%1381

B
. Al
f;; e Lt//z‘
+49R9054]
+49890507
«A9R004T4
249890440
+49A90406
«A9A0037)
49890339
+496890307
<A9A90274
«49890241)
«49R9020R
«A9A9017S
249890143
4969011}
+49090079
+A9R900AT
149890016
+49889984
«498A9952
«498R992)
«49AA9BHY
+ 49689058
<A9RASA2T
«ASAR9TI?
49089768
+49RBITIS
+A9ARITOS
*4908967S
NLLLITYYY
«49RA96) 4
LTT.ILYTY
+49RA9SS5S
+49AR952Y
+«49PA%498
L LUTTYYY
49809437
+496R940A
« 490809379
+49R09350
«49ARSI2)
«4A9RR9292
+498R92064
«498HI216
49889200
«49RA91 179
49889151



Gl-23

50%
S04
503
502
50t
500
499
498
497
496
495
494
493
492
491
490
4R9
ARB8
407
486
488
4R
483
482
481
LY.1]
479
478
(344
AT6
A7%
aT4
473
a2
a7
aT0
469
LYY ]
467
466
465
YY)
463
462
461
460
459
458
457
456
455
ASs
453
452
451
450
449
LYY )
a“
LYY

W D2607002
e 02594228
e 025R7426
2571676
202559979
' N2%4013)
025367139
02525196
« 02513705
202502764
«N2490A T4
02479835
2« N246R246
02487007
s N244SALA
002434678
«02423%A8
002412%48
02401856
«N2390611)
«n2379719
«0236A874
12388076
«N2347327
oN2316625
002325971
02315365
02304806
102294793
+022A3A2A
02273409
002263037
«022%2711
02242431
002232196
002222008
«N2211R65
WN22017R7
02191734
«021P1706
eN217174)
2 0216]1R24
02151949
02142119
«021322333
02122590
«N2112A9)
«N2103238
«N2093622
«N20R4ANKY
«02074626
202065042
«02055600
oN2046201
«N2036843
«02027528
02010254
«020n9022
«N1999831
201990682

CEIR BT
WPANTNRZ
e NP895224
N25RJA20
WNISTIRTR
202859979
LELT LR R K]
2028347139
e"PR2%19¢
+ 02513708
W N2RQ2264
«02490RT4
+N2479538
«NP4ER244H
s 02457007
«N2445A18
002434078
202423588
eNP41254R
«N7601856
«eN2390613
«02379719
«0236A074
« 02358076
021817327
aN2136625
00232597
«0231536%
e 02304806
«N2294293
«N22RIAZA
« 12273409
+ 02263037
002252711
002242431
002232196
«022220n08
«D2211R65
02201767
«N2191714
02101708
02171743
WNI1HIR2e
«0215]1949
N2142119
«N2132333
«02122590
«N211289)
002103235
202093622
N EDLI LK)
« 02074526
202665042
« 02055600
«(2n4620)
«N2n36R4)
«N2027%2R
202010254
« 02009022
+01999831

WN250%228
RPLTEIY1S
02571078
1129890979
+N254433)
112536739
02525196
12511708
212502264
+ 02490874
202479538
02468246
W N2457007
«244SHIN
202434478
«N2421588
«N2412544
W N2401556
«12390411
«N2379719
+N2168A74
«N235807¢
eN2347327
«0233062S
00232597
«02315365
«12304R04
022942913
20220729
«02273409
¢ 02263037
e02352711
«0224242)
«N2232196
02222008
«02211R65
02201767
202191714
«N2181706
«N2171743
«02161824
e 02151949
«02142119
«N213233Y
02122590
202112091
«N21n3238
¢ 02093622
«)2NR4NS)
2 N2074526
e N2065042
o N2NR5H0N
« 02046201
« 020736843
12027528
«02010254
o N2009022
«N1999A1)
+ 01990682
+019A157)

Table 1 (continued)

+769T 1669
«TAT907T21
«HD61T94T
JR24831349
+R&29T086
«B6149077
28A0N94ANG
«A987A}11
«91785234
+ 97640818
95534897
« 97437520
«9934R727
1.01268558
1.n03197056
1.05134264
l.07080224
1.09034970
1.10998569
1.12971041
1.14952438
1.16942796
1.18942167
1.209%059)
1.2296R116
1.24994782
1.27030633
1.29075716
1.31130075
1.33193755
1.35266802
1.37349260
1.39441174
1.4154259)
1.43653557
1.45774119
1.47904320
1.5n0046212
1.52193837
1.54353245
1.56522481
1.5R701596
1.60A90634
1.830A90645%
1.6529867%
1.67517778
1.6974699)
1.71986377
1.742235977
1.76495841
1.78766018
1.81046560
1.833371516
1.85670936
1.87950R69
1.90273367
1.92606482
1.9495026)
1.97304761
1.99670030

«IRA0049)
039307978
040219543
«4113%208
242054904
+42978901
43904076
2 A4AI92IN
245775682
+46716352
47661263
AR61 0434
+ 49563086
+5052168)
+S14R3718
+52450139
+53420926
+54396099
«5%3756A0
«56359690
257348151
oSRIAINBS
«592338512
260340456
+61346937
+62357979
263373603
«6439383)
+65418606
066448190
167482366
«685212136
269564824
#706137i51
271666241
72720117
+73706A02
+T4A54320
« 15926693
« 77003945
«700861 00
#79173182
+80265214
«B1362220
«B2404225
483571252
+84683328
+R5800469
«RAB922709
+RBOSN06S
289102573
291320247
291463115
092611202
193766534
294923136
«960AT033
297256250
+9RIO0A1S
099610749

INETI1 7R
239402743
«40 198418
+4131R104
WAP2421010
+47170176
«441026230
«85N3RARY
« 45979552
046924443
24TATI634
«4AR2TORS
049704841
+5074691R
051713319
52684126
«53659299
+546230880
255622890
+5661135)
25T4NA2A
58601712
59603656
«60610137
«61421179
062636803
«63657071
+646A10A8
+85711390
266745566
+677044236
+6RR2R024
«69RT635]
270929441
«T19RT731T
+ 73050002
oT4117520
« 75109893
076267148
277349300
RLTSTEIY]
# 79528414
«00625420
01727425
«A2R34452
+0394652%
+85063669
«861A5909
+87313269
«BB4a577)
«89583447
+90726315
«91PT4AD2
«93027734
«94186338
295350233
+96519450
097694014
«98073949
1.000592R2

«49AR912)Y
+49R09096
«49AR9060
249080904}
+490809013
LTLELTTY
«4988R959
«498BR9)2
LLLETTTY
+49BRRBTE
+49RBAASYE
+49RARA2Y
+A9HRATIY
249608772
+49ARBTAS
+4A9RRRT2)
«498RB694
+49888669
s498ARG6A)D
NYLLLTYRS
«490RA59)
+A9RRB566
+49RRBSA}
49808518
1 49A8RA4T]
LLLLTYY)
1 498RBAA]
IYLLLETITY
+490A8392
149888368
«49RRA34)
+49800813180
NYLLLFITY
249068270
+49RBB24T
+498R8223
+4900R199
+490AB17S
«498RB152
«498RB128
2 4988A105
2+ 49RRB0B2
+4986R0S8
2« 498RB0I6
«49RRB01)
49887990
249887967
249BA 7928
«49B8RT922
2498A7900
+498ATATE
049007058
+4904703)
«498078])
+49ARTTES
49607768
249807748
249007724
2496887703
+4988768]



91-23

A4S
YY)
483
442
4s)
440
4139
4138
437
436
435
434
433
432
3]
430
429
428
427
A26
425
24
423
422
421
420
419
418
417
al6
.18
(31 )
413
412
a1
a0
409
408
an7
406
405
404
403
402
401
400
399
%8
397
396
39%
94
393
kLrd
391
390
389
3IR8
isr
388

W»N19R1873
01972509
«019¢3478
01954492
201945545
01934639
01927773
«N191H94T
eN)9I0160
eN1901413
«NIR9270S
+N1BRANIG
«01FTR4N6
eN1HEAR)S
«OIRSEHPH?
eN1AA9748
201R41272
«01A32A36
«01024435
«0181607)
«01807748
+0179946]
01791212
«01TR2999
01774024
«N1TH66A5
eN178858)
«01750517
«017424868
¢01734498
01726538
01TIAMY
«01T1073)
«01702RR2
001695067
«016R7288
2N1679544
«0167T1RI4
oN16ASIAD
«N1686520
«01EART]S
e01641344
«N1633A07
«01626304
«0161P83S
oN1611400
+01603999
« 01596631
«015R9298
«NISAYIR04
+01574726
«01567490
015602487
101583116
«11545978
«01S3RRTI
001531799
oN1524757
001517748
01510770

T1OUGRH2
NIRRT Y
T FIT
2019603478
MK LYYLF]
ARY LT LY
WPIHIRATNY
WN}027773
ERALTY)
«N1910160
W0190)4123
«NIR92T705
+N1RR&ANIG
WNIRTRANA
WOIRKEALS
«01RSADH2
«01RA9TAN
«01R&1272
«N1AIPAIS
oN1AZ&43S
«01R16073
«01607748
01799461
201791212
«017R2999
WD) TT4A24
2017666688
oN175H5H]
201750517
201742488
eN1734495
«N1T72653R
«0171AKLT
0017)073)
«01702R82
001695067
«016R7268
201679544
¢ N1AT1AIN
«016Ma160
2 01A5AK20
s0164R9 1S
«N1641344
+01633R07
«01626304
«0161RAIS
«N1A11400
201603999
«015966131
«015AC829¢
+01GH19%
oNISTAT26
+01667490
101560287
«N1583116
01545978
oN1538KT7)
01891799
201524757
«M1517748

«N19T2508
W NINKINTA
s1968492
211945548
«"1976639
01927773
+PI9IHONT?
1910100
1901413
+0IR92TOS
+H1RARA0I6
W 01875406
WNIHABALS
«N1B85A262
«N1R49748
01041272
«01832R34
+N1A24413S
«"1816073
JNIHATT4A
« 01799461
o0N}791212
«N1TA2999
W01774824
«N1T6H68S
+V)75R583
«01750817
+N1T74248R
o 1734498
01726538
«N)T18617
«N1T71073)
«01702882
001695067
«01687288
001679544
«01671834
oNIHGE4)60
e 01656520
W 01646918
WN164]344
01633007
oN1626304
201618838
oN1611400
+ 01603999
«115960631
2 015R9298
+015A1994
«01574728
«N1%67490
01860287
«01553116
V01545978
AL RLLER]
001531799
WN1524757
«V15])774R
«N1510770
«01503823

Table 1 (continued)

2.02046120
2.Nn44730Rs
2.06830972
2,09239Ra)
2.116597348
2.1409072)
2016532041
2.1R9RA15)
2.21450704
2.239265%%9
2.26413763
2.289123717
2.31622451
2.3394404)
2.36477202
2.3902199)
2.41578466
2.441406678
2.,4672668)
2.49318%4)
2.51922309
2.5453804])
2.5T7T16579¢
2.59A05632
2.62457603
2,6512177)
2.47790197
2.7048693)
2,.T318H04)
2.7590156)
2.78627613
2.8136619)
2.0411738)
2.R6RA1244
2.99657834
2.92447218
2.952494523
2.98064601
J.00892726
3,03733ARA
3.06580)52
3, 09455577
3.12336227
3.15230164
J3,18137452
3.21058157
3.23992342
3.,26940069
3.29901400
3.32876408
3. 35A6515%
3,38867703
J.41RR041)48
J. 44914472
3.4795AR24
3.51017246
J.540A9R0)
3.57176560
3.60277590
3,6139295%

1e00T796082
1.N19RRAIY
1403181046
1404386729
1,05591913
1406R04027
1.0RN22A96
1.0924A747
1.10476206
1411711301
1412952059
1414198507
101545%5067]
1+1670ARS8N
1447972262
1619241742
12051705}
14217982)5%
14230R526)
1.24378222
1.2567712)
1.,269R1909
1.28292RS4
129509744
1.309326R9
163226)7)7
1433596R58
134938141
1436205595
1437639249
13899377
1¢40365279
141737714
1043116470
1044501575
1445893061
1047290950
1448695296
1450106107
151523421
1.52947270
1454377684
1455814694
157256333
1+5A708632
1.60165622
1461629336
1463099006
164577063
166061140
167552070
1469049R0%
1470554418
172066302
14735R4970
1:7511065%
Je76643392
1.78183212
1479730150
1oB812R4240

1,01250019
1402640240
1.03647929
1.04R5511)
1.06067827
107206096
1.NASN9947?
1.09739406
1.100748n0)
1412215259
1413461707
1e1a71387]
1.159717A0
1417235467
1418504943
1419780251
1421061415
142234846)
1e2364]422
142494032]
1426245109
1427556054
1.28R72944
1.,301958R9
1,31524917
1.,32R60058
1.,34201341
14355408798
1436902449
1038262304
1039628479
1441000914
142379670
1043764775
1:4515626)
1e86%541508
1047958496
1449369307
1450786621
1452210470
1653640684
1.550T77894
1456521533
157971832
1.59420822
1.60R92536
1462763006
1463840263
1465324340
1e66R)5270
1.6R3130R%
1.69R1781A
1o 71329502
1472048170
14742373858
1,78906592
177446412
1.768993350
1460547440
1,0210A716

149887460
»490A7619
+ASRATEIA
+49RATE9T
+49887%76
149807558
+49A87534
W49AB75]4
«A9RRTA9
«49887472
2498AT453
+49887432
149087412
+498AT192
249RAT3T2
+49RATIS2
2498A7332
149887312
+4988729)
W49ART273
249687253
2498A7234
24VBAT21S
249887196
«49887177
+498RTISA
«49RAT139
+498R7120
+498RT10]
«498A7082
149687063
24900708
«49887026
+49BR700A
«49AR6990
+498R6971
+49886953
+498R6936
+498R6918
+49ARBIN0
+4968R6882
+49806864
1498R6046
+49006829
2498R6012
TITSIN
«498867T7
«49A86759
«49BA6TAY
«49RB6725
+ 49886708
24988669
49906674
249886638
249886641
+ 49606628
2490886608
+49AR659)
+490R63T7S
«49886559



L1-23

s

343
382
81

IR0
are
ara
377
ITe
378
374
373
372
[32)

3re
169
368
387
166
365
364
363
362
36

360
159
258
357
356
185
356
353
352
351
150
349
348
347
346
345
384
kLX)
342
381
340
139
138
137
336
335
334
13
332
33
330
129
328
Izt
326

ALLERLYS]
WN149A90H
«N]a9an2q
2018R T2
WN1A7635]
«N1869660
oN1462AN]
«N185ANT2
201849771
201442705
01436067
+01429459
an1822R61
01416373
+N1409R 14
1403326
« 011396846
WoN1390436
«N13R4NIS
01377660
«01371321
1365007
«0135R72}
oN1352464
01346236
201340036
eN1333A64
«01327720
aN1321604
001315518
»013n945S
201303422
01297416
001291438
01205487
401279561
01272666
N1267796
01261952
o 01256135
01250345
eN128458)
«N1230P43
01233131
01227445
«0)221788
«01216151
201210562
s01204360
#N1)99403
«N1192K70
AR LLELY]
«0)1RCRRA2
e01)7742%
eN11710893
201 1HARAG
anil612nd
2 0115%R4S
+N1150612
oN1145203

NALSNEAL
MU LT RLFE
e N1a909uN
eN1a20N2Y
NOTLEIRE
o NYLTRISY
RAYTELTN
XORUYLDE
oN1a%6NT72
eN144937)
«01462708
2014360067
o N1429459
«11622RA)
eVS]1633)
eN1aANDALA
+01403326
201394866
201390436
FRAR LIS RLY
001377664
«N13IT132)
«01365007
111358721
201352464
¢N1346238
«01380036
«01333A64
s01327720
01121604
«0131551%
«01309455
ef1303422
«01297416
«01291438
«N12A%437
001279563
01273666
201267798
+01261952
0012561235
« 01250345
oN12845FR)
«N123RA4)
«M1233131
W N1227445
«U1?7217R8
eN1P16151
oNY210543
sf]2nacen
«0119%40)
+A1193RT0
AR LLRLYY
X RLFLLY ]
201177428
«01171993
eNYLORGHA
«C1IR1P0D
N1 155HaS
01160512

01404900
190028
e14R T2
WN14THI5)
« 14695060
NN16h2AN]
Jl88B0T2
11449373
01442705
oN1A3K0ET
o N1429459
V18422881
«11416331
«N14n9R 14
201403324
+N)396R66
«N"139043¢
+013R4038
01377664
«N1371321
« 01365007
20135972}
«01352464
e 013456236
01340036
+01371A64
o01327720
001321604
01315518
+01309455
W01303422
201297416
eN1291438
+0)2RS4ABT
01279563
«01271668
201267796
oN1261952
«N1256138
001250348
«0124456]
«N123RBAJ
«0123313}
001227445
«N1221785
01216151
«011210543
201204960
01199403
+11193R70
2011K82304
o] 1APARD
NISRALY}
«M17199)
R LLLYLY
ol )A120
o1l |55P 45
WN115NS12
eN1145200)
«11179914

Table 1 (continued)

1. 665227260
369666973
J.12A25763
3.75999)6%
3.79167250
3.A2390085
J.AS60TTAS
3.,0R840291
3.972087005
3.95350352
3.90628005
4,019208)
4,05278913
4,0A5%2313
4.1189]109
4,15245372
4,1R615174
4.2200059)
4.2%40]1708
4.2RB1B%78
4.32251287
4,35699910
4.391645]9
$,42645198
4.46142018
4.49655056
4.53184384
4,56730086
4.60292238
4,638709]19
4.67466199
$,71078169
4.74706900
4.7R35248)
4.A2014978
4,85694480
4.89193065
4.931040]0
4,.96835R04
$.00504131
5.04349864
5.0B)33084
5.11933R861)
5.15752339
5.195AR536
$.23442560
$.27314496
5.31204626
5.35112429
$.39N3AAK04
S$.429A302)
$.46945792
5.50926983
5.54926602
§5.50944976
5.62981963
$.6703772%
SeT71112307
5.752n0592R
5.79318553

1+R2R4BK &
JeR4a]an12
1.A59R9761
J«RI5T2R02
1+89163165
1.90760R86
1492366000
1493978543
149559R%50
1.97226058
1,98R61097
2.00503708
2402153927
2.,030117488
2.054T732A
2407150583
2408R13)591
20105203448
2412217010
20123921498
2415633802
2017354206
2419082506
2.20018819
24225613183
20243156237
2426076219
2427844968
2029621921
2431407119
2433200600
2435002404
2.36R12%69
2.38631136
2,40458148
20422936238
2044137648
2045990219
2.47R%1 1395
249721214
2,515997118
2053486948
2055308294
2457287788
2.592011398
2061123941
2,63055422
246499576
2060945350
246R9N3IAAS
24TORT 524
247248310
2474834286
2076029497
2. TARIIGAS
2.80R4779%
24R2RT0971
2.R49N3554
2006945594
24RA997138

1oRINTTI212
1.8525294)
1,A6N36002
1.ARA 26308
1.90n24006
1.91629200
149328174
1.94R61750
195489255
149R124297
1.,99766908
2.01417)27
2,03n749A8
2,04740528
2,06813183
2.,08n09479)
2,097R35R8
2411480210
24131846954
24)14H970R2
2416517406
2.18345706
2.200R20)9
2021R263R)
2423578837
2425339419
2.2710816A
2,2RARS1 21
230670319
24324636800
2434265604
2436875769
2037R94338
2039721345
2,41%5683%
2.43400846
2445253419
2047114598
2.,489R44)4
2.,50R62918
2.,527150146
2.54646]41)
256550948
2.50464598
2.60IRT7143
2462318622
2.64259076
24662008550
2.6A1ATORS
2070134724
2.72111%)10
2474097414
2076092697
2+7R09TIRS
2400110978
?2.0213417)
2.R8160754
2.R620B194
2.68260335
209032141R

«49RRE54]
«498A6524
+490R651 0
YLLLIYNTY
+A9RRGATE
NLLLIYY Y
Y LLEITYY Y
498R641}
2 49BR64)S
«4%8R06400
»A9RRGIBY
249886369
149886135)
+499486338
149ARB322
«49RRGI0T
«490P6293
+498A6278
149886262
«ATBRB24T
«49886231
IYSILILYSE ]
+490R6203
«496R6) 09
«498R61TA
+A98AB)S59
IYLLETIVY ]
49AB613]
»498R6) 16
+498A6102
+498P60880
«49BR60T4
+A9BR6060
49886048
+49RA601]
2498RE01S
4986004
+49BR5990
2 496A5977
+49RA596)
«498A%5949
+49BR5938
+49R8592)
+498A5909
+498A5H96
+49RASAHY
WA9BASRE9
' 47R85856
2498R5044
+498A5R30
49885817
+49ARSHES
«49BRST79)
49085779
«49085766
«49RA5T54
4964574
«498A5729
249BR5716
+498R5703



8l-23

32%
324
323
322

320
319
318
317
36
215
34
313
312
311
30
209
308
307
306
30%
304
303
302
301
300
299
298
297
296
295
294
293
292
291
290
2R9
2n8
287
266
2Rs
284
283
282
261
280
219
Fad:)
277
276
218
274
273
212

270
269
268
267
266

oN113991R
e1134€657
N1 129420
«01126207
«01119018
«n1113852
+0110R710
01103592
¢01N9R4ST
«0109742%
«P1O0RRITE
«010AI3S1
»N107RIAA
«Q1073108
«0106R4]}
201063677
2 0108P56S
01053678
»N1048608
«N1043963
«N103914})
001034340
+01029%6]
»01024R08
«]020069
«N1015356
«010106hHe
01005993
201001344
2009967)7
«00992110
« 00987524
00982960
«N097R416
»0097389)
«00969391
200964910
0009604489
« 00986008
+N09%)5A8
«0094718A
«00942808
«N093R440
200934108
+ 00929780
» 00925408
«00921207
¢ 00916947
00912705
«0090848)
»009042R]
«00900097
+0089593)
+008917A8
«00NRBTHE2
«NOBRIKKS
+NOBTI46T
«00875397
«00BT1347
«N086TING

MU RE L FAiR)
Wh112399]1A
IR RILLES
sfi1] 29620
st 126207
et1119N1R
e 01113052
NURLLAAT
o 01103592
«0109R497
0010934295
+OLNARATE
«N10RIISY
«eNINTPIAP
eN1n73368
o 01068411
201063477
+D105R56%
e 01053675
+01048A0A
201143963
001039141
201034340
201029561
20102aR04
«01020069
¢ 011015356
01010664
401005994
201001344
« 00996717
«0NN92110
+NNIATS24
2 NO9R2960
+0NSTR41S
¢00973R9)
« (10969391
2 0N9A4T]0
«NNIADASY
2 000%6008
«0N9515R8
LLLTRALL)
«0N942ANA
20N9IRLAB
00934108
+0N929768
«0N92548R
«00921207
«0NA1HF4T
«N081270S
«NNONASAD

e n9042061

« 00900097
M GELLTKE ]
«NNRGY THA
«NNARTE62
»NORRISSS
oNNATINGT
s0NATS397
«NNATLIINT

NORRTVLY
»M1129420
W11} ] 28207
1119010
011113052
II0RTIN
1101592
«aN110R&9T
1093425
+M1UARITH
«110RII5]
WU} 078I4A
aNJUTII6A
AR LI
HINEIATT
« 110508568
01083675
+0)04RA0S
+ 01043963
NAL:LIIEY]
201034340
«0102956)
«N1024804
«61020069
«01015356
o 01010664
+01005994
01001344
2 0NI96T1T
*00992119
«009ATS24
+009R2960
«DN9TRALS
00973893
200969391
«00964910
« 00960449
*NN9%600A
+00951588
000947188
00942808
000930448
«N0934108
200929784
00925488
«NN921207
00916947
«0091270S
+N1090R483
«N090428)
«NNY9NNN9T
«L0AY5913
«0AR91TAA
«NOHATHE2
«NRAJSSE
NULLYAZY D)
LUNRTS5IT
«OQHTLIIAY
«10867314
«N0R6IIDY

Table 1 (continued)

5.A1450308
5,876012R6
5,91771519
5.95961279
6,0017067%
6,04399264
5, nR6ATTIS
6,1291598)
6,17206094
6,21512169
6,25040300
6,301R8584
6,34557122
6.3R945997
6,433553140
6,47785157
6.52235639
6,56706846
6,61198084
6,65711850
6,70245R38
6,74800950
6,793717208
6,83974952
6,AR594037
6,93234646
6.97R960R6
7,0258085)
7.07286650
7.)20143R)Y
T.16764150
7.21536070
7426330233
T+31146747
7,35985720
T.40847254
7.45731461
7.50630437
7.55568302
T.60521162
T.65497118
T.70496248
7.75518769
T7.80564604
T.85634]138
T.90727240
7.95844108
8.n09RAB4S
8,06149566
8.1133R389
8,16551438
8,217R8800
8,27050602
0,32336962
B,37647998
8,42983R30
B, aR344564
8,.53730309
8,59141207
8,6457736%

2.91056210
?493120A9)
2495209198
249729918%
2.99398A97
1,01508387
3.0362768%
3.05756R%2
3,07095930
3,10044965
3.12204006
3,14373099
341655229)
I, 1R7416)
3,20941168
3423150948
3.253710158
3,27601426
3,29042226
3,32093464
3.34355190
3,36627453
3,3R910303
3,41203790
3,43507963
3.45822A7%
3.4R)48%74
3.50485113
3.52832542
3,55190912
3.57560276
3,59940665%
346233219}
3.64734R47
3,6714870%
3.69573818
3.72010239
3.T4458022
3.76917220
3479387RAY
3.81870077
3.84363A44
3.86R69243
3.R9386330
3491915158
3.94455703
3497000261
3.99572648
4.02149000
4,04737374
4,0733782%
4.09950412
4412575190
A4,15212218
4.17861554
4,2052325%
4,23197379
4425003906
4.2B5R3134
443129488]

249239209)
2.94472198
?.965623N0%
249RA62097
3,0077]15m2
1.02R90HA%K
3,05020052
3,0718913p
309101145
3.11467206
3,13636299
J.15A1549)
3.1A0n0483)
3,20204366
Je22414105
Je26614215
3,26R64626
3,29105426
3,31156664
3.3361A37%0
3,350906%)
3,30173%0)
3,40466990
3,4277116)
3,4500607S
3, 4T41LTTS
3,4974831)
3,52095742
3.54454)12
3,56R23476
3,59203R88
3,6159539]
3.,61998047
J.6641)90%
3,6RRITOYR
3.712734239
3.13721222
3.Th1B0420
3,TARS10AT
J.81133277
3,83627044
3,0613244)
3,RP649530
3,911783%54
3,9371A943
3,96271851
3,98035848
4001412200
4,04000574
4, N660102%
4,09213612
a4, 11838390
414475410
4,17124754
4,197AR4ES
4,22460579
4,25147186
4,27046334
4,30558001
4,332824R9

Y3LLLTY]]
«49BAS6T9
«ASRRSHET
049085654
2490085642
249885630
«498R%618
1498ASH0S
049805594
249085582
+4988557)
+49ARS559
«A9AASSAT
«498855238
«49A05528
249085512
249885501
+ 49085409
+49885478
49005467
49065456
1 498R5444
«4988543)
+49ARS422
«498A5410
249885400
+49475388
+49RASITE
4985367
249885356
04905345
249A85335
+4980532¢
+49RASI1]
249085302
49815292
+ 49605202
49005271
249885261
+498R5250
049885240
496085230
249885220
0 498R5210
249885200
+498R5190
49685179
+49005169
« 49005160
+49R851S0
«498RS140
+49805130
249685120
249685111
+49RA510])
+498R5091
Y LTLTTYY
0496850723
+4980506)
+4988505)
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205
264
763
262
261
260
259
256
?57
256
25%
254
253
252
251
250
249
248
267
208
245
244
24)
242
24)
240
239
238
237
236
235
234
233
232
2N
230
229
228
227
226

224
223
222
221
220
219
218
217
216
21%
214
211
212
211
210
29
298
207
206

PIULRE D]
CYLLLRY.LY
«0NAS% 32A
PNORS] 369
«NNALTARY
«00R4ISNG
LLLALY YT
JNOHISTS
«NORYIRAG
«0NART99S
« 00824162
«NOA2046
«ONPIASAR
«O0UB12747
«NOHNON0S
«+0UaN%2SH
«NNB01529
«NOT9TRLY
00796122
s0UTIALS
«N0TAET8e
«NOTAJLAD
+0077951)
« 00775902
«00772108
+ONTHATIO
00765169
00761625
NOTSAN9G
«ONTS45RS
«NUTS10RA
«0NT747408
0NTaa 140
« 00740696
«NOTAT264
«00733048
«00TINMAT
N0T27062
200723692
«00720339
«0UTiTO00
0NT13677
«00710369
NOTNTNTH
«n0703799
«0NT0%36
«N0BIT2HS
00694057
«00690R39
ONARTAIN
Y LLLIY YY)
SONBALZTS
e0067A8116
NNETE9T2
«N0KTIAAD
«006AFRT2T
CNNBASKZH

+INRER54N-

oNNBS94nT
s 00656409

NEEY AN T
LI R RTI)
¢ NNiR9 NG
e NRRGEI2A
clinns] 3A9
etnRaTA2Y
WNNEAIBLA
shokIShGR
eLBRISTIS
MLURARLY )
«NOH2799S
+0NK24162
OnR2NING
oftnR1aS4N
WHNR)276AT
LT
«N0RG525R
+0nAN1529
«N0TITRIT
«NNTIA22
20NTONAAS
NTAATRS
«NNTATYI A0
«Bn778513
00775902
eNNTT230R
«UOTEBTIN
sPn765169
«NNT6162%
«0n758096
«00754584
0TS 106R
«D0T4T60R
ONTAN]L A
00740696
200737264
o NNTIIRAE
WNATINKAT
200727062
00723692
00720339
oMnT7I7000
«NNT1IRTT
«BNT710369
enTNT0lA
«00703799
«N0TO0S36
SUR6IT2HY
o 10694N5T7
s Nn6a0RI9
«NNAHTAIN
LYY Y]
«NNERTZTS
oP0RTBIIG
«fnsT4972
oN0AT R
cHNRERT2T
eNARGER2AK
NLLCPAY Y]
LIS TY N

2 BOHEY NG
VONREY 323
GO R
WINAGTAZY
NI RLT )
«HNNIAN2
ei1n3ISTIS
SUNRTIAGS
+"UR2799%
W NNH24162
2 NNNH20346
«N0A16S4R
NoBI2767
J1OHOSCUS
+OADS25R
«0NAN1529
«00797817
«N0794122
«NOTINE4GS
WNOTRBTHG
«10TRIN40
$00779%)3
«NNT75902
20772308
«NOTRATIO
ONTRSL69
WN0T76162%
«U0758096
«00754584
«00751088
oN074760R8
WNNT4N144
200760696
00737264
00733048
+ 00730447
«00727062
200723692
«00720339
+00717000
«0N0T130TT
«NNT10369
«007070T6
OnT03T799
NOTpa%36
200697289
10694057
«1NAA0NBIY
«DNGRTAIG
sNN6P4LALA
«NO6R12TS
oNOATRI LS
«0N6TAST2
«POLT1RSG]
nORRAT2Y
PONARSH26
TTLYLIIY Y
NNERIAET
JHOBREANT
20NNS336%

Table 1 (continued)

0,7003890%
A.1552592A
8.81n385A2
A R65TH962
8.92141223
8,.9T731447
9.03347790
9.nR990247
9.14659262
9.,20354652
9,26076639
9.31825352
9.37600923
9.43403459
9.49233103
9.5%0R9986
9.60974228
9.66P05948
9.7282530)
9,7879239)
9.R4TATIHG
9.90810347
9.9606)470
10,0294086}
10.09048688
10.15185034
10,21350062
10.27543902
10.33766687
10.40018547
10,46299636
10.52610075
10.58950019
10.65319586
10,717168931
10.7814A198
10.,84607506
10.91097021
10,9761686)
11.06167187
11.10748136
}1.07918727
11.,050T6SAT
11.02221644
10.99353838
10.96473110
10.93579400
10.90672648
10775277}
10.RaB19722
10.A1873429
10.78913832
10. 75941859
10.,72954452
10.699%4550
10.6694107)
10,63913977
10.60473163
10,5701R604
10,54750192

4434019289
4030756415
4,39506320
4042269065
4045044709
4.478333)4
4:5063494)
4453449650
4,56277508
4,%9]108564
4,6197289)3
4,64R4055)
4,67721606
4,70616117
4,73524)48
44THAAST6)
4,793081027
4.82330002
4.R5292754
4.RR269348
4.91259A49
4094264322
4972028233
$.0031544R
503362234
S.06423257
S.N9490%AL
5.125AR283
$.1569242)
S, 18811066
5,219442R7
5.25092152
$.2R254730
$.3143209)
5,3462430)
8.,37831437
5,41053562
5,44290750
5,475423072
£,50R1059A
5254093400
8,526R1A6A
5451263908
$,49R39724
S,4R409040
5.4697)922
8.45578320
5.44078210
542621560
Se4115A36
5, 396A4809
§43R2]12044
5430728910
$43523907%
5,33742506
5,12239170
5430729038
64292120065
5,276AR230
S.26157490

4,34019616
4438769570
841537265
4,84307909
4447096514
4 ,A9R9R14)
4,527128510
4.5%5%540704
4,5R381 76
4,6123609)
4,641037523
4,669048n6
A,69R793)7
8,T2TRTIARA
A,T570896)
A,TREAG22T
4.01593202
4484555954
4,87532548
4,90523049
4,93527522
4,96546033
4,995TR64A
5.02625434
5,056R6457
5,0ATK]17Rs
8,13A514A3
8,1495%621
5,1A0T4268
5,2120T4A7
£,24359352
5,27517930
5,30695291
$,33RATS0Y
8,37094637
8,40316762
5,435539%0
5,46R06272
5,50073T9R
$,%33566n0
5,56654746
5.55736044
§5,53R12602
5,52301924
Se50944RNN
5,49%01}199
5,4R05)0R9
5,46594418
5.4513121%
S+4IRK]1IAT
$.421R4922
S,4NTO)THY
5439211954
£,37715304
S+ IRP1204R
€,34701912
5,371R4%3
SeJ1AA1109
5.30130374
5, 28%92701Y

PYSLELTIYY
+498R5N3S
149885025
049085016
«49885007
+ATRAAOOA
«498RAYHE
L LLYY 24 ]
+A9ARA9TO
+4988496])
+498R495)
+498R4944
Y TLITEYS
+49AR4926
+49AAASLT
+49RAAT08
«A9AAARSY
+A9ARARYY
«498R4AB2
WA9RPARTI
«AFRRABLS
+49BRARSS
«49AA4BAA
+«AIRALAIY
«498A4BY
L LLTLFE]
498R40 14
+49RRAA0A
249804798
249884790
«4988470]
«49RRATTY
+A9BRATLS
49084757
+490804T749
«49BRATAY
+4968473)
+A9RRAT2S
+A9RAATIS
+49BRATID
249884702
« 49884694
Y LLIY.1.1)
49884678
24UARAGTY
«4SRAAGES
s 49RAN4656
+49BR46AD
L LLTY.YY )
249ARA63)
«A9BRG62S
49004610
Y LLTYIYY
YL LETYT.
2 490RA598
c49HAAS5E9
+49ARASA]
2490RAS TS
«49AR4567
2 49AAA560



0Z-23

20
2Na
2n3
202
201
200
199
198
197
196
195

[gt
193
192
191
190
149
1R8
187
tae
188
184
183
1ne
18]
180
179
178
177
176
17%
174
173
172
134
170
169
168
167
168
165
164
163
162
16])
160
159
158
157
156
155
154
153
152
151
150
149
148
147
teb

ePNELIIRG
RLLLOYE S LY
LULYSRIE)
aNNGEAATILE
«NVE41320
«ND6IAIS]
FCLLELALH]
« 10632445
«N0B29571
2 0U62659)
e0D62I6AS
NNK2)TO]
« 0061791}
« 0615044
«NN612190
200609350
«N06065235
« 00603709
00600907
«NOSYR]]S
«NO595744
+N05925A1
+«N0SA993]
«005870%4
«005A4359
«00SR1A57
«HNSTA95A
00576271
«00573596
«00570934
«0N56R204
« 00565646
«00563020
200560407
«00557R0S
LLLLLYAY ]
«00552634
« 00550073
200547519
« 00544977
«N0542447
«0n539928
s 00537428
00534926
eNN5I2442
« 00529970
000527809
2 00525059
ON522621
+NUS20194
«00517778
«N0515374
«005129H0
+ 00510598
MGLL LTS24
«NOSNSRES
+0NS03817
«NN5a117R
«N0498P50
WNNHA96KI]

eNnGALNY
PLULLARE T
NNrGENIIAS
CUNNETIND
UL L]
OIS RTL]
LTS ERLY]
«NneISI72
LY PIYT
«00h2951]
N0RPERI
2 0NA23I6HA
NNA2ATI|
«0AR1T91L
eNOAIS0S
00612190
«ND60N93ISH
«ONANGS2)
2 0NANITOY
«PNKONSDT
«0159A119
200595344
«NNRI2581
«N0HB983)
«NOSATAYS
«0NSA4 369
+00SATIAST
«0057H95R
« 00576271
«0n5735%¢
«NNST0934
«DASAKA284
2NNS6864A
«0n%63020
«0NS560407
«0NS5TANS
«0n555216
+NNS52638
00850073
00547519
000544977
100542487
+Nn839928
«00537421
s NNSI4926
«NNGI7442
«N0529970
«UNS2TSNQ
« 00625059
N0522621
00820194
«0n%177178
+0N5]15374
0512980
«HNRLO%9A
PLLLYLY &)
¢ NENSAGE
WNPEN3517T
sirn&N1178
NP BS0

PUULITRE U]
U YSEEE]
AILYYEIL]
PEULYIRPL
MLLS LRLX]
OCELELF]
MRULAFIY LY
W HNA29%] Y
SINR2ES9]
«ONKIIRHS
fi0h2079]
«00R1TVNY
s N0H15064
«N0n12190
« 0609350
«PNANE52]
« 00603709
00600907
«N059H]119
POLLT LR Y Y
« 10592581
2 1N5A98 3]
«N)SATN%
«N0SA& 169
«NUSALEST
400574958
200376271
«10573596
+ 00570934
« 00568284
200565648
+«00563020
L005480407
+00557R08
« 00555216
«00582638
° 00550073
»0N547519
210544977
e 00542447
+0053992R
+ 00537421
+00534926
200532442
«00529970
«N0527509
«0N525089
+00522621
«N0520194
0547778
«N0515374
«00%12980
« 00510598
JA0RAR227
BN RAA
200503517
00501178
«NNG9HRS
«NN4%ES )
o NNA94228

Table 1 (continued)

10,5166789)
10.48571622
10.45461321
10.42336917
10,.39198339
10,36045%27
10,32A782199
10,29696894
10,26500940
10.23290467
10,2006%403
10. 16825688
10,13571239
10.10301903
10,070176863
10,03718R0%
10.004naTl6
9.97075546
9.937312)3
9.90371633
9.86996758
9.8360649)3
9.8020076A
9. 76779521
9.73342657
9.69890118
9.66421819
9.62937689
9.5943706404
9,55921626
9.523R952¢6
9,4R041298
9,45276H4S
9.41696107
9,30098979
9.34085412
9.30A55298
9.27200579
9,23545170
9.19064988
9.1616795]
9.124539858
9.08722997
9.049749)4
9.,01209652
8,97427142
0,93627274
A.A9AN9978
8,A5975182
8,82122779
8,.78252709
B,T4364R6%
A, 70459178
8,665335556
R, 62%93913
8,5R634162
8.54656219
8.50659990
A.4664540)
A, 472612350

5.24A19R29
5,2307515%
5.21523%60
5,19964R9)
5.,1R399154
5.16R26314
£.15246336
Se13R59)AT
5412064831
$410463234
5.0AHS4 A0
$.072381764
5.0561664)
£.03983726
$,0234539)
5,00699403
4,99046324
4.973A5519
4,9571 7151
4,940411803
4492357580
4,90666303
4.8R%67317
4.0726058)
4,85506065
4.AFR23T2s
4,82093%24
4,00355426
8, TRADDD92
A,T76A55238%
4.7509336%
4473323294
4,7154513)3
469758844
4067964307
4,6616)723
4.64350R1)
4.625314168
4060704094
4+58086A208
4057023911
4.5%171170
405330994
451440185
4,49561060
4,47674925
4.45779339
4+43AT5n61
4041062047
4040040258
4,39109650
4.3617n182
4,342218)0
4432764493
46,3029 )87
&,2R3I22R9
40261384237
4,24344908
822342213
4207710314

