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Report Number: K-CA-1237 Title: Nth POWER EVALUATION 

ABSTRACT 

In this report, an attempt is made to correlate the probability of some 
country (an Nth power) successfully producing a nuclear weapon or 
weapons by means of an overt or clandestine program involving the pro­
duction and operation of a gas centrifuge plant with the industrial 
capability of that country. For this purpose the countries of interest 
have been divided into three groups designated by X, Y. and Z. Group X 
countries are those possessing a relatively high degree of technical 
competence and which have a high degree of industrial activity. Group Z 
countries are those which possess relatively little technical skills and 
which have relatively little industrial activity. Group Y countries are 
those which lie between and have limited internal industrial activity. 

The over-all time, investment, and work force required for the construc­
tion of a centrifuge weapons facility and the co'st and manpower required 
for its operation for various centrifuge models is presented for X, Y, 
and Z nations. It is felt that it is feasible for the countries 
described in this report which do not have a nuclear weapons program to 
produce enriched uranium by means of a small gas centrifuge plant. 

The current status of gas centrifuge development programs in foreign non-
Communist countries is reviewed on the basis of information obtained 
from both the open and classified scientific literature, the press, and 
intelligence reports. 

This report supersedes reports KOA-662 and KOA-916 prepared at Oak Ridge 
in I960 and 1962. 
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]>jth power Evaluat ion 

INTRODUCTION 
The nations of the Western Alliance have been engaged in a series of 
sporadic negotiations with the Soviet Bloc on the subject of_nuclear__ 
disarmament since the mid 1950's. This study was^tESertaken" fn'order" "" -

v to assess the potential of the gas centrifuge as" a means of attaining 
a nuclear weapons potential in various size foreign countries and to / 
provide valuable, up-to-date, background material for future disarmament 

-]• conferences. . - --
In a previous report^ , a preliminary evaluation was made of the gas 
centrifuge as a means of producing a small number of nuclear weapons, 
either overtly or covertly, in a country currently not known to have a 
nuclear weapons program. This study is an extension of the earlier work, 
covering a wider range of production rates and incorporating the present 
gas centrifuge technology developed over the past three years in the 
USAEC gas centrifuge development program. The effects of advanced models 
anticipated as a result of future development efforts are also presented. 
Two of the most promising routes a country might follow in order to pro­
duce a small number of nuclear weapons are the gas centrifuge for the 
production of U-235 and the natural uranium reactor for the production of 
plutonium. At the time of the previous' centrifuge evaluation mentioned 

/ above, an evaluation of the natural uranium-graphite reactor route for 
, the production of plutonium was made by the Richland Operations Office. 
/ The present report is limited to the evaluation of the potential of the 

gas centrifuge route. 
L ̂  In the report an attempt is made to correlate the probability of some 

, -v./V country (an Nth power) successfully producing a nuclear weapon or weapons 
\ j by. means of an overt or clandestine program involving the production and 
~ J operation of a gas centrifuge plant with the industrial capability of 
V \ that country. For this purpose the countries of interest have been ^ 

X j divided into three groups designated as X, Y, and Z. Group X countries f\ ff p 
WIIAUU ^jusscis a. rciobivcij U±&LL aegrce ui <^eiiuxcai_conipe~cence . *^ / I-N 
have a high level of industrial activity.'i t%^i &*tHLf} ' / if&J 

are those which possess a relatively high degree of tgchnJ,cal__competence 
\ and which ' ~~ 
\ 
^ ., x 
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O f e L t I C W 
Groap Z countr ies are those vn^cn posce3s reLi^ixe^y 

a c t i v i t y . , , fI ^ - f^fyj 
K Group Y countr ies are those which l i e between and which nave 

l imited i n t e r n a l i n d u s t r i a l a c t i v i t y . " " ~ " f) Q^-

OEIETE0 j. yZo 
For this evaluation, two sizes of production facilities are considered: 

1. Capable of producing 50 kg per year of highly enriched U-235 
which should be a sufficient amount of fissionable material 
fcr the fabrication of at least one nuclear weapon per year. 

2. Capable of producing 5°0 kg per year of highly enriched U-235-
This production rate should be about the upper limit for which 
the centrifuge process would be used. 

The production facilities may be considered as consisting of three 
separate processes. These are: 

1. The feed plant in which the ore concentrate is converted to 
process gas. 

2. The isotope separation plant itself, in which the concentra­
tion of U-235 is raised from that of the feed (0.71 weight 
per cent) to that required for a nuclear weapon (greater 
than 9056). 

3- The metal reduction plant, in which the material is converted 
to uranium metal and then machined to finished metal parts 
for the nuclear weapon. 

Six centrifuge models are considered for the two production-rate plants 
studied. The centrifuge models considered can be broken into three 
categories based on the progress made in the AEC gas centrifuge develop­
ment program: 

1. Those centrifuges which could be operated without the necessity 
of other development work. 

2. Those centrifuges which are presently being worked on and which 
may be operable within a year or two. 

3. Those centrifuges which require considerable advances in 
materials and operational technology. These centrifuges 
might be available in about 5 to 10 years. 

Table 1 presents a summary of the more important characteristics of the 
various centrifuge models. In Table 1, each of the centrifuge models is 
assigned a code letter which will be used to refer to the models in all 
of the following cost and summary tables. Model A, the original Zippe 
machine, is included only for comparison purposes and is nox considered 
a feasible machine even for the smaller production rate. 
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SUMMARY 

It is felt that it is feasible for the countries described in this report 
which do not now have a nuclear weapons program to produce enriched 
uranium by means of a small gas centrifuge plant. The centrifuge process 
lends itself to clandestine operation; however, in a country not having 
its own uranium ore supply, safeguards requiring adequate inspection 
would probably prohibit clandestine operation. A class X country would 
need no outside assistance, while a class Y country would probably have 
to import some of the hardware and auxiliary equipment necessary to 
fabricate the centrifuge plant. A class Z country would probably have 
to purchase prefabricated centrifuges and almost all of the auxiliary 
equipment for the centrifuge plant from foreign vendors. In addition, 
a class Z country would need technical advisors from the outside to aid 
in the construction and operation of the centrifuge plant. 

A summary of the over-all time, investment, and work force required for 
construction of a centrifuge weapons facility and the cost and manpower 
required for its operation for each of the centrifuge models described in 
Table 1 is presented in Tables 2 through 4 for the X, Y, and Z 
nations for the 50 kg U-235 per year production rate and in Tables 5 
through 7 for the 500 kg U-235 per year production rate. A detailed 
cost, time, and manpower breakdown of the centrifuge weapons facility 
for its three separate processes -- isotope separation plant, feed plant, 
and metals plant based on estimated United States requirements is also 
presented in the report. A correlation, which is used to obtain factors 
for converting United States requirements into requirements of other 
nations is presented in Figure 15. 

DELETED 
JXtie times presented, which 

assume knowledge of the details of a particular centrifuge model, reflect 
the time required by a class X, Y, or Z country to develop the centrifuge 
fabricating, operating, and cascading techniques to the point where 
detailed plant designs could be initiated plus the estimated tir * to 
cuild the plant and produce the first weapon. If no knowledge c. the 
details of a centrifuge model is available from the United States or from 
some other highly advanced country, additional development time would be 
required which is reflected in the higher times presented in Table 8 
for these cases. 

The total capital investment which amounts to about $43.5 million for the 
model C centrifuge facility (for the low production rate) coupled with 
operating costs of about $4.5 million per year, will in the case of a 
class Z country be quite a burden on the economy. A class Z country 
would have to be highly motivated to undertake such an expensive project. 
However, it is estimated that these costs may be reduced by as much as 
75/o with the more advanced centrifuge models; these much lower costs would 
certainly make the project more feasible for a class Z country. 

0e€ 
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The physical concealment of the small centrifuge plant should present no 
problems because of the relatively small size of the plant. The ground 
area would range from a small fraction of an acre, maybe up to 3/4 acre, 
depending upon which centrifuge model was used. While the centrifuge 
plant might be about three stories high for conventional construction 
(this would not be noticeable in industrial areas of X and Y nations), 
the building height could be lowered without sacrificing much in additional 
cost. This would, however, increase the ground area required. The lower 
building height might be desirable in the case of class Z countries in 
which three-story buildings could not be easily camouflaged without using 
costly underground construction. The feed and metals processing facilities 
are relatively small operations, which could be performed within the 
centrifuge separation plant. 

The power requirements for the centrifuge plant will be relatively small, 
ranging from 0.5 to 8.4 megawatts for the small plant and 2.9 to 21 mega­
watts for the large plant, depending upon which centrifuge model is 
assumed. "The effluents from the centrifuge plant could be handled easily. 
The waste streams from the plant over a period of a year, which is essen­
tially the same amount as the feed, could be contained in a relatively 
few 10-ton uTTv cylinders which could be stored conveniently anywhere 
within the plant. The off-gases from the feed and metals plant could 
probably be neutralized with caustic and the product deposited in seepage 
pits. 

Factors Influencing the Choice of the Centrifuge Route in Countries X, 
Y, and Z 

In a class X country the choice of whether to produce a limited amount of 
nuclear weapons by the centrifuge or the reactor route Is not clear cut at 
present. The centrifuge has the potential for low capital and operating 
costs but the technology is unavailable in the unclassified literature 
and the centrifuge at the present time will present a higher risk of 
failure. It is felt, however, that a class X country will have the 
experienced scientists and engineers necessary to bring a centrifuge 
facility into successful operation. Therefore, those class X countries 
having an advanced centrifuge program of their own or access to the 
results of another country's program may .noose the centrifuge route 
for attainment of their first nuclear weapons, if they plan on modest 
expansion of their nuclear capability in the future and/or foresee a use 
for either slightly or highly enriched uranium in their future nuclear 
energy programs. Those countries having no centrifuge program of their 
own and no access to the results of programs in other countries would 
not be likely to choose the centrifuge route. As more advanced centrifuge 
models are developed and the reliability of the centrifuge is established, 
the choice may well be overwhelmingly in favor of the centrifuge process 
in those countries having access to the results of the development effort. 

In a class Y country, if the goal is primarily the achievement of a 
clandestine, very limited nuclear capability, the reactor-plutonium route 
would undoubtedly be more attractive from the standpoint of certainty at 
the present time because of the availability of information in the open 
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literature. Again, however, if the country has access to the results of 
advanced centrifuge development work and they plan a modest expansion of 
their initial nuclear capability in the future and/or foresee the need 
for enriched uranium in their future nuclear energy programs, they may 
risk following the centrifuge route for their initial nuclear capability. 
As the more advanced centrifuges are developed and the class Y country 
obtains detailed information about these advanced machines, their choice 
between the reactor-plutonium route or the centrifuge route could favor 
the centrifuge route. 

A class Z country will find the construction and operation of either a 
centrifuge or plutonium facility a difficult task. These countries would 
need much help from a class X or Y country. Due to the nonindustrial 
nature of a class Z countx'y, a completely claudestine facility could 
probably not be built. The choice of whether to build a centrifuge or 
plutonium facility in a class Z country would probably depend upon which 
appeared most attractive to the class X or Y country with which they were 
collaborating. It probably would be easier to justify a power reactor 
than an unspecified centrifuge facility; and if the primary objective is 
an attempt at a clandestine operation, the plutonium route would probably 
be followed. Again, as the more advanced centrifuges are developed, the 
centrifuge site will probably become smaller and easier to hide and the 
choice may swing to the use of the centrifuge method. 

Security Considerations 

The continued classification of centrifuge technology and the exercise of 
export control over advanced centrifuges or critical components by the 
United States and her allies is highly desirable. The declassification 
of the centrifuge development efforts by the United States or her allies, 
especially the work done in the past three years, will increase the 
number of countries which might obtain a nuclear capability through the 
centrifuge route and reduce the time required for the attainment of a 
nuclear capability by those countries presently considering the use of 
the centrifuge. The release of the results of future development work 
will have an even more pronounced effect, since it is expected that future 
work wilJ make the centrifuge route more attractive from the standpoint -if 
both tn and money. 

Key__Ijtems 

There are certain key items which indicate the possibility that an Nth 
power may be constructing a centrifuge facility for enriched uranium produc­
tion. The more important of these items are listed in the report. 

Sweep Diffusion Process 

Although only the centrifuge process has been considered in thit report 
for the clandestine production of enriched uranium, there are other pro­
cesses which might be better matched with the lower technological capa-
biiities of Y and Z foreign powers. Such a process, for example, would 
be sweep diffusion. In the sweep diffusion process, a gaseous mixture 
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of isotopes is confined in a column across which flows a current of a 
third component called the sweep gas or sweep vapor. As the sweep vapor 
flows through the process gas mixture, it tends to sweep along the heavy, 
or less diffusible, component. A sweep diffusion plant requires process 
equipment such as nickel plated pipe and screen, rotary lobe blowers to 
move the process gas between columns, centrifugal pumps to pump the con­
densed sweep vapor to the evaporators, and the evaporators themselves. 

A preliminary investigation of the sweep diffusion process for the separa­
tion of other isotopes is being considered; this investigation would also 
determine its potential for uranium isotope separation. One of the more 
serious problems which would have to be overcome is the solubility of 
process gas in the condensed sweep vapor. 

Evaluation of Foreign Centrifuge Programs 

The current status of gas centrifuge development programs in foreign non-
Communist countries is reviewed and an evaluation of the program in each 
country is made with respect to its scope and direction, ultimate goals, 
and chances for success. The information used in the preparation of this 
report was obtained from the open and classified scientific literature, 
the press, and from intelligence documents which were made available for 
this purpose. This work supersedes a previous report^;. 

From the information available, it appears that only four foreign countries 
outside the Communist Bloc are still making any serious effort to develop 
a gas centrifuge process for the enrichment of the uranium isotopes. 'These 
are West Germany, England, the Netherlands, and Japan. In addition, Brazil 
is maintaining its small interest in the centrifuge process, and France has 
recently been reported engaged in centrifuge development. 

In general, due, in large part, to the fact that the European nations agreed 
at the end of i960 to impose security restrictions on all future informa­
tion arising from their development programs, little new information has 
become available since the preparation cf the rape *t two years ago,. Excep­
tions to this are England, with which the United States has an faf oruation 
exchange program, and Japan where probably for political reasons the work 
is entirely unclassified, despite the scarcity 0 --'liable information, 
it is most probable tna't'as a result of the furor which centrifuge develop­
ments evoked in the press in i960, almost every class X country has under­
taken a centrifuge development effort of some sort, even' if quite small—^ 

DELETED 

Of the five countries mentioned above, West Germany is probably carrying 
on the most extensive program. It is comprised both of the development 
work headed by Dr. W. Groth at Bonn and of the development program being 
pursued by DSGUSa^. at Frankfurt under the direction of Dr. ft. Zippe. 
The progress made 'ay the Germans prior to oha i_̂ u OL i960 when the West 

-jj0t— 
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German Government clacsifiol ell farther developments can oe ase-ccsea > t <, 
re^ronably ,rell from the available literature. p. pjerv '"'V'o 

It is planned to consolidate all of the German 
cer.tr_f-.~s WC_K _n a new facility at Julich near Aachen where the work 
will be conducted directly for the West German Government. 

The Japanese in 1958 initiated a modest centrifuge development program 
apparently aimed at the development of an economical Groth-type machine. 
It has recently been reported that the Japanese are also investigating 
a Zippe-type machine. Although the progress in their first two years of 
work on the centrifuge process was most impressive, the accomplishments 
made during the second two years of their program appear to be quite 
limited. Their work is not as yet classified. 