S,27nan073
£,2549641A8
%.23937770
5,222720232
5,20799192
5419219218
Se17A1206%
5416037709
Selae3h)12
%,12R2T21R
S,11211062
5.095A7519
§,07956604
%.0631R270
8,0457248)
$,0301920)
5.0135R397
4499590029
4,98014062
4,962130458
4,9403918R1
4,92940195
4,91233461)
4,09510943
4,07796602
4,86066402
4,R4320304
4,02%08227)
4,00R28263
4,79066243
4,77296172
4,7551A0)2
4,73731722
4.719372488
4070134602
4,6A32369)
4,665044585
4,64676972
4.62R410R4
4,60996789
4,59144048
4,572082020
4.55413063
4.53%34739
8,5164T804
4,49752218
A,4TRAT99
4,45934926
A han13136
A 420R2528
Ao00143040
4,3R1946FR
4,3623737)
4,34271048
4,32298727
4,30311 N8
4. 2R 77Rs
4,2631509)
4,24303]192
44227R20404

a8 vanelLy
YSLETY-TY )
«A9BR4539
Y ALITLEF]
+ABARAS2S
2 49AAAS )T
+498R45]
+49RB4AS0S
«49RRGAIT
WA9ARAA90
49004484
sAORNAATT
«49R044T0
NLLETYYE]
«AIRR&AST
YLLITYY]
LTLIYYS]
049084437
+A9ARAADI0
«APRALAZS
«A9RRASLT
WL LLTYSE]
N LETYY T
49804390
249814392
+496A4IAS
+49804379
«A9ARA3TY
+AIRAAIGT
249884360
ILIITELDY
«A9ARSIAA
«A9RRAIA2
0490043358
2498041329
«4968432)
+498A4317
«4980431)
«49AR4305
249804299
049004294
+49804207
49004282
«A90RA2TS
+49A04270
WAFORA264
249804258
+498R425)
249084247
NLILIYIYY
+498A423S
LTIYY TS
«49AR4224
+A9BRA219
+49RA421)
+498A4 208
14984202
+490684197
«49ARMI N
«498R4188
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NUANA226
«N049)9)1
I TLLTYYY
«004AT3T)
oN04BSINT
00482853
«NOAANKIN
«0NaTRITY
s00476149
2004713943
00471761
eD0469549
RITYSATN]
«N0apS196
o NN463N e
«004K0RAR]D
+0045RTa]
00856609
LTI N
WN04AS237S
100450273
«004aRIA)
LI TYY YL ]
+00444025
N LIYILTY
«NNa39907
«00437R62
200435827
«N04IAN2
+004317AS
00426778
00427781
200625792
00623813
oN0A21AND
»00419AR2
00417930
«0N415987
oH0414054
200412129
s0041021)
00408306
c0nankan?
«0N404518
s004N2637
«NO4BATHS
»00396902
«N0ISTNAT
20039520)
«00393163
«00I91534
«003A9T714
¢NN3IATON2
+003RAN98
«N03RAI02
+0NIA2E}S
«003A07236
«0N37P966
00377203
«N0375449

NULYY LS K
s NeTa2 P
«NNe91O N
s NNaRSFAL
WNNGATAT]
sNgAEINT
NRAAZKRY]
UNARLALY
«NNaTRATT
«0NaTAISS
«004TI9)
PLUTR AR S ]
POLYYL 1Y)
0nakTIHT
¢ 004065196
eNNanInla
L LYY Y LUK
WNNaSBTaL
eNnasesy9
«0naSaaR?
+0N452375
s0na%027)3
+ODAARTIHY
« 004406098
W NNANANRS
LTY R L]
NI4T
«NNa3ITR62
«00a3%R27
«0Ne33802
»00431765
20Na29778
ohNa2778)
20na25792
«00a23812
ULy UL K]
W NN&TIIRA2
«00417930
«00a15987
«NNalansSe
«DNAL12129
«Nosi0213
«N0enBI0H
«Bna06407
efhanaS1H
«NNan26d?
«NNa0NTES
«ON39R9N2
2UNITNGT
« 10395201
00197363
00391538
s NN IHIT]S
e NAYRTNN2
«NNIAGNSA
«NNINGI0Z
MILE LA L]
W NOIR0TIA
oM ITRGGH
+ 00371207

POUTL A K]
PULTTLLYY Y
NNap?ITY
sUNARS LY
WNUSAPRSE ]
eNSANKLO
NATAVIY
JhIATHING
«0472901
JNOATITAY
0104469549
«DN&RTIG?
«INeR5196
«004AININ
10460ARY
«0NASHTSY
«N0ASH609
«N04SA4B7
«11N8521375
«0045027)
«Nin4aR1Ry
«10446098
0444028
oNNeal196)
« 00439907
«00437862
2 N0435027
« 00433802
+N0431785
«N0429778
«NNa27781
«N0425792
«0N4230)3
o 00421843
«004]19R82
200417930
oNNa15987
oN10A1ANSE
«10412129
« 00410213
«00408306
200406407
«NN4na51A
s 20402637
«N04N0TES
+ 0398902
«00397047
«UN395201
« 003933673
«N039]1538
oM3IH9T)e
« 00387902
«NOIRGNIA
«UN3RATIN2
«NN3IA2S]S
« 10RO T30
«V0ITHIAG
«NN3TT203
e INITH449
¢t 373703

Table 1 (continued)

R, IR560T60
N, 3449053R
A,304015R7
H,262913838
8,22167170
R, 18021524
¥,13056792
8,09672080
B,05469716
8.n1247180
7,97006212
7.92743689
7.60462532
7.84161648
7.79640934
7.75500309
T.7113966)
7.6675891)3
7.62357962
T.57936704
7.53495049
7.49032903
T.44550157
T.40046728
7.3552250)
7.30917392
T.26411295
T.21824104
T.17215729
7.12506063
7.0793500%
T.03262860
6,9R56A3)4
6.93852472
6.8911483)
6,843552689
6,7957373)
6,7477006)
6.,69944173
6,6509596]
6,60225320
6,55332142
6.50416318
6.4547T7742
6,40516308%
6,35531902
6,3052441%
6,25493747
6.20439780
6.15362406
6.10261512
6.05136988
8,99988717
5,94R16595
$.09620501
§.A4400320
5.79155946
%.738RT268
5.6R5%94)52
8.63276494

441RI0918%
A.1A274723
4414230941
4,12109777
4e 10131184
4,08063118
4405905534
4.03R98385
4 DIRNIAZR
3,99695214
397579099
3.954532236
3493317578
3.91172079
J.R9016692
3.86R5]1169
3.046746006)
3.82490727
3.8029513]13
3.7TA0A9TT2
3.T5ATA0ST
3.T73648110
J.T1411%07
3469165376
34406908474
3,6464115)
3.6236336)
3,60075054
3.577761768
3.55466678
3.53146511
3,5081%622
3.484723962
3.46121479
3,437880120
3,41383837
3,3899R%74
Ye36602281
3,34194905
3,31776393
3,2934669)
3,26905751
374453513
3,21989927
3.19%14930
3.1702849)
341453053)
3412021009
3.094990864
3.06967042
Je 04422489
1.01R06148
2.9929796)
2.96717R19
2494125R39
2.91521788%
2.RUS05A62
2.06277411
2.83636976
2.AN9R429R

4,207%51601
(TS LI ALEL]
A, 10162658
4,14104062
4,12035998
4,09958412
A,NTHT 1204
4405774508
4,03468092
4,01551977
3,99426114
1,97290456
3,95144957
3,929R9570
3. INA2A24T
3,0R+4R942
I R6AKIGNG
3.P4264819)
3.B2062650
3. 79R44915
3,77420998
3.7538ATAS
3,73138254
3. T0AALISY
3,68414032
3,6633624)
3.64047932
3,61749054
3,59439558
3,571192389
3. 54TRA%00
3,52446840
3,50094357
3,ATTINO9Y
3,45356718
3,42971452
3.40%751%%
3,3016778)
3.357a8272
3,333195T)
3.30878629
3,20426392
3, 25962808
3.23487014
321001369
3.1R%03412
341%993RA7
3.134727a2
3.10939920
3.,0R3951367
3405839026
303270841}
3. 00690757
2.9R098717
20954940653
2.97R78540
2.90250290
2.87409854
2.R4947178
2.02792198

L LITS LT
«OIHANLTY
+498684170
XY LLTIT YY
490804159
+49084154
498084149
«49RRSL S
+A9RRA1IR
249064133
498RA127
49084123
«498R41 18
«49R841)1)
+49884108
«49ARAT02
2496884090
49084092
249804087
+49RRANA2
«A90R4078
«49R0407
«490A4068
«49884006)
+49BRAOSR
+49A84053
«49RRA0OAD
Y TLIYIYY
«49804039
+49884038
«49084030
249604025
'4908402)
+490884016
149684011
NLTTTY T
+49RRA002
*49803997
+49R83993
+49083988
+498A39B4
»496683979
+498A3978
49863970
+49ARIT6E
«49AR3I62
«498683958
249883953
+A98R3949
+A9RA394S
2498839540
49083936
+490AI3932
«49883927
«49R8392)
249883919
24908139)8
«49083911
«49883907
+4998R3902



Z22-23

«N6ITITNY
000371905
e 003702135
«0N36RS]D
«0N366799
»0036509)
« 00363398
N3N TS
«N03nNN2]
«0035F Y44
«NNIGARAL
00385122
«0035337)
QRIS 727
« 00350091
«N0346462
«0N3A6RS]
000345228
200343622
o 00342023
«003404a32
«0033AA48
«003377272
200335702
«00334141
00332586
«00331039
« 00329498
00327965
«N0326439
200326920
e 00323408
«00321904
«00320406
+0031R9LS
00317431
«00315954
«003144R)
«00313020
000311563
000310113
«003nPATO
«00307234
«0NJ0SANS
«00304381
oN0302964
+ 002015564
«00300151
+ND29ATSS
«00297363
«00295079
«00294602
00293230
« Q0291866
200290507
«002R915%
+00287A09
200266469
002851136
+002R3009

MLURTAYYY]
+NNITIT0A
NPT 1964
«NDI70238
PLLECLLD R
NOVGKRTI9
PETRLLTDE]
MLECERLLY
«NNRITOS
N LELYL ]
«NMNISAJe8
« 00156681
«0N155022
«NN15337]
shnis1727
«0015009])
«00348662
v 00J468A41
« 00145228
«QN36IR22
oNN342023
400340432
FUGREELLYLY:]
«f0337272
« 10335702
M LEATITY
» 00332586
+00331029
200329498
200327965
« 00126439
«0NI24920
«IN323408
«0N321904
+N0320406
«00110915
«0n317431
«0N115954
00314483
«0n313n2¢0
«00311563
+00310113
200308670
«NNANT2348
«NNINSA04
«0n30438])
+00IN2964
«00101554
00300151
«00290754
2002973063
« 002958979
200294602
+00293230
«NN291R6E
200290507
+NN2A315S
«DN2ATAO9
200216469
+0N2RS) 36

YRS 2ALTY ]
RLIRILERLY
MGCRIS TSR]
W NDANHTIY
20036509
0141198
e "IN} TNS
MULELY LY k]
«NIRAIEB
UUALLLTS ]
« 00385022
20035337}
« 00361727
«1NI5SNN9Y
200348662
ML TLLEY
«N0A522A
«00343622
«N0Je202)
210340432
EELLEY ]
00337272
«N033%702
o0N34141
+UN332586
#00331039
«00329698
«ONJ27968
«00326439
«00324920
«00323408
0321904
«00320406
«N031R91S
000317434
+00315654
«0031440)
+00313020
00311563
«003)0113
«0030R670
000307234
« 00305804
«0030438)
«D0IN2964
«00301554
«00300151
2 0029A 754
200297363
«00295979
W 0N29880U2
«N0293230
«NN291866
+110290%07
+002R9158
«NO2ATHOS
«002RA46S
«0N2R5136
2002R3809
+002R2487

Table 1 (continued)

5.579341177
5,52%AT0RY
S.47]175097
5.41758096
5.36115966
5,3084R%07
5,25355H40
5,19017600
5414293744
5.08724171
5,0312R731
4,97507322
4.91859806
4,06186069
4,AD4AS9RG
4,.74759436
4.69006262
4,63226408
4,57419682
4,519R5978
4,45725167
4,39A37128
4,33921719
4,27978826
4,22008306
4,16010040
4,0999388%
4,03929716
3.97847399
3.91736799
3.8559778)
3.79430220
3.73233971
3.67008901
3.60754R74
3.5447175%
3.4R1S9406
3.41817666
3,35446456
J3,29045582
3.22614917
3.16154328
3.09663662
3.03142789
2.96591559
2.90009832
2.83397460
2.767%6305
2.700R021%
2.63375044
2.56638652
2,49070884
2,43071595
2.36240637
2.29377860
2.22482110
2.155%6242
2.08597100
2.01605535
1.94581 391

2.78119320

275041902

2472952227
2470249998
2,67535220
2484R0TACY
2:6206TR4R
2.59115116
2:50549609
2453771266
2050980027
2.48175P30
2445350614
2.42528)18
2¢396R4RTY
2,36828238
2033950324
2431075083
242R1 70448
20,2520A356
26223047404
2.19407548
2016456702
2.134921404
2.10513807
2,07521626
2,04515537
2.01495477
1490461367
1295413154
1.92350768
1409274140
1406183202
1.R307789)
1479958134
147623868

1073675014 _

1470511514
1067333294
1064140206
146093241
1487709622
1454473026
1451218960
147950952
1044667730
1241369224
T.3Rr055360
1434726067
1.31381270
142H020R98
1:24644878
1421253137
1:1704558R
1214422172
1.10982810
1407527424
140405504
1.0056828
97064378

2,79414860
276975108
2.7472287)
2.71508106
2.6ATROT44
2.86N040728
2.6I72R7994
2.608224R7
2+857744148
2.549%290%
2.,5214A708
2,49331492
2.46%0119
243657757
2.40AN1113
2.37931202
2.3504796)
2.32151326
2429261234
2,263)17622
2423380424
2.20429%R1
217465022
2.144066RS
2.11494504
2,004RR841%
2,0%46R35)
2.02434245%
1,993A603)
196323644
1.93247018
1,901560A2
1.87050749
1.,A3931012
1.80796743
1.77647893
1.T44R41392
1.71306172
1.60113164
1.6490%297
1.616082500
158444704
1455191838
1451923030
1.48640609
1.45342102
1,420208239
1430490948
1.35354149
131993774
1.20417754
1.2%226009
1218104086
1.1839%5051
1414955688
1411500303
1.,00020819
1404541141
1.010372%3

97517017

+49ARIAIN
+49AR IA9S
«A98BRIB9Y
249083896
«498R18A)
+49A683879
1 49RA2ATS
«498A38TO
«498R3867
«49883A62
+ 49883859
«49AR3859%
+49681851
+«A9RRIAATY
Y LLRLIYY
249083039
+4980813836
«49AR36832
«498R3828
<49AR3824
+498R3IB2]
49803017
+490R38) 4
49893810
49683806
«498R3802
«4¥BRITIS
+490R3798
2490R379)
+49083780
+498RITE4
2498RIT8]
«496A3777
49883774
249RA3TT)
W4968R2T767
+49RBITEY
+49883760
+49RB1786
49083783
«49803750
+490083746
«498R3IT4Y
«49083740
0496883738
«498A3733
+49883738
«498A3728
«49882372)
*A90RI720
2498083717
+4968R371)
«49883710
+49RB3IT0Y
«49AA1704
49881370}
+498R3697
2490013698
2 4968369])
«49883680



| XA

—NWIPRFINRO

«002A2487
W 00281173
«0N279864
0027561
«00277264
0 0027597)
«NY274669
«00273410
000272137
200270870
«00269609
+0026RI54
2N0267105
«N0265861
200206523
«00263391
000262165
200260944
«00259729
000258520
«00257316
00256118
oN0254926
eN0253739
400252557

«0NPRIA0G
MGLEL FIY0 4
sNNPRLILTI
+0n72798H64
«NP27A50]
00277264
e 00215971
WP TARRG
NN2T3410
On272137
«DN270870
+DN2A9609
«0n268358
« 00267108
2 DNPHEAKY
«0N26462)
200263391
20N2A2168
400240944
200259729
«002%A%20
«002%7316
°00256118
200254926
«00253739

JNN2RLITY
o N0279N64
«0027A%61
JUO27T7260
«ON27591Y
SN02746R0
«1N273619
«N0272137
«UG270RT7Q
#N0269609
«V026035
«NN26T108
00265861
10264623
Wy NN26339)
« 00262165
00260944
W NNARIT29
«00258524
«00267316
»IN266118
«NN254926
000253739
210252857
«00251381

Table 1 (continued)

1.875245)6
1.8043475%
1.733119%0
166155949
1.5R96659%
151743729
1.444R7193
1.37196830
1.29A72477
1.225123977
1.15121166
1.07693A65
1.00231971
«927352580
+R520758
277636784
«7003469])
«6239T140
254723964
+4701499
+39270062
»31488997
023671630
«18681779¢
«07927304

+81544139
»IN00T499
+R6454277
'H2RRAR9S
279298374
« 7569534 1]
o72075%10
«6R438R0S
«6aTAS 146
61114453
+574206846
33721641
249999368
+46259724
42502652
+36720054
¢ J4935R52
31125962
272943014
«2345278%
+19589331
018707853
«11808266
«07890486
003954426

+939A0377
«9N4272%8
WRGANTH T,
+B3271258
«T966R219
2 T6N6AING
272411684
+6ATSHO2S
65187337
+61399524
57494522
053972243
«50232606
146475530
«42700932
+3090RT0
235098840
«31271179
227425663
+23%62209
+1968073)
15781144
«11R63364
407927304
«03972878

+A98RIGAY
249PAI6H2
+498A36T79
+49RBIGTE
+498R367)
«49RR36TO
+49883667
+AIRAIGOS
89003661
+49PAI6SA
2 49BAI6SS
«490A3652
2490AI649
+4960J3048
+49B0I84)
«49RAIGS )
+49883638
TR
+496623632
»498683629
49883626
«49083624
04980362)
40043618
+ 99083618



TABLE 2

FLOW SYSTEM

Processing Module containing

Condenser-Separator

Compressor (Pressure Ratio

Aftercooler

Circulator (Pressure Ratio
Pump (FC-Fluid)

Pump (Boiler Feed - FC-Fluid)
Boiler

Valves

E2-24

Jet-Membrane Device

3.5)

1.085)



TABLE 3

PRESSURES AND TEMPERATURES

A. Collector Tube Circuit (UFg Circuit)

Position O P = 280* torr T = 398.6519 Kelvin

1 88 .5% 397.0 (1)
2 85.64 397.0

3 83.64 330.556

4 292.74 358.8131 (2)
5 291.78 351.22

6 285.88 351.22

7 275.0 341.667

8 - 270.0 341.667

9 420.0* 428.5

B. FC-43 Circuit

10 85.64 330.556
11 275.0 341.667
12 435.0 330.556
13 435.0 398.890
14 422.0 430.0
9 420.0% 428.5

Notes: *As specified.

(1) Assumed Joule-Thompson expansion
total temperature.

(2) For the largest modules.

E2-25



STAGES MODULE IN PARALLEL
Enriching
547 551 B 1
542 - 546 B 2
537 541 B 3
532 536 B 4
523 531 C 1
496 522 C 2
473 495 C 3
451 472 C 4
416 450 D 1
332 - 415 D 2
272 331 D 3
225 271 D 4
Stripping
144 224 D 4
85 143 D 3
39 84 D 2
26 38 D 1
19 25 C 4
13 18 C 3
7 12 C 2
5 6 C 1
4 B 4
3 B 3
2 B 2
1 B 1
TABLE 5

TABLE 4

NUMBER OF MODULES

DISTRIBUTION OF MODULES FOR SEPARATION STAGES

NUMBER OF NOZZLE ASSEMBLIES REQUIRED

IN THE JET-MEMBRANE DEVICE

NUMBER OF NOZZLE ASSEMBLIES

MODULE
SIZE MINIMUM MAX [ MUM
B 37.0 200.00
c 590.28 1180.52
D 3484.02 6968. 00

E2-26



L¢-23

UF6 COMPRESSOR = ReMONULE

COMPRESSNR PRESSURE RATIO =

GAMMA = 1,086
70 = 895,00 DEG, R
QAD & ,5000

RPM NS b2

50000, ,0987 2,0903

60000, . .1185 1e7419

70000, 01382 104934

RE

819455,
682879,
585325,

TABLE 6

COMPRESSOR CHARACTERISTICS

3,500
GAS CONSTANT = 4,193 VISCOSITY ®
U2 ® 486,03

0t caM B2

9017 90,37  .NABT
«B3T9  103.24 40519
«T7860 116010 20547

FOR RPM = 80000, THE SPECIFIC SPEED IS ,1580 CASE MOT CALCULATED,
RPM Revolutions per minute
NS Specific speed
D2 Impeller t+ip diameter, inches
RE Reynolds number
Dt Inlet diameter, inches
C2M Radial velocity at impelier tip, ft/sec
B2 Impeller tip width, inches
E-MW! Estimate of compressor efficiency
HP Hor sepower
MI Actual Mach number at impe!ller inlet
T0 Inlet total temperature, °R
QAD Adiabatic head coefficient
PO Inlet total pressure, psia
Uz Rotational tip speed, ft/sec

HO Adiabatic heat, ft

9,050 ¢ 0,00000] LB/SEC=FT
PO = 1,62 PSIA FLOW s ,044 LBS/SEC
IMP, EFFICIENCY ® L8300 . HO w .. 3231,9 FTeLB/LB

CFeMWD

“.7088
26986

6819

HP

+3642
23695

« 3784

, Mi—

L7818
48723

9551



8Z-23

UF6 COMPRESSOR « C=MODULE

COMPRESSOR PRESSURE RATIO =

GAMMA = 1,056
70 » 595,00 DEG, R

RE

2731516,
2048637,
1758486,
1365758,

0AD = L5000
CRPM NS D2
15000, 0720 6.9677
20000, L0959 5.22%8
23300, 1118 4,408
30000, ,1439 3.,4838
UF6 COMPRESSOR « DeMODULE
COMPRESSOR PRESSURE RATIO =
GAMMA = 1,0%6
Y0 = 595,00 DEG, R
CAD = ,8000
RRM NS 02
78000 40909  13.3994
10000, o 1165 104518
11600, ,1352 9.0099
12750,  ,1486 68,1973

TABLE 6 (Continued)

3,500

GAS CONSTANT ® 4,193 VISCOSITY &= 9,080 ® 0,00000] LR/SEC=FT

PO & 1,62 PSIA FLOW = +259 LBS/SEC

IMP, EFFICIENCY &8 ,8600 . ... _ MO = __.323).9. FYalBZLR _ _ . . . . ...
U2 = 456,03

LY caM T T remwt T Hp
244746 72,97 L1015 TTars22 T T2 0257
242158 86,56 ,113) _e7T31 149709
20046 98,07 1194 1779 1.,9588
168773 119,81 1304 To1725 T f.9724

3,500

GAS CONSTANT = 4,193 VISCOSITY & 9,050 ® 0,00000) LB/SECFT
PG ® 1,62 PSIA ' FLOW = 1,531 LRS/SEC

IMP, EFFICIENCY ® ,8800 . HO = _ 3221,9 FYeLB/LB ... . .
U2 = 4%6,03

RE 0t ceM Y CEeMWt  mp
5252915, 5.4974 A5,2A 42633 TT.1938 T 11,3304
4097273, 49795  101.98 L2077 _aB0ST 3141626
3532132, 4.6829  f14.13. L3030 08074 11,1388
3213548¢ 404990  122.86 3135 «B0ST 1141629

M

06432

7683

WR426

w9778

My

T eT434

+B639
« 9429

29960



62~-Z3

UF6 CIRCULATOR = B=MODULE,

10000,
11600,
14000,
17500,

RPM

GAMMA s 1,060
70 » 615,00 DEG, R
OAD = L4600 ..

NS

0842

« 0977
1179
e1473

o2

2,797
2.4115
1.998}

145988

" COMPRESSOR PRESSURE RATIO =

RE

896857,
173152,
640612,
512489,

UF6 CIRCULATOR = C=MANULE

COMPRESSNR PRESSIIRE RATIO = )

GAMMA » 1,060
70 » 615,00 DEG, R

0AD s
RPM NS
4000 +0818
5000. 030223
6000, 127
7000,

014232

4600

n2

6,991)
9¢5946
4,6622

Je9962

GAS CONSTANT »

TABLE 7

CIRCULATOR CHARACTERISTICS

1.084

GAS CONSTANT ®

PO » 5,32 PSIA

IMP, EFFICIENCY ® ,B8400 _ ...

uz2 s 122,06

ol

14092}
1.0387
o 9T47

09034

2084

CeM

21.6%
24400
27.52

32,66

B2
“el103
+119%

1217
.12684

8,270 /%%

B2

¢ 2647
2836
02979

3092

PO = 5032 PSll

IMPe EFFICIENCY ® ,8700

U2 m 122.06

RE D1 CeM

2242141, 2+67R9 21e24
17193MN13, 204845 2448)
1494761, 243357 28,37
1281224, 202163 31,94

FLOW =&
- HO ®»

VISCOSITY =

FLOW =
HO =

2042 LAS/SEC
- 213,0 FTulLA/LA

«249 LBS/SEC
213.0 FT=LA/LB

EeMW]l

«8766

+BB24

«8823
«8790

9,250 & 04000001 LB/SEC=FT

4,270 /2/°2  VISCOSITY & 9,250 ® 0,00000) LB/SECeFT

WP

" e0195

0197

«0200

T n207

HP

1100
+109)3
21093

01097

M1

- 1839

2298

T e2662

M1

$1808
02092
12360
02613

2029



0¢-¢3

UF6 CIRCULATOR « D=MODULE,

RPM

2000,
2500,
2600,
3000,

GAMMA = 1,060
10 s 615,00 DEG. R
0AD = L4600 .

NS

0994
1242
0139}
0149)

D2

13,9866
11,1893
99,9904

9,3244

"COMPRESSOR PRESSIIRE RATIO =

" RE

4484283,

3587426,
3203059,

2989522,

TABLE 7 (Continued)

1.084

GAS CONSTANT

4,270 /%2,

PO » 5,32 PSIA

IMP, EFFICIENCY a ,8900 .

uz s 122,06
ot

640947
5,65)0
5.4373
5.3109

caM

24,30
20,63
3l.2y

32497

B2
.682)
e 7249

1 7451

. T569

FLOW =»
HO .=

Jo470 LBS/SEC

-.-.213,0 ET=lAZLO . __

‘VVISCOSlfY -m 9.?50 b‘b.oaooOl'legsc-F‘ U

T

I

TJR961 6354
_e9004 . 46321
9018 06316
29018 L6313

2683

L2082
02379

02564



le~23

Weight flow
Volume flow

Inlet pressure
Discharge pressure
Inlet temperature
Pressure ratio
Pressure rise

Head

Speed
Specification speed
impel ler diameter
Reynolds number
Efficiency

Power **

Electric power**

COMPRESSOR

0.2593

%2.7775

83.62
292.67
330.56
3.5

3231.9
23,300
0.1118
4.486

1.76 x 106
77.8

1.959
1.810

*¥Both pumps on one motor, watts

**At design point

TABLE 8

SUMMARY OF C SIZE MACHINERY

CIRCULATOR PUMP 1
0.24907 0.19953
0.85431 -

- 0.7955
269.92 83.64
292.67 435.0
341.67 330.56
1.0843 -

- 6.796
213.0 8.6982
5000 7800
0.1023 1377
5.595 0.696
1.794 x 106 0.1022 x 106
88.2 60.0
0.1093 0.00677
0.1384 -

PUMP 2
0.20976

0.8482
275.0
435.0
341.67

3.095

4.015

7800

2533

0.512
0.070 x 10%
54.6
0.00281
24.01%

D IMENS IONS

1b/sec
CFS
GPM
Torr
Torr
Kelvin

Psid
f+ 1b/1b
RPM

Inch
Percent

Hor sepower
Kitowatts



VASYA

Weight flow
Volume flow

inlet pressure
Discharge pressure
Inlet temperature
Pressure ratio
Pressure rise

Head

Speed
Specification speed
Impel ler diameter
Reynolds number
Efficiency

Power %%

Electric power*¥

!
83.62

TABLE 9

SUMMARY OF D SIZE MACHINERY

COMPRESSOR CJRCULATOR

1.53059

{16.395

292.67
330.56
3.5

3231.9
11,600
0.1352
9.010

3.532 x 106
80.74
11.139
9.830

¥Both pumps on one motor, watts

**At design point

1.47012
5.0425

269.92
292.67
341.67
1.0843

213.0
2800
0.1391
9.991
3.20 x
90.1
0.6316
0.6440

PUMP 1
1.1777

4.6955
83.64
435.0
330.56

6.796
8.6982

3500

1497.4
1.582

0.237 x 106
76.0

0.0314

PUMP 2
1.2381

5.006
275
435.0
341.67

3.095

4.015

3500

2761.0

1.158

0.1605 x 106
70.8

0.0128
61.04%

D IMENS tONS

Lb/sec
CFS
GPM
Torr
Torr
Kelvin

Psid
Ft Ib/Ib
RPM

Inch
Percent

Hor sepower
Kilowatts
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Weight flow
Volume flow

Inlet pressure
Discharge pressure
Infet temperature
Pressure ratio
Pressure rise

Head

Speed
Specification speed
Impel ler diameter
Reynolds number
Efficiency

Power ¥*

Electric power

COMPRESSOR

0.04393

{0.47056
83.62
292.67
330.56
3.5

3231.9
50,000

0.987

2.091

0.8195 x 106
70.88

0.3642
0.3812

*Both pumps on one motor, watts

*¥¥At design point

TABLE 10

SUMMARY OF B SIZE MACHINERY

CIRCULATOR

0.042201
0.14474

275.0

298.20
341.67
1.0843

213.0
11,600
0.977

2.412

0.773 x 106
83.0

0.020

0.060

PUMP 1
0.3380

0.13476
83.64
435.0
330.56

6.796
8.6982
23,000
1666 .6
0.244

0.37 x 106

47.0
0.00114

PUMP 2 DIMENS I ONS
0.03554 Lb/sec
- CFS

0.14371 GPM

275.0 Torr

435.0 Torr
341.67 Kelvin
3.095 Psid

4.015 Ft Ib/lb
23,000 RPM

3047.1

0.180 Inch
0.0254 x 106

32.7 Percent
0.00065 Horsepower
6.67% Kilowatts



SIZE
Number of Modules

Power at Design Point

Compressor
Circulator

Pumps

Part Load Power

Compressor
Circulator
Pumps

Total part load
power

Total power
for plant

TABLE 11

MACH INERY POWER

1177

9.830

0.644

0.06104

9.5068
0.5037
0.0478

10.0601

11,840.74

Overal| power required = 12,387.14 kW

All values are in kW of electric power.
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280

1.810
0.1384

0.0024

1.7510
0.1083
0.0019

1.8612

521.136

60

0.3812
0.060

0.0067

0.3688
0.0470
0.0053

0.4211

25.266

Overal l:
11,704.03
626.00

57.11
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FIGURE 2c. PRINCIPLE OF THE JET-MEMBRANE ASSEMBLY CROSS NETWORK
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FIGURE 6, PHASE DIAGRAMS FOR FC-43 AND FC-75
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PART 2

JET MEMBRANE |SOTOPE SEPARATION PLANT -
ENERGY CONSUMPTION OF FC-43 CARRIER GAS LOOP
AND CAPITAL COST FOR HEAT EXCHANGERS

The objective of this present study is to determine the energy consumption
and capital cost of heat exchangers for the carrier gas loop of a 300,000 SWU/
yr uranium enrichment plant using jet-membrane isotope separation process 4 .
The process as conceived by Grumman Energy Systems utilizes FC-43 (perfluoro-
tributylamine, [CAF9]3N) as the carrier gas, and as a result of using conden-
sation and evaporation process to recirculate the carrier gas (see Figure 1),
the process requires a larger sum of energy and heat transfer surface area in
its carrier gas loop. The present study was conducted in three steps in order
to estimate in a reasonable accuracy the energy consumption and the cost of
heat exchangers:

(1) Evaluation of thermophysical properties of FC-43 vapor
(2) A thermohydraulic design of the FC~43 carrier gas loop
(3) Heat exchangers sizing and cost estimate

The results obtained for each of the tasks are briefly described below.
Further details may be found in the referenced calculation file.

The calculations contained in this memo are based on the stage separation
factor, a = 1.009402, and the modular concept described in the first part of
this report. The 300,000 SWU/yr plant has 551 cascade stages; the entire
cascade consists of 1177 size D module separation units, 280 size C separation
units and 60 size B separation units. Each separation unit or module may
contain up to seven heat exchangers as shown in Figure 6. The design flow
rates of UFg and FC-43 for each module were given in Part 1. They are included
in Table 1.

THERMODYNAMIC AND THERMOPHYSICAL PROPERTIES OF UFg, FC-43, AND THEIR MIXTURES

Thermodynamic and thermophysical properties of UFg were taken from
Ref. 3. The properties of FC-43, which have a significant effect on the
heat load and heat exchanger size, were not available in the existing liter-
atures (unclassified) except for a few basic data at liquid state published
by its manufacturer. The FC-43 properties used in the present study were
calculated by extrapolating the manufacturer's data for the liquid regions
and by using the available theoretical models for the vapor region. The
saturation lines were determined. Figures 2 through 4 show the calculated
transport properties for FC-43 vapor and its mixture with UFg. They are
approximate and may be used only for preliminary calculations in the absence
of more accurate data.
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PREL IMINARY THERMOHYDRAUL IC DESIGN OF THE FC-43 CARRIER GAS LOOP

Evaluation of System Concepts: Heat Pump or Direct Heating

Two different approaches were considered for boiling of FC~43 as shown in
Figure 5. The first is a heat pump approach which utilizes the heat rejected
from the FC-43 condenser to evaporate FC-43 at a higher pressure. The second
is a direct heating of FC~43 using solar energy or waste heat. Three different
working fluids were considered for the heat pump approach: FC-75, R-114,
and F-85. The F-85 resulted in the highest COP (coefficient of performance)
among the fluids considered, but still the large amount of compression work
required multistaging of the FC-43 condensers. Figure 5a shows the power
consumption of the F-85 compressors as a function of the final condensing
temperature of FC-43. Despite the multistaging and recuperation, the power
required to drive the compressors is too high to make this approach attractive.
Figure 5b shows the thermal energy input required for the direct heating
of FC~43. The values represent theoretical minimum; the energy requirement
is very large and this approach is worth considering only when waste heat
can be utilized with a relatively low capital investment. Between the two
approaches, the direct heating concept was adopted in the present study
because of the lower capital cost anticipated, and because of the fact that
it requires thermal energy, not electrical energy.

Selection of the Design Condensing Temperatures for FC-43

The condensing temperature of FC-43 has two important consequences: the
higher the condensing temperature is, the lower the system heat ioad and the
heat exchanger size. At the same time, a higher condensing temperature
results in a lower rate of separation of FC-43. This in turn increases the
UFg compressor work load and more importantly, may tend to reduce the stage
separation factor of the jet-membrane process. Figure 4 shows the FC-43
condenser-separator performance as a function of the condensing temperature.
The performance of the heads stream FC-43 separator varies sharply with the
condensing temperature. This suggests that the FC~-43 condensing temperature
is one of the primary design parameters that will affect both the system
performance and the cost of the plant.

The design condensing temperatures selected for the present study is
135°F for the heat stream and 155°F for the tails stream. The selection is
based on a trade-off study on heat exchangers and assumptions that a 5 percent
mole fraction of FC-43 in UFg stream has no degrading effect on the jet mem-
brane unit performance. A condensing temperature below 135°F for the head
stream was found to increase drastically the size of FC-43 condenser and the
corresponding heat removal equipment to the heat sink.

Recuperation of the Rejected Energy from Desuperheating and Condensing

Figure 6b shows the large amount of therma! energy that is required to
preheat and boil FC-43 for a 300,000 SWU/yr plant. This is based on a 100
percent recuperation. Without the recuperation, energy required would have
increased approximately by 70 percent. It is essential, therefore, to use a
high degree of recuperation of energy rejected by desuperheating and condensation
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of FC-43 in order to minimize the boiler heat load. The only problem antici-
pated is the fact that a high effectiveness recuperation is often prohibitively
expensive for very low-pressure, low-speed gas heat exchangers (e.g., heads
stream recuperator).

The design conditions for the recuperators are based on a 10°F approach
temperature. This requires a 96 percent effectiveness for the head stream
and a 91 percent effectiveness for the tail stream recuperators. The effect
of such high effectivenesses on the cost of heat exchangers is discussed i{ater.

Preliminary Definition of Thermohydraulic Design Conditions of the
Carrier Gas Loop

The considerations described above were implemented in a system design to
define the thermohydraulic design conditions of the carrier gas loop. Figure 8
Illustrates schematically the carrier gas loop and the state variables at each
station. The degign utilizes R~114 as an intermediate working medium to absorb
the sensible and latent heat from the UFg/FC-43 stream and then to reject it
to cooling tower water. The water inlet temperature is chosen to be 90°F, which
is 10° to 15°F higher than the wet bulb temperature at the locations of the
existing gaseous diffusion plants. A 10°F approach temperature was used for
the R-114 condensers in consideration of the heat exchanger size and water
flow rate. The FC-43 boiler uses caloria HT-43 as the heating medium. The
selection is based on its relatively low cost, high heating capacity and
relatively high thermal stability. The inlet temperature is chosen to be
450°F to allow a medium grade waste heat or solar energy to be used to heat
the working medium,

The maximum flow rates and heat loads for each heat exchanger are summar-
ized in Tabies 1 and 2 for the three modules and for the entire plant. They
were calculated on the basis of the condenser/separator performance at the
design point shown on Figure 7.

HEAT EXCHANGER SIZING AND COST ESTIMATE

Heat Exchanger Design Conditions

Heat exchanger design conditions were determined based on The system
operating conditions in Figure 8 and the flow rates and heat loads in Tables
1 and 2. The design conditions for size D module heat exchangers are sum-
marized in Figures 9 through 14. The same design conditions can be used for
size C and Size B module heat exchangers except for the flow rates and heat
load.

Selection of Heat Transfer Surface and Material

The heat transfer surfaces selected are either internally or externally
finned surfaces which are_commercially available in large quantity at a
relatively low cost. They are specified in Table 3. Aluminum is used as
the tube and fin materials for the recuperators and the FC-43 condensers
because of its high thermal conductivity, low cost, ease of fabrication, and
compatibility with FC-43, UFg, and R-114. A copper alloy is used for the
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tube material for the R-114 condensers because of its high serviceability
with industrial water. The inner fin tubing which is used for the FC-43
boiler has stainless steel tube and copper fins.

Heat Exchanger Sizing and Cost Estimate

Heat exchanger sizing programs available at AiResearch have been used to
size the heat exchangers except for the condensing portion of the recuperators
and the FC-43 condensers. The heat transfer in the condensing regime of FC~-43
is very complicated because of the presence of a noncondensable gas (UFg) and
should be calculated in a finite difference manner, using a forward marching
scheme, to calculate the local mass transfer potential and sensible heat
transfer potential along the mixture flow direction. The procedure requires
a large number of calculations, however, and was not attempted in the present
study. Rather, in view of the fact that both the FC-43 saturation line and
the mass diffusion coefficient available at present are very approximate, the
condensing heat transfer was calculated using the FC-43 vapor concentration
gradient at a point where itwo-thirds of the condensing heat load is transferred.
Sensible heat transfer was superposed to the above condensing heat transfer to
form the overall heat transfer in the condensing section.

Table 3 summarizes the core size, weight, and an expected cost of the
heat exchangers. The cost was estimated by assuming that the installed cost
of a heat exchanger can be computed using $8.00 per pound of its core weight
for aluminum and $6.00 for other materials. The estimate is very approximate
and should be used only in an absence of better information. I+ is noted
that the heads stream recuperator takes approximately 40 percent of the total
cost of the heat exchangers. This is a result of a low gas-side heat transfer
coefficient and a very high recuperator effectiveness (92 percent) discussed
earlier.

Table 4 summarizes the total heat load, flow rates and the cost of heat
exchangers for the FC~43 carrier gas loop of the 300,000 SWU/yr plant: the
total installed cost of the heat exchangers amounts to $13,444,000 and the
plant requires 123,136 MW (4,203 x 108 Btu/hr) of thermal energy to evaporate
2475 tb/sec of FC-43.

CONCLUS IONS

1. The large thermal energy required to operate FC-43 carrier gas loop
(approximately 125 MW for a 300,000 SWU/yr enrichment plant) clouds
the prospect of the jet membrane process as an energy-saving alter-
native to the gaseous diffusion process. Within the framework of
the present concept and the stage separation factor, the process
may not be economically viable unless a large quantity of waste
heat (600°F or higher) can be utilized with a relatively low capital
investment.

2. The thermal energy requirement above will vary somewhat with the
carrier gas loop system design conditions. No drastic reduction
is anticipated, however, by system optimization because the heat
load per unit flow rate of FC-43 should change relatively little.
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The total cost of the heat exchangers for the carrier gas loop is
very large at approximately $13,500,000. The cost can be reduced
substantially be lowering the recuperator effectiveness and by
refining heat exchanger design. The low recuperator effectiveness
will increase further the thermal energy requirement above. The
heat exchanger design refinement should take extensive trade-off
studies.

The following studies are recommended if the work is to be con-
tinued to refine the carrier gas loop of the jet membrane process:

(a) Evaluation of alternative concepts to evaporate FC-43, including
re-examination of heat pump concept and, possibly, a combination
of heat pump concept and direct heating.

(b) Establish accurate thermodynamic and thermophysical data for
the carrier gas.

(c) System level trade-off studies to determine the minimum energy
design within the acceptable capital cost.

(d) Heat exchanger trade~off studies to minimize the cost of the
heat exchangers.
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TABLE 1

SUMMARY OF FLOW RATES AND HEAT LOAD

(a) UF6 and FC-43 Flow Rates at Condenser Exit (Ib/sec)

HEADS STREAM TAILS STREAM
FC-43 FC-43 FC-43 FC-43
UFg VAPOR LiQUID UFg VAPOR LIQUID
Module D 1.38560 0.14499 1.17771 1.38560 0.08452 1.23812
Moduie C 0.23475 0.02455 0.19953 0.23475 0.01432 0.20976
Moduie B 0.0397M 0.00416 0.03380 0.039771 0.00243 0.03554
Piant Total 1419.14 148.44 1206.24 1419.14 86.57 1268.11

(b) R-114, Water, and HT-43 Fiow Rates (Ib/sec)

R-114 WATER CALORTA HT-43
HEADS R-114 TAILS R-114 HEADS R-114 TAILS R-114 FC-43
CONDENSER CONDENSER CONDENSER CONDENSER BOILER
Moduie D 1.2183 1.2432 2.2514 1.2253 1.2243
Module C 0.2064 0.2106 0.3815 0.2076 0.2074
Moduie B 0.0350 0.0357 0.0647 0.0352 0.0351
Plant Total 1247.80 1273.32 2305.89 1255.00 1253.91
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Module D
Module C
Module B
Piant Total
(Btu/sec)

Ptant Total
(MW)

NOTE:

TABLE 2

SUMMARY OF HEAT EXCHANGER HEAT LOAD

HEADS STREAM

FC-43
CONDENSER

56.2858
9.536

1.6156

57,648

60.81

(BTU/SEC)

FC-43 FC-43
REGENERATOR CONDENSER
38.159 55.137

6.465 9.341

1.0953 1.5826
39,083 56,471
41.223 59.566

R-114 condenser heat loads are

respective condensers.,

TAILS STREAM

FC-43
REGENERATOR

35.435
6.159

1.00M

36,243

38.282

equal to those of their
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FC-43
BOILER

113,980
19.311

3.2716

116,739

123.136



y6-<Z3

Table 3

SUMMARY OF HEAT EXCHANGERS, SIZE D MODULE

FC-43 FC-43 FC-43 FC-43 R-114 R-114 TOTAL
RECUPERATOR CONDENSER RECUPERATOR CONDENSER FC-43 CONDENSER CONDENSER FOR
HEADS HEADS TAILS TAILS BOILER HEADS HEADS D~-MODULE
Heat exchanger type F Inned-tube-bank hx in rectangular array Shel f-and-tube heat exchanger (hx)
Fluld inside tube Liquild F~114 Ll&uld R-114 FC-43 Water Water
FC-43 FC-43
Fluid outside tube FC-43/UFg FC-43/UFg FC-43/Ufg FC-43/UFg  HT-43 R-114 R-114
Heat transfer surface Wolverine Wolverine type S/T low-fin tube, 1/2-in. OD Dunham/Bush
Type H/A No. 60-193032-41 Dunham/Bush 5/8-1n. square
high fin Inner fin flnned tube
tube No. tube
61-1106035-
41
Material, tube Aluminum Atuminum  Aluminum Aluminum Stalnless Copper
steel
Material, fin Aluminum Aluminum  Aluminum Aluminum Copper Aluminum
Shel! slze or no-flow 25.0 11.6875 19.25 11.6875 11.0 10.0 8.0
length, in.
Number of tubes per 20 (36) 68 (12) 29 (41) 68 (12) 258 (1) 20 (4) 10 (4)
pass (number of pass)
Baffle spacing, in. - - - 4.0 - -
Tube flow !ength, in. 48.0 48.0 36.0 36.0 24,0 42,0 60.0
Outflow length, in. 38.25 28,5788 24,50 28,5788 - - -
Core volume, f+3 26.56 9.28 9.83 6.96 1.20 1.72 1.53 57.08
Core welight, Ib 515 233 243 175 118 78 56 1418
Heat exchanger 4120 1864 1944 1400 708 468 336 10,940

cost, $



TABLE 4
SUMMARY OF HEAT EXCHANGERS
(300,000 SWU/YR PLANT)
Total Heat Exchange Rate:

Total External Heat Supply
(Waste Heat or Solar Energy)

Total Heat Rejection (to Cooling Water):

Total UFg Flow Rate:
(Sum of the Stage Iniet Flow Rates)

Total FC-43 Fiow Rate:
(Sum of the Stage Iniet Flow Rates)

Total R=114 Fiow Rate:

Tota! Cooling Water Flow Rate:

Total HT-43 Fliow Rate:
Total Heat Exchanger Core Volume:
Total Heat Exchanger Core Weight:

Estimated Heat Exchanger Cost:
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443,39 MW

123.136 MW

120.376 MW

2,838.285 |b/sec
2,713.364 Ib/sec

2,521.120 ib/sec

3,560.89 Ib/sec
= 25,627 gpm

1,253.91 Ib/sec
70,143 £13
1,742,500 Ib

$13,444,000.00
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FIGURE 1, SCHEMATIC DIAGRAM OF FC-43 CARRIER GAS LOOP
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TECHNICAL ANALYSIS OF VELOCITY-SLIP PROCESS

INTRODUCTION AND SUMMARY

This report describes the design of a 300,000 SWU/yr uranium enrichment
plant utilizing the velocity=-slip isotope separation process. The plant design
involves three advanced technology areas: (1) design of high flow capacity
separation units, (2) layout of the plant for a muitistream countercurrent
cascade, with a three-component mixture of two heavy molecular species and a
light carrier gas, and (3) design of compressor modules for a 100:1 pressure
ratio with an inlet pressure of 0.25 Torr for compressing a gas mixture of
helium (95 mole percent) and uranium hexafluoride (5 mole percent).

The velocity-slip process is an aerodynamic phenomenon, which occurs when
a low molecular weight carrier gas is seeded with heavier isotope molecules
and expanded from stagnation through a converging nozzle into an expansion
chamber maintained at low pressure. Downstream of the nozzle exit, in the
transition region between continuum and free-molecular flow, a difference
between the velocity distributions of the heavy and light isotope species
will develop due to collisions with the high velocity carrier gas. A rela-
tively large value of the Knudsen number is required to produce the velocity-
slip phenomenon. |f a velocity selector is located at an appropriate distance
from the nozzle exit, it is possible to transmit only molecules which have
velocities within a restricted bandwidth and thereby increase the concentration

of the desired isotope molecular species, which is 235UF6 in this study. The

analytical basis of this process is described by Anderson, Davidovits, and
Raghuraman in References 1, 3, and 7.

It turns out that the velocity slip process may be capable of achieving
a stage heads-to-tails separation factor, a, in the cascade, such that o -1
is 20 times greater than the ideal separation factor for a gaseous diffusion
membrane (see Reference 6 for cascade theory and nomenclature). However, the
requi rement of a large Knudsen number at the nozzle exit tends to limit the
process to very low prescsures. The low pressures in turn limit the
throughput of the individual separation units.

A preliminary plant design has been prepared on the basis of theoretical
performance estimates for the velocity-slip separation unit. For a 5 percent
seeding of uranium hexafluoride in helium, a total cascade flow of 76.09 1bm/
sec of UFG + He mixture is required to produce 3.2 percent enriched product

with a 0.25 percent waste concentration. The cascade design is based on an
ideal asymmetric, countercurrent recycle cascade with two heads and one tails
stream. The cascade was designed for a stage heads-to-tails separation factor
of 1.07 and a stage cut of 0.326. The cascade relations were developed for a
single gas with two isotope constituents. While the cascade equations are
developed on a molal basis, final flowrates in each stage were converted to
mass flow rate of uranium hexafluoride, lbm UF6/5ec, by matching the cascade
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product to the product required for 300,000 SWU/yr. An inherent assumption
in the cascade analysis is that the seed fraction is constant for each cascade
stage feed. This is valid if the carrier gas and UFg stage cuts are equal.

Otherwise, the seed fraction must be reconstituted in the stage feed by suit-
able separation or addition of carrier gas and UF6' A certain amount of care

must be taken to keep track of each of the constituents in a cascade with a
three-component mixture.

The cascade power consumption is based on power required to compress the
gas and the work done by the velocity selector vanes. The power consumption
of the compressors is L41.87 Mw, which includes an estimate of pressure loss in
manifolding and the intercoolers. Power losses due to bearings and electric
motor inefficiency were not included in the cascade power consumption estimate.
The velocity selector power was computed to be 10.40 MW for the plant. Velocity
selector power was estimated from the work done by the blades on the molecular
beam, utilizing Euler's equation, which relates the change in angular momentum
to energy across a turbomachine. The assumption was made that the fraction of
flow in the beam, which impacts on the rotating blades, leaves the blade
passage with the full wheel peripheral velocity. Power required for heat
removal loops and plant maintenance was found to be relatively small and is
neglected. Most of the plant power requirements and corresponding capital
investment cost will be required for the separation units, compressors, elec=
tric drive motors, and interconnecting process piping. The total power
requirement is 52.27 MW, which compares favorably with the 83.3 MW of power
required for an equivalent amount of separative work output from a large
gaseous diffusion plant (Reference 9).

A total of 114 cascade stages with 42,423 individual separation units are
required for the plant. Three sizes of compressor modules, each of which con-
sists of four centrifugal compressor stages with intercoolers and an after-
cooler were sized for the plant. A total of 2184 compressors and heat
exchangers are required. [t turns out that some of the first stage compressors
are so large that the assumed impeller tip speed of 1925 ft/sec might not be
acceptable for a wheel which is built up instead of cast as a single piece.

In this case, a fifth compressor stage may be required.

During the course of this study, the value of the stage heads-to-tails
separation factor was changed from 1.037 implied in Reference 1 to 1.07 as a
result of the meeting of Reference 2. The value of stage heads to feed mass
ratio for UFS’ the cut, has varied from 0.23 from Reference 1 to 0.45 from

Reference 2. No work has been done .on the cut for the carrier gas, which is
also important in plant design. Additionally, the separation unit throughput
is not well established because no experimental work has been done to date
wherein two isotopes have been actually separated in a multinozzle selector.
Therefore, it is reasonable at this time to fabricate and test a prototype
velocity slip separation unit prior to any further plant design work.

As a part of this study, it was proposed to investigate the use of a con-

densable carrier gas, as an alternative to the helium carrier gas utilized
for the earlier analytical work. The objective of this approach was to reduce
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the work input required to pressurize the process gas by condensing, pumpinq,
and boiling the process fluid instead of compressing it as a low density qas.
This approach does not appear feasible, beccause at the pressures required in
the process gas, neither the UF6 nor HF can exist as liquid. Condensed process
gas would be solid unless compressed. In either case, substantial costs are
incurred in solids handling equipment or additional high-compression ratio
cCompressors.

VELOCITY-SLIP SEPARATION PERFORMANCE

The available literature on the velocity-slip isotope separation prccess
was reviewed and a nominal design point for the separation unit was selected.
The helium carrier gas, with 1 and 5 percent seeding of UF6 has been examined

quantitatively. Reference 3 shows that a fivefold increase in UF6 concentra-

tion results in only a i4 percent reduction of (@ - 1), where a is the stage
separation factor. For this reason, the 5 percent seeding was utilized for the
design.

Although additional theoretical and experimental work is required to verify
the separating unit performance, the following design parameters were selected
from Reference 1 for the purpose of this study:

Number of downstream collisions i =72
Stage heads-to-tails separation factor a = 1.07
Reduction in & - 1 due to collisions with -15%
background gas

Reduction in g -1 due to collisions with -20%
heavy isotope molecules

Reduction in a - 1 due to transmission =11%
function in velocity selector

increase in g - 1 due to unequal velocity +40Q%

of isotope species at nozzle sonic throat

(from Reference 2)

Net stage separation factor o = 1.0658

Early velocity slip studies (Reference 3) were directed toward evaluating
the differences in velocities between heavy isotope molecular species with
different masses in a molecular beam formed by exgansion of a mixture with
light carrier gas from a nozzle source. A tacit assumption was made that at
any distance from the source nozzle, where velocity slip is a maximum, all
molecules with velocities to the right of the midpoint between the two Gaussian
distributions of the heavy species could be separated from all molecules to the
left of the midpoint. This led to the definition of the stage separation
factor as
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The transmission function B(E) is defined as the fraction of molecules of
velocity E, which pass through the velocity selector and therefore comprise
the heads stream. The transmission function in the early work of Reference 1
was a step function, equal to zero where § < U and equal to 1 for § 2 U.

The stage separation factor o is the ratio of the ratios of the isotope
molecular fluxes in the two flows which either pass through or do not pass
through the velocity selector:

_Mie "o
MR 2L

The stage cut is the ratio of the molecular flux transmitted to the total
molecular flux in the feed:

MR T MR

2R

g =
MRt MLt " T ML

where 1 and 2 refer to the heavy and light isotope species and the terms

R and L refer to molecules which are transmitted or not transmitted by the

velocity selector. The fraction of each transmitted species can readily be

found by integrating the product of the species velocity distribution function

and the transmission function of the velocity selector:

- [ s@ua

[o}

3
]

The step function of Reference 3 was clearly an idealized model for a bladed
rotating velocity selector.

Reference 1 utilized a simplified, triangular model of the transmission
function to calculate the cut, 9, of the separating unit as 0.23. This analysis
does not include the contribution of the "trapped molecules" from within the
velocity selector blades. A more realistic value of 8§ should be from 0.4 to
0.45 according to Reference 4. The cut has a profound effect on the layout and
separative work mixing loss of the separating cascade. Ideal, nonmixing cas-
cades for small o and low isotope concentrations should have discrete values
of 8 as illustrated by Figure 3 of Reference 5. The design value of 8 for
the present consideration should be approximately 1/2, 1/3, or 1/4, correspond-
ing to separation cascades with 1, 2, or 3 heads streams and a single tails
stream. The approximate effect of the cut on the total cascade flow can be
deduced from the expression for separative work of an optimized stage:

sU=7L-n%0 -0

where L is the stage molar feed rate. For very small values of @, the cas-
cade total flow is inversely proportional to 8. For a change of 8 from
8~ 1/2 to 8 ~ 1/3, it will be shown that the flow increases by 9.1 percent
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for ideal cascades with o = 1.07. It appears, therefore, to be desirable to
maximize © up to 0.5, provided there is no decrease in ¢«.

Before a velocity-slip separation plant is actually built, it will be
necessary to define experimentally the design values of o and § for a
separation unit with adequate throughput. Experiments to date have been
limited to a single velocity-slip generating nozzle and have not included a
practical velocity selector downstream. |t appears that, because the flow
downstream of the nozzles in the collecting chambers is near free-molecular,
it may not be feasible to control the cut by changing the pressure ratio across
the separating unit without an excessive reduction in o or increase in pres-
sure ratio. It is therefore desirable to investigate the performance of a
velocity-slip separation unit at off-design conditions for variations in feed
rate, pressure ratio, and velocity selector speed.

For the present, the separation factor is taken as o = 1.07 and the cut
is taken as 9 x5 1/3. Any refinements of these numbers will require more
elaborate flow models and experimental data, which are beyond the scope of the
present study. It should be noted that the velocity-slip process could be
enhanced by a parametric optimization to define the effect of separation
factor, cut, nozzle stagnation pressure, background pressure, and seed fraction
on total flow and power requirements.

SEPARATION UNIT DESIGN

The design of a single velocity selector for a separating unit is sketched
in Figures 1 and 2 and relevant parameters are tabulated. The design follows
the recommended nozzle size and spacing of Reference 1. It was desirable to
reduce the velocity selector solidity (ratio of blade chord to blade spacing
L/a in Figure 2) from the levels implied in Reference 1. By utilizing an
axial velocity selector similar to a turbine wheei with thin, tapered blades,
an increased wheel speed of 2000 ft/sec (610 m/sec) can be achieved. This
reduces the blade solidity from 100:1 assumed in Reference 1 to a producible
20:1. By way of comparison, typical axial compressar and turbine solidities
range from 0.5 to 2. This implies that the blades must be made extremely thin
in order to avoid excessive blockage of the nozzle flow. One method of reduc-
ing the blade blockage is to increase the size of the velocity selector blade
cascade by increasing the axial chord of the blades. Thus the axial chord of
the blades in Figure 2 is 5 cm, while the blade spacing or pitch is 0.32 cm.
Blade blockage is only 11 percent of the annular area.

The size limit of the velocity selector blades is determined by the inter-
action between blade passages and successive nozzles. The blade passage must
be emptied of "trapped molecules" prior to intercepting the molecular beam from
the next nozzle. The trapped molecules are defined as molecules which make one
or more collisions with the blade surfaces. Reference 7 gives some guidance in
this respect. The density buildup in the blade passages is calculated for

t .\ /2RT

w

solidities of £/a = 5 and 10 and time constants of = 2 and 4, respec-

a
tively, where t: is the time during which the blade passage is exposed to the

molecular beam. |t would be desirable to repeat this analysis to verify the
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t .\ /2RT
proposed separation unit design, where £/a = 20 and f 5 2 - 1.65 for

helium,

The flow capacity of the separating unit can be calculated on the basis

of the total nozzle area at the sonic throat, which is 120 mmz.

. +1
M -
. urF g 2(y-1 -
muF = A PT rh_é__ ﬁs. [1—42‘4] = ].475 x 10 3 1bm UF6/SeC
6 UFg+He T

where for 5% seeding,

Yy = 1.457, ratio of specific heats
R = 72.21 ft-1bf/1bm-°R
mUFé/mUFgHe = 0.8224 1bm UF./Tbm(UF + He |
TT = S54Q°R
PT = 25 Torr = 3333 Pa

The above relationship for flow through a choked nozzle from Reference 13 has,
as an inherent assumpticn, a flow coefficient of unity, where the flow coeffi-
cient is the ratio of effective area to actual nozzle throat area. |In practice,
the flow through very slender nozzle slits may exhibit a flow coefficient
appreciably less than 1. The flowrate can be adjusted to match the design

stage flows by minor changes to nozzle height and/or the number of nozzles.

A typical arrangement of separating units and associated hardware is illustrated
in the flow diagram of Figure 3.

An estimate of the power required to drive the velocity selector units was
made from the change in angular momentum of the beam impinging on the rotating
blades. It is assumed that the UF6 tails stream and all of the helium molecules

strike the blade surface at least once and subsequently discharge from the blade
passages with the full peripheral velocity component of the velocity selector.
The UF, heads stream is assumed to pass through the velocity selector with no
collisions with the blade surfaces. The Euler turbine equation of Reference 12
can be used to relate the ideal power input to the velocity selector with the
change in angular momentum of the fluid and the mass flow as follows

= u? - e | _ S | S
Pei = U (1 -8)~ M = 0.1662 Ibm UF./sec
UF6 6
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for

8 =1/3
'hHe/.UFs = 0.31933
U= 2000 ft/sec

The power requirements for a cascade stage include the work done to
recompress the gas as well as work done in the velocity selector. The ideal,
isentropic compressor work is given by

mUF6+He Ry L%l MW
A 77 <P1/P2> - 1) = 0.6641 o UF/sec

i UF6

7

where the overall pressure ratio Pl/Pz is 100. The final compressor design

will probably consist of multistaged radial compressors with four stages and
intercoolers between each stage. As the number of stages increases, the
process approaches an iscthermal one. A large number of compressor stages
will also result in higher interstage pressure losses in the intercoolers and
a corresponding increase in overall compression ratio.

CASCADE DESIGN

The plant design is based on the cascade stage flowrates. An ideal,
asymmetric cascade with two heads streams and a single tails stream was used
as @ model. This configuration resulted in a nearly constant value of stage
cut of 0.326. The plant is arranged as a countercurrent recycle cascade,
wherein the heads stream is fed into the second stage above and the tails
stream is fed into the stage below, as shown in Figure 4. A total of 114
stages were required with 67 enriching and 46 stripping stages above and below
the feed stage, respectively.

The cascade analysis is based on cascade theory of References 5 and 6.
By definition, the ideal cascade produces no mixing losses, so that the isotope
concentration in mixing streams is equal. 1t is assumed that the stage separa-
tion factor is independent of composition. The relationship between stage feed
abundance ratios, heads to feed abundance ratios, and tails to feed abundance
ratios for the asymmetric cascade can be shown to be

un

)

L gid

un

un
N

{
o

um
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1/3

for two heads and one tails stream and the abundance ratio £
X

1T -x°

stage isotope concentrations can be computed. Stages are numbered consecutively,

from waste stage 1 to the last product stage n. The feed stage number is m.

The number of stages to the feed and the total number of stages are

where € =@

is defined in terms of concentration X as § = In this manner, all

Ln(g/g,)

me
Lne

20(€,,/8¢)
nz——ﬂ_—f—.+m-2
ine

The product is composed of two heads streams Py = L; and P2 = L;_], so that

where XP1 = ——em-n-Z

The ratio of product flows Fl is determined by calculating through the entire

cascade and iterating until the P2 product flow calculations match. Recursion

relations are based on conservation of mass and species around the cascade from
the jth stage to the waste stage and around the jth stage:

1 T o (1] =
Lj-l + Lj Lj+1 c
1 r Yt o 1 " =
Lj-lxj-l + ijj Lj+1xj+1 CXc

Ly Lt o= (LY - L -D
I I BRI B
A 1t " - Myett It -
Lixs + LiXy (ijj Lj-zxj-z) 0X,
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where C = -W
CXc = -WX
for j =3 tom-=-1
D=0
DXD =0
c="P
CXe = PXp _
for j =m
D=F
DXD = FXF
=P
CX. = PX
¢ P for j=mton =1
=0
DXD =0

For the two heads case, the fourth conservation equation is not required and
the Lj and L}+1 can be evaluated from the remaining three equations, where

2
Lé, L;, and L., can be calculated by solving the same four equations where

3
j =2 and L] =W, the waste flow. The term Lj_z does not exist at the

the lower stage values of Lj_ and L} are known. Starting values of L;,

waste end of the cascade when j = 2 .

The net cascade flows can be determined by applying mass and species con-
servation around the entire cascade as follows

F=P+W

FXp = PXg + WX

F W

where P and XF are fixed and XP and Xw are determined, by the require-

ment of integer stage numbers, to be greater than and less than the respective
design requirements. The ratio of kilograms of uranium product flow to SWU's
is derived from the relation from Reference 8, where mole fractions of UF6 are
used for the assay values X,

2 - [v(xp) - v(xw)] - (F/P) [v(xF) - v(xw)}
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where V(X) = (2x - 1) Ln(T—%—Y), the value function
XF = 0.00717, feed mole fraction UF6
XP = 0.03227, product mole fraction for 0.032 mass fraction UF6
Xw = 0.00252, waste mole fraction for 0.0025 mass fraction UF6
where A = 300,000 SWU/yr plant design
P = 71262.5 kg U/yr
or P = 0.007368 Ibm UF6/sec

The resultant values of cascade flow and concentration are tabulated below
along with the corresponding values for the symmetric, single heads cascade:

ldeal Ideal
Symmetric Asymmetric
Cascade Cascade
Number of stages (n) 77 114
Feed stage (m) 32 47
Concentrations (mole fraction)
XF .007170 .007170
XN . 002440 .002496
XP .033102 .032624
Flow rates, lbm UF6/sec
F .0Lk7765 . 047491
W . 040397 .0k0123
P .007368 .007368
P] -——— .002439
P, --- . 004929
!
n i
Total cascade flow (25 Li)’ Ibm/sec 57.3465 62.5693
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The stage number; concentration of the feed, heads, and tails streams; flow in
the feed, heads, and tails streams; and stage cut for the design asymmetric
cascade are given in Table 1. Stage flow rates are plotted in Figure 5.

The ideal power consumption of the cascade is then

MW 1 bm UFE
Pi = 0.8303 TE;—UFg7;:Z x 62.5693 v 51.95 MW

This does not include the power consumption due to compressor inefficiency,

seals and bearings, electric motor drives, line losses, intercooler losses,

and cooling circuit power consumption. The total power consumption of an

8.75 million SWU/yr gaseous diffusion plant based on 1970 technology is

2430 MW from Table 2 of Reference 9. This scales to 83.3 MW power required

for the 300,000 SWU/yr fraction. Thus, a small velocity-slip plant could in

theory have a lower power consumption per SWU than a large gaseous diffusion plant.

A simplified flow diagram for a cascade stage is illustrated schematically
in Figure 3. Tails flow from the upper stage is mixed with heads flow from a
lower stage prior to being compressed. A multistage compressor module with
intercoolers and aftercooler is used to recompress the process gas. Up to
9 compressor modules and 798 separation units are manifolded together in any
one cascade stage. Some of the process gas must be withdrawn so that the
helium carrier gas can be separated from the UF6' This may be done by

liquifaction of the UF6 as indicated or by a centrifuge separation process.

The separated helium gas is used to makeup the desired seed fraction into the
velocity separation unit.

it should be noted that the cut of the helium carrier gas has an impor-
tant effect on cascade operation. No effort has been made to determine what
fraction of the carrier gas flow passes into the heads stream of the velocity
selector. This must probably be determined by actual experiment with a devel-
opment model of the separation unit. |t is assumed for the present that the
two mixing feed streams reconstitute the required seed fraction closely enough,
so that the helium separation unit has no impact on cascade design or cost and
the compressor inlet flow is always at the same mole fraction of helium as the
feed to the separation units.

NUMBER AND SI1ZE OF SEPARATION UNITS AND COMPRESSORS

A total of 42,423 separation units is required in the velocity slip
isotope separation cascade. The large number of units is a consequence of the
low feed capacity of only 0.001475 Ibm UF6/sec for the individual separation

unit. This low capacity in turn is a result of the very low operating pres-
sures of the feed gas, the intermittent nature of the velocity selector (which
requires a large spacing between nozzles), and the very small width of the
nozzle slots. |In this context, a Separation unit as shown in Figure 1 is a
single annulus of nozzles and rotating selector blades. It may be possible

to mount more than one set of blades on a single shaft.
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A detailed tabulation of cascade stage requirements is given in Table 2.
Stage number i, stage feed Li (lbm UF6/Sec), number of separation units, n,’

and ratio of total nominal flow of the separation units to the required stage
flow, fu, are itemized. The flow deviates from nominal design by no more than

+3.0 and -2.2 percent, in any stage.

The compressor modules were sized for a minimum number of compressor
designs and a maximum flow through each compressor stage. Three sizes of
compressor modules were selected. Size C3 is designed for 1/9th the flow
in stage 106;

L
ey = ;‘8 = 0.00815 1bm UF/sec

= 0.00991 1bm UF6 + He/sec

Size C2 is 5 times the flow of C3 and size C1 is 25 times the flow of C3.

Nc more than two compressor sizes were utilized in any cascade stage. The
total design flow of the compressors in any stage was required to be greater
than or equal to the required stage flow. The excess flow is recirculated
through the compressor module. The power consumed to recirculate the flow is
offset by the use of fewer module sizes of larger flow capacity. It is
desirable to increase the flow through the larger compressor modules because
these modules exhibit a higher efficiency.

The numbers cf each compressor module size are given in Table 2 as
nes N and .- The term fc is the error term in compressor flow
1 2 3
matching

3
2: n. hc - L
fe. = e | for each stage

i L.
i

“This term indicates the amount of excess compressor flow capacity and varies
between 1.0 and 1.176. The net excess compressor flow capacity for the entire
cascade is less than 3 percent:

£ (2 )
n m =L,
i=1 \k=1 °Ck,i °k !

= 0.0298
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The total number of compressors of each module size is:

Ncl = 269.
Nc2 = 226.

The percentage of the total compressor flow in each module size is then 84.07,
15.17, and 0.76, corresponding to modules s €y and C3.

COMPRESSOR MODULE ODESIGN

Several differant methods were considered for compressing the process
gas from 0.25 to 25 Torr, a pressure ratio of 100:1. The design pressure
levels fall into the region between so-called "rough" or fore pump and the

typical high vacuum pumps which operate down to 10-6 mm Hg. Mechanical pumps
such as the roots-type and the piston type were rejected because they require
oil lubrication at these pressure levels and because they do not have the
required volumetric flow capacity for a plant of this size. The volumetric

flow is 590 ft3/sec for the small compressor and 14,760 ft3/sec the largest
compressor module. Piston pumps were also eliminated from consideration
because of mechanical complexity and because of the intermittent, pulsating
nature of the compression process.

Vapor stream pumps, such as ejectors and "diffusion" pumps were not satis-
factory because of contamination of the process gas with the high momentum
stream. Ejector pumps tend to have low efficiencies for such large pressure
ratios and they would have a very low entrainment ratio, so that the high pres-
sure gas would be composed largely of the injected, primary gas. Diffusion
pumps typically operate at exhaust pressures below those required for the
velocity slip stagnation chamber.

The selected compression system consists of multistaged centrifugal
compressors with intercooling between stages and aftercooling of the flow
between last stage and the velocity selector. The compressors are to be
hermetically sealed and can be driven by electric motors within the sealed
volume. The bearings can be either gas foil bearings lubricated by helium
or conventional bearings lubricated by fluorocarbons. The small amount of
injected lubricant must be separated from the process gas.

A major technical uncertainty in the compressor design is performance at
low inlet Reynolds number because of low process gas pressure. |t is well

known that centrifugal compressor efficiency falls rapidly at Re < 105. For
tnis reason, the compressors were designed to be as large as possible, so as
to increase the Reynolds number.

A second area of design limitation is the validity of continuum flow

relations, which were used in the compressor designs. The mean free molecular
path at the inlet to the first compressor stage was computed as follows from
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Reference 14. The mean free path for constituant A of a binary gas mixture
of A and B is approximately

m 1/2
1 2 2 _A
i_ = J2 u A GA +m ng 6AB (1 + - )
A B
where 5, = 1 (5, +5,)
AB 2 YA B
.
AT kT
A = mean free path

n = molecular density

m = mass of molecule

§ = collision cross section
P = partial pressure

T = absolute temperature

k = Boltzman constant

For a 5 percent seed fraction, a pressure of 0.004544 lbf/in.z, and a tempera-
ture of 540°R,

0.02408 in.

KHe

KUF6 0.00579 in.

The smallest flow dimension on the first stage of the smallest compressor
module is the wheel exit width, b2 = 1.22 inch. The largest Knudsen number

is then gﬂg = 0.019. This is just sufficiently small so that continuum flow
2

can be assumed to model the compressor.

The 12 compressor stages were designed utilizing a proprietary AiResearch
program for sizing and design point performance of centrifugal compressors,
identified as CYNTHIA/41777. This program utilizes statistical correlations
to estimate the performance based on specific speed, wheel tip Mach number,
inlet Mach number, Reynolds number, and size effect.

The number of stages required was determined by the stress limitations
on wheel speed and the aerodynamic loading of the rotor and diffuser vaned
passages for good performance. Four compressor stages are required with a
wheel tip speed of 1925 ft/sec. The overall pressure ratio for the four
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stages is 162:1, not including interstage losses. The following losses in
total pressure were assumed in the design:

Line loss from separation unit to compressor 8%
Intercooler between first and second stages 12%
Intercooler between second and third stages 10%
Intercooler between third and fourth stages 8%
Aftercooler between fourth stage and separation unit 8%
Line loss from aftercooler to separation unit 2%

The net pressure ratio, from separation unit to separation unit, including
interstage losses, is then 100:1.

it was assumed that all intercoolers utilize R114 secondary coolant loops,
which, in turn, reject heat to the atmosphere via a water loop and coocling
towers. Therefore, the intercooler outlet temperature was chosen as 640°R to
allow for a minimum of 100 degree temperature difference between the process
gas and heat sink. Because the velocity slip process is assumed to start with
a 5L40°R stagnation chamber temperature, an aftercooler is utilized between the
last compressor stage and the velocity slip units.

The process gas is expanded in the velocity slip module from 540°R stagna-
tion temperature over & 100:1 pressure ratio. For an isentropic process, the
exit temperature would be

Y-l

P2
PR G BEERE L

However, the process wili not be isentropic because of pressure losses through
the selector blades, disk friction, and heat transfer through the walls of

the velocity selector and manifold plumbing. For this reason, the compressor
module inlet temperature was assumed to be at room temperature or S540°R.

The design parameters for the 12 compressors are listed in Table 3.
Initial sizing was made for constant specific speed and adiabatic head for
each stage with maximum overall compressor efficiency. Subsequently, the
compressaor speeds were adjusted so that only six different shaft speeds are
utilized in the compressor modules.

The final design Reynolds number of the different stages is plotted on
Figure 6, along with the curve of efficiency correction. The well established
region is shown as a solid curve, while the dashed curve indicates a tentative
correlation based on pump test data. All but one of the compressor designs
are within an order of magnitude of the well defined region.
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The only dimensions listed for the compressor are wheel diameter and
wheel exit width. Either a vaned or a conical pipe diffuser will be used with
the impeller, which will increase the diameter by approximately 70%. The
compressor length, along the axis of rotation, will be approximately equal to
its wheel diameter, including an upstream inlet section. Thus, the total
volume of a compressor stage is approximately 203.

The total compressor power requirement can be determined from the total
horsepower for each module times the number of modules as 56,153.5 hp or
41.87 MW, This is close to the ideal power for an isentropic compression
process. A summary of the module number, flowrate, number of modules, module
power, and net efficiency, including line losses, is given below:

Flow,
1bm UF6 + He Module
Module (_s_?_> Number Power Net
Number e of Modules (hp) Efficiency
ct1 0.24775 269 175.48 1.034
c2 0.04955 226 37.70 0.962
C3 0.00991 51 8.4 0.863

The compressor module efficiency is based on the ideal, isentropic compression
work for a perfect gas for an overall pressure ratio of 100. and an inlet tem-
perature of S40°R (see page A-7). This efficiency may be greater than one
because of the heat removed by the intercoolers.

FROCESS HEAT REMOVAL SYSTEM

There are four heat exchangers in each compressor module: three inter-
coolers and one aftercooler, which are located downstream of each of the
centrifugal compressors. The rate of heat removal from the cascade is
41,87 MW, which is the compressor work input. The energy added in the separa-
tion unit is neglected, as it is assumed that the process gas will reach room
temperature by the time it reaches the inlet to the first compressor stage.

Table 4 summarizes the heat exchanger inlet and outlet temperatures and
pressures on the primary side. The difference between the three modules is
the inlet temperature, which is dependent on the compressor stage efficiency,
and the flowrate.
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CONDENSABLE CARRIER GAS

One of the goals of this plant design study was to utilize a condensable
carrier gas, such as hydrogen fluoride, to reduce the compressor power require-
ments. The carrier gas would be condensed, pumped as a liquid, boiled, and
remixed with the UF6 isotopes. This would overcome a major drawback of the

velocity slip process, which is the large work required to compress a low
molecular weight, low pressure gas to a8 high pressure ratio.

Candidate condensable carrier gases must (1) be chemically compatible with
UF6 and available materials for pipe, pump, and heat exchanger equipment;

(2) the gas must have a low molecular weight (nominally 40 or less); and

(3) the gas must condense out at temperatures which do not require excessive
investment in zryogenic equipment (typically above 140°R). The best available
gas appeared to be hydrogen fluoride, with a molecular weight of 20.01. With
this gas, the stage heads to tails separation factor, o - 1, was reduced by

27 percent, compared with the value for helium (Reference 10).

The vapor pressure curves of hydrogen fluoride and uranium hexafluoride
are presented in Figure 7 to illustrate the following discussion. At the back-
ground pressure of 0.15 Torr, assumed for the velocity selector, both gases
will condense as a solid (Reference 15). |n fact, the UF6 will condense out

first, as a solid, at partial pressures below the triple point of 1148 Torr
for uranium hexafluoride. The heavier UF6 molecuies will probably condense

before any conceivable lightweight carrier gas. Therefore, additional require-
ments for a condensable carrier gas might be (4) the gas should have a triple
point below the background pressure in the velocity selector and (5) high
solubility of the solid uranium hexafluoride in the liquid carrier gas is
required for liquid pumps.

The condensed gases could be transported and pumped as solids, instead of
liquids. It is possible to utilize a cyclical process, whereby the gas is con-
densed, the volupe is reduced, and the gas is vaporized again. However, the
volumetric flow capacity of the required tanks may be prohibitively expansive.

The total flow in the cascade for a hydrogen fluoride carrier gas has
beer computed for an ideal, asymmetric cascade with two heads and one tails
streams with a stage heads-to-tails separation factor of 1.051 corresponding
to a 5 percent seeding of uranium hexafluoride. The separation factor was
estimated from the net values of g - 1 of References 1 and 10. The helium
a -1 of 0.07 was multiplied by the ratio of the net o - 1! for hydrogen
fluoride to the net &« =1 for helium carrier gas. A total cascade flow of
114.01 1bm UFc/sec is required in 155 stages. The average stage cut, 8, was

0.328 for the UF6.

The volumetric flow of the cascade is found by multiplying the UF6 flow
by the ratio of UF6 + HF flow to UF6 flow and dividing by the density of the
mixture at 0.15 Torr pressure and 540°R temperature. The cascade volumetric
flow was computed as 776 x 106 ft3/min.
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The tank volume required for the process is the product of volumetric
flow rate and cycle time. During a cycle, a valve is opened, the tank fills,
a surface in the tank is cooled to 150°K, the volume is reduced, the tank is
heated to 300°K, a valve is opened, and the tank is emptied of process gas.
For a 10 minute time cycle, approximately 8 billion cubic feet of tank capacity
is required.

CONCLUSIONS

The utility of the velocity-slip separation process depends on the level
of stage separation factor, the interstage compression work, and the feed
throughput of the individual separation unit. To paraphrase Comparque (Refer-
ence 11), the uncertainty in the separative work and the energy requirements
is such that an optimistic choice of all parameters results in an extremely
attractive estimate of the process, while a pessimistic choice of all parame-
ters results in an extremely unattractive estimate of the process.

The important questions relate to the performance of an optimized velocity
separation unit. What value of o can be achieved in a practical velocity
selector with multipie slit nozzles and a rotating, bladed velocity selector?
What is the cut of the seed and carrier gases corresponding to this «? What
feed throughput can be achieved? Can the cut be controlled by varying the
pressure ratio across the selector blades? What is the off-design performance
of the velocity selector? Can the background pressure be raised, so as to
reduce compressor work and increase separation unit throughput? What is the
effect of higher seed fractions on performance? The final answers will require
experimental verification wherein the heads and tails streams are actually
separated in a multi-nozzle unit.

The present study has generally taken an optimistic evaluation of the
velocity slip process, which results in performance better than that of a
large gaseous diffusion plant. However, because of the low pressures in the
process and the transient nature of the velocity-slip separation, a very
large number of velocity selectors is required. An increase in diameter of
the velocity selector wheel would make the nozzle clearance of 0.5 mm diffi-
cult to maintain. An increase of the nozzle and blade heights in the velocity
selector is limited by considerations of blade stress and three-dimensional
flow phenomena.

The turbomachinery usaed in the velocity slip process is unique because of
the extremely low mass of fluid being processed fcr a given machine volume.
For this reason, the power consumed in the bearings may be appreciable. Also,
the manifolding of piping between process machinery could be very expensive.
The piping must withstand buckling loads due to ambient external pressure and
vacuum level internal pressure.