Although it is known that centrifuge work has been going on in the 
Netherlands for some time, very little about their work has been made 
public. The Dutch, along with the Germans, have encouraged the use of 
centrifuges for a proposed Euratom isotope separating facility. In May 
of this year, the Netherlands announced that they are embarking on a 
three-year centrifuge development program which, if successful, will lead 
to a pilot plant for uranium isotope separation. 

t DELETED 
n Lit/ ~~ 

r I. ^ 
All five of t' ese countries have the stated or implied goal of developing 
an economical process for the production of U-235 for peaceful uses. 
However, as has already been pointed out in this report, a workable centri­
fuge process, regardless of the purpose for which it was developed, 
provides a capability for the production of nuclear weapons. While many 
of the scientists working on centrifuges are probably interested in 
separating uranium for power reactors as they claim, the national leaders 
supporting these programs may well be interested in eventually using the 
centrifuge process to obtain nuclear weapons. 

Tinih-
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TABLE 1 

DESCRIPTION OF CENTRIFUGE MODELS 

~ ~ S e p a r a t i v e S e p a r a t i v e Ove r - a l 1 
C a p a c i t y C a p a c i t y C e n t r i f u g e 

L e n g t h , D i a m e t e r , Speed, F a b r i c a t i o n 6U ( m a x . ) , <5U ( e x p e c t e d ) , E f f i c i e n c y , 
Model Descr I p t i o n i n . i n . m/sec M a t e r i a l Techn ique kg u / y r KK » / y r j> 

A O r i g i n a l Zippe 12 3 550 Al 7075 E x t r u d e d 1.12 O.'.Yf* 50* 

oetetSJ 

^ t > 
* TheBe f i g u r e s r e p r e s e n t ac tu t i l mea-.uretl s e p a r a t i v e c a p a c i t i e s f o r t h e s e c e n t r i f u g e m o d e l s . 

A l l o t h e r e f f i c i e n c i e s and s e p a r a i . 1 j a p a c i t l e s a r e c a l c u l a t e d v a l u e s . CoT"* 

^ 
^~3 



fABLE 2 

GAS CENTRIFUGE PLANT SUMMARY FOR CLASS X NATION, 

50 hg U PER TEAR AT 90% U-235 

Machine Type 

C a p i t a l I n v e s t m e n t , 0 
C e n t r i f u g e P l a n t 
Feed r i a i i* 
Mela t s P l an t 

, a l 

eak ( u 3t ^M( t Inn 'ork ? u ce 
To^al Nunibei of Men 
T e c h n i c a l 

C o n s t r u c t i o n Manpower, Man-Months 

u v e r - a l l C o n s t r u c t J o n T ime , y r 

O p e r a t i n g Cos t , fi/yr 
C e n t r i f u g e P l a n t 
Feed P l a n t 
M e t a l s P l a n t 
T o t a l 

Power Requiied. ( c e n t r i f u g e p l a n t o n l y ) , kw 

O p e i a t l n g Work F o i c e 
C e n t r i f u g e P l a n t 

T e c h n i c a l 
T o t a l 

Feed P l a n t 
T e c h n i c a l 
T o t a l 

M e t a l s r i a n t 
T e c h n i c a l 
T o t a l 

T o t a l r i a n t Work F o i c e 

104 ,078 ,000 
° , 626,000 

164,000 
J. 07 ,0b8 ,000 

1,1*20 
100 

30,790 

I t .8 

1 1 , 0 6 6 , 0 0 0 
621 ,000 
153,000 

11,81*0,000 

8410 

32 
821 

0 
4o 

2 
6 

807 

2 8 , 2 7 1 , 0 0 0 
2 , 1 5 0 , 0 0 0 

364 ,000 
3 0 , 7 8 5 , 0 0 0 

860 
60 

8,250 

2 . 6 

3 , 3 8 6 , 0 0 0 
4 9 7 , 0 0 0 
1 5 3 , 0 0 0 

4 , 0 3 0 , 0 0 0 

2110 

13 
270 

6 
33 

2 
6 

30Q 

1 1 , 5 6 8 , 0 0 0 
1 ,918 ,000 

364 ,000 
1 3 , 8 5 0 , 0 0 0 

440 
10 

3 , 9 4 0 

2 . 4 

1 ,495 ,000 
4 2 9 , ° ° ° 
153 ,000 

2 , 0 7 7 , 0 0 0 

10 
118 

6 

153 

1 2 , 6 o 4 , 0 0 0 
1 ,918 ,000 

3<>4,000 
14,91 6 ,000 

}80 
50 

3,5'K) 
2.2 

1 , 4 ' 8 , 0 0 0 
4^9 ,000 
l c 3 , 0 0 0 

2 , 0 1 0 , 0 0 0 

2520 

10 
100 

6 
29 

2 
6 

155 

4 , 8 7 0 , 0 0 0 
1 , 8 6 0 , 0 0 0 

364, OuO 
7 , 0 9 4 , 0 0 0 

280 

2,450 

540 ,000 
4 1 2 , 0 0 0 
1 5 3 , 0 0 0 

1 ,105 ,000 

470 

7 
45 

5 
27 

2 
6 

78 

1 , 8 0 0 , C 0 
',64/ ) 

6 ,549 ,1 u 1 

26 

2 , 1 7 

*19,0u ) 
4 l2 ,0 f > 
1 5 3 / 0 0 
(04, ( A. 

4 ,u 

7 
35 

66 

Cen t r i f uge M o l e i I d e n t i f i c a t i o n 

DELETEH 

V \ 



TABLE 3 

CIS CEKTRIFUCK PLANT SUMMARY FOR CLASS Y NATION, 
c 0 kg U PER YEAH AT 90$ U-235 

C a p i t a l I n v e s t m e n t , $ 
C e n t r i f u g e P l a n t 
l e e d P l a n t 
> e t a l s P l a n t 
T o t a l 

r»ok C o n s t r u c t i o n Work Force 
T o t a l Number of Men 
T e c h n i c a l 

C o n s t r u c t i o n Manpowei, Man-Months 

O v e r - a l l C o n s t r u c t i o u Time, yi 

O p e r a t i n g C o s t , $ / y r 
C e n t r i f u g e r i a n t 
Feed P l a n t 
M e t a l s P l a n t 
T o t a l 

Power Requ i r ed ( c e n t r i f u g e p l a n t o n l y ) , kw 

O p e r a t i n g Work Force 
C e n t r i f u g e P l a n t 

T e c h n i c a l 
T o t a l 

Feed P l a n t 
T e c h n i c a l 
T o t a l 

M e t a l s P l a n t 
T e c h n i c a l 
T o t a l 

" o t a l P l a n t Work Force 

A 

12S,566,O00 
3 ,168 ,000 

439,000 
129 ,173 ,000 

1 ,710 
120 

51 ,080 

6 . 7 

1 1 , 5 9 8 , 0 0 0 
651 ,000 
161 ,000 

12 ,410 ,000 

8410 

39 
990 

10 
k9 

c 

3 4 , 1 0 8 , 0 0 0 
2 ,59^ ,000 

439,000 
37,11*1,000 

i,o4o 
80 

13,680 

3 .6 

3 ,654 ,000 
521,000 
161,000 

4 ,336 ,000 

2110 

16 
3?6 

8 
40 

Machine Typ? 

G 

1 3 , 9 5 6 , 0 0 0 
2 ,31 1 t , ooo 

4 3 9 , 0 0 0 
1 6 , 7 0 9 , 0 0 0 

540 
4o 

6 , 5 3 0 

3-3 

1 , 5 6 7 , 0 0 0 
4 5 0 , 0 0 0 
1 6 1 , 0 0 0 

2 , 1 7 8 , 0 0 0 

888 

12 
142 

8 
3'* 

3 

1 5 , 2 7 8 , 0 0 0 
2 , 3 1 4 , 0 0 0 

43 f , 0 0 0 
1 8 , 0 3 1 , 0 0 0 

4 J 0 
40 

5 , 8 7 0 

3 -1 

1 , 5 2 c , 0 0 0 
4 5 c , 0 0 0 
1 6 1 , 0 0 0 

2 , 1 3 5 , 0 0 0 
2520 

12 
121 

8 
31* 

K 

5 , 8 7 5 , 0 ^ 0 
2 ,244 ,C00 

439 ,J0O 
8,558,OuO 

350 
30 

4 , 0 7 0 

3 -1 

566 ,000 
4 3 2 , 0 0 0 
161 ,000 

1 ,159 ,000 

470 

9 
51* 

6 
33 

1,047 371* 

e h ' r j i u g p i u d e l I d e n t i f i c a t i o n 

2 
8 

184 
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TABLE 4 

GAS CENTRIFUGE PLANT SUMMARY FOR CLASS Z NATION, 

50 Kg U PER YEAR AT 9036 U-235 

* 

Oipl ta l Investment, $ 
Centrifuge Plant 
freed Plant 
Metals Plant 
Total 

TeaK Construction Woik Force 
1'ota: Number of Men 
t echn ica l 

CcuatiUction Manpcrtei , C-a i-I onths 
Over- i l l Construction l i iw, yr 
Operating Cost, fi/yr 

Centrifuge r i an t 
Feed Plant 
Metals Plant 
Tota l 

Tower Required (centrifuge plant on ly) , lw 
Operating Work Force 

Centrifuge Plant 
Technical 
Total 

Feed Plant 
Technical 
Tota l 

Metals Plant 
Technical 
Jo ta l 

Tota l Plant Work Force 

A 

147,231,000 
3,715,000 

514,000 
151,!*6O,O0O 

2, 000 
l4o 

78,550 
3 . 8 

11,970,000 
072,000 
166,000 

12,808,000 
8<no 

'15 
1,161 

12 
5f 

9 
1,227 

__ Centrifuge 

C 

39,993,000 
3,042,000 

5 lit, 000 
43,5^9,000 

1,210 
90 

21,040 
4 . 8 

3,771,000 
5 38,000 
166,000 

4,475,000 
2110 

19 
382 

9 
47 

2 
y 

16 
2, 

19 

1 

2 

438 

Model Ident i f ica t ion 

Machine 
0 

^64,000 
713,000 
51^,000 
591,000 

630 
>*5 

10,040 

'1.3 

,617,000 
464,000 
166,000 

,247,000 
888 

14 
167 

9 
4o 

2 
9 

216 

Type 
I 

17,914,000 
2,715,000 

)i4,ooo 
? i , i 4 i , o o o 

530 
4o 

9,030 
4 . 1 

l ,S7f,000 
464,000 
166,000 

2,207,000 
2)20 

14 
l4o 

9 
4o 

2 
9 

L89 

K 

6,889,000 
2,631,000 

514,000 
10,034, IX. 0 

Hi 
55 

6, c > 
4 1 

585,000 
446,ooo 
166,000 

1,197,000 
4f0 

10 
64 

7 

9 
3 d 3 

— ~""~ 

1 

6,U8, i 
°,6\L, c0 

514,' ' 
9, 6 3 / 

{< 

>> 'n 

.1 

4 1 . 

166, r 
I,Oil , 

1 1 

1 

5̂  
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TABLE 5 

GAS CENTRIFUGE PLANT SUMMARY FOR CLASS X NATION, 

500 Kg U PER YEAR AT 90% U-2J5 

Machine Type 

* 

4 

C a p i t a l I n v e s t m e n t , 0 
C e n t r i f u g e P l a n t 
Feed P l a n t 
P e t a l s P l a n t 
A>tal 

res.K C o n s t r u c t i o n Work Force 
T o t a l Number of Men 
T e c h n i c a l 

C o n s t r u c t i o n Manpower, Man-Months 

O v e r - a l l C o n s t r u c t i o n Time, y r 

O p e r a t i n g C o s t , £ / y r 
C e n t r i f u g e P l a n t 
^eeu P l a n t 
MetalB P l a n t 
T o t a l 

1ower Requi red ( c e n t r i f u g e p l a n t o n l y ) , kw 
O p e r a t i n g Work f o r c e 

C e n t r i f u g e P l a n t 
T e c h n i c a l 
T o t a l 

Feed P l a n t 
T e c h n i c a l 
T o t a l 

Me ta l s P l a n t 
T e c h n i c a l 
T o t a l 

T o t a l P l a n t Woik Force 

2 5 5 , 6 6 5 , 0 0 0 
4 , 4 6 6 , 0 0 0 

518 ,000 
2 6 0 , 6 4 9 , 0 0 0 

1 ,160 
130 

6 4 , 1 2 0 

8 . 6 

2 1 , 2 6 2 , 0 0 0 
1 ,035 ,000 

566,000 
2 2 , 8 6 3 , 0 0 0 

2 1 , 2 5 0 

58 
1,51*1 

10 
59 

3 
16 

1,616 

96 ,782 ,000 
3 ,869 ,000 

518,000 
101 ,169 ,000 

1,1+90 
100 

24 ,070 

^ . 1 

8 ,626 ,000 
903,000 
566,000 

10 ,095 ,000 

89OO 

26 
638 

10 
53 

105,827,000 
3,91*1,000 

518,000 
110,286,000 

1,490 
90 

23,860 
3.1 

3,399,000 
919,000 
566,000 

4,881*, 000 

36,973,000 
3,448,000 

518,000 
'*o, 939,000 

1,240 
65 

10,770 
2.5 

3,321,000 
810,000 
566,000 

4,697,000 

16 

701 

25,200 

29 
718 

10 
53 

3 
16 

787 

4870 

13 
249 

10 
50 

3 
16 

315 

33,3^6,ot 
5,5H7,c ' 

5 l 8 , o i 1 
37 2 6 1 , 0 ") 

9vo 

8,050 

2 .5 

2 , 3 ' 2 , < - H O 
7 9 7 , 0 0 0 
5661,0c J 

3,885/< > 

10 
182 

10 
49 

3 
16 

2 \ r 

oP 
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TABLE 6 

GAS CENTRIFUGE PLANT SUMMARY FOR CLASS Y NATION, 

500 kg U PER YEAH AT 90jt U-235 

C a p i t a l I n v e s t m e n t , $ 
Cen t r i fuge r i a n t 
Teed P l a n t 
f ' e t a l s P l a n t 
To t a l 

i'*ak C o n s t r u c t i o n Work Force 
T o t a l Number of Men 
T e c h n i c a l 

C o n s t r u c t i o n Manpower, Man-Months 

O v e r - a l l C o n s t r u c t i o n Time, yr 

O p e r a t i n g C o s t , $ / y r 
C e n t r i f u g e l l a n t 
Veed P lan t 
Me 'a la P l an t 
T o t a l 

Cower Requ i red ( c e n t r i f u g e p l a n t o n l y ) , kw 

J l o i a t i n g Work Force 
C e n t r i f u g e P l a n t 

T e c h n i c a l 
T o t a l 

Feed P l a n t 
T e c h n i c a l 
T o t a l 

Me ta l s Plant . 
T e c h n i c a l 
T o t a l 

T o t a l P l a n t Work F o r c e 

c 

3 0 8 / 4 9 , 0 0 0 
5 ,389,000 

625,000 
314,463,000 

1,880 
160 

106,380 

1 2 . 0 

22 ,284 ,000 
1 ,084,000 

595,000 
23 ,961 ,000 

21,250 

70 
1859 

12 
71 

3 
19 

1,949 

0 

116 ,763 ,000 
4 , 6 6 7 , 0 0 0 

625 ,000 
1 2 2 , 0 5 5 , 0 0 0 

1,790 
120 

39,930 

4 . 3 

9 , o 4 o , o o o 
946 ,000 
593,000 

10 ,579 ,000 

8900 

32 
770 

12 
64 

3 
19 

853 

Machine Type 

I 

1 2 7 , 6 7 5 , 0 0 0 
4 , 7 5 4 , 0 0 0 

6 2 5 , 0 0 0 
1 3 3 , 0 5 ^ , 0 0 0 

1 ,800 
110 

37 ,930 

4 . 2 

5 , 5 6 2 , 0 0 0 
9 6 3 , 0 0 0 
5 9 3 , 0 0 0 

5 , 1 1 8 , 0 0 0 

25 ,200 

31* 
867 

12 
64 

3 
19 

950 

K 

4 4 , 6 0 6 , 0 0 0 
4 , 1 6 0 , 0 0 0 

6 2 5 , 0 0 0 
4 9 , 3 9 1 , 0 0 0 

1 ,500 
80 

1 7 , 8 7 0 

3.'+ 

3 ,480 ,000 
849 ,000 
593 ,000 

4 , 9 ? ? , o o o 

4870 

16 
300 

12 
60 

3 
19 

379 

4 0 , 
4 , 

44 , 

2 

4 

L 

2 4 1 / v. 1 
0 8 6 / 
6 2 5 / ' 
9}4,< ' 