The use of a condensable gas, such as hydrogen fluoride, as the carrier
gas was studied in an attempt to reduce the compression work. At the low
background pressure of the velocity-slip process, both uranium hexafluoride
and hydrogen fluoride condense as solids, so that conventional liquid pumps
cannot be employed. Compression of the condensed solids requires an innovative
method to efficiently separate and transport the condensate from the large
volumetric flow exhausted from the velocity-separation units.
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A-14
A-26
A-5,
A-27
A-26

A-14
A~26
A-4

A-14

A-28
A-8

A-26
A-12

A-8

A-16
A-26
A-31

A-12
A-12
A-12

A-26
A-26

A-10
A-10
A-14

A-4
A-4
A-8
A-8
A-12
A-8

A-5,
A-27
A-26
A-8

TABLE OF NOMENCLATURE

Meaning

total nozzle area per separating unit, mm2
designator for first gas constituent

total throat area of nozzle slits

blade spacing, Iinches

pitch of velocity selector blades

designator for second gas constituent
fraction of avallable area blocked by blades

transmission function:

fraction of molecules of velocity

which pass through selector to become heads stream
compressor whee!l exit width, inches

compressor
a surrogate for P and -W
axial chord of velocity selector blade
designator for compressor module size

a surrogate for fF

compressor wheel diameter

selector wheel diameter
duct diameter

cascade feed flux, Ibmoles UFg /sec or SWU/year

required stage flow

ratio of total nominal flow through separation units to required stage
compressor flow error
stage~| compressor flow error

Ibm to Ibf conversion factor: 32.174 1bm—ft/lbf-sec2

height of nozzle slot
height of velocity selector blade

stage index number
stage index number

Boltzman constant

subscript denoting heads stream
stage feed rate, lbmoles UF,/sec

stage-i head flux, Ibmoles

8F6 /sec

stage-i talls flux, Ibmoles Uﬁs/sec
stage-i feed flux, Ibm UFg/sec
stage-i feed flux, Ibmoles UF /sec

pounds force:

pounds mass

blade chord length, Inches

length of nozzle slot

natural

fogarithm
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Symbol Pages
M A-8
MW

M A-28
ma A-14
mg A-14
s A-12
[ 3
m A-6
ty A-6
N A-26
Ny A-26
NCI A-13
Nco A-13
N A-13

3

c A-8
na A-14
nB A-14
nc' A-12
ncz A-12
nc A‘12
ne . A=12
an’: A-4
nU A-12
nIL A-4
nZL A-4
MR A-4
nor A-4
P A-26
£ A-14
P A-8
PTHXEX A=-25
PTHXIN A-25
Pa A-14
Py A-32

o

Pci A=7
P; A-11
Pg A-32
PT A‘6
PVi A-G
P| A-7
PI A-8
Pz A=7
Pa A-8

Meaning
feed-stage Index number
megawatt
motor

mass of moiecule A

mass of molecule B

flux capacity of C; compressor module, i{bm UF, /sec
flow rate of substance or mixture k: Ibmole/sec
UF, flow capacity of separation units, Ibm UF6/sec

selector whee! frequency

number of biades

total number of C, compressor modules

total number of C, compressor modules

total number of Cz compressor modules

number of stages in cascade and topmost product stage index
number

molecular density of A

molecular density of B

number of C, compressor modules required

number of C, compressor modules required

number of Cx compressor modules required

number of C, compressor modules in stage i

fraction of flux intercepted by selector

number of separation units

flux of molecules containing light isotope which pass through
selector

flux of molecules containing heavy isotope which pass through
selector

flux of molecules containing 1ight isotope which is inter-
cepted by selector

flux of molecules containing heavy isotope which is inter-
cepted by selector

pitch of nozzle slits

partial pressure

cascade product flux, Ibmoles UF6/sec

total pressure at heat exchanger exit

total pressure at heat exchanger inlet

partial pressure of A

background pressure in velocity selector

ideal specific isentropic compression work, MW-sec
tbm UFg

cascade ideal power consumption, MW

stagnation chamber pressure in velocity selector

total pressure of stream in nozzle, torr

ideal specific power Input by gas, Mw-sec/!bm UFg

pressure at compressor inlet, torr

topmost stage heads flux, Ibmoles LWb/sec

pressure at compressor outlet, torr

next-to-topmost stage heads flux, Ibmoles UFg /sec
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Symbol Pages Meaning

R A-4 subscript denoting taiis stream

R A-5 universal gas constant: 72.21 f+-Ibf/Ibm-°R

Re A-13 Reynolds number

R114 A-15 f luorocarbon refrigerant

r A-26 clearance between rotor and nozzie ring

S A-3 speed ratio: ratio of average velocity to thermal velocity
T A-14 absolute temperature

TTHXEX  A-25 tota! pressure at heat exchanger exit
TTHXIN  A-25 total temperature at heat exchanger inlet

TT A-6 total temperatures of stream In nozzle, °R

T A-5 temperature of velocity selector siot walls

T A-15 absolute temperature of inlet stream

T, A-15 absolute temperature of outlet stream

+ A-26 blade thickness at midheight

t/1 A-26 blade thickness to chord ratio

te A-5 time Interval during which passage between se!ector blades
receives the molecular beam

ty A-26 blade thickness at hub

TT A-26 blade thickness at tip

u A-6, bulk velocity of stream through nozzle, , [MW-sec , ft/sec

A-7 Ibm gas

U (&) A-4 species velocity distribution function

U A-3 average velocity of heavy species in seeded molecular beam

Uy, A-26 velocity of motecules leaving wheel radially

Unm A-26 selector wheel peripheral speed

v A-26 peripheral speed of wheel

V(X) A-9 value function for mole fraction X

Vo A-31 gas speed

W A-8 cascade tails flux, Ibmoles st/sec

w A-26 nozzle slit width

X A-8 mole fraction of light-isotope molecules

Xc A-8 a surrogate for Xp and Xy

Xp A-8 a surrogate for Xg

X, A-20 mole fraction of light-isotope molecules in stage-i feed
stream

X; A-20 mole fraction of 1ight-isotope molecules in stage-i heads
stream

X? A-20 mole fraction of |ight~isotope molecules in stage-i tails
stream

Yp A-8 mole fraction of 1ight-isotope molecules In cascade product stream
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Meanlng

mole fraction of light-isotope molecules in heads of topmost
stage

moie fraction of light-isotope molecules in heads of next-
to-topmost stage

Greek Symbols

stage separation factor (X'(1-X"))/(X"(1-X"))

angle of incident molecules of selected velocity with respect
to rotating blades

ratio of specific heats for gas mixture

separative capacity, Ibmoles Ufg /sec, SwWu/year
difference in mean forward veioclty of the heavy species
in a seeded molecular beam

stage separative capacity, Ibmoles UF,/sec

collision cross section for A

collision cross section for B

(8p +6g )/2

cascade assay factor: ratio of feed abundance ratios for
adjacent stages

stage cut: ratio of heads flux to feed flux

stage-1 cut

efficiency

mean free path for A

gas absolute viscosity at inlet stagnation conditions
molecular velocity in stream direction

abundance ratio for cascade feed

abundance ratio for stage-i feed

abundance ratio for stage-i heads

abundance ratio for stage-i tails

abundance ratio for stage-j feed

abundance ratio for cascade tails

gas density at inlet stagnation condition
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. U ECy: Velocity-Slip |sotope Separation Piant - Compressor
Intercooler Design Considerations and Cost Estimate

REF: Springer, G. S., "Heat Transfer in Rarefied
Gases,'" in Advance in Heat Transfer (J. P.
Hartnett and T. Irvine, eds.), Vol. 7,
Academic Press, 197).

This memo summarizes details of considerations which were given to the
sizing and cost estimate for compressor intercoolers for a 300,000 SWU/yr
uranium enrichment plant using a velocity-slip isotope separation process.
The study was conducted as a part of a technical and economic feasibility
study for the velocity-slip isotope separation process, and, accordingly has
concerned itself with a workable design approach and a cost estimate rather
than details of heat transfer and heat exchanger design. The following
describes briefly the cooling scheme used, selection of the heat transfer
surface for the purpose of cost estimate, a summary of heat transfer analysis,
heat exchanger cost estimate, and the power consumption expected for the
secondary coolant loop.

1. Compressor Inter- and Aftercooling Requirement and Cooling Scheme

Each cascade stage of the enrichment plant contains up to nine compresscr
modules each of which has a four-stage compressor, three intercoclers anc ar
aftercooler. There are only three different sizes of compressor modules in
the entire cascade and as such there are three different inter- or aftercocler
modules for each compression stage. The entire plant has twelve different
modules of heat exchangers. Table 1 summarizes the helium=uranium hexaflucride
(He-UF6 mixture) side design condition and the number of each heat exchanger

module required for the entire plant. The design conditions were established
by R. Keating of Dept. 93-32.

The cooling scheme is schematically illustrated in Figure 1. R-114 is
used as the primary coolant and water the secondary coolant. The He-UF6

mixture transfers its sensible energy to R-114 evaporating inside tubes of

the intercoolers, which in turn rejects heat to cooling tower water by con-
densing in the R-11l4-to-water heat exchanger. It is assumed that the cooling
tower is capable of cooling 9000 gpm of water from 130°F to 90°F. The after-
cooler consists of two heat exchanger components: the He—UF6 mixture entering
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the aftercooler cools down to 640°R in the first component then to S540°R in
the second component. The second component utilizes a R-114 refrigeration
cycle to accomplish the required cooling.

2. Selection of the Heat Transfer Surface for the Cost Estimate

A preliminary heat transfer analysis and a cost estimate indicate that

(1) The overall cost of the inter- and aftercoolers will be less than
5% of the total plant cost.

(2) €1 module heat exchangers, i.e., heat exchangers for the C1 com-
pressor modules, take approximately 85% of the cost. Among those,
the first stage intercoolers will be responsible for 35% of the
cost.

(3) The first stage intercoolers will operate in a slip flow regime.
The He-UF6 side heat transfer coefficient is in the order of

1 Btu/hr-ft2-°F while that of R-114 is in the order or
100 Btu/hr-ft2—°F.

The above establishes that, for the purpose of a cost estimate, a heat
transfer surface which best economizes the first stage intercooler of the Cl
compressor module can be applied to all twelve heat exchanger modules without
resulting in a significant error in the cost of the plant. Also, it is
obvious that the surface selected should have a large outside fin surface
area per unit inside surface area to offset the large difference in heat
transfer coefficients between the He-UF6 side (tube outside) and the R-114

side (tube inside). The He-UF¢ side pressure drop is another major item that

was considered in the selection of the heat transfer surface.

Table 2 summarizes the physical characteristics of the heat transfer sur-
face selected. It is an aluminum high fin tubing commercially available. The
outside to inside surface area ratio is approximately 21, and the tubing has a
relatively good pressure drop characteristic because of the use of high fins
on a relatively large fin spacing. The effectiveness of the fin is close to
unity in the operating ranges presently considered. The tube arrangement
chosen, i.e., transverse pitch equal to 1.64 times the fin diameter and longi-
tudinal pitch equal to 1.08 times the fin diameter with tubes arranged in a
staggered fashion, is a result of a‘study which was conducted to minimize the
core pressure drop while keeping the heat exchanger frontal area reasonably
small. The aluminum fin tubing is believed to be compatible with both of the
working fluids, He=UF and R=-114,

3. Cost Model
At present, Dept. 93-39 does not have a detailed cost model established
for process heat exchangers. As a rule of thumb, however, F. Faulkner, Chief

of Thermodynamics, has suggested that the installed cost of a heat exchanger
be computed using $6.00 per pound of its core weight. This figure has heen
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used lately for many process applications and were reported, in several
programs, to yield a reasonably good agreement with the actual installed cost
of heat exchangers.

The same rule of thumb was used in the present application in view of the
fact that heat exchanger takes a very small fraction of the total cost of the
plant and the error introduced by the rule of thumb, if any, will be negligible
compared to the total cost of the enrichment plant. With this rule of thumb,
the cost per linear foot of the finned tubing specified in Table 2 is $4.67 per
foot. This figure was used as a basis of the cost estimate described in the
subsegquent sections.

4, Evaluation of the He-UF6 Side Heat Transfer Coefficient

The heat transfer coefficient associated with evaporation of R=114 in

1.0 in. circular tube is in the order of 100 Btu/hr-ftz-’F. At the same time,
the convective heat transfer coefficient from the He-UF6 mixture flow to the

fin surface (outside) is in the order to | Btu/hr-ft2-°F. The outside-to-
inside surface area ratio is 21 and, therefore, the He-UF6 side heat transfer
coefficiant controls the overall heat transfer.

The He-UF6 flows in the inter- and aftercoolers are characterized by very

low Reynolds numbers and low pressures. In fact, the first stage intercooler
operates in a slip flow regime with Knudsen number of 0.02 based on the
hydraulic diameter of thte finned tube bank (Table 2). The corresponding
Reynolds number is approximately 15, The other intercoolers operate in con-
tinuum but at Reynolds numbers considerably lower® than the lower limit of the
existing heat transfer correlations. This presents a serious problem because
of the fact that a heat transfer correlation developed for a moderate or high
Reynolds number flow cannot be safely extrapolated®* to a low Reynolds number
flow and that the cost of the heat exchangers varies almost inversely propor-
tionai to the He-UF6 side heat transfer coefficients as illustrated in Figure 2.

In order to determine a realistic design value, the Ha—UF6 side heat trans-

fer coefficient was calculated using all applicable continuum flow theories.
The table below summarizes some of the values calculated in this way for the
first stage intercooler.

*Reynolds number varies between 15 and 350 in the intercoolers. The lower
limits of most of the finned tube bank correlations available are approxi-
mately 600.

**The Colburn j=-factor for flow over finned tube banks may be expressed by

j = Re-f(Re) where f(Re) is a continuous function of Re varying
between 1.0 at a low Reynolds number and 0.3 at a high Reynolds number.
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Heat Transfer
Coefficient,
Heat Transfer Model Btu/hr-ft2-°F
1. An AiResearch finned tube bank correlation 0.21
2. Laminar boundary layer theory (flat plate) - 0.52
fins
3. Laminar flow over a circular cylinder 0.64
4. Fully developed laminar channel flow 2.82
5. Extrapolation of the AiResearch correlation 0.58
above using j = Re-o'6 for Re < 800

As expected, a direct extrapolation of the AiResearch correlation for flow
over finned tube bank results in a much lower value than those of the laminar

flow theories. This is a result of the extrapolation of J = Re-0°35 to
Re = 15, and may be considered as the lower bound for the He-UF6 side heat

transfer coefficient. The fully developed laminar channel flow assumption
gives a fairly high value. Such a high heat transfer coefficient will not be
realized, however, -because the flow retardation in the finned section and
subsequent mixing of heated and unheated fluids downstream will effectively
reduce the heat transfer coefficient in the finned tube bank. The thermal
entry length of the flow in the finned section is very short (x/Dh,z 1.0) and

as a result it is expected that the actual heat transfer coefficient will be

slightly greater than that of the laminar boundary layer assumption (second
value in the table).

The design heat transfer coefficients in the present study were evatuated
by extrapolating the AiResearch correlation assuming a power law relation

j = Re‘o'6 for Re < 800. This modification is based on observations that

the AiResearch correlation is applicable down to Re = 800 and that the heat

transfer phenomena in laminar flow regime involving flow separations can often

be approximated by Re.o'6 for a low Reynolds number region.

For a slip flow regime, the heat transfer coefficient based on the con-
tinuum theory was medified for the reduction of Nusselt number (Reference 1)
as well as for the reduction of thermal conductivity in the slip flow regime.
The combined effect amounts to approximately 4% for the first stage inter-
covler, reducing the He-‘JF6 side heat transfer coefficient at the design point

from 0.58 Btu/hr-ft2-°F to 0.50 Btu/hr-ft2-°F. The design point values for
other stages are shown ir Figure 2.
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5. Heat Exchanger Characteristics and Secondary Loop Power Consumption

Table 3 summarizes the heat exchanger design characteristics and the
resulting core volume, weight, and the cost. They are tabulated in terms of
the plant total for each compression stage. The calculation is based on an
average evaporation temperature of 140°F for R-114 for the intercoolers and
65°F for the fourth stage aftercoolers (i.e., the second component of the
compressor aftercooler).

The inter- and dftercooler core length in the direction of the He-UF6

flow varies approximately from 5.0-in. for the first stage intercoolers to
LO-in. for the aftercooler. At the same time, the frontal area of heat
exchangers varies from one module to another in the same intercooling stage.
Ac a result, when the heat transfer surface specified in Table 2 is used, the
core dimensions of the first stage intercooler for Cl1 compressor module will
be B5-in. by 85-in. by 5-in. while that of the aftercooler for C3 compressor
module will be 3-in. by 3-in. by L4O-in. The core configurations for smaller
heat exchangers, such as those for C3 compressor modules, can be improved by
using an optimum heat transfer surface for their operating conditions; this
will not affect the total cost of the heat exchangers to any significant
extent as explained earlier in Section 2.

The cooling water flow rate required for condensing R-114 is 1010 Ib/sec
or 7300 gpm. The total power consumption for the R-114 pump and the water
pump is expected to be 0.5 mw. The R-114 refrigeration cycle compressor (see
Figure 1) requires approximately 1.0 mw for the operating conditions assumed
in Figure 1. This compression work can be reduced by 40% by installing a
separate Rl114-to-water condenser with R-114 condensing at 120°F,

6. Concluding Remarks

(1) The total cost of the compressor inter- and aftercoolers is expected
to be anywhere between $700,000 and $2,400,000. The best estimate
at present is $1,215,000. This does not include the cost of secon-
dary coolant loop heat transfer equipment such as R-1l4-to-water
heat exchanger and cooling tower.

(2) The present study was not concerned with a detailed sizing of heat
exchangers. This requires a definition of the system operating con-
ditions including those for the secondary loop, and an optimization
of each of the twelve modules for its operating conditions and pack-
aging requirements.
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TABLE 1

PRIMARY LOOP HEAT EXCHANGER DESIGN COND| TIONS

Flow, Total
tbm UFg + He PTHXIN, TTHXIN, PTHXEX, TTHXEX, Number of
Module sec Stage psia °R psia °R Modules
ci 0.24775 i .018597 999.72 .016365 640. 00 269
2 .055767 | 1066.06 .050190 640. 00 269
3 .171032 1051.18 .157349 640.00 269
4 .536195 1035.20 .493299 540.00 269
c2 0.04955 1 .018597 1044, bk .016365 640. 00 226
2 .055767 1101.29 .050190 640. 00 226
3 .171032 1075.49 157349 640. 00 226
4 .536195 1056.42 .493299 540. 00 226
c3 0.00991 1 .018597 1129.32 .016365 640. 00 51
2 .055767 1155.30 .050190 640.00 51
3 171032 114,48 .157349 640.00 51
4 .536195 1087.52 .493299 540.00 51




TABLE 2

HEAT TRANSFER SURFACE SELECTED FOR COST ESTIMATE

Surface
Manufacturer, cat. number Wolverine, 69-5916049-41
Type Circular finned tube
Material Alumi num
Tube outside diameter 1.005-in.
Tube inside diameter 0.317=-in.
Fin diameter 2.25-in.
Number of fins 9 fins/inch
Qutside surface area per linear length 5.0189 ftz/ft
Surface area ratio, outside to inside 21,13
Approx. weight per linear length 0.778 1b/ft

Surface (Finned Tube) Arrangement

Pattern Staggered tube bank
Transverse spacing 1.64 x (fin diameter)
Longitudinal spacing 1.08 x (fin diameter)
Hydraulic diameter 0.0347 ft

Qutside surface area to volume ratio 80.6 ftz/ft3

Free flow area to frontal area ratio 0.665
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TABLE 3

INTERCOOLER SIZE, WEIGHT AND COST

Ist St. 2nd St. 3rd St. Lth St. Lth St.

intercooler |Intercooler |lIntercooler }intercooler |Aftercooler System

(Stage Total)|(Stage Total){(Stage Total)|(Stage Total)|(Stage Total)| Total
Heat Flow, Btu/sec 8,638 10,154 9,778 9,378 2,353 40, 301
LMTD, °F 157 174 170 166 49

. 2,

Design hgas—side’ Btu/hr-ft™-°F 0.5 0,94 1.4 2.2 2.2
HX Core Volume, ft3 6,495 3,552 2,636 1,770 1,389 15,842
HX Core Weight, 1b 81, 141 47,713 32,927 22,112 18,649 202,542
HX Cost, § 486, 8l 286,280 197,562 132,669 111,891 |1,215,246

*The fourth stage intercooler refers to the first component of the aftercooler in Figure | and the fourth
stage aftercooler refers to the second component.




DATE 2 =2 =77

PART NO, 2.5, =720 rey? = Yelenn

:/P

[N

.

/;_//r’Y § '

PREPARED BY

CALC. NO.
MODEL NO.
CHECKED BY

SHEET NO.

He +UF; mixture

Ist Stage Q

rxf Soge

——

inkereooter

2nd .s‘tqt%
amfrcsw
2nd stoge

11 fetn OO Fovr

3rd stige
mpresor
ol Shtu

-y
873, 76p:}:
‘car varn )
|

SN b codl <o

#th siage
m’fml

138°F
¢s fsfl »

2 fHon CcOVev

CFiret comp)’
| 2ftsecooler
(second comp. )

f2ubecolad
:ll?‘“. { )

3
5’4-06_“

45 °F
24.8 prv

£5°F
22 ru'w

Grpa ider

HQ +UF‘

To SE&EPaARANTION
UNLT

L=t Condenscy
RNyl ~wate/

e ——
Cc‘n‘f”l‘.’ﬂf

-1

4 84o ik
sec.

140 °~ .
83 .74 pSié
s buror~ y.r/ur)J

heat <xehd o o

%0 °F

water

130°'F

Cor /«'HJ'

To wév

|-

-
7300 g«/m‘)

Fleufe /

moke -uF
wafey

A Schematc of Cao/,‘n; Laaf

£3-45



SIDE

e
-

» —?_A?

=i
A

=
£

“HEAT TRANSFER

—
—f et

—t

—b

S SRR

4
e

T 5 Y
m Ll ¥
S 0 &
VRS it i o e

Ie

rrece
s St et

.

1

e in

T
—_— e
T :

‘1

et

Nd <t3q

AT

-4

pPCT

~Lddl

- LAI B it

[

(%

v L

A

o~ \a

/
w%mxm — ised ¥37 Qnukw.ulv\f\sqm&uth NI

/0.0

2

L
iy
Y
3
Y
'Y
3
C\./
u
Y
ﬂr.
4
<
~NJ
LAY
=y
2
Ty
Ty
A)
w
o
1
)
]
\Y
x
N
nN
=

E3-46



SECTION A

SUMMARY OF VELOCITY=-SLIP URANIUM ENRICHMENT PLANT (VSUEP) EVALUATION

The evaluation of the velocity-slip uranium enrichment technique summarized
here sought to:

[ Perform a critical review of the technology and assess the feasibility
of building an enterprise based on it as may be appropriate for a
single utitity system.

° Assess the economic characteristics of such an enterprise in a fcrmat
which permits comparison with current standard options (e.q., gaseous
diffusion and gas centrifuge).

® Apply the AiResearch privately-owned Uranium Enrichment Piant Eccn-
omic Risk Model Computer Program to describe the uncertainty in the
cost estimates. (Note: The economic risk mode! was not exercised
because the capital cost of the VSUEP would render a SWU price far
beyond acceptable limits.)

Exhibit A-~1 shows a comparison of the projected unit costs of separative
work from the velocity~slip and gas-centrifuge uranium enrichment plants.
Exhibit A-2 compares the identifying key assumptions about these three piants.

The projected price of yellowcake (U30g) determines the optimal 235UF6
3ssay of the plant tails stream. The net value of the tails stream has been
assumed *o he zero. The Department of Energy (DOE) plan to strip tails from
“*he gaseous diffusion and gas-centrifuge uranium enrichment plants indicates
a value greater than zero for these tails in the appropriate form at the fails-
stripping pl'ant site. This value has not been estimated nor has the cost cf
conversion and transportation of the velocity-slip process tails in Texas to
tails-stripping plant feed in Tennessee.

Exhibit A-3 shows the structure of the unit cost of separative work pro-
jection for the velocity=-siip uranium enrichment enterprise. Clearly the
capital charges associated with interest during construction, engineering,
and contingency represent a substantial portion of the total. The total of
these charges is roughly equal to the capita! charqes representing the cost
of all the hardware and the buildings to house it.

Exhibit A-4 describes the calculation of the projected unit cost of
separative work from the fixed-capital cost estimate, the operating cos?t
estimate, and the capital recovery factor. Exhibit A-5 describes the calcu-
lation of the capital project and fixed-capital cost estimates from the base
cost estimates developed by engineering evaluation of the hardware and labor
costs involved in building the plant. The fixed-capital cost estimate for
the VSUEP amounts to $6732 million. Exhibit A-6 compares the fixed-capital
cost estimates for the two plants identified in Exhibits A-1 and A-2.
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oy $5228/SWU

$128/SWU
‘::::: $96/ SWU
VSUEP GCUEP RECENT PRICE
(350,000 SWU/YR OF SEPARATIVE

CAPACITY) WORK

Exhibit A-1. Unit Cost or Price of Separative Work

E3A-2



EXHIBIT A-2

COMPAR 1SON OF IDENTIFYING KEY ASSUMPTIONS FOR TWO
ALTERNATIVE URANIUM ENRICHMENT PLANT CONCEPTS*

SITING CASE A CASE B

Prccess Velocity-Slip Gas-Centrifuge

Siting Sharing a Stand-alone site
Texas power in Texas
plant site

Ownership Private Private

Separative Capacity, SWU s/year 300,000 350,000

Product Assay, weight percent 235UF’6 3.2 3.2

Taiis Assay, weight percent 235UF6 0.25 0.25

Feed Assay, weight percent 235UF'6 0.711 0.711

New UFg Feed and Withdrawal
Facilities (TESA) Yes Yes

*See Section B for more information about key assumptions.
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COMPRESSORS
FACTORY COST v

COMPRESSORS
ALLOWANCES

INTEREST DURING
CONSTRUCTION

CONTINGENCY

Projected unit cost of separative work is $5228 per SwU

Exhibit A-3. Components of the Projected Unit Cost of Separative Work from
the Velocity=Slip Uranium Enrichment Plant
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JANNUAL SwU

PRODYCTION

ANNUAL COST OF

OPERATIONS

START-UP_COSTS

| ==

COST OF INTEREST

DURING CONSTRUCTION

PROJECT COST

CONSTRUCTION | _

A& E FEES

CAPITAL PROJECT

cosT

FIXED-CAPITAL |_

COST (less lend

PROGRAM MANAGE- |

MENT COSTS

{CONTINGENCY |-
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EXHIBIT A-5

FIXED-CAPITAL COSTS EXTENSION

millions of dollars
Other Separator & Other
Architecturai Structural Compressor Process Mechanical Etectrical industrial
Land Systems Systems Systems Equipment Systems Systems Systems Instrumentation Totals
Base Cost Estimate 0.0 6.0 41.8 1437.0 272.0 9.0 30.9 5.1 168.9 1960.8
Freight in a 42.5 o L 42.5
Subtotal 10.0 6.0 4.8 7459.5 272.0 9.0 30.9 5.1 168.9 2003.3
Allowances for indirect, Frocurement,
Insurance, FICA. State and Loca!
Taxes, Sma!! Too!s, Scrappage and
Overage, Premium Labor Rates Costs 0 1.7 1.7 729.8 716.2 2.5 8.7 1.4 47.3 879.3
Subtotal 10.0 7.7 53.5 2189.3 348.2 1.5 39.6 6.5 216.2 2882.5
Subcontractors! Markups and Fees 0 0 5.4 219.6 35.3 1.2 4.0 0.7 22.0 288,2
Subtotal 10.0 7.7 58.9 2408.9 383.5 12.7 43.6 7.2 238.2 3170.7
Construction Contractor's Indirect
Costs 0 1 8.8 0 0 1.9 6.5 1.1 0 19.4
Operations Contractor's Overhead 0 354.3 57,1 0 0 0 35.4 446,.8
Subtota! 10.0 8.8 67.7 2763.2 440.6 14.6 50.1 8.3 273.6 3636.9
Construction Project Cost (less land) 3626.9
Engineering (AAE) Fees Cost 507.8
Subtotal 4134,7
Project Management Costs 290.1
Subtotal 4424,8
Contingency for Cversight and Uniden-
tified Miscellaneous 943.0
Subtotal 5367.8
Interest during Construction 1235.5
Land 10.0
Subtotal 6613.3
Start-up Costs 118.6
Tota) 6731.9



ey 55732 MILLION

$184 MILLION

A

VELOCITY=-SLIP GAS CENTRIFUGE
(300,000 SWU/YR (350,000 SWU/YR
CAPACITY) CAPACITY)

Exhibit A-6. Fixed=-Capital Cost
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The velocity siip uranium enrichment plant will incur operating costs
of $474 million per year and require working capital amounting to $1.4
million.

The capital recovery factor has been assumed to be 0.16275 which repre-

sents the situation in which the average useful life of the hardware and
buildings is 10 years and the cost of money to the enterprise is 10 percent
per year. Clearly the buildings will last longer than 10 years but the velocity-

siip modules and some of the UF6 process equipment may last much tess than
10 years. The value assumed is generally accepted, in the absence of better
information, in the projection of the unit cost of separative work.
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SECTION B

INTRODUCT ION

A velocity-slip uranium enrichment plant (VSUEP) preliminary conceptual
design and cost estimate are presented in this report. The highlights of this
estimate have been summarized in Section A. The accuracy of this estimate
is uncertain but Exhibit B-1 might be helpful in forming an opinion about it.
The cost of this project-cost estimate is $20,000 and the projected construction
project cost is $3,623 million. However, much of *he information has been
obtained from the AiResearch-funded studies of a 350,000 SWU/yr gas centrifuge
enrichment plant. Some of this AiResearch-funded information was also included
in a laser isotope separation economic study for LASL, which was a classified
Secret - Restricted Data Study.

The preliminary conceptual!l design was developed by engineering discipline,
e.g., architectural and electrical, the cost estimate summary aggreqates cost
by plant area e.g., process facilities area and UF feed and withdrawal area
(TESA). The cost estimate is separately agqregated into cateqories of capital
costs and operating costs.

The preliminary conceptual desiqn assumes:

° Desired plant capacity is 300,000 SWU per year using natural-uranium
hexafluoride as feed.

° The feed uranium hexafluoride can be purchased in the quantities
required at an acceptable price.

® The tails UFg can be sent to the DOE tails stockpile at no net cost.
e The plant uses the velocity-slip process to separate the 235 and 238
isotopes of uranium and performs the functions described in Section C

of this report,.

) The plant is sited adjacent to a nuclear power plant located in
Texas.

°® The plant has a 100 percent duty factor.

° Successful demonstration of the process and key process equipment
by the start of the construction project.

° All costs are adjusted to January 1978 values.

° Construction project starts in 1981 atter al! critical process
components have been proved and proceeds along the time!line shown
in Exhibit B-2.

° The capital costs are to be recovered by ah annual charge against

the product amounting to 0.16275 times the capital invested at the
time startup is completed.
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COST OF PROJECT COST ESTIMATE, thousands of dollars

100

ACCURACY
-3 7O +12%

-5 TO +15

This estimate —»

N

-10 TO +28

-20 TO +40

-30 TO +50

<40 TO +60

N

-50 TO +70°

10 100 1000
CONSTRUCTION PROJECT COST, millions of dollars

Source: Jelen, F. C. (1970). COST AND
OPTIMIZATION ENGINEERING, New York: McGraw-
Hi1l Book Company, page 303.

Exhibit B-1. Relationship of Accuracy to Cost of Estimate
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Exhibit B-2. Velocity=Slip Uranium Enrichment Plant Timelines




° Vendors' facilities capital costs assignable to the uranium enrichment
plant capita! costs are determined on the basis of no assured sales
beyond the initial complement of process equipment. That is, the
cost of highly specialized capital equipment will be completely
recovered in the price of the initial complement of subsystems
supplied by the vendor. Costs of other vendor capital facilities
assignable to the velocity-slip capital costs are reduced by the
fair market values at the time of completing the inital comp!ement.

] Vendors and the uranium enrichment plant enterprise use the following
depreciation rules for both capital recovery and tax purposes.

(1) Land - No depreciation.

(2) Buildings and Land Improvements - Depreciation for 45 years
on straight-line basis. An additional 15 percent of the
remaining bock value is charged to the project to represent
the costs of conversion to other uses.

(3) Standard Equipment - Depreciation for 12 years using the sum-
of-years digits method. An allowance of 50 percent of the
remaining book value is charged to the project because of
uncertain marketability of such equipment items offered in
quantity.

(4) Special Equipment - Same as for standard equipment except that
100 percent of remaining book value is charged to the project.

) Cost estimates are based on take-offs from the pre!iminary conceptual
design drawings. Appropriate engineering cost indexes are used to
update earlier price and cost information. Prices for materials and
equipment are those obtained from industry wherever possible. Con-
struction wage rates are those in effect in Texas in January 1978.

° All costs adjusted to the January 1978 value of the United States
dollar.

The AiResearch Piant Engineering staff recently prepared a conceptual
design and cost estimate for a 350,000-SWU-per-year gas-centrifuge uranium
enrichment plant to be built, owned, and operated by Garrett Nuclear Corpor-
ation (GNC) in Texas. The extent of the effort on this gas-centrifuge plant
conceptual design was severalfold that applied to VSUEP, and the conceptual
design and cost estimate benefitted substantially from know-how developed by
AiResearch engineers in their work for Garrett Nuclear Corporation. The
design for the UFg feed and withdrawal area (TESA) for example, is essentially
the same as the corresponding area for the GNC gas-centrifuge uranium enrich-
ment plant,

The engineering estimates of cost are based on general experience with
the more extensive conceptual designs of both Government and privately owned
Jas-centrifuge uranium enrichment plants to be located in Texas, Tennessee,
and Ohio.
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The cost estimates and construction plan presume the plant owner will
delegate all work to one or the other of two prime CPFF contractors. The
Operations Contractor will: (1) prepare the plant design criteria, (2) prepare
procurement specifications, (3) design all specialized items of equipment for
which there are no commercially available substitutes, (4) design all process
systems, (5) review all the architect-engineering documents, (6) compile
aggregate cost estimates for the construction project, (7) prepare and monitor
construction project master schedules and budgets, and (8) operate and maintain
the plant. The Operations Contractor will procure (1) items which require
vendors to build special facilities in order to meet quantity-delivery require-

-ments, (2) specialized items of equipment for which there are no commercially

available substitutes, (3) velocity-slip isotope separation devices, and (4)
other items of equipment and materials which involve long-lead time procurement
and which might hold up construction if delivery schedule or quality slip.

Construction is performed by cost-plus-fixed-fee (CPFF) subcontractors.
The prime Construction Contractor will administer subcontracts and wil!l procure
all items not assigned to the Operations Contractor. The primary suppliers
will manufacture the most costly components of their respective subsystems on
a fixed-priced basis. FEach type of process subsystem will be supplied by two
vendors. Each vendor will supply the complete subsystem ready for installation
and demonstration in the process facility. The Operations Contractor will
supervise the installation of all process equipment. Each vendor will have
his own independent subtier of suppliers for the components he uses in his
subsystem.

Because many of the subsystems are novel and unique to the VSUEP, no
commercial price can be established. Cost estimates for these subsystems are
based on aggreqating engineering estimates of costs for labor, materials, and
facilities required to manufacture and test them and estimates of the return
inducements required to interest vendors and their investors. Primary sub-
system suppliers are allowed a 10 percent administration fee applied to all
subcontracts for subassembl!ies.

Al'l capital costs are to be recovered in the price of the product. Because
certain items of equipment are expected to fail before the completion of the
plant startup, the vendor will be supplying units chargeable to capital costs
and units chargeable to operating costs simultaneously. Costs chargeable to
capital costs are allocated as the direct pro rata portion of fota! costs for
these units., Costs are assumed to increase with capacity by the formula

e
Cost at Capacity ' _ (Capacity 1
Cost at Capacity 2 Capacity 2

The value of the exponent e depends on the item whose capacity is varied. In
the absence of better information it is taken* to be 0.6.

*Peters, M. and K. D. Timmerhouse (1968). Plant Design and Economics for
Chemica! Engineers, New York, McGraw Book Company, p. 107.
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Because of the very high value of the projected cost of separative work
and the relatively smaller degree of uncertainty in the cost estimates, no
risk analysis is warranted. Also it is not worth scaling to a 9,000,000
Swu/yr plant.

We anticipate the VSUEP uranium enrichment process details and facility
would become classified "Secret - Restricted Data" when the process becomes
economic and that the appropriate safequards will be required.
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SECTION C

FUNCT IONAL ANALYLSIS

Exhibit C~1 shows a functional analysis of the system for realizing the
velocity~-slip wuranium enrichment concept. The system is described in this
report in terms of the functions identified in the exhibit. The velocity-slip
separation of isotopes represents new technology. The other functions are

adaptations of technology established by predecessors of DOE for use in its
gaseous~diffusion plant operations.

Exhibits C-2 through C-6 identify the key systems (or equipment items)
required to perform the designated functions.
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EXHIBIT C-2

FEED SUPPLY FUNCTION (TESA)

UFg RECEIVING AND STORAGE

CASK HANDLING EQUIPMENT

SAMPLING EQUIPMENT

SCALES

SPEC AL NUCLEAR MATERIALS ACCOUNTABILITY SYSTEM

UF6 VAPORIZATION

AUTOCLAVES

CASK HANDL ING EQUIPMENT
ELECTRICAL DISTRIBUTION SYSTEM
INSTRUMENTAT ION

INSULAT ION

PIPING

SCALES

UFg DILUTION

CARRIER GAS ACCUMULATOR
CARRIER GAS RECYCLE SYSTEM
CARRIER GAS SUPPLY
INSTRUMENTAT ION

MIXER

PIPING
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EXHIBIT C-3

1SOTOPE SEPARATION FUNCTION

VELOCITY SELECTION
SEPARATORS (VELOCITY SELECTORS)
VACUUM VALVES
POWER CONDITIONING EQUIPMENT
INTERMODULE FLOWS
COMPRESSORS
CASCADE PIPING
INSTRUMENTAT ION
CONTROL VALVES
VACUUM PUMPS
HEADS STREAM COLLECTION
HEADERS
FEED STREAM PREPARATION AND DISTRIBUTION
MIXING VALVE FOR HELIUM DILUENT
PIPING
HELIUM SUPPLY SYSTEM
TAILS STREAM COLLECTION
HEADERS
ASSAY ADJUSTMENT

INSTRUMENTAT {ON
PIPING AND VALVING
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EXHIBIT C-4

PRODUCT FINISHING FUNCT!ION

PROCESS GAS COMPRESSOR
COMPRESSORS
HELIUM SEPARATION

PART tAL CONDENSERS
RECUPERAT IVE HEAT EXCHANGERS

HELIUM RECYLE

HEL1UM COMPRESSOR
HELIUM ACCUMULATOR

PACKAGING
UFg CYLINDERS
SCALES

CYLINDER HANDLING EQUI!IPMENT
LABORATORY EQUIPMENT
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EXHIBIT C-5

TAILS FINISHING FUNCTION

PROCESS GAS COMPRESSOR
COMPRESSORS
HEL1UM SEPARAT ION

PARTIAL CONDENSERS
RECUPERATIVE HEAT EXCHANGERS

HELTUM RECYLE

HELTUM COMPRESSOR
HELIUM ACCUMULATOR

PACKAGING
UFg CYLINDERS
CYLINDER HANDLING EQUIPMENT

SCALES
LABORATORY EQUIPMENT
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EXHIBIT C-6

SUPPORT SERVICES FUNCTION

SECURITY

FENCES

FIRE PROTECT!ION SYSTEM

PLANT SECURITY FACILITIES
SAFEGUARDS FACILITIES

SNM ACCOUNTABILITY FACILITIES

MAINTENANCE AND REPAIRS

DECONTAMINATION FACILITY
METROLOGY EQUIPMENT

SHOP TOOLS

SPARE PARTS AND ASSEMBLIES
STANDBY SYSTEMS

STORES

OTHER

AITR HANDLERS FOR CRITICALITY CONTROL

BUILDINGS, YARDS, ROADS, TRACKS, AND LANDSCAPING
COMPUTER

LABORATORIES

MATERIALS AND EQUIPMENT HANDLING EQUIPMENT

OFFICE EQUIPMENT AND PERSONMEL SUPPORT FACILITIES
SHIPPING, RECEIVING, AND STORAGE FACILITIES

UTILITIES

BOILER AND STEAM DISTRIBUTION SYSTEM
COMMUNICAT IONS SYSTEMS

CONTAMINATED LIQUID COLLECTION SYSTEM
CONTAMINATED LIQUID TREATMENT SYSTEM

COOLING TOWER SYSTEM

ELECTRICAL SUBSTATION AND DISTRIBUTION SYSTEM
HEAT AND VENTILATING SYSTEMS

INDUSTRIAL WASTE DISPOSAL SYSTEM

LIGHTING

L1QUID NITROGEN PLANT AND DISTRIBUTION SYSTEM
SANITARY SYSTEM

STORM SEWER

WATER CHILLERS SYSTEM

WATER TREATMENT FACILITIES

E3C-7



SECTION D

SUMMARY OF COST ESTIMATES

CAPITAL COSTS

The total fixed-capital requirements for the conceptual design velocity-

slip uranium enrichment plant is $6732 million. The working capital require-
ment is $1.4 miliion. The estimated land costs which are included in the
fixed-capital cost and are not recoverable through capital charges to separative
work but rather through resale, amount to $10 million.

Exhibit D-1 shows the capital project costs (a portion of the total fixed-
capital costs) allocated among nine categories (VARIABLES). The cateqories
have differing amounts of uncertainty associated with them. They are chosen
to reflect how a person might think about dividing the capital project costs
so that he can deal with economic uncertainties.

The base cost of the installed process system for the conceptual design
plant amounts to $3,204 million or about 88 percent of the capital project
cost. In the chemical process industries, the installed process equipment
cost ranges between 23 and 60 percent of the cost of the capital project.
Peters and Timmerhaus* suggest that the average is about 36 percent.