1,10 

l ' i , V v 

3-5 

, 6 4 3 / ' -> 
035,0"") 
• , 9 3 / X ) 

/ J / , l , o ) 

.5)1 

12 
219 

1? 
59 

y 
39 

297 
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FABLE 7 

uAo OFNTRIFUOL PLANT SUMMARY *0R CLASS Z NATION, 

500 Kg U PER YEAR AT 9 0 ^ U-235 

t 

ii«ltal Investment, f> 
Centrifuge Plant 
Feed Flant 
le tais Plant 
y ta l 

w Construction Work 1 orce 
1'otal Number of Men 
Technical 

Construction Manpower, Man-Months 
Over-al l Construction Time, yr 
Operating Cobt, 0/yr 

Centrifuge Plant 
Teed Plant 
Metals Plant 
Tota l 

Power Required (centrifuge plant on ly) , kw 
Operating Work Force 

Centiifuge Plant 
Technical 
Tot al 

Peed Plant 
Te-hnical 
Tota l 

Metals Plant 
Technical 
iotal 

Total Plant Work Force 

C 

361 ,067 ,000 
6 , 3 1 8 , 0 0 0 

731 ,000 
3 6 8 , 7 1 8 , 0 0 0 

2 ,200 
180 

163 ,5 ro 
1 5 . 8 

2 } , 0 0 0 , 0 u 0 
1 , 1 1 9 , 0 0 0 

612 ,000 
2 4 , 7 3 1 , 0 0 0 

2 1 , 2 5 0 

82 
2 , 1 8 0 

14 
84 

4 
22 

G 

1 3 6 , 9 0 9 , 0 0 0 
5 , 4 7 5 , 0 0 0 

7 3 3 , 0 0 0 
1 4 3 , 1 1 5 , 0 0 0 

2 , 1 0 0 
140 

6 l , 4 o O 

5 . 7 

9 , 3 3 1 , 0 0 0 
9 7 7 , 0 0 0 
6 1 2 , 0 0 0 

1 0 , 9 2 0 , 0 0 0 
8900 

37 
903 

14 
75 

4 
22 

Machine Type 

149, 
5, 

155, 

3 

5 

1 

,704,000 
,471 ,00c 
735 ,000 

,911 ,000 

2 ,110 
130 

58 ,330 

5.6 

, 676 ,000 
994 ,000 
612 ,000 

, 2 8 2 , 0 0 0 

25 ,200 

40 
l , o l 6 

14 
75 

4 
22 

52, 
4 , 

57, 

5 

5 

K 

3t ° , 000 
,878,000 
733,000 

,913 ,000 

1 ,760 
00 

27 ,480 

4 . 5 

, 5 9 2 , 0 0 0 
876 ,000 
612 ,000 

,08:1,000 

4870 

19 
T)5? 

14 
70 

4 
°2 

I 

4 7 , 1 8 6 , ! 
4 , 7 A , r ) 

753,0* 0 
j ? , 7 1 0 / r o 

4 

l , t f 0 
81 

° V 
* ', 

, 7 ° } / t ' 
8 2 ,CO 
6 r % t J J 

, 0 J ,o00 
910 

14 
- 9 

14 
(J 

4 

* 

2,285 1,000 1,113 444 348 

Centrifuge Model Iden t i f i ca t ion 

DELETED 
J 

\ 



TABLE 8 

MINIMUM TIME REQUIRED TO PRODUCE FIRST NUGLEAE WEAPON 

Assumptions 

Time Required, years 
Class Country 

UC 

(l) Knowledge of model C details 

(?) No knowledge of model C details 

(5) Knowledge of models K and L details after 
they are developed** 

DELETED 

H Without d e t a i l s or considerable assis tance from another country having d e t a i l s of the centrifuge 
jnodel, t h i s c lass country would probably not develop the model on i t s own. 
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PIANT DESCRIPTION 

CENTHXFU5E FACILITY 
Estimates of the capital investment, operating costs, construction 
schedule, construction manpower, and operating manpower requirements for 
each of the three processes of the centrifuge production facility are 
presented in Tables 9 through 25 , based on estimated US costs. 
Plants having production rates cf 50 and 500 kg uranium per year of 
highly enriched U­235 were investigated. The 50 kg uranium per year 
product rate was chosen to reflect the production of at least one nuclear 
weapon per year. The 500 kg of uranium per year product rate is approxi­
mately the largest production rate for which the centrifuge plant might 
present attractive advantages over a gaseous diffusion plant. Six­ basic 
centrifuge models were studied for each of the above production rates. 

Centrifuge Models 
The details of the six centrifuge models studied are presented in Table 
lj the centrifuges can be grouped into the following three categories: 

Present Machines. These are centrifuges which have already been built 
and tested. Although, in all cases, there does not exist as much experi­
mental and operational data as would be desirable for the design and 
construction of a centrifuge plant using these machines, the separation 
performance of the machines is essentially known. Fabrication of a large 
number of machines of the types in this group could be started almost 
immediately by the United States. Two machines are included in this 
group. These are: 

ZIPPE CENTRIFUGE 
Zippe 5­in., 550 m/sec subcritical centrifuge with a separative work of 
0.3k- kg U/yr. This centrifuge model is included in the study since con­
siderable information and reference is made to this centrifuge in the 
unclassified literature. It is not felt that anyone would actually 
attempt to build a facility to produce highly enriched uranium using 
this centrifuge because o the high capital and operating costs and f\ @fc 
the large number of centrifuges reguired._, *& ■ ~ 

DELETED 

The original Zippe centrifuge, as constructed at the University of Virginia 
consisted of a 3­in.­dia extruded rotor which was rotated at a peripheral ' 
speed of 350 m/sec. A schematic of the Zippe centrifuge is shown in Figure 
1. The rotor was pr spa red from extruded 7075­Tb", 0.0^0­in.­ thick aluminum 
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PRODUCT 

TOP SCOOP 

s 

BOTTOM SCOOP 

MAGNETIC BEARfNG & 
DAMPING ASSEMBLY 

TOP BAFFLE 

MOLECULAR PUMP 

CASING 

ROTATING BAFFLE 

ARMA 'jRE 

MOTOR WINDING 

NEEDLE & BOTTOM 
DAMPING ASSEMBLY 

Figure 1 
SCHEMATIC REPRESENTATION OF TYPICAL ZIPPE CENTRIFUGE 
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alloy, was threaded at the ends and equipped with threaded aluminum end 
caps. The bottom bearing and needle assembly and top magnetic bearing 
were similar in principal to these used in the current subcritical 
machine. The top and bottom damping systems were not as refined as in 
current models, but operated with similar objectives. The rotor was 
driven with an axial air gap motor where the armature was a simple steel 
disk attached to the bottom of the centrifuge rotor. A stationary scoop 
system was inserted in the center of the rotor fcr gas feed and gas 
removal purposes. While models of this machine were successfully produced 
at ORGDP, and a number of units were operated in the experimental centri­
fuge cascade over a considerable period of time, the characteristics of 
this centrifuge never were considered to be wholly attractive for cas­
cading purposes, owing to such factors as high inventory loss and non-
reproducible separative performance. For purposes of comparison, however, 
the Zippe centrifuge will be considered here as a base point in the eval­
uation of the centrifuge process. The Zippe centrifuges produced for 
experimental testing at ORGDP and those tested by Zippe and personnel at 
the University of Virginia had separative catecities in the range of 0.34 
kg U/yri 
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pro^esed Machines. These are centrifuges for which the separation per-
fomance has not yet been extensively measured experimentally. In both 
cases some mechanical tests on the model have already been made. These 
centrifuges are the logical descendants of the group 1 machines. It is 
felt that there are no major obstacles in the path of the development of 
these machines, and that sufficient information has been obtained on 
their forerunners to permit the prediction of their performance with 
reasonable accuracy. The development and testing of these machines 
required to bring them to a production capability m the United Statp^ 
would be anticipated to be in the neighborhood of one to three years. 

PROPOSED SUBCRTIICAL CENTRIFUGE 

i ^Entwd i I la&laf 

u 
^ 

.Jdoling may" 
be achieved either with, a circulating coolant system of an evaporative 
cooling system using the atmosphere as a heat sink. 

DELETED 

proposed s u b c r i t i c a l centr ifuge i s shown in Figure 2. 
A "schema110 of t h i s 

•/ 
^ sft 

PROPOSED SUPERCRITICAL CENTRIFUGE 

DELETED 
_y A "schematic of thio __ropoc^d 

3upercritical centrifuge is shewn in Figure 3 • 3ie unit *rLi_L be driven 
rrom the closed end of the bovl_,bv_ a direct coupling with a conventional 
squirrel-cage induction motor/ 
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Figure 2 
SCHEMATIC REPRESENTATION OF THE PR0P05ED 
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A 

magnetic bearing is employed at the open end of the rotor. A servo­system 
which will automatically maintain the appropriate gap between the rotating 
and nonrotating magnetic portions of the bearing will be used to regulate 
the magnet gap spacing. A conventional Zippe­type gas extraction system 
will be incorporated in this machine, being supported from an assembly f 
located at the open end of the rotor/ 6 

DELETED 

Owing to the greater length of the 
rotor and higher peripheral speeds, greater separative capacities will be 
available through the use of this unit.,J _ — — ■ » 

DELETED 
Future Centrifuges. The development of these machines is dependent upon 
appreciable advances in technology and it would be expected to require 
5 to 10 years before these machines would be ready for plant installation. 
Two machines are included in this group. They are: 

FUTURE SUBCRITICAL CSJKPRTFUGE 
At this time there appears to be no basic limitation on the diameter of 
subcritical machines; the optimum size will be established by economic 
considerations relating to the cost of building such machines, their oper­
ating costs, and their separative capacities. Research currently being 
conducted by the various glass filament manufacturers seems likely of de­
veloping higher strength glasses. Moreover, winding techniques undoubtedly 
will be developed to utilize higher fractions of zhe._ available strength of 
the glass filaments in the centrifuge rotor .J < /J 

"£.U*) 
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FUTURE SUPERCRITICAL CENTRIFUGE 
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not appear unreasonable thai; such a nachijce^ould-be avai lable with_fiye 
to ten years of development effortj. 

LldiuE. I CM 

CEHTRIFUGE PLANT CHARACTERISTICS 
The centrifuge is characterised as a high-enrichment, low-throughput 
device. In a plant design the centrifuges are connected in parallel to 
obtain the desired throughput, and these parallel connected banics of 
centrifuges are then connected in series to obtain the desired over-all 
enrichment. The tails concentration, that is the degree of stripping, 
would depend upon many factors such as the cost of feed, equipment costs, 
operating costs, etc. An estimate was made of the amount of stripping 
which would probably be attractive with the various centrifuge models, 
and the tails concentration associated with this stripping is indicated 
in the Tables of Centrifuge Costs, 9 through 19. The amount of stripping 
varied from very little (tails concentration O.OO65) for the Zippe model 
to a considerable amount (tails concentration 0.004l) for the future 
supercritical centrifuges operating in the larger plants. Ideal plant 
tapers for those plants studied here are shown in Figures 9 through Ik. 
These figures show the number of centrifuges in parallel for each stage 
of the plant along with the number of stages (length) required. 

In describing a centrifuge cascade for the production of U-235> it is 
probably best to discuss at length the individual factors which are 
involved in the layout and design of the plant. The following paragraphs 
will describe the main items of interest. 

PLANT LAYOUT 

In order to reduce capital, operating, and maintenance charges, the 
centrifuges in a production plant will be piped : -i wired so that 
vacuum, electrical, instrumentation, and control equipment can be 
shared by a number of machines. The smallest grouping of machines will 
be referred to as a "cell." A description of a typical centrifuge cell 
follows. 

Centrifuge Cell 

There will probably be two types of cells in the centrifuge plant, one 
will be the "parallel cell," the other the "series cell," The two cell 
types are described below. 
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Parallel Cell. A group of centrifuges operating in parallel* valvcd, 
wired, and instrumented so that the entire cell of machines must be 
started, operated, and stopped as a -unit. The cell would be the smallest 
grouping of machines which could be isolated from the cascade. A 
schematic of one-ha If of a ten-machine parallel cell is shown in Figure k. 
A complete ten-machine parallel cell layout is shown in Figure fj. As 
shown in Figures k- and $} the ten machines share common vacuum and process 
piping. The cell vacuum piping can be isolated from the larger vacuum / / 
system by the automatic block valves shown/ 

DELETED ^ £ volume of 
the parallel cells is estimated'to be sufficiently large tnat failure of 
a single machine will not release sufficient gaseous inventory to cause 
damage to adiar^nt operating cpnt-n'fuges= It is assumed that the super­
critical machine will also be capable of tolerating modest pressure 
excursions. After a cell has been initially evacuated and is ready to be 
placed on stream, the vacuum valve is closed, thus isolating the cell 
from the main vacuum system. The process valves are opened in appropriate 
sequence and the machines placed on stream. The pumping action of the 
rotating centrifuge bowl will tend to preserve the initial vacuum condi­
tions. Should one of the machines in this cell develop trouble, the 
appropriate alarm would be given in the control room and the process 
block valves would close, isolating the cell from the cascade and mini­
mizing the less of process inventory. If this particular cell was being 
used as a purge station, the vacuum block valve would remain open during 
normal operation and would be automatically closed in the event of 
trouble. 

Series Cell. A group of centrifuges operating in series, valved, wired, 
and instrumented so that the entire cell must be started, operated, and 
stopped as a unit. The difference between the parallel and series cells 
is that the parallel cells contain centrifuges all operating in the same 
cascade stage at tne same gas concentration while the series cells con­
tain stages** of centrifuges each handling a higher concentration than 
the centrifuge stage below. A schematic of a ten-machine series 

* Centrifuges operating in the same cascade stage, each being fed gas 
of the same concentration and each producing upflow and downflow 
streams of the same concentration. 

** A stage in a centrifuge plans would consist of centrifuges all 
operating at the same concentration level. At the feed point of a 
large centrifuge plant the feed stage could consist of hundreds of 
centrifuges operating in parallel, while at the product point of a 
small plant the product stage might consist of a single centrifuge. 
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Figure 4 

ONE-HALF OF A 10-CENTRIFUGE PARALLEL CELL 
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11 cc­tain.'ng or.2 ce:/trifu£t per cxagc ic ohown in Figure 6. The ten 
machines ­narc a common vacuum piping, but each macrine has individual 
process piping in thax it receives feed from both the machines above and 
be lev it in the cell and ser.ds a product stream to xhe centrifuges above 
and a *aste sxrearr. to the centrifuges belcw. It may be necessary to have 
small, aitomaxic block valves in the process lines connecting stages in the 
series cells to avoid a buildup of light gases in the top stages when the 
3 2ries cell is isolated from the cascade. The buildup of light gases could 
cause excessive pressures which might lead to the destruction of the centri­
fuge. For the economic evaluation presented in this report, these block 
valves were net included, but should they be needed xhe effect on the unit 
cost of separative work would be very small. Each stage of machines has a 
flow metering device on one of the exit process streams. The machines 
share a common process control valve at the top and bottom of the cell, 
which establishes the desired flows into and out of xhe cell. The vacuum 
system can be isolated from the pumping system by use of the autonatic 
block valve shown. The process system can be isolated from xhe cascade 
by the automatic block valves at the top and bottom of the cell. When a 
series cell is isolated from the cascade the cascade is either split at 
that point or the cell is by­passed, hence, the valves and piping necessary 
for both of these operations are required. 

In order to obtain additional economies, groups of parallel cells will 
probably be piped and instrumented to share a common vacuum, instrumenta­
tion, and process control system wherever possible. Such a grouping of 
parallel cells will be called a sub­group. Series cells, because of the 
concentration range spanned in the cell, and the necessity to minimize 
miring of assay when trauble arises, probably will not be grouped into sub­
groups. A description of a typical sub­group follows. 

Sub­groups■ Groups of parallel cells operating in parallel, which share a 
common vacuum and process control system. Figure 7 shows a schematic of 
a sub­group which contains ten parallel cells. The sub­group has a common 
vacuum system consisting of an appropriate size diffusion pump, cold trap 
ani a rough pump, vacuum valves, and a properly sized vacuum header. The 
sub­group also has a common flow control system which regulates the feed, 
pr^M:ct and waste flow out of the sub­group process headers. Eae^ cell, as 
st i earlier, can be isolated from the vacuum and process pipi>­_ of the 
re: t of the sub­group. Each sub­group in turn can be isolated from the 
process system of the rest of the cascade stage and the flow by­passed by 
the three process block valves shewn at the end of the sub­group in Figure 
7­

The number of centrifuges connected in a cell and the number of cells con­
necxed in a sub­group will depend upon many factors such as machine relia­
bility, cost of vacuum pumps, cost of vacuum and process hardware, separa­
tion factor of the individual centrifuge, etc. The larger the cell and 
cuo­group the greater the capital savings, but the larger the losses in 
separative work will be when a centrifuge or an auxiliary system gives 
trouble requiring the shut down of a cell or sub­group^ ~ IV ' 
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\ These reliability predictions v,ere 

csuplecl with preliminary cost estimate's fcr various cell and sab-group lay­
outs tc arrive at a reasonable economic cell and sub-group size. A reason­
able first esxinate of cell size would be about ten machines for xhe paral­
lel cells and anywhere from a few up to ten stages for the series cells 
depending upon the number of centrifuges per stage and the separation 
factor of the individual centrifuges. At the feed point of very large 
plants where many hundreds of centrifuges must be operated in parallel to 
supply the large interstage flow requirements cf the feed stage, sub-groups 
in the range cf ten parallel cells (i.e., 100 centrifuges) seem reasonable. 
For smaller plants and fcr stages far removed from the feed point where the 
interstage flow rates are lower, smaller sub-group sizes will be desirable. 
The use of series cells will be desirable as the product or waste point is 
a T i n ^ n n ^ V i O r ^ P i w f t Q "i »** + T - i A n o "1 o o T + - - I .-v»-> r> -Pc T r T««^ / i l n - M o n - — . ^ ^ - « 1 1 . 1 — . - - , * . . ' . - ^ T 

to supply the necessary interstage flow rates. 

ELECTRICAL EQUIPMENT 

Process Electrical Equipment 
Motor Drive System. The centrifuges will be driven from a high frequency 
power system supplied by alternators. The machines must be started and 
brought to operating speed from a lower frequency start-up system to mini­
mize overheating during start-up. In the plant, the electrical drive sys­
tems will be divided into appropriate size units where each unit will con­
tain the necessary drive alternators (including spares) and the necessary 
start-up equipment for a block of centrifuges. The number of sub-groups 
included in the block will depend upon the plant size, power required, 
number of machines operating in parallel, etc. The size and number of 
alternators required for an electrical unit will vary with plant size and 
stage size. A typical high frequency electrical distribution system is 
illustrated in Fig-ire 8. Figure 3 also shows the electrical distri­
bution system for xhe auxiliary equipment, lighting, etc. 

Centrifuge Motors. Each centrifuge will be driven by its own individual 
motor which, in thi case of the subcritical machines, will probably oe a 
hysteresis-synchronous axial air gap motor with th rotor consisting of a 
steel disk attached to xhe bottom of the centrifuge oowl. In the case cf 
the supercritical machines, the motors presently evisioned will be a con­
ventional squirrel cage induction motor coupled to the centrifuge bowl by 
means of a drive shaft. 

Distribution System. The alternators will be connected to busses to equal­
ize loading wixh spare alternators being available to take up the load 
should one cf the alternators fail. The power busses will be connected to 
the individual sub-group control panels which will serve as feeder stations 
for the individual centrifuges. Each centrifuge will be supplied with an 
ammeter and fusing protection for the motor. 

Switchyard. Above certain size electrical loads, it will become necessary 
xo provide switchyards to step down the voltage from the power distribution 
network. In crder to have a reliable power supply, the switchyards should 
be double ended. 
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Protective System. The high frequency power supply will probably have the 
following protective equipment. A light to indicate that a motor fuse has 
burned out, an overload protection for the alternator which will cut out 
the alternator if the current gets too high, a power failure alarm. 

Auxiliary Power Supply 

It will be necessary to supply power and distribution networks for the 
vacuum pumps, instrumentation, isolation valves, lighting, crane opera­
tions, welding machines, power tools, etc. The costs of the over-all 
electrical system will depend upon the size of the plant, the power re­
quirements of the individual centrifuges, and the arrangement of centri­
fuges in the cascade. For supercritical machines a positive source of 
power must be available to actuate the drive bearing constraint and to 
vqfv the m^^net ^a^ controller since means arc needed to permit cafe 
deceleration in the event of a general power failure. A source of DC 
provided from storage batteries appears satisfactory for this purpose. 

PROCESS PIPING 

The process piping to each centrifuge will consist of a feed line, a product 
line, and a waste line. The line sizes to the individual machines will be 
quite small and will probably not exceed about 1-in.-dia. The lines from 
individual machines in the parallel cells will tie into header lines for 
the cell which will in turn tie into headers for the sub-groups which will 
tie into headers for the stage. The process lines in general will be fairly 
small, probably not exceeding 12-in.-dia for the largest piping inter-connect­
ing sub-groups or stages. 3y-pass piping and valving, isolation valving, 
and control valving will be required for each cell and sub-group. While 
the pipe sizes will, in general, be quite small, the vacuum requirements 
will be stringent and careful assembly and extensive leak testing will be 
required. A flexible coupling to tie the actual centrifuge scoop system 
to the process piping will probably be required to allow easy installation 
and removal of the centrifuges. The process piping will probably be Ni-
plated steel to assure low consumption and freedom from corrosion products 
which could plug scoop lines and cause other troubles with the centrifuge 
operation. The piping must be sized so as to keep the pressure drops very 
low, since the available pressure from the scoop systems is n-w and it is 
necessary to keep the feed pressure quite uniform on all the i.entrifuges 
in a stage to assure uniform feeding to the individual centrifuges. 

PROCESS CONTROLS 

It will be necessary to control the process flow rates in order to assure 
optimum and stable plant operation. It also will be necessary to monitor 
the speed and temperature of the centrifuge bowl and the vacuum jacket 
pressure in order to assure safe, constant performance from the centrifuge. 
In a large centrifuge plant, due to the very large number of centrifuges 
required, the design criteria which must be adopted for the control and 
instrumentation systems are those of minimizing the actual operating infor­
mation obtained and recorded for individual machines which are performing 
satisfactorily. Since the temperature and speed of the centrifuge bowl and 
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the press-ore of the vacuum jacket are not controlled in the usual sense, 
it is desirable to adopt a supervisory type of control for these variables. 
This supervisory control would initiate protective or corrective action 
only if certain safe limits are exceeded. Thus, the variables of speed and 
temperature need only be scanned routinely and if the values are within 
control limits, there is no need to record the actual values. When devia­
tions from acceptable limits do occur, it is only necessary that suitable 
alarms be activated. An increase in vacuum jacket pressure above a given 
level will be interpreted as a machine failure and the necessary instrumen­
tation, alarms, and recording equipment must be available to immediately 
detect trouble, sound alarms, and isolate equipment. Equipment must also 
be available to measure and record the centrifuge bowl speed and temperature 
for trouble shooting individual machines when they exhibit troubles or when 
a cell of -machines is being started or stopped and it is necessary to ob­
serve carefully the machine operating conditions. This use of supervisory 
control will permit important savings in instrument costs and also in 
operating costs since it results in a central control room equipped with 
simple alarm instruments which require little maintenance, are reliable, 
and easy to interpret. 

Process Gas Controls 

The centrifuges will be fed by a single feed tube at the approximate center 
of the bowl. A scoop system will remove the product and waste stream from 
the bowl through individual lines. The individual centrifuge feed, product, 
and waste tubes must be designed and manufactured so that they present uni­
form flow restrictions to the process gas and thereby act as flow regulat­
ing devices assuring uniform and predictable flow into and out of each 
machine in a given cell. A control valve will be needed between the product 
header of a sub-group and the product header for the stage to control the 
fore pressure of a critical metering orifice. The control valve will be 
operated and controlled pneumatically to regulate the product flow from the 
sub-group. This will control the cut of the sub-group and provide a means 
of damping pressure disturbances in the cascade. A manual valve will be 
needed in the waste header of a sub-group to maintain inventory levels in 
the sub-group at desired levels. Once this valve is set for a particular 
steady state operation, l.-ttle additional adjustment is anticipated. Auto­
matic block valves will c available in the feed, waste, and product headers 
for each cell. In the event a machine fails in the cell, these valves will 
immediately close and isolate the cell from the cascade. No difficulty is 
anticipated for the remaining cells as the feed rate will simply be in­
creased typically by 10 - 25$ per machine. This, of course, will result in 
non-optimum machine performance for the period that the cell is off stream 
but assures continuous plant operation. For the parallel cells and sub­
groups, control valves will be used between the waste header of one stage 
and the feed header of the stage belowj and also between the product header 
of one stage and the feed header of the stage above. Fcr those portions of 
the plant (i.e., near the product and waste) where the series type cells 
are used, control valves and metering orifices will be used at both ends of 
the cell to maintain the desired upflow through the cell. Limited tests 
performed in the ORGDP 35-machine centrifuge facility have indicated that 
this type of control system should perform satisfactorily. 



Centrifuge Controls 

Speed■ The speed of the centrifuge will be controlled in principle by the 
alternator frequency. The alternators are driven by induction motors which 
are slip controlled with load and motor size so that xhe alternator fre­
quency is reasonably constant. Each machine will have a speed pick­up 
probe and the speed will be automatically monitored on each of the machines 
of a sub­group every few minutes. The speed will not, however, normally be 
recorded or indicated, but will be automatically checked against the design 
speed. If the speed is more than a set amount from design, an alarm will 
sound in the central control room and indicator lights will be turned on at 
the cell to indicate the offending cell. The process operator will then 
check the equipment, locate the offending machine and take the necessary 
corrective action. The necessary switching and recording equipment will hp 
available to allow switching to any machine in a sub­group and monitoring 
and recording its speed to locate troubles and to follow the speed during 
start­up operations. 

Bowl Temperature. A thermocouple will be installed on the scoop system to 
provide an estimate of the bowl temperature. As with the speed, the temper­
ature will be monitored automatically on each machine of a sub­group (or 
one instrument might handle several sub­groups) every few minutes. The 
temperature will not be indicated or recorded, but should the temperature 
of a centrifuge indicate above a pre­set upper limit, an alarm will sound 
in the control room. The necessary switching and recording equipment will 
be available to check the temperature of the machines in the offending cell 
and to permit trouble shooting in order to decide what action to take. 

Vacuum Pressure■ A sensitive Pirani­type gauge will monitor the pressure 
in the vacuum header of each cell. Should this pressure exceed a pre­set 
limit, indicating inleakage or machine failure, an alarm will sound in the 
control room and the process a.nd vacuum isolation valves will close, iso­
lating the cell from the sub­group process and vacuum system. The cell can 
then be checked to determine the cause of troubles and appropriate action 
taken. 

Other Controls 

In addition to the above instrumentation, controls and alarms will be needed 
to nandle the failure of power, coolant pumps, vacuum pumps, centrifuge 
motors, and for isolation and by­pass of sub­groups during periods of 
troubles. 

PROCESS AUXILIARIES 

There are many aiucLliary systems needed in the centrifuge plant. The more 
important are listed and briefly described below. 

Vacuum System 

In order for the centrifuge bowls to rotate at the high speed desirable for 
good separation performance, it is necessary that a good vacuum be maintained 

™S^0mt 



^ ^d&-
h3 

in the volume surrounding the centrifuga bowl (i.e. C.l to 1.0 n depending 
upon opeed, size, etc.). Properly sized diffusion and rough pumps must be 
supplied to evacuate the centrifuge jackets sc that start-up operations can 
commence. Once the machines are at operating speed, the centrifugal action 
of the centrifuge itself tends to maintain the necessary vacuum environment. 
The vacuum system must be large enough to allow for fairly rapid pump-down 
cf the system to reduce the start-up time, and the system must be tight 
enough to eliminate problems due to in-leakage of atmospheric gas to the 
system. The diffusion pumps must be protected by cold traps to remove any 
process gas which may be in the vacuum system. All vacuum piping will 
be nickel plated to minimize corrosion and improve the pumping characteris­
tics of the system. 

Cooling System 

The normal heating due to the inefficiency of the centrifuge motor, and the 
heating produced by the drag of the scoops and of the molecular pumps 
necessitate the removal of heat from the centrifuge. Since, the ̂ centrifuge 
operates in vacuum, xhi: heat is rather hard to remove O f ^ 
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^A circulating oil 
system which will cool the centrifuge Liiotor, bowl, and damping system (and 
also supply oil fcr damping in the supercritical machine) is presently be­
ing used. The oil is pumped through a water cooler and then returned to 
the centrifuge. The use of a self contained, evaporative coolant system 
for the subcrltical units is presently in the early design stage. In the 
evaporative system, the heat at the motor and bowl would be removed by 
evaporating a low boiling liquid such as ethyl ether. The vapors would be 
cooled by radiation to the ou^er centrifuge casing, be condensed, and re­
turn to be evaporated egain. Such a system would eliminate the external 
piping, pumping, and water cooling system and as such should be a simpler, 
more economical system. 

Lubricating Oil System 

Subcrltical Centrifuge. In the . jbcritical centrifuge the bowl rotates on 
a very small diameter needle (shaft) which rotates in a hemispherical cup 
in a hard metal support plat?. This simple bearing system is filled with 
oil at startup, and indications are that it can operate for extended periods 
(years) with no oil addition or maintenance. Therefore, there is no lubri­
cation system as such for the subcrltical machines. 