Exhibit D-2 shows the direct capital project cost estimates divided armong
the variables and the engineering disciplines.

Finally, Exhibit D-3 shows estimated costs associated with each of the
several variables divided among the sums of the direct costs on the one hand
and Construction and Operations Contractors' indirect costs, allowances, and
fees, on the otner. These exhibits indicate the estimators!' uncertainty in
the estimated costs associated with each of the variables. Although much
uncertainty lies in the contingency and interest-during-construction estimates
due to uncertainty in the construction schedule, these uncertainties are not
indicated in Exhibits D-3 These uncertainties are dependent on
Variable 15,

OPERATIONS COSTS

The annual costs of operations for the conceptual design plant is esti-
mated to be $474 million. The components of the cost estimates are presented
in Exhibit D-4.

*Peters, M. and K. D. Timmerhaus (1968). Plant Designs and Economics for
Chemica! Engineers, New York; McGraw-Hill Book Company, p. 104.
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EXHIBIT D-1

CAPITAL PROJECT COST* ESTIMATE SUMMARY

thousands of doltars

6 [ LAND AND SITE (SITEWORK AND OUTSIDE UTILITIES)
V| 7] ADMINISTRATION BUILDING AND AUX!ILIARY BUILDINGS
A | 8] REWORK, OVERHAUL, REPAIR AREA (RORA)
R | 9 | CASCADE AREA
1 {10 | UFg FEED AND WITHDRAWAL AREA (TESA)
A1 11 ] INSTRUMENTAT ION
B| 12 | SEPARATORS AND COMPRESSORS
L ( INCLUDING VARIABLES 1 AND 4)
E{13] ARE

14 | PROJECT MANAGEMENT

C
0 4,432,375 290,100 | 507,800 | 2,763,162 { 273,629 | 18,326 | 543,065 | 5,629 | 14,103 {16,561
S
7
] 100 7 11 62 6 <1 12 <1 <l <

*DOES NOT INCLUDE CONTINGENCY,

INTEREST DULRING CONSTRUCTION, START-UP, OR WORKING CAPITAL COSTS.
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CAPITAL PROJECT COST* ESTIMATE SUMMARY

EXH

I D=2

(thousands of dollars)

LAND AND SITE (SITEWORK AND OQUTSIDE UTILITIES)

6
v 7 JADMINISTRATION BUILDING AND AUXILIARY BUILDINGS
A 8 JREWORK, OVERHAUL, REPAIR AREA (RORA)
R 9 TCASCADE AREA
t [10 [UF, FEED AND WITHDRAWAL ARFA (TESA)
A [ 11 TINSTRUMENTATION
B | 12 | SEPARATORS AND COMPRESSORS
L (INCLUDING VARIABLES 1 AND 4)
E | 13 TARCH. & ENG. —
74 [PROJECT MANAGEMENT ]
ARCH I TECTURAL 15,980 0 0 0 ] 749 1,885 641 11,041 [11,664
i
T
STRUCTURAL 41,763 0 0 0 0 4,957 { 33,600 {1,482 11,724 0
] |
PROCESS 1,731,563 0 0 1,459,500 0 3,420 | 266,891 70 | 1,236 446
MECHAN ICAL 9,031 0 0 0 0 70 5,339 70 :2,883 669
}
—+
ELECTRICAL 30,910 0 0 0 0 984 | 26,279 929 ; 523 ]2,195
i
i
INSTRUMENTAT ION| 168,907 0 o 0 168,907 0 0 0 {0 o
}
INDUSTR AL 5,150 0 0 0 0 1,202 1,406 342 01,395 [ 805
OTHER** 2,429,040 | 290,100 | 507,800 | 1,303,631 | 104,722 | 6,944 | 207,665 | 2,095 5,301 | 782
TOTALS 4,432,344 1290 100 | £07,800 [ 2,763,131 ] 273,629 | 18,326 | 543,065 | 5,629 114,103 [16,561
VAR | ABLE TOTAL j_ 11 13 12 11 10 9 8 7 6

NOT INCLUDE CONTINGENCY,

*DOES
**ALLOWANCES, FEES,

INTEREST DIRING CONSTRUCT ION, START-UP, OR WORKING CAPITAL COSTS.
INTEREST, MARK-LIPS, FTM,




EXHIBIT D-3

CONSTRUCT{ON VARIABLES

PRIME CON-
SUBCON- TRACTORS' AND TOTAL CAPITAL COST*,
TRACTORS' | OWNER'S INDIRECT $000,000
DIRECT COSTS, ALLOWANCES
VAR |- COosTS, AND FEES NOM INAL MINIMUM | MAX MM
ABLE DESCRIPTION $000,000 $000,000 VALUE VALUE VALUE
SEPARATOR AND
1 COMPRESSOR SYSTEMS 1287.5 1150.0 2437.5 2000.0 4000.0
2
3 E
SEP. AND COMPRESSOR |
4 SYSTEMS FREIGHT-IN i 42.5 38.0 80.5 80.0 120.0
5 i
6 LAND AND SITE 15.8 0.8 16.6 16.0 18.0
7 ADMIN AND AUX BLDGS 8.8 5.3 14.1 14.0 15.5
8 RORA 3.5 2.1 5.6 5.0 7.0
9 CASCADE AREA 335.4 207.7 543.1 500.0 600.0
10 TESA 11.4 6.9 18.3 18.0 20.7
11 INSTRUMENTAT ION 168.9 104.7 273.6 250.0 300.0
SEPARATORS AND COM-
12 PRESSORS INSTALLED 129.6 115.8 245.4 240.0 500.0
13 ARCH. AND ENG. 0 507.8 507.8 480.0 800.0
14 PROJECT MANAGEMENT 0 290. 1 290.1 250.0 400.0
TOTAL* 2002.1 2429.2 4432.3
PROJECT PERIOD, YEARS
VAR - NOM INAL MINIMUM  MAXITMUM
ABLE DESCRIPTION VALUE VALUE VALUE
15 CONSTRUCT ION 8.25 7.00 9.25

*This total does not include costs of startup, interest during construction, contingency
tor miscellaneous unidentified small items, oversight, and uncertainty, nor cost of
orking capital. The minimum and maximum valu:s are determined by Monte Carlo simulation,
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EXHIBIT D-4

OPERAT IONS VAR!ABLES

TOTAL OPERATIONS COST *

$000,000/YEAR
DIRECT BURDEN
VAR - COSTS, COST, NOMINAL | MINIMIM | MAXIMUM
ABLE DESCR IPT ION $000/YR | $000/YR | VALUE VALUE VALUE
16 | LABOR 5,411 1,353 6,764 5,500 7,000
17 | PROCESS EQUIPMENT
UPKEEP 298,960 0 298,960 | 200,000 | 400,000
18 | STANDARD EQUIPMENT
AND BUILDING UPKEEP | 22,907 0 22,907 20,000 25,000
19 | utiLiTies 30,220 0 38,220 35,000 41,000
20 | OVERHEAD AND
M} SCELLANEOUS 107,540 0 107,540 | 100,000 | 150,000
TOTAL 473,038 1,353 474,391
CAPACITY, MILLION SWUS/YEAR
VARI- NOMINAL ] MINIMUM | MAXIMM
ABLE | DESCRIPTION VALUE VALUE VALUE
21 | PRODUCTION 0.3 0.25 0.31

*The minimum and maximum values for the tota! are determined by Monte Carlc
simulation,
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UNIT COST OF SEPARATIVE WORK

The projected unit cost of separative work from the conceptual design
plant is $5233 per SWU. A recent price for separative work was $92 per SWU.

The computational model for calculating the projected unit cost of sep-

arative work from the various cost aggregates and the capital recovery factor
is shown in Exhibit A-4.
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SECTION E

CONSTRUCTION PROJECT PLAN

INTRODUCT ION

This section discusses the approach assumed taken in accomplishing the
design, construction, and startup of the Velocity-Slip Separation Process
uranium enrichment (VSUEP) plant. This approach is discussed under the tTitles:

(a) Operations Contractor's Facilities Program

(b Architectural and Engineering (AXE) Contractor

(c) Construction Contractor

(d) Site Selection

(e) Licensing and Safequards

(f) Quality Assurance (QA)

(g) Manning

(h) Program Scheduling and Controls

The construction project plan affects the capital cost of VSUEP=-
produced separative work in a variety of ways and it addresses the principal
uncertainties in capital cost projection, i.e., scheduling and resource

availability.

OPERATIONS CONTRACTOR!'S FACILITIES PROGRAM

As indicated in Exhibit E-1, fthe facilities design and construction program
proceeds in parallel with, but separate from the on-going operations of the
Owner or Operations Contractor. Both activities, however, are the responsi-
bility of the Operations Contractor. Both the construction QA and licensing

and facilities program management functions will phase out when the facility
is completed, licensed, and started up. On-qoing facilities activities and QA
and Nuclear Regulatory Commission (NRC) liaison activities will be handled by

permanently assigned personneil within the Operation Contractor's organization.
FACILITIES PROGRAM MANAGEMENT

Exhibit E-2 outlines the facilities manaqgement program plan. [t shows in
simplified form the basic information and activity flow being implemented.
This program is a first-of-a-kind plant construction proqram and hence the
key process design technology does not currentiy reside in the architectural
and engineering contractor (A&E) community. For this reason, a group will
be used to supply key data to the group (referred to as the criteria development
and control group) who actualiy will be the prime interface with the A&E function.
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The only other uncommon feature of the proposed activity flow is in the area
of licensing, which is shown as executed within the A&E function, receiving
inputs from several functional levels.

The functional organizational structure for the Operations Contractor's
facilities program management is shown in Exhibit E-3. The activities in each
furction are discussed briefly below.

SYSTEMS AND PROCESS DEFINITION

The group responsible for this function must define the basic system
parameters and features of the process to be implemented. Typical respon-
sibilities include:

(a) Descriptions of all process equipment and operating conditions.

(b) Values of all cascade design parameters and supplementary cascade
design requirements to facilitate detailed design of the cascade
and associated equipment.

(c) Provision of basic data to facilitate understanding of reliability
characteristics of equipment and cascade.

(d) Definitions of instrumentation and control objectives and constraints.

(e) Definitions of interrelationships between UFg feed and withdrawal
area (TESA) and the cascade areas and between TESA design and pro-
jected modes of doing business as an enricher.

(f) Definitions of rework and repair area requirements.

(g) Definitions of specific VSUEP and process-related hazards, process
parameters, licensing criteria, systems refiability, and effluents
accountabitity in support of licensing activities.

(h) Provision of basic data to support the special nuclear material
accountability and other safequards-related system design activities.

In general, this group provides the very specialized basic technology
pecul iar to the VSUEP process for use by the ARE contractor Title Il in the
detailed plant design. It also monitors the detailed design and the develop-
ment of the formal criteria upon which the detailed design is to be based to
ensure the correct interpreiation and use of that technology.

CRITERIA DEVELOPMENT AND CONTROL

This function includes the preparation and coordination of the facility
design criteria and supporting technical analyses, including interpretation
(in the form of criteria) of the data generated by the systems and process

definition group. Included in this function are:

(a) Definitions of facility design concepts and process engineering
criteria, and control and coordination of criteria changes.
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(b) Participation in establishing |icensing strateqgy.

(c) Participation in the task of analyzing A&E submittals relating to
licensing documents including the Preliminary Safety Analysis Report
(PSAR), the Environmental Impact Report (EIR), the Final Safety
Analysis Report (FSAR), and safequards.

(d) Establishment of commitments to Nuclear Requlatory Commission (NRC)
and applicable codes and standards.

(e) Assistance in QA program.
(f) Contract technical review for enqgineering and construction.

(q) Preparation of NRC-required operations documents to support |icensing
submittals.,

(h) Provision of project-level direction and approval of desiqn
engineering and construction phases.

(i) Direction at project-level for all matters of preoperational
testing of equipment and systems startup.

(j) Obtaining necessary permits, waivers, and |icenses (other than
NRC-issued |icense) for the proposed facility from government
requlatory agencies (federal, state, local).

A&E LIAISON

In essence, the A&E !'iaison task is to see that the necessary desiqn
engineering and supporting documentation (including |icensing documentation as
well as drawings) is generated in a timely, cost-effective manner, through a
combination of in-house and subcontract effort. The controlling inputs to the
A&E function are the design criteria developed by the criteria development and
control function.

CONSTRUCT ION MANAGEMENT

Construction management consists of project-leve! control of all construc-
tion field activity, as wel! as medium~ and long-range planning. Responsi-
bilities included in this function are:

(a) The coordination of the building contractors in the preconstruction
startup of their assigned tasks.

(b) Maintaining overall familiarity with the design work as it progresses
in order to minimize conflicts and interferences, and assisting in
constructibility reviews and value engineering.

(c) Obtaining and assimilating up~to-date knowledge of the construction

program, facility design, and material requirements, to assist with
overall planning and scheduling.
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(d) Receiving, distributing, and controlling all design documents.

(e) Approving or disapproving recommended solution or disposition of
field nonconformances as identified by the quality controf or
qual ity assurance groups.

(f) Establishing and implementing procedures for the collection and
consolidation of as-built information by the contractor.

EQUIPMENT PROCUREMENT

The equipment procurement group, functioning on behalf of the Operations

Contractor, wil! procure the isotope separatnrs , compressors, and other
special process equipment, most standard equipment, and selected specially
enginreered equipment for the plant. I+ will be responsible for preparation

of necessary specifications and bid packages, solicitation of bids, contract
award and administration, and receiving inspection.

PLANT STARTUP

Overall direction and control of the plant start-up function is included
as part of the Operations Coniractor's facilities program managemen+t function,
although it is intended that the construction subcontractors provide the
personnel to perform the actua! startup. Because of the specialized nature
of the VSUEP process, assistance in the start-up process wil! be made avaiiable
from the appropriate technologists. Vendor-supplied personnel will remain
on site for a six- to twelve-month period after startup of the cascade. Some
start-up craftsmen undoubtedly will be retained by +he Operations Conrtrac*or
a8s maintenance personnel.

PLANMNING AND COST CONTROL
This function includes the coordination and implementation of the overall
project cost and schedule control system, including project-level ptanning,

scheduling, estimating, and cost engineering. Further discussion of project,
scheduling and controls is included later in this section.

ARCHITECTURAL AND ENGINEERING (A&E) COMTRACTOR

Exhibit E-4 is a functional analysis of the A&E portion of the facilities
program. The A&E activities are performed, generally, by an A&E contractor
and include the following normal design functions:

(a) Preparation and maintenance of design engineering schedules to
meet projected milestone cormmitments for engineering activities.

(b} Provision of facilities, materials, and other resources necessary
Yo provide release of technical specifications, engineering drawings,
and bills of material, in accordance with established control pro-
cedures to requirements of schedule and budget.

(c) Preparation of technical analyses (including cost trade-offs),
design engineering, and supporting data for |icensing documents.
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(d)

(e)

(f)

(g)
(h)

(i)

()

(k)

Coordination of design enqgineering, shop, and certified equipment
drawings, to ensure timely transmittal of drawings and technical
specifications.

Obtaining qualified consultants in areas of special technical
expertise.

Preparation of a scale model (3/4-in. to 1! ft) of one cascade
piping layout.

Preparation of a scale model (1/16-in. fo a ft) of the entire plant.
Provision of equipment and material estimates and detailed take-offs.

Provision of other data for preparation of budget and definitive
estimates.

Preparation and maintenance of the program to implement required
security provisions for control of classified information and docu-
ments as determined by the Government.

Preparation and maintenance of a quality contro! program for desi-n
activities to comply with the project quality assurance proqram
requirements.

All design drawings will be subject, as appropriate, to review by Nuc'lear
Regulatory Commission (NRC), Department of Enerqyv (DOE), and various other
governmental requlatory bodies. In addition, they will be checked against
owner or Operations Contractor approved desiqn schematics and other criteria.
Three drawing phases are identifiable:

1.

Schematic Design Phase

(a) Site plans
(b) Building design
(c) Process equipment layout and process and instrument diaarams

Preliminary Design Phase (Title I)

(a) Preliminary drawings
(b) Out!ine specifications
(c) Preliminary cost estimates

Construction Documents Phase (Title 1)

(a) Site and building work (unclassified)~-construction to the point
of shell and building services
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(b) Preparation for occupancy (classified and unclassified)~-all
building services for use of plant and process equipment

(c) Occupancy (classified and unclassified)~-final hookup and
installation of plant and process equipment

In addition to the normal design functions |isted above, A&E will be
responsible for managing the NRC-|icensing function (see discussion on {icensing

later in this section).

CONSTRUCT ION _CONTRACTOR

Exhibit E-5 shows the functional analysis of the construction project.
The items inciuded in each of the functional areas called out in Exhibit £-5
are summarized in Exhibit E-6.

SiTE SELECTION

Exhibits E-7 and E-8 illustrate the site selection process for the case of
“re stand-alone, privately owned plant. They show the major factors that must
be weighed in the fina! selection. These factors are arranged in levels of
‘mportance, the first level being most important to the decision-making process.

The site selection process ensures that full environmental and safety
requlations for this enrichment plant at the federal, state, and local govern-
ment levels will be strictly observed. Environmenta! and safety requirements
of an enrichment plant require that there are no significant health or sa‘ety
hazards to employees or to the public. |In addition, they stress that this
niant will be an important addition to any community because (1) it will be
the first plant constructed in the United States, (2) it will provide the
cormunity with a substantial number of new jobs, and (3) the physica! plant
wili be clean, quiet, and architectural ly acceptable. Exhibit E-9 presents (in
required order of accomplishment) the major events in the site selection
process.

Siting related costs are not expected to be a large part of the capital
costs. As the plant is not Government owned, the Nuclear Requlatory Commission
(NRC) will require that this plant be !icensed under 10 CFR 50 Subpart F. For
this reason, the choice of site could adversely impact the capital costs by
imposing reqguirements on the plant design to solve potential |icensing problems.

Even for a favorable site, however, there will be important constraints
imposed on the facility design by licensing requirements (including safequards
considerations). For example, if a stage must produgce an output at high enrich-
ment tevels, design for criticality control will be a more_stringent requirement.
The higher enrichment levels (if greater than 20 percent 235U6 in UFg) will
upgrade the level of attention (with significant cost and {icensing problem
implications) that must be paid to safequards provisions. It is assumed, how-
ever, that site size and general plant structural features will be dictated
primarily by requirements to mitigate possible toxic effects at the site
boundary arising from credible accidents invovling UF6 spills.
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LICENSING AND SAFEGUARDS

INTRODUCT ION

The 300,000 SWU/yr VSUEP Plant is classified as a uranium production
facility and, under present federal law, commercial plants may be |icensed
by the NRC under regulatory document 10 CFR 50, Subpart F*, the governing requ-
lation for enrichment plants.

This section deals with the general approach to accomplishing the large
volume of work required to prepare and follow up the various [icensing document
submittals required by HRC in order to operate privately owned and operated
plants. Similar work is required in accordance with DOE Manual Chapter 0531
for the Government owned plant. Although the paperwcrk is extensive
the issues behind the paperwork must be dealt with.

To comply with DOE Manual Chapter 0531 the following items must be covered
in the SAR report:

(a) A concise description of the type of facility site.

(b) The safety related design criteria.

(c) The quality assurance proqram applicable to the design, fabrication,
construction, testing, operating, maintenance and modification phases

of the facitity.

(d) An evaluation of the nuclear facility site and the risk associated
with accidents from a natural phenomena.

(e} An evaluation of the confinement and control of the radioactive
material.

(f) The radioloaical impact associated with normal operations and/or
abnormal operations, and accidents.

(@) An evaluation of radiation shielding.

(h) Projected effluent quantities and concentrations and an evaluation
of an effluent treatment.

(i) An evaluation of the engineered safety related systems which assure
continued safe operation or safe shutdown under accident conditions.

(j) Emergency plans.

*10CFR52 (Draft) regqulations are applicable to enrichment plants, and government
programs are following its requirements, however an Act of Congress would be
required for it To be applied to the private sector by NRC.
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The licensing p!an has been formulated on the basis of (1) review of
existing |icensing documents for nuclear reactors and document 1G CFR 50,
Subpart F; (2) review of enrichment plant-related requlatory guides issued by
NRC, i.e., (a) Regulatory Guide 3.25, Standard Format and Content of Safety
Analysis Reports for Uranium Enrichment Facilities; (b) Regulatory Guide 4.9,
Preparation of Environmental Reports for Commercial Uranium Enrichment Facili-
ties; and (c) Requlatory Guide 5.45, Standard Format and Content for the Special
Nuclear Material Control and Accounting Section of a Special Nuclear Materiatl
License Application (inctuding that for a Uranium Enrichment Facility).

The total contingency from the nominai licensing effort to the maximum
licensing effort is 70 to 80 percent traceable to the uncertainty ot the pendinn
NRC regutlations. Two uncertainties are:

(1) How much of the existing 10 CFR 50 will be imposed beyond the
Subpart F.

(2) Wwhat effect might Subpart F have on costs.

The possible effects of 10 CFR 50 and Subpart F on costs can be classified
into three levels:

A. Requirements not applicable to the VSUEF or its interpretation by
NRC could have a serious dollar effect on project if imposed.

B. Requirements could apply to the VSUEP and could have some do!lar
effect on our project if imposed.

C. Requirements that do apply to the VSUEP and have effect on the
project if imposed.

A detailed listing of these items in each level is:
- 10 CFR 50 -
LEVEL A

10 CFR 50.34 (1) (dealing with Part 100 and hypothetical accidents)
(31 and i), 7
50.34b6v i
50.36a, b, and ¢

50. 42

50.54 i through g
50. 553

50.55b

50.57a(1)
50.57a(5)

Part 100

Part 140
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LEVEL A1l
Parts of 10 CFR 50 that are clearly not applicable include:

50. 21

50.34a (4ii)

50.34b (2i, 6ii and iii, 8 paraqraph 4721)
50.43

50.44

50.46

50.55 e

50. 60

50.65

Appendixes A and B

Appendix D Annex, F, G, H, I, J, K, N, O, P and O.

LEVEL B
50.59
50.80
50.102
Appendix C
Appendix L
LEVEL C

10 CFR 50.1 through 50.4

50.10 through 50.13
50.22 through 50.24
50.30 through 50.33
50.34a, 2,3,4, and 4i, 5,6,8,9 and 10
50.34b 1 throubh 2ii, 3 through 5, 6i, 6iv and v, 7
50.35

50.37 through 40

50.45

50.50 through 50.53
50.54a through h

50.55

50.56

50.57a, 2 through 4, 6
50.57b

50.58

50. 70

50.71

50.90

50.91

50. 100

50.103

50. 109
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LEVEL C (Continued)

50.110

Appendix D and Part 51 as they are united
Appendix E

Part 20

Subpart F defines the NRC qeneral safety desiqn criteria. The dollar
effect of Subpart F could be greater than the effect of the rest of 10 CFR 50.
The pertinent titles in Subpart F can be assessed in the same three levels.

SUBPART F (GENERAL DESIGN CRITERIA)

LEVEL A
52.94 Genera! Requirement, Sharing of Structures, Systems,
and Components
52.103 Process Safety Features, Separation of Process Safety Features
and Control Systems
52.110 Nuclear Criticality Safety, Ancilttary Criteria for Nuclear
Criticality Safety
LEVEL B
52.91 General Requirement, Quality Standards and Records
52.93 Genera! Requirements, Protection against Fires and Explosions
52.97 General Requirements, Emergency Capability
52.99 Design Basis Natura! Phenomena anc Accidents, Confinement
Barriers and Systems
2. 100 Design Basis Natural Phenomgna and Accidents, Ventilation
systems
52.101 Process Safety Features, Protection
52.102 Process Safety Features, instrumentation and Control Systems
52.104 Process Safety Features, Control Room
52. 105 Process Safety Features, Process Systems
52.109 Nuclear Criticality Safety, Neutron Absorbers
52.111 Radiological Protection, Access Control
52.112 Radiological Protection, Radiation Control
52.113 Radiological Protection, Monitoring Systems
LEVEL C
52.91 General Requirements, Protection Against Environmental
Conditions
52.95 General Requirements, Proximity of Sites
52.96 Genera! Requirements, Testing and Maintenance of Systems and
Components
52.98 Design Basis Natural Phenomena and Accidents, Design

52.106 Process Safety Features, Utility Services
52.107 Nuclear Criticality Safety, Safety Margins
52.108 Nuclear Criticality Safety, Methods of Control
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SUBPART G (QUALITY ASSURANCE CRITERIA FOR ENRICHMENT FACILITIES)

LEVEL B
52.121 Quality Assurance Program

The liklihood of the NRC imposing or interpreting a 100 percent compliance
requirement with 10 CFR 50 and Subpart F at a Level "A" appears small. The
most severe case is a maximum credible case. In Exhibit E-10, the foreqgoing
10 CFR 50 analysis has been joined with the construction cost variables that
could be affected by them. An assessment of 10 CFR 50 and general construction
requlations that might affect the project is shown.
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VAR | ABLE
___NO.

1

EXHIBIT E-10

ESTIMATE OF UNCERTAINTY OF EACH CONSTRUCTION COST VARIABLE

MILLIONS OF
VARIABLE DESCRIPTION DOLLARS

Separators and Compressors Systems 2000
e Separator and compressor reliabilities are lower than

projected.
® Separator components deteriorate faster than expected.
e Development is not completed on time.
® More expensive substitute equipment is required.
Freight-in 40
e Plant is focated farther away from vendor's plant.
e Equipment weighs more than estimated amount.
e Security requirements are imposed on transportatior

of separator systems.
Land and Site Preparation 2

® Assumed 3000-1b per sq ft soil is not found at
site selected.

® Exclusion-boundary fencing required to be
chain link with security lighting.

e Hidden underqground gas lines required to be
moved.

® Excessive cutting of soil in hitly terrain.
e Perimeter road around exclusion fence required.

e Higher Jevel of safequarding required.
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EXHIBIT E-10 (Continued)

VARIABLE MILLIONS OF
NO. VARIABLE DESCRIPTION DOLLARS
7 Administration and Auxiliary Buildings
® Larger and/or more buildings required. 1.5

e Security separations required in building for

safeguards.
8 Rework, Overhaul, and Repair Area
e Safety-related decontamination chamber 2
required.

e Safety-related associated equipment required.

e Conversion from monorails to floor hand!ing system
required.

e Design to more stringent tornado and seismic-safe
criteria required.

9 Cascade Area 100

e Piping and valves required to be ASME Section 3
Class |, 11, 11It.

e Structure required to be missile proof.
e Separation of systems required.
e NRC Category | structure required.

e Testing of system without UFg for cold test
required.

N
.
-~J

10 UFg_Feed and Withdrawal Area (TESA)

® Accountability requires the feed.

e All TESA equipment required to be ASME
Section 3 Class |, I, 111,

® Under postulated accident conditions, the TESA oper-
ators not permitted to receive a one-time excess
of TVL of approximately 40 times.

e Containment shell with gas-tight tank
required.
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EXHIBIT E~10 (Continued)

VARVABLE MILLIONS OF
NO. VARIABLE DESCRIPTION DOLLARS
(R} Instrumentation 50

® Separation of instrumentation systems required.
(Not able to use common cable tray.)

® Accountability requirement exceeds existing
design.

12 Installation of Separator and Compressor Systems 260

e Additional plumb tolerances required.
e Additional leakage occurs in tie-in piping.

e Additional separators or compressors required.

13 Architectural and Engineering 320

e Additional queuing period during [icensing
required.

e Engineering drawings and licensing document not
accepted at minireview.

® Postulated worse case accident condition proven
or interpreted to be less severe than an NRC

postulated worse case.

14 Project Management 150

e The construction project ships because of !icensing
requirements,
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Environmental issues underlie nearly all NRC-imposed licensing constraints.
Radiological and chemical consequences of accidents, effluent release during
normal operation, and disposal of radioactive wastes all represent hazards to
the environment around the plant. Enrichment plants generally contain fewer
elements with significant hazard potential than do nuclear power plants, con-
version plants, and reprocessing plants. Licensing issues related to environ-
mental hazards are those currently addressed in the environmental impact
reports. Recent concern of siting regulators, however, has included socio-
economic issues. These concerns cover a ranqge of topics such as impacts
upon the local community as taxes, traffic, employment, sewage, and water
requirements, or maintenance of the environmental elements such as rare and
endangered species, parks, and coastlines. Monitoring programs are required
to establish the site environs prior to construction and later during con-
struction and operation of the plant to ensure a controlled environmental
change. The Clean Air Act, National Environmental Policy Act, and the Water
Quatity Act define the environmental impact requirements. The requirement to
evaluate alternative sites and processes ensures that decisions are made with
a primary emphasis upon protecting the environment. The weighing of these
alternatives is reflected in the Cost/Benefit chapter of the Environmental
Impact Report where an attempt is made to quantify decision-making elements
to ensure that alternatives are selected that best preserve the environment.

NRC has a history of fluctuating over licensing issues. Many changes in
the past have resulted in severe capital and operating cost impacts. More
significant, however, is the potential for lost revenue due to delay in
startup or interruption of production occasioned by a licensing delay. Although
this cost factor can not be predicted it can be minimized by providing suitable
schedule al lowances in the design approach with respect to licensing related
issues and maintaining good communications with NRC during the desiqn phase
in order to recognize potential NRC objections early.

Many |icensing issues are before the public today. One particularly
important for the VSUEP Plant (assuming high enrichment levels are to be produced)
is the issue of safequards. Costs of systems to prevent clandestine or armed
theft of special nuclear material or sabotage could be important uncertainties
depending upon the mood of the public and how NRC reacts.

Licensing delays resulting from actions not specifically under the control
of the plant owner or Operations Contractor can also cause serious cost impact.
These delays include legislative or referendum-imposed moratoriums or probiems
in one element of the nuclear industry resulting in generic delays affecting
other elements, e.g., The recent Vermont Yankee ruling.

LICENSING FUNCTION
The licensing engineer assigned to this study will be responsible for
translating the complex and somewhat broadly defined NRC !icensing requirements

into an acceptable design approach with attendant design and cost constraints
to quide conceptual design of the VSUEP Plant.
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Ultimate contro! of licensing activities will remain with the owner or
Operations Contractor, which must be the entity to dea! with NRC in the licensing
proceedings. The responsibility for this effort wiil reside with the director

ct quality assurance and licensing, reporting to the general! manager.

The bulk of the effort required to prepare the licensinq documents (EIR,
PSAR, FSAR, etc.) will be handled by the licensing manager, who reports directly
Yo the A&E Contractor management. Exhibits E-11 and E-12 identify submittals

required by NRC and state agencies. The licensing manager wi!l coordinate the
various activities necessary to develop the documents and keep the |icensing
process moving on schedule. He wil!l be making requests for and working with

inputs from severa! sources, including:

(1) Facilities Program Management Group--Major interplay wil! be with
the systems and process definition and program design-and-safety
criteria functions in determining the |icense-related character of
the process (e.g., possible hazard definition in the cascade ares
and TESA, material flow relationships required for accountability
system analyses, for example). The licensing manager alsc will be
interfacing directly with the owner or Operations Contractor director
of quality assurance and !icensing and the facilities program manager.

(2) Consultants-~Environmental and similar |icensing consuitants as
appropriate.

{3) On-=C-:ing Operations Group--~This qroup provides detailed operating
procedures and related material to establish a basis for the FSAR,

Major milestones in the licensing process are shown on the master proqram
schedule, which is discussed later. Allotted elapsed time for NRC review and
public hearings is based on discussions with NRC and other informed sources
mentioned earlier.

PHYSICAL RISKS AND HAZARDS
General

The preliminary conceptual design has been reviewed for risks and hazards
associated with natura! phenomena, fire prevention and protection, release of
hazardous materials, criticality accidents, and mechanical equipnent failure.

Where nuclear materials are concerned, the VSUEP is similar in construction
and operation to existing enrichment facilities. In all other respects, it is
similar to a conventional! industrial plant. Therefore, no risks and hazards
are anticipated that cannot be reduced to acceptable levels through design and
conformance with existing codes, standards, and requlations.

1. Fire Hazard
The VSUEP will be served by a 25,000-gal lon backup to the fire protection

water system for the automatic dry sprinkler systems and hose streams. Reliable
service to these suppression systems will be provided.
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EXHIBIT E-11

NRC REQUIRED DOCUMENTATION

LICENSING SUBMITTALS

Antitrust information

Application for facility license (including construction permit)
Preliminary safety analysis report (PSAR)

Environmental impact report (EIR)

Fina! safety analysis report (FSAR)

Security plan (with FSAR)

Application for operating !icense (with FSAR)

Application for special nuclear material |icense

Application for packaqing license (with FSAR)

Application for operator |licenses, if required, prior to startup
Special Nuclear Materials Accountabil ity Manual

OPERAT IONS DOCUMENTS TO SUPPORT SUBMITTALS

Health Physics Manual

Emergency Plan

Qual ity Assurance Manual

Criticality and Nuclear Materials Handlinq Manual
Design Criteria Documents

Packaging and Transportation Documents
Material Balance Procedures

Materials Safequards Documents
Security Manual

Start-up Procedures Manual

Operations Procedure Manual
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EXHIBIT E-12

TYPICAL SUBMITTALS TO STATE AGENCIES

Agency

State Department of Heal+th

State Water Quality Board

State Water Rights Commission

State Air Control Board

General Land Office

State Highway Department

State Parks and Wildllife
Department

State Soif and Water Conser-
vation Board

State Railroad Commission

Bureau of Economic Geology

State Forest Service

State Department of Agriculture

State Industrial Commission

Historical Survey Committee

State Water Development Board

> >

Review
For Waste

Control Documents
Permit Order From NRC

X X

X

X

X

X

X

X X

X

X X

X

X

X

X

X

X X
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An on-site plant fire brigade with modern equipment is assumed available

at all times, and mutual-aid fire-fighting forces will be available from other
nearby plants and the nearby city. Modern valve supervision and alarm equipment
will be provided to signal inadvertent closing of valves.

The building will be of noncombustible construction. Essentially all
floors will be of reinforced concrete on grade. With all equipment installed,
and operating, and with maintenance in progress, the building and contfents
will have a low flame spread, fue! contribution, and smoke density ratings.

The building will meet The required |ife-safety exit codes to enable occupants

to evacuate in event of emergency and to provide access to emerqgency forces.

Few combustible and/or flammable materials will be present in the process
area. The cable trays will contain instrument and/or power cables. The com-
bustibility of these cables will vary; however, the cable coverings will be as
fire retardant as possible. Plastic bags filled with vermiculite will be
placed on the expanded metal covers. In the event of a cable tray fire, the
plastic bags will burst and release a 2-1/2~in.-thick blanket of vermiculite
through the cover to extinguish the fire.

The cooling tower will supply cooling water for process equipment, process
jases, vacuum pumps, and air conditioning. Loss of the cooling water supply
will cause shutdown of affected equipment until service can be restored. For

backup in case of cooling tower loss, the design provides city water backup.

Because the cooling tower is of wood construction, it will be protected
by an automatic deluge sprinkler system installed over the fill areas and
under the fan decks. All piping inside the tower will be of copper, with
brazed joints. A system of electronically supervised shutoff control valves
will be installed. These will alarm at the Fire and Guard Building and other
emergency centers,

2. Process Materials Hazards

An enrichment plant of necessity contains large quantities of uranium, in
the form of UFg, which, if released to the environs in an uncontrolled manner,
couid pose a health and safety hazard to the public. When UF6 interacts with
water (including moisture in the air), the resulting products are UQOpF2 and
HF (both toxic substances) produced as indicated in the following reaction:

The UOZFZ and the HF form fumes and gas respectively and, as such, are avail~
able for dispersion to the environs,.

To provide an acceptably low toxicity hazard at the plant boundary, the
conceptual design includes:

(a) Seismic and tornado-qualified low-leakage buildings
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(b) A substantial excliusion zone around the plant to permit adequa‘te
reduction in concentration of the material which does leak from
the plant

(c) Acid gas and particulate control systems in TESA to minimize the
effect of UF6 spills

Feed for the cascade will be obtained by placing 14-ton cylinders in hot-
air ovens (heated by steam coils), where the UF6 wilt be sublimed. UF; pressure
in the cylinders will be maintained at an absolute pressure. of one atmcsphere.

In the case of a break in any section of this subatmospheric system,
there will be an influx of moist air into the system and a smal!l puff of fumes
into the room as a result of back-diffusion and reverberation. No materia!
is expected to leave the building. After an accidental release, operators
will not be allowed in the area without protective clothing and breathing
appar atus.

Desublimation (condensation) will be used for product and taiis withdrawzl
in the product and tails finishing areas. When a product desub!imer or
a tails desublimer becomes fulil, it will be heated tc about 18Q°F (UF, vapor

pressure equals 38 psia) and drained through heated lines to a 10-ton hol!ding
cylinder. It is subsequently reheated and drained into either a 2-1/2 ton
product or a 14-ton tails shipping cylinder. These cylinders will be maintained
at room temperature.

Releases of liquid UFy could occur as a result of failure of the desuo~
limer, piping, or rupture of the shipping cylinder during the liquid transfer
operation. Failure or rupture of the desublimers, pipinag, or shippina cviin=-
ders, although credible, is considered tc have a miniscule probabilitv of
occurrence., Other more probable accidents during periods of liquid transfer
would include the rupturing of liquid-!ine manifold pigtails, leaks from
cylinder valves, or sheared cylinder valves.

The actual transfer of liquid UF6 from a desublimer to a shipping cy!linde~

will be accomplished in less than 1 hour. Large shipping cylinders wil! not
be heated, and the relatively small quantity of liquid UFg Transferred to 3
cylinder will cool and solidify quickly, producing subatmospheric pressures

in the cylinder.

Spares witl be provided for both the product and tails shipping cvlinters
so that a filled cylinder need not be disconnected and removed from the
building until the contents are solid. |f a release occurred from & part of
the transfer system where the pressure was above atmospheric, containment
actions could be taken by personnel trained to cope with such an emergency.
Building doors and openings would be closed, exhaust systems would be turned
off and closed, heat would be removed, and the leak itself plugged, if possible.
If not contained, this material would spill into the area and a portion could
be exhausted to the environment through the building vent system. The vaporized
UFg would react with moisture in the atmosphere to produce UOpF,, a particulaTe,
and gaseous HF. The UOyF would settle on building surfaces and equipment and
would be recovered. Although some HF would react with the building surfaces,
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most could be released fo the environment. The reaction of 250 Ibs UFg with
moist air would produce 14.2 Ibs of HF, The shutdown procedures are executed
by automatic systems.

Removal of gaseous Ukg from streams entering the vacuum pumps will be
achieved through the use of two chemical traps operating in series. The first
trap will contain sodium fluoride which provides for absorption of the uranium
hexafluoride. This trap can be regenerated. The second trap in the series
contains alumina and will be used fo remove the last traces of uranium hexa-
fluoride prior to discharge of the gas stream to the vacuum pump and then to
the atmosphere. Since this trap cannot be regenerated, uranium recovery wiltl
be accomplished by leaching with nitric acid.

3. Lubricating and Vacuum Pump Oils Hazard

The cascade will have small amounts of lubricating oil and mechanical vacuun
2ump oil that could become contaminated with lﬁs. Leakage or total loss would
be cleaned up or would spill to the building floor drain system. The bhuilding
floor drainage system will inctude floor drains and an in-line holding tank
equipped with an oil-removal system. The effiuent from the holding tank will
flow to the settling pond which will be monitored for all pol!llutants. The
amount of oil in any one mechanical vacuum pump will be limited to 20 liters
by volume and qgeometry for criticality reasons. A floor pan will be provided
around the mechanical vacuum pumps to contain any accidental oil refease.

Reclaimable oi!l removed from equipment during maintenance, will be reused;
the remainder will be disposed of by an approved method such as biodeqradation
or incineration.

A possible hazard could result from the accidental release of materials
associated with the refriqgeration process. Trichloroethylene will be used as
a heat-exhange medium in the primary trap. This will be pumped at approxi-
mately -100°F through the coils of the trap, then back to the refrigeration
unit where the heat will be extracted. Rupture of the pumping system could
lead to a release of several hundred galions of frichloroethylene in a short
period of time. Hcwever, all material will spil! to a floor drain which would
be valved to the building holding tank as described above. Any bypass of the
holding tank would discharqe to the settling pond.

Liquid nitrogen will be used in the secondary trap. No hazard is expected
to result from the vaporization and dispersion of liquid nitroqgen.

4. Criticality Hazard

The VSUEP will process fissile materials that could, under certain very
untikely circumstances, produce an accidental critical reaction. The prob-
ahility of an accidental reaction will be analyzed and evaluated. Examination

of cascade equipment under normal and contingency operating conditions sugqests

an inherent criticality safety of the cascade. The highest risk part of the
system is the UF6 collector. Where the integrity of the equipment is not breached,
criticality cannot occur in unmoderated uranium enriched up to 5 percent.
Criticality is possible in moderated material (water being the most significant
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moderator) if the necessary quantity of material is accumulated in a favorahle
nuclear configuration. Thoughthe ¥SUEP will process uranium in gaseous,
ligquid, and solid phases enriched to only 3.4 percent, the design must

meet requirements for geometry, mass, and volume consistent criticality safety
criteria. Operative and administrative controls may be used in addition to

aid in prevention of criticality incidents as designs comply with:

1. ERDA MANUAL, Chapter 0530, "Nuclear Critica!ity Safety."

2. ORO 651, "Uranium Handl ing Procedures and Container Criteria,"
Rev. 3, August, 1973.

3. K=1019, "Criticality Data and Nuclear Safety Guide Applicable to
the ORGDP."™ (Revision 5)

Based on results of a very conservative study performed by a process
engineering firm for an earlier version of a gas-centrifuge uranium enrichment
plant, no problem is expected in being able to demonstrate an acceptably
low (practically zero) probability of a criticality accident for the plant as
finally designed for the full range of imposed natural phenomena and operational
modes. The separators and process piping, however, must be monitored for
accumulation of UFg. The applicability of the 10CFR70.24 requlations has not
been examined.

Seismic Hazard

The seismic design of the building and facilities for the VSUEP will be
according to the Uniform Building Code. Equipment mounting will be designed
to resist movement or overturning in accordance with a sound enqineering
practice.

Tornado Hazard

The proposed VSUEP site is in Texas, an area of moderate tornado occur-
rence. Loss of the uranium inventory from the facility should pose no siani-
ficant impact due to its smal! size and the dilution and dispersion that would
be affected by rain and wind., For this project, tornado loads are not incorporated
due to the very low probability of occurrence. Desiqn wind loads are in accord-
ance with Uniform Building Code and ERDA requirements.

ENVIRONMENTAL IMPACT
Directives

The following federal directives have been reviewed and applicable provi-
sions complied with in the VSUEP conceptual design:

10CFR50

Executive Order 11752, "Prevention, Control, and Abatement of Air and
Water Pollution at Federal! Facilities" (Dec. 17, 1973)
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ERDA Manua!, Chapter 0510, "Prevention, Contro!, and Abatement of Air
and Water Pollution"

ERDA Manual, Chapter 6301, "General Design Criteria"
ERDA Manual, Chapter 0531, "Safety of Nonreactor Nuclear Facilities"

Enerqgy Conservation

In qeneral, the energy conservation design gquidelines as described in
the ERDA Manual, Appendix 6301, "General Design Criteria" were used in this
conceptual design of VSUEP.

Conservation of energy was considered in the design of the electrica!
system and choice of electrical equipment for the VSUEP. A partial list of

energy conservation items considered in the electrical system includes:

1. Supplying only the required lighting foot-candle levels for the
areas or facilities involved.

2. Providing switches in each office, room, or work space.

3. Using the most efficient type of lamp and/or fixture for each
application. Incandescent lighting has been avoided.

4, Omitting use of lighting for visual effects.

5. Controlling outdoor-type i{ighting with photocells and providing
local on-off switches. (The use of timers may be appropriate for
some applications.)

6. Installing ltighting fixtures as near the floor as possible in high
bay areas. (1f cranes are used in these areas, the fixtures may

have to be at the ceiling leve!.)

7. Control circuits have been so desiqned that losses in control
components are minimized.

8. Specifications for the purchase of electrical equipment are assumed
to include, where appropriate, a capital cost penalty factor asso-
ciated with power losses.

In addition, the following energy conservation measures will be incor-
porated in the design of environmental control systems:

T, Use of outside air for cooling when ambient weather conditions
permit (except in humidity-controlled areas).

2. Shutdown of personnel comfort systems when areas are unoccupied.

E3E-32



3. Use of process cooling water where available for hot water heating
coils and unit heaters.

4. Use of heat-recovery devices such as coil runaround and heat pipes
where economically justified.

5. Use of ventilation and exhaust shutdown or reduction during unoccupied
periods, when safety is not compromised.

SAFEGUARDS

The objective of the nation's safeguards program is to provide an accept-
able level of protection against theft or diversion of special nuclear materiatl,
especially highly enriched material, and against sabotage which could result
in serious health hazards to the public. In general, these potential problems
must be addressed for both fixed installations handling the material and for
transportation of material between facilities. For the VSUEP no difficulty is
envisioned in being able to demonstrate adequate safequards for the following
reasons:

(a) No UFg of assay greater than 5 percent 235UF6 will be on hand at
any time. Hence, the pltant would be an unlikely target for forceable
weapons material theft.

(b)Y The plant provides a toll service on site and does not deal in
transport of special nuclear material. Safequards for fransport
will be provided by the transporter and because of the low assay
of the material transported, fransportation safeguards should not
present a significant problem.

(c) An effective specia! nuclear material accountability system will be
implemented in accordance with 10 CFR 50 to monitor day-to-day oper-
ations and prevent diversion of material in the unlikely event that
anyone would be interested in stealing low-enrichment material.

(d) The possibility exists that a dedicated effort (amounting to a plant
take-over) couid, if not countered, result in production of highly
enriched materia!. However, such an action could easily be countered
before any significant quantity of material! could be produced by
simply cutting power to the plant. |t is considered virtually impos-
sible to surreptitiously produce highly enriched material during
normal operations because of the extensive plumbing chanqges and/or
operational changes which would have to be implemented. The special
nuclear material accountability system, referred to above, will
easily detect such an attempt almost immediately.

(e} Since there are no highly radioloqically hazardous materials in the

plant, sabotage resulting in significant danger to the public is
not considered to be a problen.
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QUAL ITY ASSURANCE (QA)

A qual ity assurance program is assumed established under the administrative
direction of the director of quality assurance and |icensing. The program is
conceived designed to ensure conformance with the requirements of 10 CFR 50
(as presented in Regulatory Guide 3.35); all state, local, and other applicable
codes; and the operational, safety, and reliability goals. The program
includes all design, construction, and operating activities affecting these
functions. This program is established at the earliest practical time con-
sistent with the activity to be accomplished.

A quality manual is assumed to document the organizational! structure,
operating procedures, and quality requirements of the program. The qualiTty
program is staffed by personnel selected, trained, and assigned in accordance
with the needs of the program. |In addition, certain quality activities, such
as instrument calibration, specialized inspections, and certain audit functions
may be performed by subcontract, appropriately monitored and audited by the
owner or Operations Contractor.

Each operating entity. (supplier, vendor, or construction organizatioz) is
assumed required to establish, maintain, and document a quality assurance
program adequate to control its contribution to the quality effort.

MANNING

The Construction Project will use a project or site |abor agreement with
the unions for the proposed work. Typical contents for such an agreement
are listed in Exhibit E-13. One construction company supplied the data in
Exhibit E-14, which tists manpower on cal! for that particular company in
several southeastern states.

PROJECT SCHEDULE AND CONTROLS

The critical path method (CPM) wil!l be the primary construction project
scheduling tool. Supplemerntary bar charts will be utilized at various levels
for summary presentation.

Three schedule fevels are assumed maintained for the program as follows:

(a) Master Project Schedule--This schedule provides an overall picture
of the status of the project and facilitates determination by
project management of the most cost-effective corrective action
to be taken in the event of schedule problems. This schedule
is updated throughout the program, utilizing both manual and compu-
ter ized techniques.

(b) Summary Bar Charts (three-month look-ahead)--These charts, covering
relatively narrow areas of activity, are directed toward more
detailed schedule monitoring and control by the various levels of
supervision involved.,

E3E-34



EXHIBIT E~13
TYPICAL CONTENTS FOR PROJECT LABOR POLICY AGREEMENT
1. Introduction
identification of parties to agreement and work covered by agreement
2. Purpose and Infent

Expeditious completion of work under conditions conducive to most
efficient performance of work

3. Working Rules
To provide peacefu! conduct of work

A. Selection of foremen and genera! foremen

B. Production limits and tools

C. Security of employer-provided tocls

D. Starting and quitting times and work breaks
E. Practices not tolerated

F. Steward status
G. No stoppages for resolution of grievances or jurisictional
disputes

H. Alternate labor if union unable to supply
I, Overtime
Je Shiftwork rates and crafts
K. Celebration of holidays
L. Work satety rules
4, Union Recognition
Barnaining agent jurisdiction
5. Subcontractors
Subcontractor compliance to project agreement
6. Jurisdictional Disputes
A. Rules and reguiations to be used
B. Work assignment risponsibility
C. Resolution of dispute by business agents
D. Resolution of dispute by international representative
or disputes board.

7. Grievance Procedure

A. Basis tor identifying grievances
B. Grievance settliement procedure
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EXHIBIT E-13 (Continued)

Travel Allowances, Subsistence and Travel Pay

Per collective bargaining agreement
Utilization of Camp Facilities

Employer sets rules for employees
No Strike - No Lockout

Individual union agreement not to honor picket fines
Local Agreement Megotiations

Continuing work while negotiating new agreements
Coverage

Applicability of project agreement to work responsibilities and
relation to local agreement

Protection of Customer

Restriction of union activities to project and noninterference in
other on-going customer activities

Definitions

Definition of key terms in project agreement
Duration

Time interval for which project agreement is in effect
Signatures

A. Local general building and construction trades council
contractor

B. Union locals
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EXHIBIT E-14

MANPOWER ON CALL FOR TYPICAL

SOUTHEASTERN CONSTRUCT {ON COMPANY

Arkansas Kansas Mississippi Ok 1ahoma Texas
Boilermakers 73 69 22 75 87
Brick layers 43 18 14 74
Carpenters 169 97 49 12 154
Cement finishers 72 45 30 43
Electricians 401 143 125 240 395
Insulators 182 92 53 78 173
Iron workers 197 163 154 96 185
Laborers 158 32 120 168
Millwrights 149 45 193 104 128
Operators "A" 27 14 20 12 18
Painters (brush) 28 23 45 19
Pipe fitters and 478 243 290 273 398
welders
Sheet metal workers 102 29 23 78 147
Truck drivers 21 28 23 14
Total 2,100 1,041 1,200 1,068 2,003
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(¢) Short-Range Bar Charts-~The period covered by this level of sched-
uling will be two to six weeks and will be directed toward field
supervision at al! levels. These short-ranqge shedules will highlight
the requirements for engineering releases, material and equipment
deliveries, and manpower and construction equipment necessary to
accomplish the work scheduled for the forthcoming period. Proper
restraints then will be built into the plan so that all areas wil
be scheduled and properly interiocked.

PROGRESS MONITORING AND CONTROLS

Progress of engineering, procurement, and construction efforts will be
monitored and controlled using standard techniques for the measurement of
progress. These techniques deal not on!y with number of manhours expended,
but also utilize various activity-oriented yardsticks of progress peculiar to
the activity being monitored. The engineering project controls are assumed
integrated with the master project plan so that release dates for drawings and
specifications are coordinated with the construction effor+.

Schedules will be updated for field use at least every two weeks. A fore-
cast will be issued notifying all interested parties of specific activities to
be accomp!ished during the following two weeks. This forecast includes, for
example, such items as concrete to be poured, structural steel to be erected,
equipment to be installed, etc. On a monthly basis, schedule oriqinals and
computer schedule listings are completely updated and an analysis of overall
project status made for general distribution.

CONSTRUCTION SCHEDULE

The master construction project schedules are shown in Exhibit B~2.
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SECTION F

CAPITAL COST ITEMS

{NTRODUCT iON

The capital cost estimate involved several steps. It is also orqanized
to permit comparisons with cost estimates for other plants. To properly account
for each item in the estimate and get it represented in the appropriate anare-
gates, an account number is useful. The logic behind the account numbers is
summar ized in a code of accounts. The code of accounts presented here includes
more accounts than were actually used in the estimate. The more detailed the
engineering estimate, the larger the number of account numbers needed.

The cost estimates involved varying amounts of engineering detail. Some
were obtained by scaling cost estimates for similar facitities. Where no
reliable cost estimates were available to scale from or the nature of the
facilities, novel, considerable engineering detail was required. The key
calculations are presented after the base cost estimates.

CODE OF ACCOUNTS

PURPOSE

The code of accounts organizes the unit cost estimates into larger agqre-
qate estimates. [t also provides the audit trail showing the components of tre
larger aggregate costs.

DESCRIPTIONS OF ACCOUNTS
The account code consists of four parts:
(1) Engineering Discipline
(2) Variable No.
(3) Cost Classification No. within Variable No.
(4) Item No. within Cost Classification No.

The base cost estimates were prepared by engineering discipline. This fact
determined the order of presentation of the material in this section. the
Variable Number aggregates costs for use in Monte Carlo simulation of the
enterprise cash flow using the AIRESEARCH PRIVATELY-OWNED URANIUM ENRICHMENT
PLANT ECONOMIC RISK MODEL COMPUTER PROGRAM, The Cost Classification No. agare-
gates costs for subsystem summarization. Finally, Item No. cost estimates
represent the total direct cost of getting the particular item installed in
working order in the plant.
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VARIABLE NO. 1: Separator and Compressor Systems and Spares Costs
Variable No. 1 identifies the cost aggregate which includes all costs

to the Operation Contractor for separator and compressor systems, F.O.B.
vendors' plants. (Recall that in the Construction Project Plan, the Operations
Contractor procures all process equipment.)
VAR|ABLE NO. 4%: Separator and Compressor Systems Freight-in

~ Freight costs three percent of the value for Variabie No. 1 and represents
all costs of moving separator and compressor systems and spares from the vendors'
plants to the point of installation in the VSUEP,
VARIABLE NO. 6: Land, Site Development, and Outside Utilities Costs

Variable No. 6 identifies the cost aggregate which includes capital
costs for:

a. Land purchase

b. Grading and demolition

C. Railroad work

d. Landscaping and irrigation

e. Roadways, parking iots, and walkways

feo Fencing

g Storm drains and sewer |ines

he Settl ing ponds

ie City water and gas to outside building wall

Je Al!l outside process gas piping to outside building wall
Ke Fire hydrants

I. Cool ing towers

m. Electrical utility service

Ne Electrical service transformer and distribution switchgear
O. Area lighting

p. Intrusion alarm system (outside)

q. TV surveillance system (outside)

*There are no costs associated with Variables 2, 3, and 5.
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VARIABLE NO. 7: Administration Building and Auxiliary Buildings Costs

This variable identifies the cost agqregate which includes capital costs
for all of the architectural, structural, mechanical, electrical and industrial
teatures (including office equipment) in all interior areas except the Cascade
Area, RORA, and TESA.

VARIABLE NO. 8: Rework, Overhaul, and Repair Area (RORA) Costs

This cost aggregate includes all capital costs for process equipment
rework, overhau!, and repair facilities. These facilities contain utility
instaltations, work areas, and standard equipment necessary to rework, repair,
or overhaul and check out or calibrate process equipment., |t does not include
the cost of metrology equipment which is part of instrumentation.

VARIABLE NO. 9: Cascade Area Costs

This cost aggregate includes all capital costs tor installed process
eguipment except separator and compressors systems.

VARIABLE NO. 10: UF6 Feed and Withdrawal Area (TESA) Costs

This cost aggregate includes all capital costs for installed facilities
for all feed, product, and tails assay functions, for cascade feed and with-
drawal functions, for all product and carrier gas blending functions, and for
all shipping and receiving functions for uranium hexafluoride.

VARITABLE NO. 11: Instrumentation Costs

The cost aqggregate includes all capital costs for installed instrumenta-
tion, data processing system for the process equipment and some of the process
support equipoment. It includes the costs of metrology equipment.

VARTABLE NO. 12: Separator and Compressors Systems Installation Costs

The cost aggregate includes capital costs incurred in installation of
the separator and compressor systems, but not including instaltation of
utility services to this equipment.

VARIABLE NO. 13: Architectural and Engineering Costs

The cost agqregate includes all. costs incurred in architectural and
engineering design, calculations, drawings, checking and necessary field
fol low-up services necessary to provide a complete set of working drawings
and specifications which are to be used to construct a complete and functional
VSUEP. It includes A&E and construction project engineering and supebvisor
costs incurred by the Operations Contractor before the start of the construction
project.
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VARIABLE NO. 14: Project Management Costs

This cost aggregate includes all costs incurred by the Operations Contrac-

tor in administration and management of the Construction Project. |t does not
include costs incurred by the Operations Contractor before the start of the
Construction Project.

COST CLASSIFICATION NUMBERS

No. Description of Costs in Account

1000 Land

1001 Land cost

1002 Land acquisition fees

1003 Survey costs

2000 Improvements to Land

2001 Site preparation and grading

2002 Landscaping

2003 Roads, walks, and paving

2004 Fences and guard buildings

2005 Storm sewers and ditches

3000 New Buildings - Structural Systems

3001 Foundation excavation and backfill

3002 Concrete foundations, piers, grade beams, walls, columns, and slabs
on grade

3003 Major concrete slabs or floors above ground

3004 Concrete foundaticns for building* equipment

3005 Miscel laneous concrete work

3006 Structural steelwork in building superstructure

3007 Misce! laneous structural steel and iron work

3008 Roofing, flashing, and insulation

3009 Building siding and insulation

3010 Walls, partitions, ceilings, special flooring, millwork, carpentry,
doors, sashes, etc.

3611 Painting and glazing

3012 Miscel laneous building hardware

3013 interior fire protection system

3014 Interior fire alarm system

3015 Interior communication system

3016 Miscel laneous other costs

*Building equipment includes boilers, heating and ventilating equipment, air
condition equipment.
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No. Description of Costs in Account

3100 New Buildings ~ Electrical System

3101 Interior electric |ighting system

3102 Interior electric power system

3200 New Buildings -~ Plumbing and Drainage System

3202 Interior plumbing and drainage

3300 New Buildings ~ Instrumentation

3301 Building instruments and instrumentation |ines
3400 New Buildings - Heating, Ventilating, and Air Conditioning
3401 Heating, ventilation, and air conditioning systems
3402 Roof mounted fire and smoke vents

5000 Other Structures

5001 Cooling tower

6000 Special Facilities - Piping and Equipment

6G01 Concrete foundations for process equipment and piping
6003 Purge and evacuation system

6004 Interior recirculating cooling water system

6005 Compressed air system

6006 Feed, product, and tails piping systems

6009 Heat transfer systems

6010 Chilled water system

6012 Vacuum system

6013 Steam system

6014 Carrier-gas and process gas ducting

6015 Process area drains

6016 Process equipment

6017 Separators

6018 Compressors

6700 Special Facilities - Electrical Subsystems

6701 Process equipment power conditioning and distribution subsystems
6702 instruments and instrument |ines

6750 Special Facilities - Handling Equipment

6751 Cranes, monorails, and conveyors

6752 Intraplant ftransport equipment

6753 Special handling equipment



No. Description of Costs in Account

6800 Special Facilities - Pipe and Equipment Cleaning and Testing
6801 Testing of equipment, piping and valves

6802 Cleanness control

6803 Cleaning of equipment, piping and valves

7000 Utilities = Switchhouse

7001 Electric utilities in switchhouse

7100 Utilities - Switchyard

7101 Foundation excavation and backfill

7102 Concrete

7103 Structural steel and miscellaneous iron work
7104 Painting and glazing

7105 Interior fire protection system

7106 Interior electric lighting system

7107 interior plumbing and drainage

7108 High voltage switch structure

7109 Groundinqg, cable, bus duct, and conduit

7110 Instrument transformers

7111 Oil circuit breaker

7112 Power transformers

7113 Other protective equipment

7114 Underground electrical facilities

7200 Utilities - Service Outside Building 5-Foot Line
7201 Hot water heating system

7202 Exter ior communication system

7203 Electric distribution system

7204 Utility tunnel

7205 Area lighting

7206 Alarm system

7207 Sanitary sewers

7208 Steam distribution and condensate system

7209 Water storage tank

7210 Sanitary water distribution system

7211 Fire water distribution system

7213 Pipe racks for utilities gas transmission iines
7300 Utilities - Process Systems Exterior to Buildings
7301 Liquid effluent system

7302 Recirculating water system

7303 Compressed air distribution system

7304 Other distribution systems
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No. Description of Costs in Account

7400 Utilities - Railroads

7401 Railroads

7500 Utilities - Instrumentation Outside Building 5~-Foot Line
7501 Instrumentation and control

7502 Instrument tunnel

7600 Utilities — Transmission Lines

7601 High voltage transmission |ines

8000 Standard Equipment

8001 Mobile equipment

8002 Medical equipment

8003 Laboratory equipment

8004 Motor vehicles

8005 Office furniture and equipment

8006 Railroad rolling stock

8007 Security and protection equipment

8008 Maintenance equipment

8009 Laundry equipment

8010 Cafeteria equipment

9000 Allowances

9001 Allowance for Construction Contractor miscellaneous materia!l
9002 Allowance for Construction Contractor miscellaneous labor
9003 Allowance for Operations Contractor miscel!aneous material
9004 Al towance for Operations Contractor miscellaneous labor
9005 Operations Contractor allowance for freight and state and local taxes
9006 Construction Contractor's area wage rate adjustment

9007 Construction Contractor indirects

9008 Operations Contractors incremental overhead

9010 Operations Contractor procurement costs

9011 Interest during construction

9012 Engineering fees

9013 Contingency

9100 Startup

9101 Start-up cost

9900 Working Capital
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ARCHITECTURAL SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATES

DESCRIPTIVE SUMMARY

Site Design

1. Location

The parcel of land to be chosen as the site of the VSUEP will accommodate
a structure within its boundary, with sideyard distances of about one-half
mile. Road and railroad spurs will be constructed leading from existing

approaches to the facility.

2. Site Improvements

The site improvements are designed to be expanded in an orderly manner
with a@a minimum of plant disruption and demolition.

3. Work Phases

improvements to the site will generally be restricted to the avenues of
approach and to fthe close proximity of the building site.

4, Grading
Grading will be kept to a minimum with the site intended to remain in
its natural state. Allowances will be made for proper drainage, transportation

mode access, security, visibility, and aesthetics of the facility.

5. Parking Areas

Visitor and employee parking areas wil! be provided in two areas: the
process and administrative area and feed and withdrawal area.

6. Security Fencing

Approved site fencing will be provided at the extreme outer boundary
of the site. The primary security line will be protected by an approved
fence and interior intrusion alarm system. Site |ighting at recommended
security and safety levels will be installed. Manned control stations will

be located for protection of the site.

7. Qutside Support Systems

Building orientation and outside support systems locations, such as
mechanical cooling towers, secondary water supply tank, waste-water treatment,
and electrical utility transformer yards were determined by the best stand-
alone condition.
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Building
1. Building Plan

The building plan is composed of three basic units of which there are
four basic functional areas. |t is desiqgned around two basic levels.

2. Building Areas

The space in the buildings can be considered to consist of these four
functional areas:

(1) Administrative Offices and Auxiliary Buildings
(2) Cascade Area

(3) Rework, Overhaul, and Repair Area (RORA)

(4) Feed and Withdrawal Area (TESA)

3. Minor Repair Work

Minor repair work will be performed in the Cascade Area while major com-
ponent changes will be done in the Rework, Overhaul, and Repair areas (RORA).

4. Component Parts Storage

Adequate floor space will be allocated in the RORA for the storaqge of
component parts.

5. Cascade Area

The upper-level floor will support isotope separator equipment., The
lower level will contain most of the process compressors and other heat
exchangers.

6. Feed and Withdrawal Area (TESA)

The Feed and Withdrawal Area is located for easy access by personnel.
Alt feed, product, waste, and assay functions will occur in this area.

7. Administrative and Personnel!l Area

The administrative and personnel area will contain offices for the Plant
Manager, Engineering, Security, and conference rooms. Support personnel areas
will house ancillary functions including locker/showers, |unch/lounge, and

medical departments.

8. Mechanical Equipment Area

The mechanical equipment area will house a central boiler plant, chiller
room, and process mechanical equipment.
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9. inside Transportation and Conveyances

Inside transportation and conveyances wil! be provided by bridge cranes
and monorail hoist systems.

Construction

1. Building and Site Improvements

The building and site improvements will comply with NRC Regulation 10CFR50
Subpart F, ordinances, laws, and guides of the applicable governing bodies
of city, county, and state and other federal regulatory agencies. The building

will conform to recommendations of environmental studies.
Ze Structure Materials

The structure will be built of noncombustible materials. Basic shell
wi!ll be constructed of precast concrete. For economical reasons and to hasten
speed of construction, many of the building elements will be prestressed pre-
cast. Some steel framing and metal decking will be protected with built-up

composition roofing.

3. Interior Areas

The interior areas are subdivided into various cccupancies and areas by
the use of metal-stud and drywall partitions, movable partitions, and wire

mesh screens. Areas requiring reduced sound levels will be sound treated
or insulated. Various finishes will be dependent upon the function of the
area.

Site Security and Fire Protection

Te Design Features

Design features provided for security, including those discussed under
site items, include site lighting, door alarm and control systems, intercom
system, and television surveillance.

2. Fire Protection

Fire protection will be provided by smoke detection system, automatic
signal to fire protection agencies, and building alarm. In addition, the
buitding will be provided with a fire protection automatic sprinkler system,
smoke hatches, fire hose reels, extinguishers, and wet standpipes. Fire
hydrants will be spaced throughout the site. The plant will have a secondary
water supply tank with diesel-driven fire pumps in the event of a loss of
city water.

CONCEPTUAL DESIGN DRAWINGS

The architectural systems cost estimates are based on take-offs from
the following drawings.
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BASE COST ESTIMATE (ARCHITECTURAL)

The architectural-systems base cost estimates were scaled from a detailed
engineering cost estimate for a much larger uranium enrichment plant. This
scaling assumed that the architectural systems costs are directly proportional
to floor area for each of the several plant areas. Exhibit F-5 shows how
these architectural system costs are distributed among the VARIABLES.

EXHIBIT F-5

ARCHITECTURAL SYSTEMS BASE COST ESTIMATES
thousands of dollars

Variable Description Amount
6 Land and Site 11,664
7 Administration Building and

Auxiliary Buildings 1,041

8 RORA 641

9 Cascade Area 1,885

10 TESA 749
1 Instrumentation 0
12 Separator and Compressor Systems 0
13 Architectural and Engineering 0
14 Project Management 0

Total 15,980

STRUCTURAL SYSTEMS DESIGN AND COST.ESTIMATE

DESCRIPTIVE SUMMARY

The fo!ioying table (EXhibit F-6) summarizes the criteria, by area
used in designing the structural systems of the VSUEP. ’
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EXHIBIT F-6

STRUCTURAL PROJECT SUMMARY

DES!GN CRITERIA BY AREA

VARITABLES

7 AND 8

Area Description

Design Criteria

i Soil Pressure
Wind Velocity
wind Pressure
External Atmos-
i pheric Pressure
Drop

Seismic

Construction
Type

Offices, Labora-
tories, Employee
Services, Tool
Crib, Shipping and
Receiving, RORA

Uniform Building
Code

3000 PSF
80 MPH
15 PSF

0

Uniform Building
Code - Zone 4

(1/2 SSE)
Roof: Metal deck
on stee! framing.

Walls: 6" pre-
cast concrete.

Central Process

Tornado and
Seismic Qualified

4000 PSF
200 MPH
100 PSF
-1 PSi (-144 PSF)

SSE - Safe Shut-
down Earthquake

Roof: 12" thick
concrete slab on
post-tensioned

concrete girder.

Walls: 12" pre-~
cast concrete.

TESA

Tornado and Seismic
Qualified and
Tornado Generated
Missile

4000 PSF
200 MPH
100 PSF
-1 PSI (-144 PSF)

SSE - Safe Shutdown
Earthquake

Roof: 12" thick
concrete slab on
post-tensioned

concrete girder.

Walls: 12" pre-
cast concrete.

BASE COST ESTIMATE (STRUCTURAL)

Exhibit F-7 presents the structural

E3F-16
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EXHIBIT F=7
AiResearch Manufacturing Company Cost Estimate Sheet Site/Building Classification.
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EXHIBIT F~7 (Continued)

| AiResearch Manufacturing Company Cost Estimate Sheet Site/Building Classification
:I Torrance, California Heading Prep for Occ
—— SrRuexut P Occupancy Date C—lo—Y9

Job Title and Description
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EXHIBIT F-7 (Con*tinued)
AiResearch Manufacturing Company Cost Estimate Sheet Site/Building Classification
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EXHIBIT F-7 (Continued)

AiResearch Manufacturing Company Cost Estimate Sheet Site/Building Classification
:’ Torrance, California Heading Prep for Occ
i STRUerO AL Occupancy e _{Date §-io-78
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PROCESS SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATE

DESCRIPTIVE SUMMARY

Uranium enrichment requires two process areas - the Cascade Area where
enrichment actually takes place and the feed and withdrawal area (TESA) where
the feed UFg is vaporized and sent to the process-gas mixing device and where
enriched UFg is collected and packaged.

Cascade Area

The Cascade Area contains the equipment and piping necessary to transform
natural UF6 into enriched UF6. It is the production area of the plant. Appen-
dix | describes the cascade, its equipment, and its operations.

The Cascade Area is air conditioned and maintained at 76°F and 50 percent
maximum relative humidity. |t is served by vacuum, tower cooling water,
sanitary sewer, R114-cooling, and contaminated-waste-collection systems, and
distribution systems for 100-psig compressed air, nitrogen, helium, and prccess
gas. |t contains the process gas mixer, the velocity-s!ip isotope separation
devices, the helium separation devices, and helium accumulators.

There is a control room in the Cascade Area which is served by separate
air handlers with high-leve! filtration. The air handlers are served with
chilled water for cooling and hot water for heating. Nuclear contaminant
filtration equipment has not been included in the design of this area although
it may prove to be necessary after the analysis for The Environmenta! Impact
Report has been completed.

Before either the heads or tails UFg stream gets to the TESA area it is
run through a helium separation device which recovers the helium carrier qas.
These separation units are located at the respective end stages of the cascade.
The helium separation units are essentially recuperative heat exchangers.

They include duplicates of the end stage compressor modules, plus an additional
centrifugal stage to provide enough pressure to force the recovered carrier
gas back into the helium accumulator.

The process gas mixer disperses the UFg cascade feed stream in the hel ium
carrier gas at a pressure of 25 Torr. For lack of data on the stage cuts
for the helium portion of the process gas, these cuts are assumed to be iden-
tical with the corresponding UFg stage cuts. This assumption eliminates any
need for equipment to separate helium and UFg for any more than the cascade
end stages - a particularly cost-reducing assumption indeed.

The helium accumulators are paraltel-piped vacuum vessels. The accumu-
lator volume is determined by optimization of the combined costs of these
vessels, of the helium separator devices and the compressors required to
force helium through the helium separation devices and into these vessels.
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UF¢ Feed and Withdrawal Area

The UFg Feed and Withdrawal Area (TESA) consists of the following func-
tional areas described briefly in this section.

(a) UF6 shipping and receiving dock

(b) Cylinder storage and cleaning areas

(c) Feed station

(d) Sampling and weighing stations

(e) Desublimation and primary transfer station
(t) Offices and laboratories

The TESA is served by compressed air at a =-40°F dewpoint, !iquid nitroqen
refrigeration system, -100°F refrigeration system; 180°F heating fluid system,
cool ing-tower water (in the machinery room), and a vacuum system.

The -100°F refrigeration system consists of a complete cascade-type
refrigeration unit, insuleted cold bath to contain trichioroethylene, submerqed
coils to cool the trichloroethyfene, and controls. The cascade-type refriqg-
eration unit consists of a single-stage, high-temperature compressor with
oil separator, stug eliminator, water-cooled condenser and liquid receiver,
and a two-stage low-temperature compressor with oil separator, cascade condenser,
liquid receiver, and suction heat exchanger. A!l required sight glasses,
dryers, solenoid valves, expansion valves, motor starters, and switches are
provided.

The cold bath (trichloroethylene receiver) is a double-walled, atuminunm
or stainless steel vessel. Low temperature insulation (cellular qlass or
equivalent) is installed between the walls. The lid of the vesse! is easily
removable to provide access to the interior of the vessel. The vessel is
equipped with a drain valve, liquid-tevel sight glass, and an electrically
driven stirrer. The systems are sized to maintain a trichioroethylene temp-
erature of -100°F. Trichloroethylene is also used in the 180°F heating fluid
system.

Vacuum is required in both the Cascade Area and TESA. The process
compressors, of course, maintain the process qas at a pressure below 25
torr. They are supplemented by the TESA vacuum system in pump-down of the
cascade during startup and in exchanging velocity-slip isotope separation
units.

The TESA vacuum pumps have large capacity at apgroximately 25 torr.
Units are installed with cross-connections for redundancy. These pumps are
water cooled. Vacuum pumps used for UFS feed and withdrawal draw a much
deeper vacuum, but at a much lower mass flow rate.
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In all cases vacuum pumps are protected by molecular sieves and cold
traps. All discharges to atmosphere are through appropriate scrubbers. The
scrubber liquids are discharged to the hoolding pond. The vacuum pump sealing
fluids are handlied as nonaqueous contaminated waste.

UF6 distribution |ines are of welded aluminum 3003. Lines are valved
for control and orificed, if necessary, to maintain specified pressures.

The TESA contains the sampling autoclaves, feed autoclaves, desub!imation-
fusion chambers, and UF blending facilities. The UFg is fed from cylinders
in the feed autoclaves to a mixer for blending with the helium carrier gas
and from there to the cascade area for enrichment. After enrichment, it is
fed back to the TESA product and tails desublimation-fusion chambers, respec-
tively, where it is first condensed as a solid and then melted for transport
as a liquid. From the product desublimation-fusion chambers, the mel ted
product is fransferred to holding chambers where it freezes. These chambers
are later heated to remelt the UFg for transfer to the customer's 2.5-fon
UFg botties. In the tails desublimation-fusion chambers, *he UFg is first
condensed then later heated and transferred to tails storage bottles. When
full, these storage bottles are removed to a permanent storage yard. This
permanent storage yard is not part of the Velocity-Slip isotope Separation
Plant. The TESA contains an adjacent structure which houses the bottle and
chamber washing area. This facility has an exhaust system which discharges
its air through a scrubber. The contaminated scrubber water is discharged
to settling ponds.

The fire protection is provided through a dry-pipe system or a COjp system.

The TESA is air conditioned and humidity controelled. The air handlers
for this area are provided with nuclear contaminant filtration systems.

1. UFg Shipping and Receiving Dock

The TESA is designed to processing the full range of standard UFg cylinders
presumed to arrive or be shipped by truck or rail. Appropriate means for
cylinder handling are provided. The shipping and receiving area is maintained
at 76°F and 50 percent maximum relative humidity. There are no nonelectrical
utility services in this area.

2. Cylinder Storage and Cleaning Area

Feed UFg is expected to arrive.in relatively large batches and will be
stored on the premises pending receiving inspection and subsequent processing.
Interim storage is also provided for customer product awaiting shipment.

Tails material wil!l be stored outside as soon as it has been collected and
inspected., Facilities are provided to ctean plant-owned cylinders as required.
(Although the plant operator does not assume responsibility for cieanness of
customer product cylinders, these cylinders will also be cleaned upon request,
on a best efforts basis.)
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3, Feed Station

The feed station includes several autoclaves, one actively vaporizing
UFg, and the other heating new feed cylinders so they can be connected to
the cascade feed system as their turns come.

Plumbing of the autoclaves will permit immediate utilization of any
as a feed autoclave in the event of a serious feed autoclave mal function.

The autoclaves are electric forced-air or steam heated devices sized
to handle the AEC UFg bottle. They have an end door opening, tracks, and
a sliding cradle to fit the AEC bottles. A device that senses UFg temper-
atures and a pressure relief valve are provided. The temperature sensina
device will shut down the heating system and the pressure relief valve will
discharge UFg through |iquid-nitrogen cooled trap. Manufacturers of these
autoclaves are Hodge Boiler of Boston, Mass., ana Bemco Environmental Chambers
of Los Angeles, Calif.

The process qas preparation system will be fed from the 14-ton AEC bottles
heated to 180°F in the autoclaves. The feed piping will be insulated, electric
or steam traced, and thermostatically controlled, to maintain a pressure of
38 psig and prevent freezeup of |ines.

4, Sampling and Weighing Stations

One autociave is provided for use in melting and homogenizing the contents
of a cylinder containing solid UFg preparatory to drawing a sample for analysis.
Customer-supplied 14-ton AEC bottles of UF6 are positioned in cne autcoctave
and heated to 180°F. When the UF6 has fused, a sample is withdrawn and sen*
to the taboratory for assay. Samples wiil also be taken at other process
stations as required for on-line process control. Suitable high-precision
scales are also located in this area.

5. Desublimation and Primary Transfer Stations

It is at these stations that the product and tail!ls streams from the
helium separators at the end staqges of the process cascade are collected bv
desubl imation, i.e., condensation as frost. The product is colliected in
desublimation-fusion chambers and then transferred to plant-owned 10-ton
product cylinders. Tails material is similarly collected and then transferred
to 14-ton standard tails cylinders.

Each station includes three desub! imation-fusion chambers, each of which
operates sequentially in three modes:

(a) Draining
(b) Filling (desublimation of a UFg gas stream)

(c) Melting and gravity transfer to 10-ton unblended product cylinders
or l14-ton standard tails cylinders
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Suitable vacuum systems, cold traps, and redundant cylinder heating and
cool ing equipment are provided for these stations.

The desubl imation-fusion chambers are pressure vessels fabricated in
accordance with ASME Section 3 specifications and N stamped for nuclear
service. The chambers have inner fins, liquid annulus, insulation, and

piping connections. Units will be complete with redundant pressure relief
valves set for 40 psia and redundant temperature sensing devices set for 180°F.
Temperature sensing devices will shut down heating media. The pressure relief
Jevice will discharge through a liquid-nitrogen cooled trap.

There are three banks of three desublimation-fusion chambers: one for
product, one for tails, and one spare. |In each bank, one unit is in each oper-
ating mode. The primary cooling is achieved through heat exchange with tri-
chloroethylene cooled to -100°F. This trichloroethylene is cooled by the
cascade refrigeration system. The secondary cooling is achieved by heat
exchange with liquid nitrogen at -320°F. Fusion is achieved by heat exchange
with 180°F trichloroethylene. Heat-traced liquid drain !ines will transfer
tails UF  from the chambers to 14-ton UFS cylinders which are stored on site.

The product lines from the chambers are heat traced and discharged into
10-ton holding cylinders. The holding cylinders are filled, stored, and
then relocated in the blending area, reheated in an autoclave, and discharqged
into customer-owned 2.5-ton AEC bottles. The chambers are provided with
burping and vacuum pumps which discharge through a scrubber.

6. Filling Station

Two autoclaves are used for filling 2.5-ton customer cylinders. One
autocliave holds a cylinder hot while it is being fillede The other is heating
another cylinder preparatory to filling it.

7. Offices and Laboratories

In addition to the office space provided for station supervisorial! and
administrative personnel, the following laboratory facilities and equipment
are provided:

(a) Mass spectrometers for assay determinations.
(b) Specialized chemical and radiological aquipment for monitoring the
chemical (other than UF.) and the isotopic (other than 235y and
U) content of the feed, product, and tails for conformance

with applicable standards.

(c) Personnel health-monitoring analytical equipment peculiar to oper-
ations involving handling of radioactive and toxic substances.

CONCEPTUAL DESIGN DRAWINGS (PROCESS)
Exhibit F-8 presents the process schematic diagram for the VSUEP. Exhibit

F-9 presents some detail information about the TESA's desubl imation-fusion
chambers and autoclave.
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BASE COST ESTIMATE (PROCESS)
Exhibit F-10 presents the cascade area process system base cost estimate.

The base cost estimate for the TESA process systems is included in the mech-
anical systems cost estimate.
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KEY CALCULATIONS (PROCESS EOQU!PMENT)

The key calculations on which the process equipment base cost estimates
are based are described in Exhibits F-11 through F-18.
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Nomenciature

Ct
C2
C3
C4
CcS
Cé
Cc7
c8
C9
C10
cul
C12

EXHIBIT F-11

CALCULATION OF SPACE REQUIRED FOR COMPRESSORS

First-stage Modute C1 impeller tip diameter, ft

Second-staqe Modute C1 impeller tip diameter, f+t
Third-stage Module C~1 impelier tip diameter, f+
Fourth-stage Module C1 impeller tip diameter, f+

First-stage Module C2 impeller tip diameter, ft

Second~stage Module C2 impeller tip diameter, ft

Third-stage Module C2 impeller tip diameter, ft

Fourth-stage Module C2 impeller tip diameter, f*+

First~stage Module C3 impeller tip diameter, ft

Second-stage Module C3 impel!ler tip diameter, ft

Third-stage Moduie C3 impeller tip diameter, ft

Fourth-stage Module C3 impeller tip diameter, f+

Module C1 footprint: 29.z!' x 16.9!

ci3

Ci3

Ci4

Cl4

C15

C15

1.7 x
1.7

Length of the compressor module, ft

1.3 x C2 + 2.5 or
1.7 1

C1 +
x Cl + x C3 +

Width of the compressor module, ft

Height ot the compressor module, ft

.7 x C1

Moduie C2 footprint: 18.2' x 9.9!