Supercritical Centrifuges. Th^ more elaborate bearing and damping system 
of the presently proposed supercritical centrifuge requires the use of a 
nigh pressure oil system for damping and the removal of a sizeable amount 
of heat from the damping and drive systems. It is expected that in a plant, 
the lubricating oil system and the cooling system would be combined in a 
single system. 
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Process Gas Purge System 

Experience with operation of the present ORGDP 35­machine cascade has shewn 
that lights will be passed through the cascade by the scoop system. Pro­

visions must be made to remove any in­leakage at various stages in an oper­
ating plant to prevent undesirable pressure buildup. The vacuum system, 
which is installed for start­up of the centrifuges, will also act as the 
purge system. The volume surrounding the centrifuge bowl below the molecu­
lar pump (which will keep most of the heavy tIFV out of this volume) can be 
pumped when needed with the existing vacuum equipment during operation to 
remove the lights from the system. The volume of the vacuum system of each 
sub­group is sufficiently large that the rise in pressure due to the failure 
of a single machine will not cause damage to the other machines in purge 
cells connected to a common vacuum system; nor would the resultant pressure 
surge overtax the vacuum equipment. 

Process Gas Feed, Waste, and Product System 

These could be similar to the present facilities installed in the UTV 
gaseous diffusion plant. Controls, metering equipment, heating facilities, 
and refrigeration equipment would be required. 

Site Auxiliaries 

These items would include roads, parking lots, security provisions, fire 
protection, maintenance and assembly shops, administration buildings, 
laboratories, cafeterias, dispensaries, etc. The size, type, and cost of 
these facilities will depend upon the size and location of the particular 
plant being designed. 

Process Building 

The process buildings would probably be constructed of concrete block. The 
lead levels will be quite small so that a minimum of reinforcing and heavy 
structural steel will be required. The centrifuges and their utilities 
would probably be installed in one level, with a gallery above for machine 
installation r.nd removal operations. The machine casings could be support"'1 
by steel fr3.­_ ­works as shown in the partial cell schematic, Figure A­8. 
Sufficient overhead clearance will be available to allow easy removal cf 
the centrifuges from and installation into their casings. The process 
buildings will include central control rooms, offices, rest rooms, storage 
areas, some maintenance facilities, in addition to the centrifuge cascade 
areas. For the large plants, a total floor area per centrifuge is esti­
mated ax approximately 20 square feet. The process buildings would he 
heaxed and ventilated as required for the health and comfort of the 
operators and maintenance force. 
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OPERATING COSTS 

Power Costs 

Tae annual power charges for a centrifuge will consisx of centrifuge drive 
power, lighting and maintenance power, and centrifuge auxiliary power. 

The centrifuge drive power will consist of the power necessary to drive and 
control the centrifuge bowl at design speed (power needed to overcome the 
gas drag friction, bearing lead, damping load, etc.). This power will be 
determined mostly by the centrifuge model (i.e., size, speed, clamping 
characteristics, vacuum system, etc.). 

The lighting and maintenance power will represent power necessary to assure 
adequate lighting for the process building, maintenance areas, assembly 
areas, and administrative areas. This power will also include the power 
necessary to carry out the plant maintenance requirements (i.e., welding 
power, power for cranes and lifts, power tools, etc.). This lighting and 
maintenance power will depend upon the plant size and the number of centri­
fuges in the plant cells and sub-groups. 

The auxiliary power includes the power required to operate the necessary 
auxiliary equipment such as vacuum pumps, coolant pumps, refrigeration, etc 
The auxiliary power will depend upon the plant size and the number of 
centrifuges in a cell and sub-group. 

Operating and Maintenance Labor Costs 

At this particular stage of the centrifuge development, estimating the 
required maintenance and number of operators needed for the safe, efficient 
operation of a gas centrifuge plant is extremely difficult. Estimates 
obtained now must be taken as very preliminary and subject to change. It 
is felt that the costs presented here reflect optimistic thinking and 
future costs are not expected to be lower. 

Material Cost 

The cost of worked materials was based or. ,he assumed failure rate, over­
haul requirements, and routine maintenance requirements. The estimated 
cost is not considered very reliable due to the lack of actual operating 
experience with the centrifuges. This cost for any practical centrifuge 
plant will probably be low compared to oth=r costs and, therefore, should 
not have much effect upon the unit costs. .. cost of §k0 per machine per 
year was assumed for the subcrltical centrifuges and $100 per year for the 
supercritical centrifuges as a minimum cost for a large installation (i.e., 
10,000 centrifuges). For smaller installations the ccsts were scaled based 
on ORGDP experimental centrifuge cascade experience. 
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FEED PLAUT 

The amount of s t r i p p i n g performed i n t h e p l a n t w i l l a f f e c t the amount of 
no rma l a s s a y feed r e q u i r e d f o r a g iven p roduc t r a t e and c o n c e n t r a t i o n . 
The v a r i o u s c e n t r i f u g e models and p l a n t s i z e s c o n s i d e r e d h e r e r e q u i r e an 
e s t i m a t e d range i n d e s i r e d feed r a t e from 17«5 t o n s p e r y e a r t o 700 t o n s 
p e r y e a r . Because of t h i s wide range i n d e s i r e d feed r a t e , t h e c o s t s of 
c o n s t r u c t i o n and o p e r a t i o n of feed p l a n t s w i th c a p a c i t i e s of 2 5 , 50 , 100, 
and 500 t o n s p e r y e a r were e s t i m a t e d and a r e p r e s e n t e d i n Tables 20 
t h r o u g h 2 3 . The c o s t s f o r f eed p l a n t s w i t h i n t h i s range were o b t a i n e d by 
i n t e r p o l a t i n g between t h e e s t i m a t e d c o s t s , and t h o s e s l i g h t l y o u t s i d e 
t h i s range were o b t a i n e d by e x t r a p o l a t i n g t h e s e e s t i m a t e d c o s t s . 

B r i e f l y , t h e p r o c e s s which would p robab ly be used can be d e s c r i b e d a s 
f o l l o w s : The ore c o n c e n t r a t e , a s s a y i n g a p p r o x i m a t e l y 60$ uranium, i s 
t r e a t e d w i t h n i t r i c a c i d , and t h e uranium i s d i s s o l v e d . 

U Og + 8 OTO -> 3 U02(N0 ) 2 + 2 N02 + k HgO ( l ) 

3 U O Q + 20 HN03 -► 9 U0 2 (N0 5 ) 2 + 2 NO + 10 HgO ( 2 ) 

The uranium i s p u r i f i e d by s o l v e n t e x t r a c t i o n u s i n g t r i b u t y l p h o s p h a t e 
i n k e r o s e n e a s t h e s o l v e n t . E x t r a c t i o n , s c r u b b i n g , and p r o d u c t s t r i p p i n g 
a r e accompl i shed i n g l a s s and s t a i n l e s s s t e e l columns. S t a i n l e s s s t e e l 
m i x e r - s e t t l e r equipment i s employed t o c l ean used s o l v e n t and t o remove 
t r a c e s of s o l v e n t i m p u r i t i e s from the produc t u r a n y l n i t r a t e h e x a h y d r a t e 
s o l u t i o n . Product c o n c e n t r a t i o n t o about 10 pounds of uranium p e r g a l l o n 
i s c a r r i e d out i n v e r t i c a l t u b e e v a p o r a t o r s and boildown t a n k s h e a t e d by 
s team c o i l s . Solven t e x t r a c t i o n r a f f i n a t e s a r e n e u t r a l i z e d and d i s p o s e d 
of i n seepage p i t s . N i t r i c oxide fumes from t h e d e n i t r a t i o n s t e p a r e 
p i p e d t o t h e waste h a n d l i n g a r e a and a r e n e u t r a l i z e d wi th c a u s t i c i n a 
s c r u b t ower ; however, for t h e 500 t o n s U/yr c a s e , app rox ima te ly 50$ of 
t h e n i t r i c a c i d may be r e c o v e r e d by c o n t a c t i n g wi th wate r i n a v e r t i c a l 
t o w e r . 

For t h e 2 5 , 50 , and "" ">0 t o n s / y r c a s e s , t h e uranium t r i o x i d e i s f l u o r i n a t e d 
d i r e c t l y t o uranium h d x a f l u o r i d e with e l e m e n t a l f l u o r i n e u s i n g a f lame 
r e a c t o r . 

2 U0, + 6 F ~> 2 UEV + 3 0 ( 3 ) 
3 2 6 ■> 2 

Unreacted materia.17 r e l a t i v e l y 
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high in beta radioactivity, is caught in an ash receiver bolted to the 
bottom of the reactor. When an ash receiver is filled, it is replaced and 
held for about three months to permit decay of the uranium daughter prod­
ucts of short half life. The ash is subsequently ground and refed to the 
fluorinator. A small amount of ash is also collected in the fluorinator 
off-gas filter system; this material contains the largest part of the non­
volatile impurities and is accordingly reprocessed through the ore concen­
trate solvent extraction system. 

The uranium hexafluoride is separated from the product gas stream by 
batch cold traps, and the uranium hexafluoride that is collected is 
drained as a liquid to cylinders. 

All items of equipment and piping in contact with uranium hexafluoride 
are constructed of Monel. The oxide hopper and the rotary dispersers are 
made of steel. 

For the 500 tons U/yr case, it is probably expedient to reduce the uranium 
trioxide to uranium dioxide with hydrogen and to convert the uranium 
dioxide to uranium tetrafluoride with hydrogen fluoride prior to treat­
ment with fluorine. To accomplish the reduction and hydrofluorination, 
two-stage fluid bed reactors are used for each step with hydrofluorination 
reactors being of the stirred fluid bed variety. 

U03 + E 2 -» U02 + H20 (10 

U0£ + k HF -» UF^ + 2 EgO (5) 

UF4 + F2 - UFg (6) 

Fluorination is carried out in a flame reactor, and ash handling is as 
described above for the other cases. 

Except for the mild steel feed hoppers, reduction equipment -- piping, 
valving, etc — is constructed of stainless steel. Hydrofluorination 
reaction equipment is made of Inconel; all hopper , screws, filter tubes, 
piping, valves, etc are Monel. 

Fluorine may be produced from 6,000-ampere Monel cells, and hydrogen 
fluoride is removed from the fluorine stream by cold traps followed by 
sodium fluoride. Hydrogen is generated from cracked ammonia. Hydrogen 
fluoride could be bought in 6,000-gallon tank car lots for the 500 tons 
U-yr case; 200-pound cylinders should suffice for the other three cases. 

METALS PLANT 
Two different size metals plants were estimated here, one to handle 50 kg 
of metal per year, the other 500 kg per year. The plant, capital, oper­
ating, and maintenance costs are presented in Tables 2k and 25 
Briefly the process which probably would be used can be described as 
follows: 
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Casting skulls will be burned to oxide, leached, extracted, and returned 
to wet chemistry for precipitation. Machining chips will be recycled to 
reduction. All massive metal will be returned to casting. The wet 
chemistry and reduction salvage will probably be discarded. 
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TABLE 9 

ESTIMATED MANPOWER AI© CAPITAL FOR CENTRIFUGE PLANT CONSTRUCTION AND OPERATICH IM U . S . 

Machine I d e n t i f i c a t i o n : A, O r i g i n a l Z i p p e , 350 m/sec 
P roduc t R a t e : 50 Kg U p e r y e a r 

C a p i t a l Cost 

Cen t r i f uge 

E l e c t r i c a l 

Cas ing 

i n s t r u m e n t a t i o n 

Mechanical 

B u i l d i n g 

T o t a l D i r e c t C o n s t r u c t i o n CosL 

I n d i r e c t C o n s t r u c t i o n Cost 

T e s t and S t a r t - u p 

T o t a l C a p i t a l Cost 

O p e r a t i n g Manpower and Coa ts 

D i r e c t O p e r a t i n g Labor 

D i r e c t Main tenance Labor 

T o t a l D i r e c t Labor 

Overhead a t 100$ 

Works L a b o r a t o r y T e c h n i c i a n s 

T e c h n i c a l S u p e r v i s i o n 
Female: . , ! and S c i e n t i f i c S t a f f 

T o t a l Labor 

M a t e r i a l s 

Power 

T o t a l M a t e r i a l s 

T o t a l O p e r a t i n g Cost 

Mo. 

D o l l a r s 

6 , 8 3 1 , 
20 

7 

9 
8 

W , 
861 , 

464, 
395 

of Ceut i i fURes 

1 9 , 8 0 0 

000 

000 

000 

000 

000 

Feed 

Hen 

335 

335 

6 

1 1 
10 

697 

R a t e , 

70 

D o l l a r s 

12 ,494 ,000 

52 ,985 ,000 

21 ,186 ,000 

1,762,000 

88 ,427 ,000 

t o n s / y r 

C o n s t r u c t i o n Manpower and S c h e d u l i n g 

Peak Manpower: 

E n g i n e e r i n g 

Ton Manual 

fenual 

T o t a l Manpower: 

Eng inee r ing 

Ton Manual 

Manual 

MinLmum Time Req ' 

0 /Year 

2 , . '97 ,000 

2 , ' 9 7 , 0 0 0 

4 , >94,000 

4, '>94,000 

h0,000 

. 3 2 , 0 0 0 
J 20 ,000 

192 ,000 

; 6 8 , 0 0 0 

T a i l s C o n c e n t r a t i o n , j> U-235 

0 .0065 

Men 

7? 

i4o 
860 

Man-Montha 

1,700 

2 ,310 

14 ,450 

d , months : 4^ 

j S / Y e a r _ _ 

9 , 4 8 0 , 0 0 0 

1 ,160 ,000 

1 0 , 6 4 0 , 0 0 0 

VD 
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TABU: 11 

I'EL A tSL r f l l l r r A L lX>R CENTRIFUGE PIANT_CONCTnUCTIOK AND OPERAriOIJ IN U.S. 
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TABLE 18 

J^UIMATLD I1AUPO. " ' AND CAPITAL FOR CEHTRIFIKE, PLAOT_CCTSTRUCTIOa AND orERATIOIf W U^S* 

*)S <t> 



TABLE 19 
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TAiLE 2C 
rrMArED MAKPCWEH AKD CAPITAL yos j i i ^ FIAT? CCXETKJCTIOK' AXO crznATioR is ^ . s . 

Feed Rate: 25 TU per year 

Capital Costs, Dollars 

Ins-ailed Equipment: 

Solvent Extraction 
Fluorinator and Cold Trap 
Fluorine System 
Auxiliary Chemistry Systems 
Spare Equipment 

Piping 
Instrumentation 
Utilities 
Maintenance Facility 
Administrative, laboratory 
Building 

135,000 
73,000 
106,000 
18,000 
65,000 

210,000 
58,000 
33,000 
32,000 
36,000 

209,000 

Construction Manpower and Scheduling 

Peak Manpower: 

Engineering 
Non Manual 
Manual 

Total Manpower: 

Engineering 
Non Manual 
Manual 

Men 

) 
72 

Man-Months 

60 
90 
690 

Direct Construction Costs 973,000 Time Bequlred: 11 Months 

Start-up 99,000 
Engineering, Design and Inspection 126,000 
Indirect Construction Costs 189,000 
Contingency 19^,000 

Total 1,581,000 

Operating Manpower and Costs, Dollars Per Year (5 days/week, 2k hours/day) 

Labor: 

9 Chemical Opera-
9 Mainter.,--!-? 
1 3uper-. _ 
I Clerk 

Overhead at 100$ 

ors 

2 Laboratory Technicians 
(incj uding overhead) 

1 Engineer 
(including overhs sad) 

59,ooo 
59,000 
9,000 
6,00c 

133,000 
32,000 

18,000 

Materials: 

Direct Materials 
Maintenance Materials 
Other Materials 
Total Materials 

;tal Operating Cost 

2 k, 000 
to, 000 
15,000 
79,000 

395,000 

Total Î abor 316,000 
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TABLE 21 

ESTIMATED KAKPOVEH AND CAPITAL FGH FEED PLANT CORSTRUCTICR AIC CFE3ATI0N IK U. 
Feed Kate: 5C TL' Fer year 

Capital Costs, Dollars 

Installed Equipment: 

Solvent Extraction 
Fluorinator and Cold Trap 
Fluorine System 
Auxiliary Chemistry Systems 
Spare Equipment 

Piping 
Instrumentation 
Utilities 
Maintenance Facility 
Administrative, Laboratory 
Building 

Direct Construction Costs 

143,000 
97,000 
153,000 
26,000 
82,000 

261,000 
74, 000 
44, 000 
42,000 
46,000 

254,000 

1,222,000 

Construction Manpower and Scheduling 

Feak Manpower: 

Engineering 
Non Manual 
Manual 

Total Manpower: 

Men 

12 
90 

Man-Months 

Eng inee r ing 80 
Won Manual 120 
Manual 860 

Time Requ i r ed : 11 Months 

S ta r t -Up 135,000 
Engineer ing , Des ign and I n s p e c t i o n 154,000 
I n d i r e c t C o n s t r u c t i o n Cos t s 240,000 
Contingency 238,000 

Tota l 1,939,000 

Operat ing Manpower and C o s t s , D o l l a r s Per Year (5 days/week, 2k hour s /day) 

Labor: 

12 Chemical Operators 
11 Maintenance 
1 Supervisor 

1.5 Clerks 

Overhead at 100$ 
3 Laboratory Technicians 
(including overhead) 

1.5 Engineers 
(including overhead) 

79,000 
75,000 
9,000 
8,000 

171,000 
48,ooo 

Materials: 

Direct Materials 
Maintenance Materials 
Other Materials 
Total Materials 

Total Operating Cost 

44,000 
51,000 
20,000 
115,000 

532, ,000 
£7,000 

Total Labor 417,000 
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TAILS 22 

ZLMATED MAINOVER AX3 CAPITAL ?CR FEED PLANT COWSTRUCriCK AIO OF IRAT-CN IK J . 
Feed R a t e : IOC TU p e r yea r 

C a p i t a l Cosxs, D c l l a r s C o n s t r u c t i o n Ma Dower and Schedul ing 

I n s t a l l e d Equipment: 

So lven t E x t r a c t i o n 188,000 
Fluorina-ccr and Cold 
Fluorine System 
Auxiliary Chemistry 
Spare Equipment 

Piping 
Instrumentation 
Utilities 
Maintenance Facility 

. Trap 

Systems 

Administrative, Laboratory 
Building 

Direct Construction Costs 

129,000 
202,000 
33,000 
108,000 

344,000 
98,000 
58,000 
52,000 
57,000 

308,000 

l ^ ^ O O O 

peak Manpower: 

Engineer ig 
Won Manu 1 
Manual 

Total Manpowf •: 

Ken 

10 
15 
116 

Man-Months 

Enginee ing 100 
Won Manial 140 
Manual 1,llo 

Time Required: U Months 

Start-Up 173,000 
Engineering, Design and Inspection 210,000 
Indirect Construction Costs 316,000 
Contingency 315,000 

Total 2,591,000 

Operating Manpower and Costs, Dollars Per Year (5 days/week, 24 aours/day) 

Labor 

14 Chemical Operators 
"S Maintenance 
I. > Supervisors 
2 Clerks 

Overhead at 100$ 
3.5 Laboratory Technicians 

(including overhead) 
2 Engineers 
(including overhead.) 

92,000 
98,000 
i4,ooo 
11,000 

216,000 
,. 5^,000 

36,00c 

Materials: 

Direct Materials 
Maintenance llaterials 
Other Materials 
Total Materjals 

Total Operating Cost 
' 

33,000 
6' 000 
?-,, 000 

1?3,000 

694,000 

Total Labor 521,000 
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TABLE 23 

CAPITAL FOR FEED PLANT CONSTRUCTION AND OPERATION IN U.S. 
Feed Rate: 500 TU per year 

Capital Costs, Dollars 

Installed Equipment; 

Solvent Extraction 295,000 
Fluorination and Cold Trap 213,000 
Fluorine System 284,000 
Auxiliary Chemistry Systems 106,000 
Spare Equipment 201,000 

Construction Manpower and Scheduling 

Peak Manpower: 

Men 

Engineering 
Won Manual 
Manual 

19 
29 

215 

Piping 
Instrumentation 
Utilities 
Maintenance Facility 
Administrative, Laboratory 
Building 

Direct Construction Costs 

628,000 
199,000 
115,000 
68,000 
70,000 
426,000 

2,605,000 

Start-Up 290,000 
Engineering, Design and Inspection 407,000 
Indirect Construction Costs 592,000 
Contingency 578,000 

Total Manpower: 

Engineering 
Non Manual 
Manual 

Man-Months 

180 
280 

2,060 

Time Required: 11 Months 

Total 4,472,000 

Operating Manpower and Costs, Dollars Per Year (5 days/weeK, 24 hours/day) 

Labor: 

17 Chemical Operators 
28 Maintenance 
2 Supervisors 
2 Clerks 

Overhead at 100$ 
4 Laboratory Technicians 
(including overhead) 

2.5 Engineers 
(including overhead) 

112,000 
163, '"-

18,COO 
13,000 

324,000 
64,000 

M a t e r i a l s : 

D i r e c t M a t e r i a l s 
Maintenance M a t e r i a l s 
Other M a t e r i a l s 
T o t a l M a t e r i a l s 

To ta l Opera t ing Cost 

254,000 
124,000 
28,000 

406,000 

1,163,000 

45,000 

Total Labor 757,000 
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TABLE 24 

ESTIMATED MANPOWER AKD CAPITAL FOR METAL CCKPOKEWT FACILITY 
CONSTRUCTION AND OPERATION IN U. S . 

P roduc t S a t e : 50 Kg U per yea r 

C a p i t a l C o s t s , D o l l a r s 

I n s t a l l e d Equipment: 

Wet Chemis t ry P r o c e s s 24 ,000 
Reduct ion Bombs 8,000 
Cas t i ng Equipment 44,000 
Machining and T e s t i n g F a c i l i t y 50,000 
Pecyc le Equipment 20 ,000 

C o n s t r u c t i o n Manpower and Schedul ing 

Peak Manpower: 

Men 

Engineering 
Won Manual 
Manual 

Piping 
Instrumentation 
Utilities 
Building 

Direct Construction Costs 

14,000 
5,000 

32,000 
24,000 

221,000 

Total Manpower: 

Engineering 
Non Manual 
Manual 

Man-Months 

20 
20 
50 

Engineering, Design and Inspection 25,000 
Indirect Construction 64,000 

Time Required: 9 Months 

Total 310,000 

Operating Manpower and Costs, Dollars Per Year (40-Hour Week Operation) 

Labor: 

2 Operators 
1 Mainteii-jce 

1 Engineer 
1 Supervisor 

30,000 

30,000 

Overhead 
Materials 

60,000 
28,000 

Total 148,000 
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TABLE 25 

ESTIMATED MANPOWER AND CAPITAL FOR METAL COMPONENT FACILITY 
CONSTRUCTION AKD CPSRATION IN U. S. 
Product Rate: 50C Kg U per year 

Capital Costs. Dollars 

Installed Equipment: 

Wet Chemistry Process 49,000 
Reduction Bombs 16,000 
Casting Equipment ^4,000 
Machining and Testing Facility 70,000 
ROPMT-I <= Enlii'nment 30.000 

Construction Manpower and Scheduling 

Peak Manpower: 

Engineering 
Won Manual 
I'lC*LLua,_L 

Men 

2 
3 
I 

Piping 
Instrumentation 
U t i l i t i e s 
Building 

Direct Construction Costs 

19,000 
6,000 

42,000 
50,000 

326,000 

Total Manpower: 

Engineering 
Non Manual 
Manual 

Man-Months 

20 
30 
70 

Engineering, Design and Inspection 30,000 
Indirect Construction 83,000 

Time Required: 11 Months 

Total kj>9j000 

Operating Manpower and Costs, Dollars Per Year (4o-Hour Week 'Operation) 

Labor: 

6 Operators 
3 Maintenance 

2 Engineers 
1 Supervisor 
1 Chemist 

90,000 

57,000 

Overhead 
Materials 

147,000 
250,000 

lotal 5^4,000 
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Product Rate, 50 Kg/yr 
Feed Concentration, 0.007] 
Product Concentration, 0.90 
Waste Concentration, 0. 0065 
Total Centrifuges, 19,800 
Total Centrifuge Banks in Series, 219 
Centrifuges in Parallel at Feed, 618 

Z 

200 300 400 500 

NUMBER OF CENTRIFUGES IN PARALLEL 
600 700 

Figure 9 
LAYOUT OF IDEAL PLANTS CONTAINING 
SUBCRITICAL CENTRIFUGES, MODEL A, 

3 in., 350 m/sec 
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machinists, operators, and maintenance men necessary to construct and 
operate the isotope separation plant. A class Y country would in all 
liklihood have to import much of the hardware necessary to fabricate the 
centrifuges and also same of the auxiliary equipment required for the 
plant. The material of construction for the centrifuge bowl would probably 
have to be imported; however, since further machining and assembly could 
be done after delivery, the use to which this material is to be put may 
not be evident. A class Y country would also have to import other mate­
rials such as motor generator sets for high frequency currents, process 
control equipment, mass spectrometers, and other items of a specialized 
nature. These orders could, however, be distributed among a large number 
of vendors, in order to prevent detection of the construction effort for 
the small production rate plants; it would however be much more difficult 
to prevent detection with the larger plants. Class Y countries may well 
have access to_uranium ore either by virtue of their domestic nuclear 
power program or their own natural resources. If not, they would have 
to procure it elsewhere and this may provide a method of detection. 
There are, however, many countries able to export uranium ore, and one 
should remember that the 25 tons per year or so required for the small 
production rate plant is a relatively small quantity of ore. The high 
production rates requiring hundreds of tons per year of ore would probably 
present a problem of detection in a class Y country not having its own 
ore supply. 

A class Z country would find the construction and_operation of a :-"rtri-
fuge facility a difficult task. The total capital investment vhicn 
amounts to about $43.5 million for the model C centrifuge facility (for 
the low production rate), coupled with the operating costs of about $k.5 
million per yea: would be in the case of a class Z country quite a fcurliri 
on the economy. A class Z country would have to be highly motivated o; 
undertake such an expensive project. However, the lower construction and 
operating costs estimated with the more advanced centrifuge models would 
certainly make the project more feasible for a class Z country. A class 
Z country would need a great deal of outside assistance both in manpower 
and in material in order to bring a centrifuge plant into successful 
completion. Countries in this category would probably need technical 
advisers from abroad, competent scientists and engineers to aid in dev "op-
ment of ,u operable facility. Operators and maintenance men would hav.. co 
be trained for their particular jobs. A class Z country would probably 
not have sufficient skilled machinists to fabricate the centrifuges. It 
would be expected, therefore, that a type Z country would purchase fabri­
cated centrifuges. Their alternative would be to train the necessary 
machinists and to purchase the lathes, drill presses, and other shop 
equipment which would be required for the manufacture of centrifuges. 
In addition to the centrifuges, almost all of the auxiliary equipment 
required for a, _csntrvfngp plant would have to be purchased from foreign 
vendors] 
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country could not build a completely clandestine nuclear weapons facility. 
It could, however, with the collaboration of a class X or Y country build 
such a facility, but even then it would have much more difficulty hiding 
it than would a class X or Y country. 

MINIMUM T B S REQUIRED TO PRODUCE THE FIRST NUCLEAR WEAPON 

The minimum times estimated for the production of the first nuclear weapon 
with the centrifuge process in countries X, Y, and Z are presented in 
Table 8 for both the present, cp.ntrifuge^.model C. and th.e_.Yerv advanced..__ 
models K and _j. 

DELETED 

for the IJhite'd STaTrJe s. The minimum time estimated for the development of 
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If the result s' of the ""cent?Ifuge" development efforts were 
not available from the United States or from some other highly advanced 
country and the countries have to develop the centrifuge on their own, 
it is estimated that a class X country without an already well-developed 
centrifuge program would require an additional 2 to 3 years over the 
times presented for the present centrifuge, model C. A class Y country 
would require an additional k to 5 years for model C and would probably 
not attempt to develop a more advanced centrifuge, and a class Z country 
could probably never develop the centrifuge on its own. 

OPERATING- Aim MAINTENANCE 

At this particular time in the centrifuge development, estimating the 
required maintenance and the number of operators needed for the safe and 
efficient operation of a gas centrifuge plant is --xtremely difficult. 
It is felt that the costs presented here reflect ^timistic thinking, 
and the future costs and estimates are not expected to be lower. The 
actual staffs required for the operation of the centrifuge plants in the 
early stages, until the problems and uricertainti.es are resolved, could 
be larger than those presented here. 

CAPITAL AND OPERATING COST ESTIMATES 

f- 7 C-
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With the nc re advanced : e n t r i f a g e , t h e s e o p e r a t i n g c o s t s may be r e d _ c e l to-
$935,000 , $1 ,032 ,000 , and $1 ,065 ,000 for t h e c l a s s X, Y, and Z c o u n t r i e s , 
compared with $9-T7,CCC f o r t h e Uni ted S t a t e s . 

KEY Ax5A3 INDICATING POTENTIAL FOR "WEAPONS PRODUCTION 

A c l a s s X coun t ry , due t o i t s l a r g e i n d u s t r i a l c a p a c i t y , could p r o b a b l y 
c o n s t r u c t and p_ace i n o p e r a t i o n a c e n t r i f u g e f a c i l i t y w i thou t any o u t s i d e 
a s s i s t a n c e , and wi thou t a r o u s i n g undue s u s p i c i o n . Both a c l a s s Y and Z 
coun t ry would r e q u i r e o u t s i d e a s s i s t a n c e and t h e purchase of many i t e n s 
o u t s i d e t h e i r own c o u n t r y . The key i t e m s ; whose T a i n ^ a n t i r e o r pu rchase 
i n q u a n t i t y would se rve a s an a l a rm t h a t a c e n t r i f u g e p l a n t may be i n 
o p e r a t i o n or under c o n s t r u c t i o n , a r e l i s t e d i n Table 2.6. Any one of 
t h e s e i tems may mean n o t h i n g , bu t a combinat ion of them shou ld i n d i c a t e 
t h e p o s s i b i l i t y of a c e n t r i f u g e f a c i l i t y . 

""*---- 2A3LS 26 _ _ . - - - ' * " " 
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CORRELATION OF INDUSTRIAL CAPABILITY OF NATIONS 

To e s t i m a t e the c r d e r i n which t h e va r ious n a t i o n s can be e x p e c t e d t o 
a c h i e v e an i s c t o p e s e p a r a t i o n p r o c e s s and t he t ime r e q u i r e d f o r t h i s 
accompl ishment , i t i s n e c e s s a r y t o choose some f e a t u r e or f e a t u r e s of 
a n a t i o n ' s economy which a r e i n d i c a t i v e of t h a t n a t i o n ' s i n d u s t r i a l 
competence. 

The two such f e a t u r e s which r e f l e c t a i l a r e a s c f modern i n d u s t r i a l 
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r . c t i v i t y a r e t h e )neumpt icn of electricil energy and the 
steel. Furthermore, the per capita value of these quam 

:onsuir.ption cf 
Les provides a 

measure of the level cr relative effectiveness of application o: 
industry, since per capita consumption it 
of demonstrated effectiveness. 