C16

Ccte

c17

c17

ci8

c18

-

Length of the compressor module, ft

x C5 + .3 x C6 r
7 x C7

x C5 + 1,

—

+
+

~

Width of the compressor module, ft

1.3 x Ch or 1.7 xC6 + 1.3 x C7T + 2, whichever is greater

Height of the compressor modu!e, ft

1.7 x C5
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.3 x C4 + 4, whichever is greater

o
+3 x C8 + 3, whichever is greater

10.208
6.125
3.067
2.042
6.125
3.067
2.042
1,025
2.067
2.042
1.025
0.558

29.222

16.900

1.3 x Clor 1.7 x C2 + 1.3 x C3 + 2.5, whichever is greater

17.354

18.216

9.869

10.413



EXHIBIT F-11 (Continued)

Module C3 footprint: 10.7 x 6.8

C19 Length of compressor module, ft 10.682
Cl19 = 1.7 xC9 + 1.3 xCl10 +2 or
1.7 xC9 + 1.7 xCll + 1.3 x C12 + 3, whichever is qreater

C20 Width of compressor module, ft 6.804

C20 = 1.3 x C9 or 1.7 x CI0 + 1.3 x C11 + 2, whichever is greater

C21 Height of compressor module, ft 5.214
C21 = 1.7 x C9
Module C1 Module C2 Module C3 Total

Unit length, ft 30 19 11
Unit width, ft 17 10 7
Unit height, ft 18 11 6
Unit floor area, sq ft 510 190 77
Unit weight Ibs 847,399 170,787 24,587
Unit power, hp 47,201 8,520 429 56, 150
Number required 269 226 51 2,184
Jota! floor area, sq ft 137,190 42,940 3,927 184,057
Total power, kilowatts 35,197 6,353 320 41,870
Tota! weight, Ibs 22,795,033 38,597,862 1,253,937 2.678 x 10°
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EXHIBIT F-12

CALCULATION OF UNIT WEIGHTS OF COMPRESSOR MODULES

Assume minimum parallelopiped occupied by compressor and drive motor is 35

percent steel.
Volume of C1 paraljelopiped
1.7 x C1 + 1.7 x C1 x 1.3 Cl = 3,76 C13
Total volume of Module C3 compressors parallelopipeds
3,76 « (C13 + c23 + 233 + ca3) = 5004.01 cu tt
Tota! volume of Module C2 compressors parallelcpipeds
Tota! voiume of Modute C3 compressors parallelopipeds
Weight of Module C1 compressors = 847,399 |bs
5004.01 x 1728 x 0.28 x 0.35
Weight of Module C2 compressors = 170,787 ibs
1008.52 x 1728 x 0.28 x 0.35
Weight of Module C3 compressors = 24,587 |bs

145,19 x 1728 x 0.28 x 0.35

E3F-33

1008.52 cu ft

145,19 cu *+



EXHIBIT F-13

CALCULATION OF SPACE REQUIRED FOR VELOCITY SELECTORS

D1 impel ler diameter, ft 0.983

Dz length of velocity selector, ft 0.983

D2 =D1

D3 width of velocity selector, ft 1.672

D3 = 1.7 x D1

D4 = height of velocity selector, ft 1.672

D4 = 1,7 x DI
Unit length, ft 1.000
Unit width, ft 1.8
Unit height, ft 1.8
Unit floor area, ft 1.8
Unit weight, !Ibs 46,537
Unit power, kilowatts 0.25
Number required 42,423
Total floor area, sq f¥t 76,362
Tota! power, kilowatts 10,400
Tota! weight, Ibs 19,742,277

Calculation of Unit Weight of Velocity Selectors

D2 x D3 x D4 x 1728 x 0.28 x 0.35 = 465.37 |bs
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EXHIBIT F-14
ESTIMATION OF SINGLE STAGE COMPRESSOR COSTS
The compressor cost estimates are scaled from those of a three-stage
compressor now under construction at AiResearch for subatmospheric UFg

compression service. This compressor has 14.5-inch diameter wheels. The
scaling relationships are shown in Exhibit F-15.

E3F-35



6

7891

6 7891 w

;
6

2

000

[

t
!
1

il

il
:\‘ b

i

il

i

|
|

I
(it

6 7 8 9 1oee

f!

i

et -0

|
i
I

anp [

o
-

—
CISN.

(_gs, U

o Ofcony

or

i

é l7 8 §ioo¢mo

5

. .I.-P, ﬁ» - ¢ - i Al _—
flsw|w e (el N S ) P v
e fr T (b et bR R g =it E
LT = =T Sy R — D
£ : : s.xm 8 ool it g =t el SR
| =l 4 [ s R Sl i SR
o - Lr e oot b
CE ¥ PEE peEb B peme b
= & EEFE ES Bt gt M
b . — e o
Toevr i DL EE BT
Q-2 E- ELTEEE L 3
— = mh. rEFE w R ..u,ILrI:xAlw :
Pl s Y e O G
-l 155 o el e Sy et e i asets sl
P Iy
2— 34— . -
o - St il R
: e
]

o~
<3 D)

s

‘azig NagnM

E3F-36

4
3

(5 S0

$ Factory Cost (No GRA oR ProFyT)

=15

EXHIBIT F



EXHIBIT F-16

ESTIMATION OF SINGLE~STAGE COMPRESSOR COSTS

From the following chart, exhibit

Factory Cost, dollars

Compressor Compressor Whee! Size, Hardware Engineering

Module Number inches Cost Cost
X Y

C1 1 122.5 1,280,000 1,000,0C2

2 73.5 820,000 730,000

3 36.8 458,000 502,00C

4 24.5 335,000 390,000

C2 1 73.5 820,000 730,000

2 36.8 458,000 502,000

3 24.5 335,000 390,000

4 12.3 190,00C 260,000

C3 1 36.8 458,000 502,000

2 24.5 335,000 390, 000

3 12.3 190, 000 260,C00

4 6.7 116,000 172,000

Number of Compressors Required

Whee! Diameter,

inches Module C1 Module C2 Module C3 Totai
122.5 269 0 0 26%
73.5 269 226 0 495
36.8 269 226 51 546
24,5 269 226 51 546
12.3 0 226 51 277
6.7 0 0 51 51
Factors
Lot Size

Compressors C D

i 1.00 1.00

2-10 1.00 0.20

11-50 0.85 0.15

51-100 0.75 0.10
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Compressor Cost:

EXHIBIT F-16 (Continued)

HP-65 CODE FOR CALCULATING BASE COST
OF COMPRESSORS OF ONE S{ZE

RCL

RCL
X
RCL
X
RCL
+

RCL

RCL
X
RCL
X
+
R/S
RCL

RTN

1

Hardware

Factor C

cost

Total number required

Engineering cost

Engineering cost

Factor D

Total number required minus one

Total cost of compressors

Unit cost of compressors

122.5-inch diameter wheel

of dollars

Hardware Cost, thousands of dollars 1280
Engineering Cost, thousands of dollars 1000
Factors Cost, thousands
Number of
Compressors C D Total
1 1.00 0 2,280
2 1.00 0.20 3,760
5 1.00 0.20 8,200
10 1.00 0.20 15,600
1 0.85 0.15 14,468
25 0.85 0.15 31,800
50 0.85 0.15 62,750
51 0.75 0.10 54,960
75 0.75 0.10 80,400
100 0.75 0.10 106,900
200 0.75 0.10 212,900
269 0.75 0.10 286,040
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EXHIBIT F~16 (Continued)

Compressor Cost: 73.5-inch diameter wheel

Hardware Cost, thousands of dollars
Engineering Cost, thousands of dollars

820
730

Factors Cost, thousands of dollars
Number of

Compressors C D Total Unit
1 1 0 1,550 1,550

2 1 0.2 2,516 1,258

5 1 0.2 5,414 1,083

10 1 0.2 10,244 1,024

T 0.85 0.15 9,492 863

25 0.85 0.15 20,783 831

30 0.85 0.15 40,945 819

51 0.75 0.10 35,745 701

75 0.75 0.10 52,257 697
100 0.75 0.10 69,457 695
200 0.75 0.10 138,257 691
300 0.75 0.10 207,057 690
400 0.75 0.10 275,857 690
495 0.75 0.10 341,217 689

Compressor Cost: 36.8~inch diameter wheel

Hardware Cost, thousands of dollars
Engineering Cost, thousands of dollars

458
502

Factors Cost, thousands of dollars
Number of

Compressors C D Total Unit
1 1 0 960 9360

2 1 0.2 1,518 759

5 1 0.2 3,194 639

10 1 0.2 5,986 599

1" 0.85 0.15 5,537 503

25 0.85 0.15 12,042 482

50 0.85 0.15 23,657 473

51 0.75 0.10 20,531 403

75 0.75 0.10 29,979 400
100 0.75 0.10 39,822 398
200 0.75 0.10 79,192 396
300 0.75 0.10 118,562 395
400 0.75 0.10 157,932 395
500 0.75 0.10 197,302 395
546 0.75 0.10 215,412 395
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EXHIBIT F-16 (Continued)

Compressor Cost: 24.5-inch diameter wheel

Hardware Cost, thousands of dollars 335
Engineering Cost, thousands of dollars 390
Factors Cost, thousands of dollars
Number of
Compressors C D Total Unit
1 1 0 725 725
2 1 0.2 1,138 569
5 1 0.2 2,377 475
10 1 0.2 4,442 444
1 0.85 0.15 4,107 373
25 0.85 0.15 8,913 357
50 0.85 0.15 17,494 350
51 0.75 0.1 15,154 297
75 0.75 0.1 22,120 294
100 0.75 0.1 29,376 294
200 0.75 0.1 58,401 292
300 0.75 0.1 87,426 291
400 0.75 0.1 116,451 291
500 0.75 0.1 145,476 291
546 0.75 0.1 158,828 291
Compressor Cost: 12.3-inch diameter wheel
Hardware Cost, thousands of do!lars 190
Engineering Cost, thousands of dolflars 260
Factors Cost, thousands of doliars
Number of
Compressors C D Total Unit
1 1 0 450 450
2 1 0.2 692 346
5 1 0.2 1,418 284
10 1 0.2 2,628 263
11 0.85 0.15 2,427 221
25 0.85 0.15 5,234 209
50 0.85 0.15 10,246 205
51 0.75 0.1 8,828 173
75 0.75 0.1 12,872 172
100 0.75 0.1 17,084 171
200 0.75 0.1 33,934 170
277 0.75 0.1 46,910 169
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EXHIBIT F~16 (Continued)

Compressor Cost: 6.7-inch diameter wheel

Hardware Cost, thousands of dollars 116
Engineering Cost, thousands of dollars 179
Factors Cost, thousands of doliars
Number of
Compressors C D Total Unit
1 1 0 295 295
2 1 0.2 447 223
5 1 0.2 902 180
10 1 0.2 1,661 166
1i 0.85 0.15 1,532 139
25 0.85 0.15 3,288 132
50 0.85 0.15 6,425 128
51 0.75 0.1 5,511 108

Compressor Module Cost: +thousands of dollars

Cost,
Module thousands of dollars
C1 2,438
C2 1,544
C3 963
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EXHIBIT F-18

ESTIMATION OF VELOCITY SELECTOR COST

BENCHMARK 1

Cost of a turbine of similar size with adjustments for
materials and tolerances: $5000

BENCHMARK 2

An independent estimate of the unit cost of a velocity
separator in the first lot of 5 amounted to:

Hardware $137,100
Other 237,130
$374,230

This unit cost is consistent with those for compressors
of similar wheel diameter.

A very optimistic estimate of the cost-improvement factor
(learning curve) for the velocity selector would be 70%.
With this rate of improvement, the unit cost of 42,425
vetocity selector (separators) would be $3,550. Because
the total cost cf these devices would be $151 million, it
can be argued tnat surely with this amount of money, sub-
stantial technology advance can be brought to bear on
construction.
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MECHANICAL SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATE

DESCRIPTIVE SUMMARY

Site Utilities Area

The plant site is served by storm sewer and sanitary sewer facilities.
Because of the distance to the site boundary, the storm sewer and city water
services are looped to maintain better pressure and flow distributions. The
fire protection system is backed up with a storage tank and redundant diesel
fire pumps for emergency fire fighting. Certain areas in and around the
plant are landscaped and provided with automatic sprinkler systems.

Storm Sewer

If the plant is built in an arid desert area the storm sewer system may
be eliminated and the surface water drained to a remote area that is still
on site. The system as shown is planned for an area that has storm drainage.
The system is sized for thres inches per hour maximum rainfall, The building
roof load is dumped to leaders which in turn are drained to storm sewer mains
at each side of the compound.

Sanitary Sewer

The sanitary sewer system will consist of multiple discharges from the
building.

Cortaminated Waste Collection System

The contaminated waste collection system will serve floor drains in the
decontamination, cascade, and UF6 Feed and Withdrawal areas (TESA). All
waste water and steam condensate used for decontamination and washdown will
be collected and discharged into fenced-in, large-surface-area evaporation
pools (settling ponds). After the contaminates have settled out, and when
its contaminant load has reached a safe level, the water is pumped through
a filter to the sanitary sewer. The contaminated solid material is then
collected and buried. The burial site is not on the Velocity=Slip Uranium
Enrichment Plant site.

Fire Protection

The fire sprinkler system is a multiriser sprinkler system configured
and sized for ordinary hazard. The main is looped to provide for the minimum
flow at each riser as required by NFPA No. 13. In addition, standpipes with
hose reels and perimeter fire hydrants are provided. The UFg feed and with-
drawal area has a dry-pipe or CO; system.

In addition, the fire protection system is backed up by an emergency

secondary water system. The secondary system consists of an above-ground
tank and a diesel-powered pump.
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Fuel 0Oil Systems

There are two fuel-oil systems: one for diese! fuel for the standby
generators and fire pump and one for oil for the boilers. The diesel-fuel
distribution system consists of underground tanks and piping systems. The

diesel-fuel storage provides for 20 hours of operation at full load.
The boiler-oil storage will provide for 30 days of boiler operation.
The boiler-oil system will consist of underground tanks and piping, plus

above-ground pumps. If LPG is available at the site, it may be used for
either the boiler or diese! generators instead of fuel oil.

Cooling Towers

The coo!ing towers are two-cell double-flow units or dry-fan blow-
through units capable of cooling from 105°F to 90°F at a 78 FWB outdoor
ambient. €Each cell is provided with a fan or fans and valving bypass arrange-
ment for water temperature control during low outdoor ambient temperatures.
Water is pumped through a header to the structure chiller and process cooling-
liquid heat exchanger by & hank of pumps. The towers are adequately sized
to provide any other incidental coo!ing as may be needed, namely, intercoolers
and aftercoolers on the air compressors and vacuum pumps. The towers will
be provided with blowdown for solids control.

Administrative Office and Personnel Area

The desired temperature in the administrative office and personnei
office is maintained by thermostatically-controlied air handlers served by
liquid chillers and steam boilers. The temperature is maintained all vyear
at 76°F at 50 percent relative humidity maximum. The area is provided with
food preparation facilities, lavatory facilities, and general office areas.
The food preparation area is served by electrical power for food preparation
and an exhaust system for food odors. These areas as well as al! areas of
the plant are adequately protected by sprinkler systems.

Decontamination Area

The decontamination area contains the facilities required for assembiy,
disassembly, and decontamination of the process equipment. The total aresz
is served by air handlers which maintain a temperature of 76°F at 50 percent
maximum relative humidity. The area is provided with vacuum systems, liquid
and gaseous nitrogen, and compressed air. In addition, there is a decontam-
ination facility which contains a special exhaust system. This system dis-
charges its air through fiiters and a scrubber and thence to atmosphere.

All waste liquid from this area flows tfo the settiing ponds for settl!ing out
of contaminants.

Mechanical Equipment Area

The mechanica! equipmenrt area contains the boilers and all associated
equipment, chiiflers, process gas compressors, air compressors, dryers, domestic
water heaters, closed-loop heat exchangers, water softening equipment, and all
associated pumps.
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Ventilation is accomplished by thermostatically controlled two-stage
wall-mounted, propeller-type exhaust fans which draw air through louvered
openings. Fans are rated to allow a 30°F temperature gradient.

Boilers

The plant is served by multiple medium pressure 300-hp boilers. Boilers
are fuel-oil fired and complete with deaerator, receiver, and blow-down tank,
plus all safety controls. Steam supplies are manifolded to a common header.
Boiler water makeup is to be treated.

Steam is distributed through insulated lines at 100 psig going throughout
the plant ot domestic hot water generators to heat exchangers, autoclaves,
and cylinder cleaning stations. Steam is also used to humidify the control
rooms if humidity contro! proves to be necessary. Condensate will be a
pumped=-return with pumps focated at strategic locations.

Special Exhaust System

A special exhaust system for the disassembly, decontamination, and
cylinder cleaning area will be provided for removal of UFg gas and UO3F;
rarticulate matter. The duct system will be coated, air tight, and the air
from *he system will discharge through the roof through a scrubber. Liquid
over flow and discharge from *the scrubber wil!l flow into the contaminated
waste collection system.

Air Conditioning

Air conditioning of the structure is achieved by a central, ducted
chilled water system. The system consists of centrifugal chillers with
individual air handlers staticned around the structure. The air handlers
are single-zone straight-through units and contain fans, chilled water coils,
hot water coils, and filters. The air handiers serving the UFg feed and
withdrawal area (TESA) are provided with nuclear containment-type filter
systems consisting of a primary system and secondary system. Both systems

_have redundant filters and fans. All areas are maintained at 76°F and 50
percent maximum relative humidity. There is fresh-air makeup of about 15
percent in office areas and 10 percent in other areas. TESA is complete
with air locks and is maintained at a minus 0.065 static pressure water
Jauge (spwg) pressure.

Air handlers serving the control room will have high-level filtration
for the control devices. All air handlers will be thermostatically controlled.
Control may be either pneumatic or electric.

The TESA air conditioning system is a multiple system that provides for
either recirculation or 100 percent outside air. When on recircutation the
area is maintained at 76°F at 50 percent relative humidity. When on 100
percent outside air there is a minimal or no cooling or heating provided.
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Domestic Hot and Cold Water

The domestic hot water is generated by a converter in the Boiler Room

Prime energy will be steam. Individual electric power sources may be used
at remote locations.

Compressed Air

Compressed air can be used for operation of process control! valves,

dampers, hoists, and general house air. The system will consist of a wye
or horizontal, 125-psi, two-stage unit with intercooler and aftercooler.
A receiver will be provided tc give about 30 minutes operation in case of

some minor failure. |In addition, a cross connection to gaseous nitrogen

line is provided for a fotal failure backup. Because moisture is an inherent
problem in operation, the system will be provided with a refrigerator dryer
to bring new point temperatures down to 25°F at atmospheric pressures.

Where possible, supply headers will be looped to obtain minimum pressure drop.

In addition, a dessicant, or heatless purge dryer will be provided in
the TESA for -40°F dew point air.

Nitrogen

Liquid nitrogen is used in several areas. Liquid nitrogen Iines wiil be
approximately 1-in. diameter, vacuum insulated, Invar lines with cryogenic
valves. Take-off will be provided at strategic locations in the building
for Dewar bottie filling.

Gaseous nitrogen is distributred throughout the plant to provide purge
capability at the cascade as wel! as back-up pressurization of the compressed-
air system. Only the distribution piping and valves are supplied as pa-t of
the structure. The exterior bulk storage tanks and evaporators are generaily
supplied as a tota! package by the nitrogen supplier.

Hel ium

Helium is used as a low-molecular-weight carrier or fransport gas for
UFg isotopes in the cascade. Because of the requirements for containing UFé,
little loss of helium is expected. A storage vessel for higher pressure
heliuin is required so that makeup helium is available when needed.

Sound Attenuation

The rotating equipment, separators and compressors will be designed to
minimize noise, of course. Even so, the large number of rotating devices in
the plant may create a high noise level. The conceptual design assumes that
a 120 decibel noise level is attentuated to conform with OSHA requirements.

CONCEPTUAL DESIGN DRAWINGS (MECHANICAL)

The mechanical systems cost estimates are based on take-offs from the
following drawing.
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. BASE COST ESTIMATE (MECHANICAL)

Exhibit F-20 presents the mechanical systems base cost estimate.
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. KEY CALCULATIONS (MECHANICAL)

1.

Air Conditioning:

600' x 1200' x 2
100! x 200 x 2

1,440,000 sq ft
40,000 sq ft
1,480,000 sq ft

Assume 1 cu ft per sq ft. 400 cu ft =1 ton. Adjust for 20°F AT instead
of 27.6°F

il

(1,480,000)(1)(27.6) 5106. Say 5000 tons; use four 1500-ton
(400) (20) compressors at 0.83 demand factor.

CFM = (5000)(12,000)
(1.06)(20)

2,830,189

Determine Fan Horsepower: Assume 2" SP and fan efficiency at 509.

BHF = 2,830,189 x 62.4 x 2 = 1783.8
12
33,000 x 0.50

Uise 20 roof-mounted air handlers; 9G HP

Cooling Tower Load: 12,000 “tons, process

700 tons, R114 cooling
5,000 “tfons, air conditioninag
17,700 tons. Use 20,000 tons

GPM at 15° aT: (2000)(12,000) = 32,00C GPM
(8.33)(60)(15)

4000' 12" ¢ 50!

NPSH 15

Cool ing Tower Ht. 65

Miscel laneous 25
167! TDH

Cooling Tower Pumps: BHP = 32,000 x 167 = 1799.32

3960 x 0.75

Use ten 200 HP pumps at 0.9 demand factor.
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Ptant Air Requirements:

100/120 psig line pressure 1/2" air drop. 1/4" ARO quick disc. Assume
20 cu ft per drop. 300 work benches with drops. 300 additional. Use:
0=qnN'/2 where  q = 20 SCFM
= 20 (6001172 0 = demand SCFM
= 490, Say 500 N = Number of drops
= 3,02

CR/stg =_ [ 120 + 14.7
4.7

150 HP, skid-mounted compressor.

Jse one Worthinqton wye head 2 stg,
(150 HP x $333/HP) = $44,950, say $50,000

Soiler HP Required:

M2 BTUH x 10 = 290, Use 300
34,375
‘00 percent makeup required:
(300)(3215) = 19.5 GPM, Say 20 GPM
(60)(8.33)
Rotary Burner Required:
(300) (34,375) = 1.49 GPM, Say 1.5
(144,000)(.80) 60
Lagoon:
100" x 150' x 3' = 45,000 cu f+t
Effluent flowrate: 1000 x 75 = 52 GPM avg.
1440
4 hr max: 1.7 x 52 = 88.4 GPM, Say 90
4 hr min: 0.4 x 52 = 20.8 GPM, Say 21
Detention Time = 45,000 x 24 = 14.4 hrs

75,000

Use 3 pumps: 52 GPM at 35' TDH, 1 HP
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ELECTRICAL SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATES

DESCRIPTIVE SUMMARY

The Velocity=Slip Uranium Enrichment Plant tota! connected electrical
load is approximately 119 MW with an approximate demand load of 107 MW,

These loads represent three major systems:

a. Buitding and site power

b. Process power

C. Building and site lighting

The plant will be served by two 60 MVA service transformers with oil and
fan cooling for added capacity. The plant distribution system will be under-

ground 13.8 KV, 3 phase, 60 Hz.

The major components of the demand load are:

a. Isotope separators 25.5 MW
b. Cooling towers 2.5 MW
Ce Chillers 5.0 MW
d. Process compressors 74,1 MW

e. Miscel laneous building power 7.0 MW
feo Lighting system 4.8 My
Parts of the Cascade Area, Feed and Withdrawal! Areaa, and building lighting

will be backed up electrically by a 500 KVA diesel generator set with an au¥o-
matic transfer switch in the event of a power failure.

The building and site lighting system will be designed with energy conser-
vation in mind. The process area lighting will be high bay, metal halide type.
Fluorescent fixtures will illuminate the administration building and low bay
areas.

Secondary power distritution voltages will be: 4160 volts, 3 phase;

480 volts, 3 phase; and 120/208 volts, 3 phase.

All electrical installations and equipment will comply with local and
national codes and ordinances, and 0.S.H.A. and N.E.M.A. standards.

CONCEPTUAL DESIGN DRAWINGS (ELECTRICAL)

The electrical systems cost estimates are based on take-offs from the
following drawings.
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BASE COST ESTIMATES (ELECTRICAL)

Exhibit F-23 presents the electrical systems base cost estimates for
a 300,000 SWU per year VSUEP located in Texas.
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- ' o . owen > oate_5/10/7%
JOO TITLE AND DESCRIPTION: PREPARED BY PAGE_L_O"______
/ﬁ LAUD MD GITE QUANTITIES NI
o | DESCAIFTION Atount i cost sug- T0TALS | ToTAL
, ANGUNT | ORUARDED
THT | SEvice TRANSFORMENS 2 lep 747,000
T4 13.8V Service Foemees LoT _ 22,000
| -2 | i3BKV MeTMcUhp smTioan] o] L40:002
70 | SN | oWeaey PhovE SdsTem | LoT 20,600
72073 | 13,8 KV U6 FEEDEYS 5500 FT 412,000
7205] Aeeh UGHTING LsT - 170,000
7206-1] AvER ALARM 5YSTCM LT 85,000
-2 | 4Lbsp CET TV S4STEM o g, 800
T2 | Fiee waTee Pubg SY$Tem wT | 5,000
T30) | WATae TENTMENT Wi Go.000
Anounts tonvanoen 2,145, 000

LXHESIT F=253



R/~-4€3

. A 5 ‘E ASSIFIC
[ T o M Camucr 0 e Site/mwos ALY
- ’ civiL ELEC 0/% UTIL
ial _ARCH . OWNER _occur, DATE_5/15/78
JOB VETLE AND DESCHIPTION: PREPARED BY PAGE__E;_OT_-__
7 ADMINISTRATION BLDG. 4 QUANTHTIES
AUX' BL%Q oy
COu DESCRIPTION AwuNt iy oSy suB-T0TALS | TOTAL
~ AMOUNT | ORWARDED
2613 | Flee ProTeLrion S4$Tem wi |5.600
30141 FIRE ALhM SYSTEM LT - 45,600
301G | PA SNSTEWA icT 15,5000
216\-1] 1000 KA UN[T SHBSTA- I A 45,000
-7 | VT SUBsTA. prL. Foe . 200 FT 23,000
=3 | LIGHTING PANELS 4 FDRS 2 EM 25,000
<4 | LIGATING BIXTURES § (KIS Lot 121,000
-5 | Emam. LT6. SYSTEM w1 25,000
<4 | 6o gmuertd tgemug | LoT 12,000
3162\ \ZofotN PRL TRANSE 4 FVR. 32 EA 14,000
-2 | 120V BRAKCH C¥TS LoT 30,000
-3 | OFFIcE AMuliT ! Er 2,004
-4 | M. AJc $VenT LeT 5,000
-5 | cApgERIS EQVIF LoT 30,0600
AMOUNTS | ORWARDED 523,000

EXHIBIT F-23 (Continued)
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AIRESEARCH MANUFACTURING COMPANY

COST ESTIMATE SHEET

CLASSIFICATION
hel . STRUCT, HECH SITE/BLOG L 4
@ Torrance, California it ELEC X 0/s !/ml. RELIHINARY
= LARCH s OWNER L occye, DATE 5/)0/7®
JOD TITLE AND DESCRIPTION:

PREPARED BY

EXHIBIT F=23 (Continued)

PAGE_____OF ____
REWOILE , OVEPHADL , QUANTITIES
b | pepuiz Apeh cost
cont DESCRIPTION AHOUNT  |umit SuB-TOTALS |  TOTAL
AMOUNT § ORWARDED
20132} F¥e PROTELCTION SY5TEM LoT 4),060
20141 Fire ALtrM S{<7ow Let ~ 121,800
Zops | Pb S4eTEM LT 41,600
Zi-) | LIGHTIRG PANELS # Foes 4 EA 20,000
-7 | LI6H1ING FIXTURES & CETS Lo 7 481,000
-2 | emens. LT6 System L1 50,000
3i02-1 | 000KV PINT SURSTA | EA 45,000
=2 | Wt aug Ppy BDR. 750 F1 19,000
=2 _| V%tV PAL T2ANSE., FDR 7 2 25,000
-4 | 126V Epanad CETS. LeT 13.¢00
- | WLl FhcH WaalG LeT 10,000
~b | Maunrc 2 ER 13000
-7 | Mbtu. sanp powere LoT 161000
5001 | coullé TOWER Let 19,60
1151 | ERioce crmeen R E 5,000
AMDUNTS FORVARDED 429,000




08-4¢€3

S]] AIRESEARCH MANUFACTURING comPany | COST ESTIFATE SUEET S CLASSIFICATION-
G_':‘:D Torrance, California v :i:'c' 7 o;:i(,:‘;:’.c - PRELIMINARY
ok S ARCH . OWNER _OCCUP, oATE_ S/I0/ 7Y%
JOB TITLE AND DESCRIPTION: PREPARED BY PAGE____oOr
q PPOCECC A[ZEA QUANTITLES T
Cont DESCRIPTION AMOUNE et usy SuB-TOTALS |  TOTAL
AHOUNT | ORWARDED
2012 | FIRE Pre1adTion <4479n LT 497,000
“e14- | FIRE ALARMASYSTEIA LoT 876,600
015 | P b SYLTEM LoT h 742,000
2104y | 1o rUR UNIT SUBZTA. 4 EA 120,000
=2 | 1500puh UNIT SpBSTA [ Eh 55,000
-2 | UNT SUE PRI FDRS. » \200 T 90,000
-4 | LIGHTIWG PANLELS ¢ FDRS. 29 £h 145,000
1= 5 | LIEATING PIXTURET ¢ CKTS LT 2,50|,0C0
— | EMeveeuey LT6 . S4STOM LT 250,000
-7 | sauirty LiekTineg VT 87,000
21071} Boopuh DIT SURLTA b EA 210,000
-2 | 006 ENA UNLT SUBSTA | EA 45,000
-3 ] IS00EVA UNIT SUBSTA A EA 110000
-4 | ZooorvA UNIT TVESTR | EA (5,000
=5 | Booopuh Vit SUBSTM ) EN 75,000
-6 | bt SR, PRL-FPRS 1 600 F1 120,000
=& | 125208V PNL, TRANIE 1 FDR: 54 A 210,000
-9 | 120V BRANCH CKTS LoT 94,000
=10 | A VT 1A EA 104,000
-1l | soovh DiBL GEN. Lot #2,000
12 | VhG. PUnPS LoT 50,000
AMDUNTS FORWARDED ]0%3,6@

EXHIBIT F-23 (Continued)
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—- =1 ARESEARCH MANUFACTURING COMPANY COST ESTIMATE SHEET CLASSIFICATION.
6;‘3"' Tosrance, California ::c‘:t" ’[1:22 ¥ 3;?(,;’%26 PRELIKINARY
= ARCH . _OWMER _occup, oATE  5/10/78
JOB TITLE AND DESCRIPTION: PREPARED BY PAGE _____OF__
‘1 PRGCESS AIER QUANTATIES ey
cont DESCRIPYION AMOUNT ey cust SUB- TOTALS | TOTAL
AMOUNT 1 ORWANDED 7,0q3,000
-2 | Be Afe chngs 4 EA 120,000
-4 | Me coNppET.q- l Eb _ 16,500 -
15 | ew didw PUMPS & 2) 15,600
-6 | Misc pumps o7 | 00D
b101-1] 156010 DIVT WBSTA. 7 EA 118,000
-2 | 2000¥uA LNIT SUBSTA. b4 EA 3,510,000
-2 | Dt Sub. PRL FDRS (%00 FT. 413,000
-4 | Peocess ahise ! ED 28,000
-5 | ¢\ compressaPs 264 EA 496,000
=~ | €2 CoMPREISORS 2 EA 172,000
7 | €3 compressors 5) T 178,000
-3 | e, Fres. PIS. For NHERS 197 Eb 3,444,000
-4 | wueas 42,425  EM 6,576,000
LT62-1] STy MeWTATION TreaY 4 CARWS S Lo T 475,c00
-2 | (outaol Roem EG 1P LeT 1,700,000
=7 vy, Wirive loT 1,230,000
L15) | BRINGE iz pie” 1o A 24,000
7l Ponn PUME | Eh N1
AHOUNTS 1 ORUARDED  |76,279,000

FXHIBAT F=23 (Continued)
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_ CLASSIFICA
G oo o G oMY “Oaer o Cweon ___ sire/as
P ' L ELEC _ X O/SUTWL
= ARCH . OWNER L occue, oATE_ 5/i0/73
JOD TITLE AND DESCRIPTION: PREPARED BY PAGE_____OF
o | Fee p wmpeanL QUANTITIES .
cont DESCRIPYION AHOUNT Ium 1l (osTY sus-To1ALS | TOTAL
’ AMOUNT TORWARDED
2012 | firC PRl S4STEM LeT ‘ 42,000
7014 | Flice brolem SNCTEN Lot 127,600
Z0\5 | I'h. S44TEM Lot 43,000
Ziok-| | 1000BVA UNIT SURBSTA ) EA 45,000
-z | UMV SuE fr. Fon. 250 FT 14,000
=2 | LGRATING PANCLS % Fhrs, 5 Ed 25,000
=4 | LIGHTING "FIXTVRS 4 CTS LT 565,000
=5 | EMEY LTE €4°TOM LoT 572,000
~0b | smumitvY LieHTING LT 25,600
zin2-) | {20/w8V PNL., TRANGF 4 FDR 7 EA 25,000
-2 | |20V BRaRaY TS LoT 1 4000
-2 | A VRIS z EA 12,000
-4 | 486 PoWER Lo7 |6:b0D
g6l | eoLlue Towen LeT 14,000
1511 BRIDGE CRANCS z EA 3,000
AMOUNTS FORWARDED | 484000

EXHIBIT F-23 (Continued)



. KEY CALCULATIONS (ELECTRICAL)

The physical data used in preparing the base cost estimates was read
off the site plans.
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INSTRUMENTATION AND CONTROL SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATES

DESCRIPTIVE SUMMARY
The instrumentation and contro! system for the plant provides for:

° Data acquisition, storage, and manipulation for both technical
and commercial aspects of plant operation

° Process contfrol

° Protection of process hardware and plant equipment
° Safety monitoring for operating personnel

. Special nuclear materials accounting and safequards

{'‘ata acquisition, storage, and manipulation systems and personnel safety
systers for this plant are similar to those for a gas centrifuge enrichment
otant of equivalent capacity. The costs for these items are consistent with
gas-centrifuge enrichment plant estimates.

The instrumentation and control! system envisioned for this plant consists
2% 3 main computer system with backup, data bus switching system, and various
remcte data units. All of these items, with the exception of the remote data
units are scaled from similar units for a gas-centrifuge uranium enrichment
plant. The remote data units can be simple sensing and signal processing units
ar @ more complex system witih built-in contro!l logic, depending on the hardware
or syztem items being monito~ed or controlled. The philosophy followed in the
conceptualization of this system was to provide as many of the contro! functions
a5 oossible at the lowest system level so as to not burden the main computer
system. The main computer system will provide system performance monitoring
and control system override as required for process variation or sublevel
control mal function.

Frocess monitors and controls are provided for the following systems:

° Cascade

° Compressors

° Product stream helium separation device
° Tails stream helium separation device

The TESA is also tied into the system computer for monitoring and control
of the feed, tails, and product streams. Functions of the various equipment
elements, such as the authclaves and desublimation chambers are monitored.

Ylonitor and controi functions for the main process gas include gas

pressure and temperature at various locations, gas compositions, and various
functions of the process components,
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BASE COST ESTIMATE (INSTRUMENTATION)

Often process contro! and equipment protective instrumentation cost
is estimated® to be 13 percent of the vendors' invoice total for the equipment
instrumented. The cost of installing instrumentation is estimated to be 50
percent of its acquisition cost. The process equipment for the VSUEP is
extraordinarily expensive, relative fo the remainder of the plant but the
required instrumentation is not. So the cost of process ecuipment instrumen-
tation for the VSUEP is assumed to be 9.8 percent of the installed cost of the
process equipment or $168,907,000The cost of the required data acaquisition
systems is included in thisal(0 percent. The cost of the safety monitoring
and safequards systems is negliqgible relative to the other instrumentation
costs.

INDUSTRIAL SYSTEMS CONCEPTUAL DESIGN AND COST ESTIMATES

DESCRIPTIVE SUMMARY

Industrial systems include equipment for shipping and receiving qoocs,
materials hand!ing, shop tools, and furniture for 163 desk workers,

Exhibit F~24 shows a functional flow diaaram for the VSUEP.

*Peters, M. S. and K. D. Timmerhaus (1968). Pilant Design and Economics for
Chemical Engineers, New York: McGraw Hili Book Company.
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BASE COST ESTIMATES (INDUSTRIAL)

Exhibit F-25 presents the base cost estimates
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[ CLASSHIFICAT
o) Tomen ot Cter: 1 heen ___ sive/muoe
-~ " cviL ELEC 0/$ UTIL
ARCH o OWNER  , OCCUP, X DATE S-X-718
JOB TITLE AND DESCRIPTION: VELOCITY SLIP SEPARATOR PLANT PREPARED BY A.L. PV N pace_}__or 9 __
6 QUANTITIES T
tont DESCAIPYION L sy SUB- TOTALS | TOTAL
| 100ILE _SQUIPMENT o AMOUNT FORVANDED
2004 S TON TRUCK S 15000} 95000
~ 1| FTON AlckUP TRUCKS 2 6000| 12000
8001 ] IVD FROMT BNO LUADER 1 S5000 | _S5000
‘— 4] TRASKR COMNTAINERS 10 302 3000
¢253 LumBER)STRAODLE CARRIER 2 300 000 | €00 0o
— 1 |[IST Fk. LIFT_TRUCK | —(oooo| €0 000
1
ANOUNTS FORMARDED 000
EXHIBIT F-25
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AIRESEARCH MANUFACTURING COMPANY

COST ESTIMATE SHEEY

CLASSIFICATION:

Torrance, California ::3‘:{" :::'c' :g‘(,:';:c PRELIMINARY
ARCH e  OWNER _____ oCCUP, X DATE S -9-78

JOB TITLE AND PESCRIPTION: VELOCITY SUIP SEPARATOR.  PLANT PREPARED BY 4.\ . FEPIN pace_%_or 9
7 QUANTITIES iy

ot DESCRIPTION AMOUNT  lnny cust sus-totats |  ToTAL
#002 | MEDICAL _EQUIPMENT AMOUNT | ONWARDED

- VI NURSES DESK i 330 330 R
~Z] DESK. CHAIK ] 14D 140

-s| TYPEWRITER L 900 =1Y°)
ZHWAITING) SIDE CRAIRS G 70 4Z0
—SLINSTRUMENT OABINELY 4 125 250

~ 6 | MEDCINE CAL INET S 3 IS 315

- 7| WHIRL P00L BATH I 1000 1000
' - B | SPECIAL. SINK (IONTROLS 2 1 00 200

=2 | GXAMINATION CHAIR Z 1600 2. 600

=10} EXAV INATION TABLYE ] 4000 4 600
—1) JWHEEL_ CRAIR | 200 200

12 | STRETCN € RS 4 15 300

=13 | 4DRAWER._FILES 4 135 540

-\4] COUCHES 4 200 %00

-1S | REFRIGERATOR i 500 500

-1, | STERALIZER 1 1000 1000

-7 | ROLL-A-ROUND TABLES 2. IS0 100

=1% | NIATHEVYMOY MACHINE ) 1500 | 500

—19 | MEDICAL._SCALES 1 | 5D 150

-20] HERT LAMPS 2 200 40D

~ 21 LHOT PLATE ! 1 Q0D 100

22 IMAG DIFIER GLASS UNIT 2 160 2.00 N

AHOUNTS FORWANDED )ST‘Q_DL

EXHIBIT F-25 (Continued)
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7] ARESEARCH MANUFACTURING COMPANY | COST ESTIMATE SUEET CLASSIFICATION
STRUCT, MecH SITE/BLDG PREL IMINARY
D )| Torrance, California cviL ELEC . 0/S UTiL
: ARCH s OWNER ______ OCCUP, X DATE S—-5-778
JOB TITLE AND DESCRIPTION: VELOUITY SLIF SEPARATOR FLANT PREPARED BY A. L. CEPrP(n/ PAGE 3 or 9
QUANTITIES
7 e
cone PESCRIPTION AOUNT it ST Jsum-torms| oA
y Ccont ) AMOUNT | ORWARDED
Bope | MEQVCAL EQUIPMENT. | . -
-2 MEDICAL INSTRUMENTS | cRou W 500 X1
- 24l MEDVAL  SUPPLIES CRoU P 2000 2009
<251 MENICAL. MISC . G Rou ¥ 1000 L0000
els2 SHOP ELETT. TRULIK 2 800 | 1602 )
=1} IWNL BICYCLY 2 300 | 600
!
AHOUNTS FORWARDED 5700

EXHIBIT F-25 (Continued)
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COST ESTIMATE SHEET CLASSIFICATION
:::'Ef:c:l:(g:':::::l'}:AC!UﬂlNG COMPANY STTIUCT. £ HECH SITE/BLOG PRELIMINARY
cIvIL ELEC 0/$ UTIL
ARCH ., OWNER L otgur, e DATE S-9 79
JOB TITLE AND PESCRIPTION: VELOCITY SLIP SEPARATOR TLANT PREPARED BY A. L. PE VP IN pacet__or 9
QUANTITIES
7 T}
con DESCRIPTION AMOUNT llml 1 Cosy SUB-T0TALS |  TOTAL
00 STANDARD EQUII""\ENT AMOUNT | ORWANDED
8005] OFFICE DESK 300 23D 29000 |
-1 | OFFILE DESK CMAIRS| 300 140 | 42000
-2 ] OFFICE SIDE CHAIRS 200 70 14000
- 3] OFF(CIE TABLES 200 190 | 32000
> 4| DRAETING- TAB LES o) 4ts 2L60
-5| 4 DRAWER. FILEY 200 135 | 27000
~ (] 2DRAWER FILES 200 100 | 20000
t —7] 2DR. I8 X336 CABINKTS| 150 (10 16500
=] 36" BOOK_CASES 1SS0 40 G000
-9 WASTE PAPER BASKETS| 300 10 3%00
- 10} 535 GAL. TRASY DRUMS 100 10 1000
- 11| DRAWING- FILE CAGINETY ) 900 | BOO
SI2JVERICAL FILES 2.9 150 3 00O
~-3TYPEWRITIERS iy 900 | 67500
-1+ CALCULATORS Zo I 50 7500
- 1S| STATION ERY MISC. VARIOUS | 2000
— L] PENUL INAR PEN ERS 00 i0 1 000
-17} eLock s 10 80 BOO
-18| CARD_FILES jaxe) 20 1000
19| DRAFTING LIGNTS 20 60 1200
- 20 | JRATTC, BD. 3T. EDG 3 rde 40 Z00
~ 21 SOPIER. MACHINE [ 35000] 70000 .
AHDUNTS FORUARDED  |4310 0 0

EXHIBIT F-25 (Continued)
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= AIRESEARCIS MANUFACTURING COMPANY C"’s‘r‘m‘ég"""‘ﬁ 3::&";" <17 /806 i:’t‘”'““\m“‘
Torrance, California e ELEC o/s UTIL LIMINARY
.ARCH aen s OWNER occur, X DATE S- 8-
JOB TITLE AND DPESCRIPTION: VELOCITY SLIP SEPARATOR PLANT PREPARED BY A L. PEPIN PAGE S __0F D
QUANTITIES
7 LY
cont DESCRIPTION AOUNE  Jinnae (osy SUB- TOTALS | TOTAL
%000 | STANDAROD EQUIPT, AMOUNT 1 ORVARDED
22| BALUE PRINT MACKINE] . 2 0000 ! 40000 |
-23] DATA PROCESTG, EQUIPT | GroV P 250,000 | s00 000
7Y SHOP CAS TRUCK S 2 800 1600
ZF ) SRof ELVECT TRUCKCY i 200 3too
L2 2]3WHL Box BiCYCLES B 300 2400
It i
BOID] CAFETERIA gQ_QIP{nM .
-1 KITCHEN EOUIFT, GROUYP 300 000 | 300 000
— 2| TAALES _ 356 40 14-000
-3} cRAIRS 10O 100 10 500
- 4l SMACK BAR IOUIPMRNIT | 6 RO UP 70 000 | 70000
AMOINTS FORVARDED | SU-{ T00
EXHIBIT F-25 (Continued)
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AIRESEARCH MANUFACTURING COMPANY COST ESTIMATE SMEET CLASSIFICATION
' Torrance, California 33‘:{" :::2 —_—__. :;I%T’::c PRELIRINARY
ARCH —__OWNER occyP, DATE - 4-T8
JOB TITLE AND DPESCRIPTION: VEL OTITY SLIP SEP. PLANT PREPARED BY A . L. PEFIN PAGE _&__ or_9__
QUANTITIES
8 . TR
Cont PESCAIPTION AOuNT  Juniy cosy suB-TOTALS | TOTAL
ol AT, EQUISMENT AMOUNT | ORWARDED
1 SUSSOR_LIET-A-LOFT 2 2000 4006
— 2{PEDETAL SRINOERS 4 150 600
—3] LADDEKRS 50 SO |_2s00
—4| TOOL CRIB SUPELIES|] GROU P eROVP_| 20 000
-<| BRAKE | SO0 0 5000
| ¢ | SHEAR ! g000 5000
¢s) | 34 (RANE S 3 1200 2¢00
1~ | BRINGE CRANE I 20 000| 2o 00O
¢1§2] FORK LIET TRUCK I 10,000 | 10 00O
828 worK BINCRES 200 1S | 22500
- 2] SKOF Si00LS 200 S0 115000
-9 ]| QENCH VISES 300 100 | 30000
—1o] ARRDR PRESS 4 o000 | <aoou
=1} SHAPER 2 L o0U ! 16000
—12|] GRINQER 2 BOOL | 16000
=13} LATHE 2 19000 ) 30000
“14] WELNER o 1200 720¢
-5 | METAL SAW 4 1200 | _aepp
=1L} DO-ALL SAW 4 1500 600 O
171 3S70Ck RACKY J00FT AD0D V2.000
-1 PARVSHAGLE TOOLI | GRou? GRUOUP | 20 00U
-19]HAND _TpOLS GRouP oo N | 200004 .
AMOUNTS FORMARDED 1274 200

EXHIBIT F=25 (Continued)
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[ ~] ARESEARCH MANUFACTURING COMPANY | COST ESTIMATE SUEET €17e/8L00 :::::’::;::;'0“
Torrance, California cwvIL ELEC 0/$ UTIL

: ARGH ., OWNER ___  occye, X DATE £~5-78
J0B_TITLE AND DESCRIPTION! VELOCITY SLIP SEPARATOR pLanT _lereeanco oy A L. PER /v PAGE T __or

QUANTITIES

8 iy

cobt DESCAIPYION ASOUNT i T cosy sus- T0TALS | 10TAL
S0pR| MAINT. EQUIPMENT AMOUNT 1 ORVARDED
flf_? SHOP GAS TRUCKS 8 800 ) 69400 _
(2] SRPY FLECT TRUCKS 8 300 | 6400

T3] IWRL 60X BICYCLES A YT 45006

~ 4| GARAGE REDAIR §QUIPT | cROUT 50 50 000

.

AMOUNTS FOMVARDED | 57300 |

EXHIBIT F=25 (Continued)
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S 3 CLASSIFICATION
@ :zf.s:::“g:'x:":'?:m"‘mm COMPANY CO;SYIFME:I IHATE s:::CE"I SITE/BLDG PREL 11 NARY
N\ % g cviL ELEC 0/$ UTIL o
ARCH s OVAMER LocCuP, DATE S- B-T72
JOB TITLE AND DESCRIPTION: VDL GCI\TYV LIV “EVARATURR FOAA T PREPARED BY /.. L V&M 10 [ eace 8__or_ 9
o QUANTITIES 1
Cout DESCRIPTION aount iy Cost SuB-TOTALS | TOTAL
gooSlorrry o Wi ® T 2t ANOUNT | ORVARDED
= | SuPY. STALDUY LESK | 7 T 10 1500
-2 | rorEman’sy nese L2 330 660
-] voatwman’s cuaR \ z 14-0 2.80
~q| FoREMANS S\ E (BARS] © 10 ~o 00
;;‘ FOAWANS TAOLE L Yol 190 3P0
-{ ] rrotess sedy pEsk [ 330 3130
=] TVPEWRITKR 1 30D 60
o8] <ECY CHAIR | oo 100
~ 2] BOOKCACE | [ J40 %0
-, 4DR FiLIM 2 4 13¢ S 40
-] 2 PR 1¥ X3 CAGINETT] | 2 10 220
=2 skkyn o2 3 \0 30
1511 30T BAID GE CRANE S 4 90 000 _| 3ILo OCvo
-1 | 15T FKR LIFT TRUCK aQ L0000 | 240 000
S LIOT FIX GIPT TROCK, 4 50000 | 709 000
€831 15T WEIGR scaceft lﬂ 10 Cp Voo | 600 000
1410532 2.0
# /
AMOINTS §ORVARDED %
EXHIBIT F-25 (Continued)
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EXHIBIT F-25 (Continued)

= AIRESEARCH MANUFACTURING COMPANY | COST ESTIMATE SHEET CLASSIFICATION
aaswne) Torrance. California STRUCT, MECH ___ SITE/BLOG PRELIMINARY
~~ ' civiL ELEC 0/5 UTIL =
ARCH s OWNER ___ . OCCUP, DATE S-B-78
JOB TITLE AND PESCRIPTION: VOLOCITY 3LIP SEPARATOR FPLANT PREPARED BY A.L PEP AS pace 3__or 9
5 QUANTITIES .t
cont DESCRIPTION AOUNT [ osy sus-totALs | tOTAL
BoOS| OFFICE FuRm, » EQUICT AMOUNT | ORVARDED
=] | SUPY, STARDUP_DESK 10 150 1500
-2 | FOREMKS DESC 2 33p 660
-3 | FoREMAN'S CRAIR Z 14-0 280
— 9| FOREMANS SIDE CHAIRS 'O 70 700
L 5| rorEvANS TAOLE Z 190 3 80
L-¢ | meocess secy pDesk l 330 330
-1 TvPEWRITER | S0d 260
' =35 ] SECY CHAIR | 100 100
~ o] BOOKCASE z. 40 80
—inl ADR RILE 4 V38 S 40
—11] 2 DR 1¥X3L CAGINETY 2 110 2206
—Ic] WASTE CACER SASKELD 2 \0 A0
C751] 30T BRID /£ CRANES 4 90 000 | 3c0 000
-1 | 15T FKR LIFT TRUCK aQ 000D | 240 0D
—2110T FK LIFT TRUOCK, 4 50 000 | 202 000
2531 15T WEIGH SU\L!:F lf) 10 _CpOooo | 600 00D
AMOUNTS FORMARDED | 1405 o
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\ RCII MANUFACTURING COMPANY COST ESTIMATE SHEET CLASSIFICATION
Avreryy) :Ms“. c:lilomlt STAUCT, MECH SITE/BLOG ______ PRELIMINARY
Py orrance, cvig ELEC 0/ UTIL
ARCH — OWNER occur, DATE 5-8 -78
JOB TITLE AND PESCRIPTION: VELOCITY SLIP SEFARATOR FPLANT PREPARED BY A.L_PE PIN PAGE S __or 9
QUANTITIES
Ta) It
Cont DESCRIPYION AMOUNT  [une Y oSy suB-TOTALS | TOTAL
FEED ¢ WITHDRAWAL AMOUNT | ORWARDED

Q1S1] 30T BRIDGE CRANES
~1]IST FoRK LIFT TRUCKS
—2]16 T FORK LIFT TRUCKS
“AIIST WEIGH SCALES

¢102] @.C. ¢ LAGB, EOLIPT. | crov e

0 000 | (X0 000
0000 | 120 000
50000 | 100 000D
60 000 | 300 00O

TANESE A

300 00Dl 300 000
~} | TEST EQUIFPT, GRoLP 200 Oool 200 OO0
ROV} | F12E EXTINGISHE RS Ko 200 15D0

AMOURTS FORWARDED \2-0I1SDo

EXHIBIT F-25 (Continued)



A&E COST ESTIMATES

DESCRIPTIVE SUMMARY

Exhibit F-26 identifies the resources used in development of the construc-
tion schedules. Variable 13 contains the entire costs of the architectural
and engineering effort represented by resources 17, 23, 29, 35, 37, 40, 41,
43, and 45.

COST ESTIMATE

The ARE cost estimate is $508 million. Typically, these A&E costs represent
14 percent of construction project cost (exclusive of tand) for gas-centrifuge
uranium._enrichment plants. This value is perhaps twice that experienced in

the chemical process industry.

PROJECT MANAGEMENT COST ESTIMATES

DESCRIPTIVE SUMMARY

Variable 14 contains *he entire costs of the project management effort
represented by resources 01, 08, 09, 10, and 11 identified Exhibit F-26.

COST ESTIMATE

The project management cost estimate is $290 million. Typically, this
cost represents |7 percent of the combined construction project and A and E
costs for DOE projects.

ALLOWANCES, INDIRECT COSTS, FEES, INTEREST DURING CONSTRUCTION, AND
CONT INGENCY COSTS

DESCRIPT IVE SUMMARY

Exhibit F-27 shows the logic for calculating al lowances, markups, indirect
costs, fees, interest during construction, contingency, and start-up costs.

Allowances are costs incurred by construction subcontractors over and
above their costs for direct labor and materials. The subcontractors will
charge a fee on their burdened labor cost and a markup on their burdened
material costs. The prime contractor, construction, and operations, will
have indirect and overhead costs.

Contingency is a cost estimating account to cover unidentified miscellan-
eous costs, oversights, and uncertainty. It is difficult To subdivide contin-
gency with any confidence. The entire amount is specu'ative. AiResearch
exper ience has shown 21 percent to be a prudent amount to allow for contingency.
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EXHIBIT F-26

CONSTRUCT ION PROJECT RESOURCES DICT IONARY

RESOURCE
VARIABLE ACCOUNT NO. DESCRIPTION OF RESOURCE
14 01 PROJECT MANAGEMENT
07 FACILITIES PROGRAM MANAGEMENT
14 08 ADM INISTRAT ION
13 09 A&E
13 10 CONSTRUCT ION
14 M QUALITY ASSURANCE
13 16 A&E
13 17 CONCEPTUAL DESIGN LABOR
13 23 INTERIM CRITERIA LABOR
13 29 TITLE | - PRELIMINARY DRAWINGS LABOR
13 35 TITLE 1 - WORKING DRAWINGS LABOR
13 36 LICENSING
13 37 SPECIAL NUCLEAR MATERIAL ACCOUNTABILITY
13 40 ENVIRONMENTAL IMPACT REPORT
13 41 SAFEGUARDS
13 43 PREL IMINARY SAFETY ANALYSIS REPORT
44 CONSTRUCTION MANAGEMENT
45 TITLE 111 - SUPERVISION
6,7,8,9, 50 NONMANUAL FIELD LABOR
10,11,12 51 INDIRECT COSTS
55 CONSTRUCT ION
56 CRAFTSMAN, CiViIL
57 CRAFTSMAN, INSTRUMENTATION
58 CRAF TSMAN, ARCHITECTURAL
e,7,8,9, 59 CRAFTSMAN, STRUCTURAL
10, 11,12 62 CRAFTSMAN, MECHANICAL
65 CRAFTSMAN, ELECTRICAL
66 CONSTRUCT ON MATERIAL
68 CRAFTSMAN, MILLWRIGHT

69 SEPARATOR AND COMPRESSOR MANUFACTURING

70
71
72
73
74

76

COMPONENT MANUFACTURER

RAW MATERIAL AND OUTSIDE PURCHASES
SUBASSEMBLY MANUFACTURER

TOOLING, FREIGHT-IN, SHIPPING
FINAL ASSEMBLY MANUFACTURER

75 STARTUP

START-UP CREWS

E3F-107

PART ICIPANT
OWNER

OPERATOR

ALE

A&E

A&E

CONSTRUCTOR

VENDOR

OPERATOR



801-4¢4

EXYHIBIT F=27

FIXED-CAPITAL COST EXTENSION

Otner Separator & Other Other
Architectural Structural Compressor Process Mechanical Electrical Industrial
Land Systems Systems  Systems Equipment Systems Systems Systems instrumentation Totais*
Base Cost Estimate R 3 T U v W X Y Z
“reight in e +3% ot base
Subtotal R S T 1.03U v W X Y 4
Allowances tor !ndirect, Procurement,
Insurance, FICA, State and Local
Taxes, Small Tools, Scrappage and
Overage, Premium Labor Rates Costs 0% +28% +28% +50% +28% +28¢ +28% +28% +28%
Subtota! R 1,288 1,287 1.55U 1.28v 1.28W 128X 1.28Y 1.282
Subcontractors' Markups anc Fees 0% 0% +10¢ +10¢ +10% +10% +10¢ +10% +10%
Subtotal R T.28S .47 1.70U 1.41V 1.41W 14.1X 1.41Y 1.412
Construction Contractor's Indirect
Costs +15% +15% +15¢ +15¢ +15%
Operations Contractor's Overheac 0% +15% +15% +15%
Subtotal R 1.47S 1.627 1. 950 1.62v 1.62W 1.62X 1.62Y 1.622

Construction Project Cost (less land)} 1,475 + 1,950 + 1,62 (T +V + W+ X +Y +7)= P

Engineering (ALE) Fees Cost

+14%

Subtotal 1.14P
Project Management Costs +7%
Subtota! 1.22P

Contingency for Oversight and Uniden~
titied Miscellaneous +21%
Subtotal 1.48P
interest during Construction 23% of (1.48P+R)
Subtotal 1.82P + 1.23R

Start-up Costs 3 months of operating costs
Total

1.82P + 1.,23R + 3 months of operating costs

*Land is not inciuded in Yotals until caiculation ot interest during construction



Capital is required to finance the construction project. Interest on
this capital is part of the fixed capital of the enterprise. |t can be appre-
ciable for construction projects extending over many years and if significant
costs are incurred early in the construction period. A value of 23 percent
has been used in gas-centrifuge project cost estimates.

COST ESTIMATE

Exhibit F-27 shows the calculations of the fixed-capital cost. The cost
estimate itself is shown in Exhibit A-5.

START-UP COST ESTIMATE

DESCRIPTIVE SUMMARY

There is a period of time from when the first piece of process equipment
is started until the plant is on-stream at steady-state. The costs incurred
in getting the process equipment operating at steady-state are part of the
enterprise fixed-capital costs., The VSUEP will come on-stream quick!y but
probably not smoothly. Several months of costs associated with startup will
be incurred before the full-capacity SWU production rate is achieved.

COST ESTIMATE
The cost of startup is estimated to be equivalent to the cost of three
months of steady-state operation of the plant. Exhibits F-27 and A-5 show

the calculations of the start-up costs.

WORKING CAPITAL REQUIREMENT ESTIMATE

The working capital requirement is estimated to be equa! to the value of
+hree weeks production of separative work or about $1.4 million.
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SECTION G

OPERATIONS PLAN

TIMING OF OPERATIONS

Implementation of the VSUEP Operations Plan starts when construction
is completed and the plant becomes operational. The Construction Project
Management turns over to the Operations Management a VSUEP which is on-stream
at steady state.

The pilant is designed for a 20-year |ife. The market for enriched
uranium in 2009 is likely to be very different from that projected for 1989
so the technology of the Conceptual-Design VSUEP may we!l become obsolete. Also
the plant may not be competitive by then because of more efficient enrichment
methods.

NORMAL VSUEP OPERATIONS

The VSUEP will operate 24 hours per day, seven days a week, every
day of the year. Standby equipment provided in the conceptual design is
sufficient to allow switchout of process system components in need of repair,
overhaul, or rework. The Desiqn and Cost Estimates presume that the appro-
priate research and development work has been done to ensure process equipment
reliability consistent with the standby and rework facilities provided. The
cost of this development has not been included in the Estimates.

The normal operation of the plant will separate 0.0215 kg per sec of natural
uranium UFg into 0.0011 kg per sec of UF, containing 3,31 mole percent 2350F ,
0.0022 kg per sec of Ufgcontaining 3.24 mole percent 2 UF6, and 0.0182 kg per
sec of UFg containing 0.25 percent by weight 35UF6.

OFF-DESIGN OPERATIONS

The cascade is designed to accept UFg feed 0.711 percent by weight 235U§5.
This feed is calted natural feed. Because the cascade is designed for a
particular set of assays so that it has no internal mixing losses, the plant
separative capacity can be increased or decreased by accepting different assays
for the feed, products, or tails streams.

The cascade produces two product streams. These streams can be blended
in various proportions as shown in Exhibit G-1 to match a market demand for
enriched uranium similar to that shown in Exhibit G-2. |I|f ali the two product
streams are blended with enough natural feed to produce a single UFg product
stream containing 3.2 percent by weight 235UF'6 the plant separative work loss
would amount to 847 SWUs per year. |If all these two streams could be so!d
separately, the effective plant separative capacity would be increased.

£3G-1
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SEPARATIVE WORK REQUIRED,
HUNDRED THOUSANDS OF SWU'S
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Exhibit G-2. A Projection of Assays and Separative Work Required
to Fuel U.5. Reactors in the 1980's



The decision on whether to incur the mixing losses in the feed, the
product, or inside the cascade wil! change from time to time and will depend
on the joint effects of prices of natural UFg, imputed value of tails, marginal
cost of separative work, and prices of enriched uranium hexafluoride in
the marketplace.

Any particular customer needs UFg of a particular assay but the plant
manufacturers separative work. Separative work and UFg can be combined in a
variety of ways fo produce UFg of the customer's required assay. The VSUEP's
separative work product is stored in the form of UFg having assays differing
from that of natural uranium. The plant UFg inventory will consist of at
least materials coming from the two product streams, the natural feed inventory,
and plant *tails not yet shipped to the Government stockpile. The plant can
also buy enriched UFS in The marketplace.

This inventory will represent a substantial portion of the working capital
even though the customers own the UFg in the enriched product they buy. In
order to have adequate product blending scheduling flexibility, the plant must
own a certain amount of UFg to hold its inventory of separative work. This
separative work inventory.must be optimally distributed among UFg lots of
different assays so that the pltant can continually strive to jointly optimize:

o The residual value of plant-owned UFg.
° The cost-of-goods-sold in current UFg sales.
® The investment in UFS and separative work inventories.

) Scheduling flexibility.

FINANCIAL PLANS

ACCOUNTS RECEIVABLE

Although physical delivery of the end product may be irregular (generdliy
once a year), the customer will verify the quantity and quality of the material
and pay on a monthly basis. Based on terms of net 30 davs, accounts receivable
will equa! one month's sales.

INVENTORY

The value of inventories of separative work, UFg, and compressed gases
is equal to three weeks' production of separative work.

ACCOUNTS PAYABLE, LABOR
Two weeks' labor is unpaid at any given time.

ACCOUNTS PAYABLE, MATERIAL AND SUPPLIES

One month's purchase of material and supplies is unpaid at any given time.
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FEED AND PRODUCT CONTAINERS

The VSUEP will need UF6 containers in addition to those supplied by the
customers. These containers are, for purposes of this Cost Estimate, leased.
The lease payments are included amonq overhead costs.

RESERVE FOR DECOMMISSIONING

Current regulations require that an enterprise processing radioactive
nuclfear materials create a fund adequate to fully pay for decommissioning
the facility at the end of its life. An allowance for this reserve is part
of overhead costs.

INCOME TAXES

A tota! tax rate on income is 52 percent. This includes 48 percent for
federal income taxes and 4 percent for state income taxes. Computation of
taxable income together with operating loss carryovers and use of investment
tax credit is on a book basis. The project is likely unable to utilize all
initial operating losses for profit protection within the loss carryover period
specified by current tax requlations.

INVESTMENT TAX CREDIT

A credit against income tax is allowed for investments in qualified
property. Because of the special!-use nature of the building, the total capitai
investment in building, equipment, and machines will be eligible for the
maximum credit of 7 percent. The credit is app!ied after all operating loss
carryovers have been exhausted and must be used within seven years from the
time the assets are placed in service. Due to the capital intensive nature
of the project, even with government financial assistance, it appears not
possible to utilize all of the investment tax credit within the time period
specified by current tax regulations. The ltoss of this cradit results in an
increase in required price for a SWU.

CASH

The major portion of funds required will be borrowed on an as-required
credit arrangement. Accordingly, the nominal cash balance is 20 percent of
accounts payable.

REVENUE

Revenues include the monthly payments by the utility customers as SWU's
are produced.

DEPREC IAT{ON

The required depreciation allowances are estimated by use of a capital
recovery factor of 0.16275.
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INTFREST

interest on the prior year's borrowings is calculated at an annual rate
of 10 percent on the outstanding debt at the end of the prior year. Interest
on current year borrowings is calculated at an annual rate of 5 percent on the
current year borrowings on the assumption that the average outstanding amount
borrowed is only 50 percent of the totat borrowed. Interest on debt retired
during any year is calculated in the same manner.

To maintain the 85:15 debt/equity (invested capital) ratio, 85 percent of
the net cash required is borrowed.

DEBT

It is anticipated that 85 percent of the funds will be borrowed. Accord-
ingly, a debt/equity (invested capital) ratio of 85:15 is being used. Borrowings
are determined on a year-by-year basis. At such time as there is an overa'l
positive cash flow, net borrowings cease.

All funds produced from operations will be used to reduce debt except for a
modest dividend. When the debt/equity ratio becomes 50:50, the balance of the
debt at that time is assumed to be retired over the remaining |ife of the project.

INVESTED CAPITAL

As noted under the debt section above, it is anticipated that the equity
investors will contribute 15 percent of the net cash required to finance the
prcject. Contributions are made on a year-by-year basis.

CIVIDEND

As a project approaches maturity and demonstrates the ability to generate
a net profit, a dividend on eguity capital is paid.

FINANC AL MODEL

AiResearch has developed a computer program to analyze the major inter-
actions anticipated during the construction and operation of the plant. The
program involves the user with a measurement of the risk, with respect to SWU
pricing policy, by utilizing a range of values associated with each specific
variable. Construction and operating costs utilized in the financial model
are derived from information in Exhibits D-3 and D-4 in Section D of this
docurment. The detailed cost estimates are compiled into 14 major variables
for construction cost and 5 major variables for operations. Two other elements,
schedule and production, were prepared from a critical path method analysis
and cascade performance analysis, respectively. Each variable has been assigned
minimum (most optimistic), nominal (most probable), and maximum (most pessi-
mistic) values, from which a probability distribution for each variable is
derived. The maximum and minimum values are speculative. No attempt has been
made to reconcile them with the information in Exhibit B-1 of this document.
This computer program has not been applied to the VSUEP project because the
unit cost of separate work from it is so far larger than any prices the market
is likely to accept.
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SECTION H

OPERATIONS ITEMS

CODE_OF ACCOUNTS

PURPOSE

The code of accounts identifies the unit cost estimates with larger
aggregate estimates.

DESCRIPTION OF ACCOUNTS

The operations costs code consists of Variable No. alone. As for the
capital items, the Variable No. aggreqates costs for use in Monte Carlo
simulation of the enterprise cash flow using the AIRESEARCH PRIVATELY-OWNED
URANIUM ENRICHMENT PLANT ECONOMIC RISK MODEL COMPUTER PROGRAM, Exhibit H-1
shows the components of operations costs. Exhibits D-4 and H-2 through H-6
give the numerical values of these variables.

VARTABLE NO. 16: LABOR

Variable No. 16 identifies the costs of labor, including frinqe, associated
with VSUEP operations. Exhibit H-2 identifies the !abor cateqories refiected
in tThe cost estimates.

VARIABLE NO. 17: PROCESS EQUIPMENT UPKEEP MATERIALS

Variable No. 17 identifies all costs associated with stocking spares and
other process-equipment replacement parts, routine maintenance and overhau!
materials, and of lost production capacity during process-equipment failure-
induced downtime. [t does not include maintenance, repair, and overhaul labor.
This tabor is included in costs identified by Variable No. 16. Exhibit H-2
shows the details of the cost estimate which appl!ies to separators and compres-
sor systems onty.

VARIABLE NO. 18: STANDARD EQUIPMENT AND BUILDING UPKEEP

Standard equipment and building and grounds upkeep is provided by sub-
contractors. The costs estimates for these services represent the costs of the
subcontracts for the items identified. The subcontractor's bill wil! cover
his costs of labor and materials as well as his mark-ups, overhead, and profits.
Exhibits H-4 and H-5 identify the components of the cos* estimates for Variable
No. 18.

VARIABLE NO. 19: UTILITIES
Electric power is the primary '"raw material" for the manufacture of separ-

ative work. The velocity-stip process also consumes some helium and uses much
cool ing water.
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VARIABLE 20: OVERHEAD AND MISCELLANEOUS

The items included in the cost aggregate identified by Variable No. 20
are listed in Exhibit H-6.

VARIABLE 21: PRODUCTION

Variable H-21 represents not a cost estimate but the effective separative
capacity of the VSUEP.

3ASE COST ESTIMATES FOR ANNUAL DIRECT COST OF OPERATIONS

Annual direct costs of operations consist of the costs of labor, mainte-
nance, utilities, and overhead. Because the customer supplies the Ufg
processed, there is no cost of raw materials. The cost of the enterprise-
owned inventory is included in working capital. Exhibit H-1 presents the
base cost estimates for the annual! direct cost of operation.
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EXHIBIT H-1

ANNUAL COSTS OF OPERATIONS

Costs,
Millions of Dollars
Labor 6.764
Separator and Compressor Maintenance 278,955
Other Process Equipment Maintenance 20.000
Other Maintenance 22.907
Power 37.492
Other Utilities 0.726
Overhead 107,540
Total 474,39
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EXHIBIT H-2

ANNUAL COSTS OF LABOR

Function

President
Executive Vice-President
Assistants
Secretaries
Subtotal

Finance

Vice~President

Controller

Purchasing Manager

Treasurer

Risk Manager

Information System Manager

Professionals

Programmers

Clerks

Secretaries
Subtotal

Marketing

Vice-President
Sales Manaqer
Physical Distributions Manager
Professionals
Clerks
Secretaries
Subtotal

Administration

Corporate Secretary
MRC Liaison Manager
Public Relations Manager
Personnel Manager
Security Manager
Auditor
Nurses
Professionals
Clerks
Secretaries
Subtotal

Unit Annual

Total Annual

No. of Direct Cost, Direct Cost,
Peoptle Dollars Dol lars
1 60,000 60,000
1 55,000 55,000
2 40,000 80,000
4 18,000 72,000
8 267,000
1 45,000 45,000
1 40,000 40,000
1 30,000 30,000
1 30,000 30,000
1 30,000 30,000
1 40,000 40,000
6 25,000 150,000
2 20,000 40,000
3 15,000 45,000
6 12,000 72,000
23 522,000
1 60,000 60,000
! 50,000 50,000
1 40,000 40,000
2 25,000 50,000
4 12,000 48,000
2 12,000 24,000
1 272,000
t 35,000 35,000
1 30,000 30,000
1 30,000 30,000
1 35,000 35,000
1 30,000 30,000
1 30,000 30,000
3 14,000 42,000
10 25,000 250,000
3 12,000 36,000
3 12,000 36,000
25 554,000



EXHIBIT H-2 (Continued)

Function
Counsel

Corporate Counsel

Clerks

Secretaries
Subtotal

Qual ity Assurance and
Technical Services

Manager
Professionals
Inspectors
Technicians
Clerks
Secretaries
Subtotal

Manufacturing

Vice-President
Materie! Manager
Inspectors
Schedulers
Clerks
Secretaries
Subtotal

Operations Manager
Supervisors

Cascade Operators
Control Room operators
TESA Operators

Drivers

Safeguard and Plant Protection
Personnel

Clerks

Secretaries
Subtotal

Unit Annual

Total Annual

No. of Direct Cost, Direct Cost,
People Dollars Dol lars
1 50,000 50,000
1 20,000 20,000
m 15,000 15,000
3 85,000
1 40,000 40,000
3 30,000 90,000
6 17,000 102,000
8 17,000 136,000
2 12,000 24,000
2 12,000 24,000
2 416,000
1 50,000 50,000
1 40,000 40,000
10 17,000 170,000
2 15,000 30,000
5 12,000 60,000
2 12,000 24,000
21 374,000
1 40,000 40,000
3 24,000 72,000
6 15,000 90,000
6 15,000 90,000
6 15,000 90,000
4 14,000 56,000
20 12,000 240,000
3 12,000 36,000
1 12,000 12,000
50 726,000
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EXHIBIT H-2 (Continued)

Function

Manufacturing (Continued)

Process Engineering Manager
Engineers
Technicians
Programmers
Secretaries
Subtotal

Plant Engineer ing Manager
Supervisors
Draftsmen
Clerks
Secretaries
Engineers
Instrumentation Technicians
Separator-System Technicians
Electronics Technicians
Computer and Data System
Technicians
Subtotal

“urbine Mechanics
Ltility men
Machanics
R- frigeration Mechanics
Grounds Maintainers
St:am Engineers
Plimbers
Sewage Plant Operators
Gen~aral Laborers
Mectanical Foreman
Carpznters
Pain*ers
Millwrights
Sheet Metal Workers
Electricians
Technizians
Machinists
Welder-

Subtc tal

Total
Frinaes at 25%
Grand Total

No. of Direct Cost,

Unit Annual

Total Annual
Direct Cost,

People Dol fars Dol lars
1 45,000 45,000

1 27,000 27,000

1 17,000 17,000

1 24,000 24,000
1 12,000 12,000
5 125,000
1 40,000 40,000
3 24,000 72,000
2 22,000 44,000
2 12,000 24,000
2 12,000 24,000
3 24,000 72,000
5 18,000 90,000
8 18,000 144,000
5 18,000 90,000
5 18,000 90,000
36 690,000
5 22,000 110,000
4 12,000 48,000
15 18,000 270,000
3 18,000 54,000
3 12,000 36,000
1 18,000 18,000
3 18,000 54,000
1 18,000 18,000
5 12,000 60,000
3 24,000 72,000
2 18,000 36,000
2 18,GC00 36,000
6 18,000 108,000
4 18,000 72,000
10 20,000 200,000
4 20,000 80,000
4 18,000 72,000
2 18,C00 36,000
77 1,380,000
281 5,411,000
1,352,750

6,763,750

E3H-6



[-HE3

Separators

122.5" Compressors
73.5" Compressors

36.8" Compressors

24.5" Compressors

12.3" Compressors

6.7" Compressors

EXHIBIT H-3

ANNUAL DIRECT COSTS OF SEPARATORS
AND COMPRESSOR SYSTEMS FATLURES AND
REPLACEMENT PARTS AND MATERIALS

Replacement

Time Period out Between- Parts and

Interval of Service Overhaul Materials Failure  Annua) Annual

Between per Over- Failure Costs per Induced Cost of Cost of

Overhauls, haul, Frequency Overhaul, Costs, Overbhaul, Faitures,

Months Days per Year Dol lars Dollars Dollars Dol lars
48 2 5,300 1,500 5,500 15,908,625 29,150,000
48 2 34 150,000 1,500,000 10,087,500 51,000,000
48 2 62 103,500 1,033,000 12,808,125 64,046,000
48 2 68 59,250 592,500 8,087,625 40,290,000
48 2 68 43,650 436,500 5,958,225 29,682,000
48 2 35 25,350 253,500 1,755,488 8,872,500
48 2 7 16,200 157,500 206,550 1,102,500

54,812,138 224,143,000



ANNUAL COSTS OF REPLACEMENT PARTS AND MATERIALS FOR REMAINDER
OF PROCESS EQUIPMENT

According to Jelen* annual costs for replacement parts and materials for

a complex chemical process plant with severe corrosion conditions will amount
to 4 percent of the investment. The investment in process equipment, exclu-
sive of separators and compressor systems amounts to $440.6 million. Thus
the cost of replacement parts and materials for the remainder of the process
equipment amounts to $17.6 million per year.

The total additional costs incurred from failures in equipment other than
separators and compressor systems are estimated to amount to $20 million per
year.

*Jelen, F. C. (1970). Cost and Optimization Engineering, New York: McGraw-
Hill Book Company, p. 348.
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EXHIBIT H-4

STAMDARD EQUIPMENT AND FACILITIES MAINTENANCE (SUBLET)

Cost,
Dollars per Year

Janitorial services sececececcescecsascsncncncnes 3,400,000

Grounds UPKEEP eosesssscccsscsscscvocsssasosssesse 238,000
Paving UPKEED eeeecnccesssssncss evserssrsssecssns 561,000
PainTinNg ceececsessssssscsossacssessossassesssssscssscse 1,564,000
Rocf maintenance .scceeee.. seesecsennses crececsses 586, 000

Replacements (lights, tiles,

toilet supplies, machine

PArtS, €1Ce)eesecessscesscesscsscsscenssssnncns 4,828,000
Outside utilities installations ceeeeesescsvcanes 1,530,000
Inside utilities installations eesevsessecccssnee 1,428,000

Carpentry ceeececescscessssvssssssscnssss cecerenes 850,000
Air conditioning maintenanCe ceceesesececcccsceasse 1,462,000
Furniture maintenance ceeceesssssscocsccscsccnnnsse 425,000
Typing and printing equipment
MAINTENANCE coeeevenestvsesscsescssssssscssssnns 289,000
Rolling stock maintenanCe seeeeeesecascscacsacccss 340,000
Standard equipment replacements cececececsccssccnse 4,624,000
Computer maintenancCe e.ceeecececcssscsesossssssnses 782,000
Total 22,907,000
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EXHIBIT H-5

ANNUAL UTILITY COST,
thousands of dollars

Number of Units Cost per Unit, Annual Cost,

Utility Name Units per Year Dol lars Dol lars
Power kwhr 937,300,000 0.04 37,492,000
Water gallons 527,013,120 0.04 281,825
Fue!l Oi! gal lons 903,287 0.45 406,479
Nitrogen galions 12,000 0.24/100 SCF 2,793
Hel ium Ibs 2,000 4.50/100 SCF 10,000
Gas Equipment Rental e’ 2 12,000 24,000
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EXHIBIT H-6

OVERHEAD

Cost,
Dollars per Year

Property 1axes .cevececscssccescsnssosceascssssones 66,000,000
License fEES ceesecsosscesccsssscssrssssscsccnssasnse 50,000
Lega! and consulting fees ceiecscecnvecscencnnes 50,000
Travel expense ceseeee seeene cesssecsesssssssssne 20,000

Supplies and SErviCesS cecscescccssssacsccccssnss 250,000
Insurance ...... tessecasesassencessssecsrssstens 40,000,000
Research and development .ceceecscccsressscncsne 0
AdVertising ceecesvecececonocscccsssossssccsasens 0
Communications ServiCeS sessscesescasscnse cecene 100,000
Storage containers cceeecscecessssacsssscecenanse 200,000

Q ClearancCes ceeeeesvececscccsssssoscssssssocsns 70,000
MiSCEl |aNEOUS seesecvscsesrssssescsssccsosscsssss 100,000
Government coordination eceseseesccossssscccsssscs 50,000
Decontamination reserve allowanCe ceesecscescsss 150,000
Financial fees and interest .sieeescessossccassss 100,000

TOTAL 107,540,000
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SECTION |

GLOSSARY
ACR acre
AEC U.S. Atomic Energy Commission
ALE architectural and engineering
CFR Code of Federal Requlations
CPFF cost plus fixed fee, a contract term
CPM Critical Path Method of Scheduling
CY cubic yard
DF desubl imer for UFg
DOE U.S. Department of Energy
EA each
EEL energy rating
EIR Environmental Impact Report
ERDA }.S. Enerqy Reserach and Development Administration
FOB tree of board, a contract term
FSAR Final Safety Analysis Report
FwB Fahrenheit wet bulb
GCUEP gas—-centrifuge uranium enrichment plant
GN gaseous nitrogen
GNC Garrett Nuclear Corporation
He het ium
HF hydrogen fluoride
HP, hp horsepower
HVAC heating, ventilation, and air conditioning
HX heat exchanqger
H&N name of construction contractor
JMUEF jet-membrane uranium enrichment plant
KVA kilowatt-amperes
kw kilowatts
LF |l inear foot
LNo fiquid nitrogen
MGT management
MSF thousands of square feet
Mw meqawatts
NF PA National Fire Protection Association
NPSH net positive suction head
NM modified Mercalli scale
NRC U.S. Nuclear Regulatory Commission
N2 nitrogen
PGM program
PSAR Preliminary Safety Analysis Report
PSF pounds per square foot
PS1 pounds per square inch
psig pounds per square inch guaqe
QA qual ity assurance
RH relative humidity
RCRA Repair, Overhaul, and Rework Area
SAR Safety Analysis Report
SCAQMD South Coast Air Quality Management District
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SCFM
SEPARATORS
SF

SNMA

SSE

swpg

SY

SWU

TOH

TESA

235

UF,

UOSF
VELOCITY
SELECTORS
VSUEP

Y

GLOSSARY (Continued)

standard cubic feet per minute

velocity-slip isotope separation devices

square feet

Special Nuclear National Accountability

safe-shutdown earthquake

static pressure water guage

square yards

separative work unit equivalent to the amount of separative work
required to prepare 0.33 kilograms of uranium enriched to 2.8
percent 235y from 2 kilograms of natural uranium. SWU is also
equivalent to the older term kqll of separative work.

total dynamic |oad

UFg Feed and Withdrawal Area

the isotope of uranium having atomic weight of 235

uranium hexafluoride

urany! fluoride

velocity~-slip isotope separation devices

Velocity=Stip Uranium Enrichment Plant
ratio of specific heats for the gas

E3I-2



ERDA (April 1977).

Uranium Hexafluoride:
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