Ls itself an enroirioa] 
. a nation s 
;atemerj.t 

Accordingly, the following quantities were defined: 

Relative 
Industrial = 
Size, S 

Relative 
Industrial = 
Level, L 

Relative 
Industrial = 
Capability 

Steel Consumption 
US Steel Consumption 

Electrical Energy Consumption 
US Electric Energy Consumption 

Per Capita Steel 
CuubumpLiuii 

US Per Capita 
Steel Consumption 

Per Capita E l e c t r i c 
Siiexg^ Cuixbump'oiuii 

US Per Capita E l e c t r i c 
Energy Consumption 

V 
The Relative Industrial Capability (RIC) was then related to actual time, 
cost, and manpower requirements fcy correlating the industrial experience 
of nations for which such data were available with the computed RIC's of 
those nations. 

The results of the correlations are t=hovn in Figure 15 in which factors 
for converting United States requirements into the requirements of other 
nations are shown for man-months required for building a plant, the time 
which will elapse between inception and end of construction, the number 
of men engaged in construction or operation of the plant (applicable to 
peak work force in the case of construction), the construction or capital 
cost, and the annual operating cost. In each case an estimate made for 
the United States ray be multiplied by the appropriate factor of Figure 
15 to obtain the corresponding estimate for a nation for /hich the RIC has 
been computed. 

The RIC was computed for a variety of nations, and these a.j located on 
Figure 15. Also shown are the zones which define the X, £, and Z cate­
gories of nations referred to in this report. 

Statistical data used in computing the RIC were obtained from "Statistical 
Abstract of the United States" which contains international statistical 
data drawn chiefly from the United Hations Statistical Office. This 
Agency's annual publication, "Statistical Yearbook,"pro "ides a wide 
va r i e ty OJ de ta i l ed s t a t i s t i c a l data. 
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CIAZDESTDE PRGEUCTICN CF ENRICHED URANIUM 
BY THE SWEEP riFFUSIClJ PROCESS 

A l t h o u g h t h e p r e v i o u s s e c t i o n s cf t h i s r e p o r t have i e a l t e x c l u s i v e l y wi th 
t h e p o s s i b l e p r o d u c t i o n of e n r i c h e d u r a r . i t a by t h e c e n t r i f u g e p r o c e s s , 
t h e r e a r e o t h e r p r o c e s s e s which might be b e t t e r matched w i t h t h e lower 
t e c h n o l o g i c a l c a p a b i l i t i e s of Y a n d J Z ^ f c r e i g n powers. Such a p r o c e s s , f o r 
example,_would be sweep d i f f u s i o n . ^ I n t h e sweep d i f f u s i o n p r o c e s s , a 

"""gasec-us m i x t u r e c f " i s o t o p e s i s con f ined i n a s e p a r a t i o n u n i t t h r o u g h which 
f lows a c u r r e n t of a t h i r d component c a l l e d t h e sweep gas o r sweep v a p o r . 
As t h e sweep vapor flows t h r o u g h t h e p r o c e s s gas m i x t u r e , i t t e n d s t o 
sweep a l o n g t h e heavy , o r l e s s d i f f u s i b l e , component. I n common a p p l i c a ­
t i o n s of t h i s p r o c e s s , t h e sweep vapor i s chosen so t h a t i t can be e a s i l y 
condensed on a co ld v e r t i c a l w a l l . The f a l l i n g f i lm of condensed sweep 
vapor t h e n drags t h e p r o c e s s gas downward wi th i t , s e t t i n g up a n a x i a l 
c i r c u l a t i o n o r c o u n t e r c u r r e n t f low, as^sliown a.n-.Ftffnre~46, which 
m u l t i p l i e s t h e s imple p r o c e s s s e p a r a t i o n f a c t o r - I t i s e n v i s i o n e d t h a t a 
sweep d i f f u s i o n column could be b u i l t i n the f o m of two c o n c e n t r i c t u b e s , 
t h e i n n e r one be ing porous and s e r v i n g t o d i s t r i b u t e t h e sweep vapor which 
i s i n t r o d u c e d i n t o t h e c e n t r a l r e g i o n . The s e p a r a t i o n r e g i o n would t h e n 
be i n t h e a n n u l u s , and t h e e n t i r e column would be Immersed i n a c o o l a n t 
b a t h so t h a t t h e o u t e r t u b e would a c t a s a condenser f o r t h e sweep vapo r . 
Such columns would be r e l a t i v e l y e a s y t o c o n s t r u c t , and a number of t h e 
columns could be put in a common c o o l a n t j a c k e t t o reduce c o s t s and make 
t h e p l a n t more compact. 

DELETE© 

^ ^The 
cos t s est imated for" the" sweep" d i f fus ion process" must Be regardScT as of a 
most prel iminary nature s ince the process has not been proved expe r i ­
menta l ly . The costs are based on an eff iciency factor of 50$ for the 
sweep dif fusion p lan t based on the maximum separative capaci ty of the 
columns. The power requirement for sweep diffusion wi l l be the order of 
tK-»t for gaseous diffusion and w i l l thus be much greater than for a 
cent—-.fuge plant of s imi lar s i z e . 

The s o l u b i l i t y of the process gas in the condensed sweep vapor i s one of 
the problems which must be overcome i f the sweep diffusion process i s to 
reach i t s t h e o r e t i c a l p o t e n t i a l . I f the process gas i s apprec iably 
so lub le , and t h i s mixture i s then vaporized and reintroduced in to the 
columns, a serious loss in separa t ive work would be incurred because the 
process gas in the sweep vapor stream i s a t the average p lan t concentra­
t i o n in the desired isotope and i t i s being remixed with process gas a t 
the poin t concentration in the concentrat ion gradient . A study of t h i s 
remixing effect shows that separa t ive work losses greater than ^0^> a re 
probable with sweep vapors cf the Freon family. 

I f the s o l u b i l i t y problem c c u l i be solved by proper choice of the sweep 
r apc r , or i f the effect could be mi t iga ted by careful process design, the 
sweep dif fusion process might oe a very a t t r a c t i v e means of enr iching 
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urs.n2.un in a country that lacks the technological sophistication tc build 
gas centrifuges. A sweep diffusion plant requires process equipment such 
as nickel plated pipe and screen, rotary lobe blowers to move the process 
gas from cascade to cascade, centrifugal pumps to pump the condensed sweep 
vapor to the evaporators, and the evaporators themselves. 

■ A preliminary investigation of the sweep diffusion process for the separa­
tion of other isotopes is being considered, which would also determine 

\ its potential for uranium isotope separatiori^^One^of the more serious 
ipfoUT^s~vM7cE'\favi±^'have''ta''ie~TTrBT^iS^Ts the solubility of process gas 
in the condensed sweep vapor. 

REVIEW ATCD EVATITATTON OF F0RFT07T CFNTRTVridE PROGRAM? 

INTRODUCTION 

The current status of gas centrifuge development programs in foreign non­
Communist countries is reviewed in this section of the report, and an 
evaluation of the program in each country is made with respect to its 
scope, direction, ultimate goals, and chances for success. The experience 
acquired in carrying out the centrifuge development program in the United 
States has been utilised in the preparation of these evaluations. The 
information on the current status of the centrifuge project in each coun­
try has been compiled from the following sources: 

The open scientific literature 
The press 
Interview and trip reports prepared by AEC personnel which 
are available in the classified scientific literature 
Classified intelligence documents. 

(2) 
This work supersedes a previous reportv '. From the information avail­
able, it appears that only four foreign countries outside the Communist 
Bloc are m<?King any serious effort to develop a gas centrifuge process 
for the en: hment of the uranium isotopes. These are: 

England 
Japan 
The Netherlands 
West Germany 

In addition, Brazil has maintained an interest in its rather modest centri­
fuge program, and France has recently been reported engaged in centrifuge 
development. 

In general, little new information has become available since the prepara­
tion of the earlier report. This is due in large part to the fact that 
European nations agreed at the end of i960 to accede to the request of 
the United States that security restrictions be imposed regarding develop­
ments in the centrifuge process. Exceptions to this are England, with 
which the United States has an information exchange program, and Japan 
where probably for political reasons the work is entirely unclassified. 

*" otbKtl""™——*— 
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rievcrthel^oC, i t _j r : ; , pic able that r<_cauoC cf i-:e i ' ^u r »-_on c n t r i -
f-^ge developmentj . r c x d _n the press in l^Cz i h i t ~ru,st t / c ry cla_e X 
countiy has undertaken ^ cc.it r-fuge program of s:me . o r , , even xf quite 
s n a i l . The C-txunist Bloc countries hove bjen exclude! frcm t h i s evalua­
t i o n for the simple re ison tlu-t p r ac t i ca l l y no ir-fc n a t i o n i s ava i l ac l e . 
I t seems reasonable to presume tha t the centrifuge program which Russia 
pursued in tr.e years following world War I I from 19-9 ~C2 195"- >-*as aban­
doned when the Genan t d e n t i s t s working on the project were r epa t r i a t ed . 
Dr. Zippe, one of the s c i e n t i s t s who worked on the Russian p ro jec t , has 
recent ly reported tha t the Russians have resumed work on centrifuge 
development. I t i s reascnacle to suspect t h a t th_s report i s cor rec t ; 
however, no spec i f ic information has teen made avai lable to the West. 
Similar ly i t i s reasonable to bel ieve tha t the East German s c i e n t i s t s , 
some of whom also worked en the Russian projec t , are prpspntly pirr^ni^g 
t h e i r inves t iga t ions for the East C-enan Government. Bat again, no de t a i l s 
a re ava i lab le . 

As complete a descr ip t ion as i s possible and an evaluation cf the program 
i n each of the various countries is given in the following sec t ions . 

BRAZIL 

Description of the Centrifuge Program. It is well known that Brazil has 
three centrifuges built in West Germany which are located at the Institute 
of Technological Research at the University of Sao Paulo in Sao Paulo, 
Brazil. According to information received, Dr. Massei is the director 
zf the Institute, and Professor Ivo Jordan is in charge of the centrifuge 
project. A statement cy Jordan verified that the three centrifuges owned 
Dy the Institute were imported from Germany in 1953 and placed in opera­
tion in March, 1959-

I 

The only published article containing experimental separation aata Detained 
with the Brazilian machines deals with the separation of the isotopes of 
argon (3), According to tnis paper written by Groth et al. in i960, the 
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Bra^ii^m centrifa-er o.:e of tne ~jte which Groth has deoifnatea 13 * e 
ZTj. The ZC-3 has a rotor lengtn cf 66.5 centimeters m i a diameter of 
lo.; centimeters, ana is designed for a peripheral speed cf 3l-'2 m/3ec. 
Farther information en the ZG3 is given in the section on the West Herman 
centrifuge program. 

Admiral Cnnha, president of Erazil's nuclear energy commission, has stated 
that Brazil has no intention of producing a nuclear weapon, is interested 
onl>- in peaceful applications of nuclear energy, and that Brazil's eentr_-
fu^es are intended only for research and training purposes. 

Evaluation of Program. The current Brazilian centrifuge program is rela- ^ ' 
tively small involving, as far as is known, only the operation of the 
-f-h-r^o r t ) p > - ^ n 3 J r V " ioh the^ 7 " n n r n V a r*&ri fr*Om ^ e s t Ge ' r r 1 8- 1 ' , " J ~~ 
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Description cf Program. The current status of the British centrifuge pro­
gram is presumably well known to the USAEC by virtue cf an agreement 
between the two governments effective in i960 to exchange information on 
gas centrifuge technology. Members of the United States and the United 
Kh ngdom centrifuge teams met in accordance witn this agreement in I963, 
1961, 1962, and 1963. It is anticipated that the next meeting between 
the two groups will take place in March, 1964. The information obtained 
during those meetings regarding the nature of the British program is con­
tained in the US classified reports cf the meetings (4, 5, 6, 7, and 8) 
and is sjntnarized below. 
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The United Kingdom development program has been in progress for about 
three years, having been initiated in October, i960. The first two-year 
program for which 300,000 pounds sterling (or about $840,000) was budgeted 
was aimed at developing "a respectable machine with a good efficiency and 
an extraction system which can be used by engineers to make a cascade. " 
In October, 19^2, a second two-year program was authorized at a budget 
level of 350,000 pounds sterling (or about $980,000). The stated goal 
of the present program is the successful operation of a cascade of centri­
fuges. 

DELETED 
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The future plans of the ci. -nt UK centrifuge program include: 

Operation of an Improved relatively low speed sutcritical machine, 

The operation of a high speed subcritical machine, 

The operation cf a relatively low speed supercritical machine, and 

Operation of a cascade. 

; 
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JAPAN 

Description of the Program. Japan has been conducting research on the 
enrichment of the isotopes of uranium by means of the gas centrifuge 
process on a relatively small scale at the Institute of Physical and 
Chemical Research in Tokyo. The program was initiated in FY 1958. All 
of the basic gas centrifuge work at the Institute on uranium enrichment 
has been directed by Dr. Yoshitoshi Oyama of the Tokyo Institute of 
Technology. The current staff working on the project at the Institute 
includes about 10 scientists and engineers plus three technicians. The 
Japanese program is financed by the Science and Technics Agency of the 
Japan Atomic Energy Bureau. A number of research contracts wholly 
financed by the Government have been entered into with various research 
and manufacturing groups including the Institute of Physical and Chemical 
Research, the Osaka Metal Industry Company, Ltd., Nippon Atomic Industry 
Group, and the Chemical Engineering Association. 

The first Japanese experimental centrifuge was completed during FY IQ5Q . lr 
at a reported cost of $.363000. / jf'k __ DELETED ' 

tr 

^ / The uniTPwasTSanuf actured by the Ishikawajima 
" Turban Manufacturing Comparr/, now a subsidiary of the Toshiba Company. 
The machine was patterned after the centrifuges designed by Groth in West 
Germany. Countercurrent flow is presumably obtained by means of a temper­
ature difference between the two end caps. Most of the test efforts on 
this machine were directed toward working out the bugs in the system and 
dealt with balancing motor performance, effectiveness and durability of 
the seals, and determination of operating temperatures of the various 
components. Separation tests were attempted with neon, argon, and UF̂ -. 
However, the neon separation tests failed because lubricating oil leaEed 
into the rotor, and the UF^ separation experiment failed due to the 
reaction of̂ JJiĵ - with the oil: only t> ?. argon^separation tests were at all 
successful "^ 
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Although most of the uranium enrichment research work has teen under the 
direction of the Institute of Physical and Checieal Research, beginning 
in FY 1963 the Japan Atomic Fuel Corporation was to take over this function 
including the experimental work at its Tokai-Mura Laboratories. Laboratory 
facilities are new being constructed to accommodate the work, and the two gas 
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centr^fuj-o w. 11 be o i a n . : e i " c d frcn the i n s t i t u t e tc the T o n ! 
LL.toj.ato.icJ. Fin-nclng w i l l continue throu;h the Science ^ni Technics 
A,~ency. No further t e s t - are planned it the I n s t i t u t e on the 'unit which 
i s new >. eing dismant 
Corporation Laboratory a t Tokai-Mnra where resumption cf t e s t i n g was 
scheduled for September, l j c j - Q e ult imate objective cf the AFC work 
i s to lev'elop a p r a c t i c a l u l t racen t r i fuge for use in a p i l o t - p l a n t opera­
t i o n . All of the support ing research work on ma te r i a l s , bear ings , sea l s , 
e t c i s aimed at achieving t h i s object ive. The t echn ica l problems and 
cos ts encountered t o date are cf greater magnitude than what was a t f) ?}& 
f i r s t an t ic ipa ted . , ,jjl~\ 

DELETED /, %*>) 
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is scheduled to start in FY _So-<-. AFC is now making plans to purchase 
UTV- prediction equipment including a mass spectrometer. 

The work oeing done by the Nippon Atomic Industry Group (NAIG) of which 
the Toshiba Manufacturing Company is a predominant member includes basic 
research work on the development and testing of key items such as the 
rotors, bearings, seals, etc aimed at the eventual design and construc­
tion of a practical gas centrifuge (unit 3) capable of operating on UFV. 
In this work NAIG is experimenting with different high-strength light 
weight UF^ and HF corrosion resistant materials such as various grades 
of duraluminum and fiberglass. The group hopes to be able to develop a 
practical gas centrifuge by 1966, capable of operation in a small pilot 
plant. The new unit would incorporate any _mprovements resulting from 
the testing of the two existing machines at AFC with the best engineer­
ing design developed at NAIG. NAIG is confident that a machine can be 
developed within this period which can be used to separate the isotopes 
of uranium economically. 

NAIG is currently engaged in dismantling and transferring units 1 and 2 
to Tokai-Kura. They will supply three technicians to help operate the 
units. Tiie work at NAIG is under the direction of Mr. Kunio Yoshimura 
who has helped with the design of the two units at the Institute. Ee 
has traveled extensively in Europe in conn-,4 'on with the study of the 
gas centrifuge and appears to be well aequs ed with the program under 
way both in Europe and In the United States. 

The Oca^a Metal Industries Company, the leading fluorine producer in 
Japan, has performed research work sine- FY 1958 aimed at the production 
of !TV. Development work en UF^-hanihirg apparatus is also in progress. 
An over-all study cf plant design for ..rani urn isotope separation was 
maie cy the Society of Chemical Engineers under direct contract with 
the Japan Atomic Energy Bureau. These studies include a feasibility 
analysis of the gaseous diffusion, gas centrifuge, and separation nozzle 
methods tc determine the most practical route for Japan to follow, and * 
to outline the technical problems involved witn each of these methods. [)T)*~~ 
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In addition to the experimental work described above, two papers of a 
theoretical nature by Eangawa and Oyama appeared in the Journal of the 
Atomic Energy Society of Japan in late 1961. The first of these dealt 
with the effect of the flow pattern on the separative capacity of a 
centrifuge, and the second with the expected variation of the over-all 
separation factor and separative capacity of the centrifuge with the 
feed rate to the centrifuge. These papers are comparable with those 
written by the US investigators at the start of the USAEC centrifuge 
program and indicate a familiarity witn the isotope separation theory 
developed by Karl Cohen and a basic understanding of the isotope separa­
tion processes in the gas centrifuge. However, in none of the published 
Japanese work do they make any comparison between the theory and thei r 
experimental results. 

Evaluation of the Program. Despite the auspicious start made by the 
Japanese centrifuge program as measured by the progress achieved during 
the first year, the program seems to have foundered. Their second 
machine, y. ĥ was to be essentially the equivalent of Groth's SG5, fell 
appreciabl/ short of this goal from a mechanical point of view, and 
furthermore on the basis of its separative capacity is much inferior to 
their original machine. This lack cf success can be attributed in part 
to the fact that there appears to be no great urgency Imposed upon tie 
current program to develop a gas centrifuge of high separative efficiency. 
This attitude is probably influenced not only by the high cost and un­
expected technical difficulties involved in developing the machine, but 
also because it is generally felt in Japan that a supply of enriched 
fuel for its second nuclear power plant (230-30C mw electrical) and 
probably for other future power reactors will be available from the 
United States or the United Kingdom or from other sources. Nevertheless, 
"oesause it may "become desirable sooner or later for Japan to produce 
her own enriched uranium supply, Japan has undertaken a centrifuge 
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development program air.ei at construct ing a prac t i ca l cer,tr Lft3c ty A A v 
FY 1966 which i s t^ ce followed cy a j r a i i centrifuge p"'l^t p lan t . *^ ■ " 
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THE NETHERLANDS 

Historical Background. A review of the information available on the 
Dutch centrifuge development program makes quite apparent the fact that 
the Dutch have divulged very little information regarding the scope of 
their work nor have they given any indication of the progress which they 
may have made. 

According to Kolstad<v̂ '' the Dutch centrifuge project is about six years 
old and in 1958, employed about 30 people. In spite of this there have 
been only two general papers plus a few patent applications from the 
Netherlands dealing with centrifuges and none of these is at all impres­
sive. The two papersC-'-OK-1--'-) originated at the Laboratory for Mass 
Spectrography, F.O.M., Amsterdam, where Dr. J. Kistemaker heads the 
group working on the centrifuge project. In 1958 it was reported that 
this group had no centrifuges in operation, but were actively studying 
the component parts. It was reported by Kolstad, however, that the 
Germans believe that the best Dutch centrifuge work is being done a- the 
Werkspoor N. V". Cpmooany. Little is known about the work there. Qne of 
the Dutch patents'-~ ', dated February 1958, describes a iloerglass centri­
fuge bowl. According to this patent, fiberglass is preferable to metal 
because of the ease of fabricating centrifuges from this material. 
Since no mention is made of ways to combat the problems of corrosion and 
of low tensile strength of the rotors in the axial direction, it is 
quite probable that no fiberglass materials had even been tested at that 
time. 

There had been some co-operation between the Dutch and West Germans up 
through i960 regarding centrifuge development. In a joint report to a 
meeting of the Executive Committee of the Research Syndicate for the 
Construction of a European Uranium Isotope Separation Plant, the Dutch 
and West German groups proposed ti t construction of a plant containing 
40,000 to 60,000 centrifuges, which would produce annually 200 tons of 
uranium containing 1.4$ U-235 and 7-7 tons annually of uranium containing 
20$ U-235 from 1000 tons of natural uranium ore and would require from 
30 to 42 megawatts of power. No mention was made of the type of centri­
fuges to be used in the proposed plant. 

The Dutch claim that the centrifuge which they are developing is different 
from the West German machine and requires less power for operation. In 
the paper which Kistemaker presented at Geneva in 1958^^' he mentioned 
four centrifuge models which may be indicative of the immediate goals of 
the Dutch program. The models are listed below. 
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Mods! cm z~ n/o'-o kg L'/yr c/centrifuge 

A 6c 10 300 1.3 55 

3 63 1C 350 2 > 200 

c 210 7 350 8.3 750 

D 120 5.- 4oo 8.3 750 

EicL of the ;=epaiaLive capacities in the above taole is , yi0 of the 
maximum theoretical separative capacity of the machine. The maximum 
allowable centrifuge cost is the price that one could afford to pay for 
a centrifuge and still produce enriched uranium at a price competitive 
with that given by US price list in. circulation at that tine. Kistemaker 
arrived at these figures by assuming that the power requirement would be 
aboit 100 watts per machine and that the total capital cost of a centri­
fuge plant would be twice the cost of the centrifuges alone. Kistemaker 
concludes by expressing the opinion that it appears doubtful that model A 
could be produced for $85 per machine; It is possible that model B could 
be produced for $200 per machine; and that there is a very good chance of 
producing models C and D for less than $750 per machine. It should be 
pointed out that C and D are supercritical machines. Concerning this, 
ICistemaker said in the 1958 paper, "We in Amsterdam have high hopes of 
surpassing difficulties with the gas extraction and those of nassing the 
criticais. " 

The Dutch centrifuge program was 
cl&soified late in i960 by the Government of the Netherlands at the requesl 
of the United States. 
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prccecs early in 1963 v." evidenced by their roquect that the United 
Stetec help them get copies cf certain East German centrifuge patentc 
which were­ in the pceoeoo­ion of the West German Government. In Kay of 
1963 the Netherlands announced the fact that they were embarking on a 
three year centrifuge development program which, if successful, would 
leal to a pilot plant for U­235­U­233 separation. A special research 
facility for gas centrifuge work Is being constructed at Duivendrecht, a 
suburb of Amsterdam for this purpose. 

Evaluation of Program. It should be evident from the foregoing description 
cf the centrifuge development work in the Netherlands that so little in­
formation is available that it is practically impossible to make any 
evaluation of the Dutch program. One is fuxcel, then, merely to speculate 
concerning the nature of their program and the direction it is taking. 

■PUBL.SC I c y 

It would be presumed from Kistemaker's presentation that the Dutch program 
was concerned primarily with the development of a supercritical machine. 
The lack of any subsequent information on the Dutch program is indicative 
only cf the fact that they have maintained an effective security program 
in this area. 

WEST GERMANY 

Historical Background. The German centr""" 'ge program has, up to the 
present time, consisted of two separate 1 a distinct development efforts. 
One part of the program has been the centrifuge project located at the 
University of Bonn, directed by Dr. W. Groth. This work is a continuation 
of the German wartime work and has been quite active since 1954. Dr. 
Martin's work at the University of Kiel is considered to be a part of this 
program. The other part of the Gerrrn program was carried on at the 
laboratories of DEGU3SA in Frankfurt where Dr. G. Zippe supervised ĥe 
development efforts. This work was a continuation of the Russian post­war 
centrifuge work in that it was based on the centrifuge which was developed 
by the Russian centrifuge group of which Dr. Zippe was a member. This 
project has been under way for about four years. 

Dr. Groth's work at Bonn was unclassified until the end of i960 when the 
West German Government followed the recommendation of the USAEC and 
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claosified all further developments in centrifuge technology. Much of 
the significant open literature en the gas centrifuge has been "cn-ribet-I 
^y this g^'Up of investigators. This program has always nad 3 strong 
engineering emphasis. Tie work has been directed toward the development 
of mechanically reliable centrifuges. PELETTED ~~ * 1 

1 , Their program can be summarised most 
conveniently by "considering the various centrifuges they have either con­
structed or plan to construct. The characteristics of these centrifuges 
are listed below. 

U 

Centrifuge 

UZ-I 

UZ-III B 

ZG-3 

ZG-5 

Length, 
cm 

40.0 

63.5 

66.5 

113.0 

Radius, 
cm 

6.0 

6.7 
9.25 

9.25 

Length-to-
Diameter 
Ratio 

3.33 

4.74 

3.6o 

7.03 

Peripheral 
Speed, 
m/sec 

302 

302 
302 
302 

Separative 
Capacity, 
kg U/yr 

0.582 

0.935 

0.97 
1.64 

DELETED 

Model UZ-I was constructed during World War II and was successfully 
separating the isotopes of uranium early in 1942. In 1943 a double 
centrifuge unit, the UZ-III A, was built. This machine, which consisted 
of two rotors spinning in opposite directions with a cyclical fluctuation 
in speed in order to provide the gas flow between them, was to be the 
basic processing unit of the German uranium isotope separation plant. 
Although completed, :e UZ-III A was damaged by the war before any UFV 
tests could be made. After the war an improved machine, the UZ-III B, 
was built which had the same dimensions as the UZ-III A but it, as well 
as all subsequent models, employed heated end caps to provide the internal 
countercurrent flow. The structural details of, and the experimental 
results from, the UZ-III B have been published in several places. A good 
review of this work was presented by Groth and 3eyerle(l3) in 1958. 

The ZG-3 centrifuge was described by Grothr J at Geneva in 1958 and 
some data were presented on the separation of the isotopes of argon and 
xenon. Although Groth stated that the ZG-5 was already in operation in 
1958, no data on the ZG-5 experiments were reported until a i960 paper(3) 
which dealt with the separation of the isotopes of argon. 
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The separative efficiencies have been computed for several of Groth's 
machines from his experimental data and are presented below. 

Centrifuge 

UZ-III B 

ZG-3 

Process 

UF6 

^6 

argon 
argon 
xenon 
xenon 

Gas 
Peripheral 
Velocity, 
m/sec 
252 

280 

268 
302 
268 
302 

Separative 
Efficiency, 

$ 
70 
7̂  

30 

23 
36 
30 

ZG-5 argon 298 39 

Groth was apparently disappointed by the low separative efficiencies 
obtained with the ZG-3 and ZG-5- The last paper published by the group 
at Bonn(15) deals with the possibility of increasing the separative 
efficiency of his centrifuges by impressing a radial temperature gradient 
across the end caps. The meager data presented in this article indica-? 
that an appreciable gain in efficiency may be attain?! In this manner. It 
is doubtful te^t there will be any further publications ey this group m 
the open literature until such time as the German Government changes its 
classification policy regarding the centrifuge process. 

Several nuclear research institutes have been established by the German 
Federal Republic. Groth is now supported in his research work by the 
Society for the Support Nuclear Science and Resc oh of the state of Nord 
Rhein-Westphalia. Part of this research organization is the Institute for 
Scientific Apparatus, Measuring and Control Engineering, Aachen, of which 
Dr. Konrad Beyerle is director. Several members of the staff were trans­
ferred from the Institute of Instrument Design of the Max Planck Society, 
Gottingen, which under Beyerle's direction designed the earlier centri­
fuges used by Groth. ___ 
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Another Beyerle-deeigned centrifuge was put in operation in the summer of 
1958 at Kiel Institute for physical Chemistry, Kiel, which is headed by 
Dr. Hans Martin. The unit is similar to those used by Groth in Bonn. 
Martin's centrifuge is mounted vertically and is aboit 4-l/2 feet long. 
Martin is continuing his theoretical ^nriioq on +he theory cf gas flew 
inside the centrifuge bowl. 

DELETED 

The centrifuge developed by Dr. Groth at Bonn is a relatively complex 
machine compared with the centrifuge model which was developed in Russia 
after the last "war (1946-1954) by a group headed by Dr. Max Steenbeck. 
Dr. G. Zippe, an Austrian who was interned by the Russians and who was a 
member of Steenbeck's group, came to the United States after his release 
by the Russians and in the period from July 1958 to June i960 duplicated 
at the University of Virginia the machine which had been developed in 
Russia. This centrifuge, which differs from the Groth-type centrifuge 
primarily in that it eliminates the need for complicated seals and 
bearings, has been termed the Zippe-type machine throughout this report. 
At approximately the same time that Zippe was duplicating the Russian 
machine at the University of Virginia, an associate of his on the Russian 
project, Rudolf Scheffel, was doing the same work in Frankfurt for I'EGUSSA 
These two men had an agreevit with one another regarding their work, and 
when Zippe's contract at V _,inia was terminated he joined Scheffel at 
DSGUSSA. 

DELETES 
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In connection with the German decision in i960 to classify the centrifuge 
program, it was their stated intention to consolidate all of the centri­
fuge development work in a new facility at Julich, near Aachen. Neither 
of the groups concerned was at all happy with this arrangement; neverthe­
less Zippe said they are planning to move all of the DEGUSSA centrifuge 
wcrk to Julich where it will be conducted directly for the West German 
Government. Similarly, Groth, although he has on sever? ' occasions said 
that he was going to terminate his research on centrifuges because of 
government interference and because he has been severely hampered by his 
Government's security regulations, apparently agreed in ffiid-1963 to move 
his laboratory to Julich and continue his work there. It has just recently 
been reported that Dr. Boettcher, director of the Atomic Research Center 
at Julich, has applied to the Nord Rhein-Westphalia authorities and to 
the Ministry for Atomic Energy for approval of a proposal to establish a 
centrifugal separation Institute at Julich. Sufficient funds were re­
quested to employ a staff of about 100 scientists at the centrifugal 
institute. Fifty percent cf the total expenditure would be met by the 
State of Nord Rhein-Westphalia and 50$ by German Federal Government. Tne 
DEGUSSA group, under Dr. Zippe and Dr. Scheffel, would form the nucleus 
of the centrifugal research staff. The total number cf German scientists 
currently engaged on the project is less than 25. However, Dr. Boettcher's 
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The interest v.hich Groth, a professor at the University of Bonn, has in 
the centrifuge process is probably primarily scientific and professional. 
His name has been associated with centrifuges for a long time, and the 
development of a successful centrifuge process would be a singular personal 
achievement. 

The interest ehown by the German Government evidenced by its eupport of 
the centrifuge project is much .mere difficult to assess. It is granted 
that the German Government is interested in supporting scientific 
activities at its institutes and 'universities, 
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