
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Estimation of overall separation factor of a gas centrifuge for different
multicomponent mixtures by separation theory for binary case
Houston G. Wooda; Chuntong Yinga; Shi Zenga; Yuguang Niea; Xiuyong Shanga

a Department of Engineering Physics, Tsinghua University, Beijing, People's Republic of China

Online publication date: 29 April 2002

To cite this Article Wood, Houston G. , Ying, Chuntong , Zeng, Shi , Nie, Yuguang and Shang, Xiuyong(2002) 'Estimation
of overall separation factor of a gas centrifuge for different multicomponent mixtures by separation theory for binary
case', Separation Science and Technology, 37: 2, 417 — 430
To link to this Article: DOI: 10.1081/SS-120000796
URL: http://dx.doi.org/10.1081/SS-120000796

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-120000796
http://www.informaworld.com/terms-and-conditions-of-access.pdf


ESTIMATION OF OVERALL SEPARATION
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ABSTRACT

Many elements in nature have three or more isotopes. One of the

important separation characteristics for a gas centrifuge for

multicomponent isotope separation is the overall separation factor

per unit molar weight difference, g0. It is desirable to estimate the

value of g0 for different process gases. A method of estimating g0

is given in this paper. The concept of separative power of a gas

centrifuge for a binary mixture is used. Finally, the parameters

that influence the value of g0 are shown and discussed.
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INTRODUCTION

The demand for stable isotopes has stimulated theoretical and experimental

research on gas centrifuge processes. For gas centrifuge cascade analysis, it is

necessary to know the separation characteristics of a single gas centrifuge. Many

stable elements have three or more components, which necessitates that we

consider the separation of multicomponent mixtures. One of the important

separation characteristics of a gas centrifuge for separating multicomponent

process gas is the separation factor. The separation factors of a gas centrifuge

between the ith and the jth isotopes, gij; can be expressed as gij ¼ g
Mj2Mi

0 (1),

where g0 is the overall separation factor for the unit molar weight mass difference.

De La Garza et al. (2,3) developed an R-matched cascade theory for

multicomponent separation. The method was developed in a number of papers

(4–7) for the gaseous diffusion process in which the separation factor is close to

unity. Other papers (8–13) discussed the multicomponent separation cascade of

stages with large separation factors and the separative power of a gas centrifuge

for multicomponent separation.

In a previous paper (14), we discussed the parameters that influenced the

overall separation factor per unit molar weight difference, g0: In that paper, we

calculated g0 by solving Onsager’s pancake equation for the countercurrent flow

field and the diffusion equation for some special examples. It was shown that the

important parameters are rD and A2:
The objective of the present paper is to find a method which may estimate

the overall separation factor per unit molar weight difference,g0; for any process

gas and explain the main parameters that influence g0: These parameters are

found to be the feed flow rate, the product rD; and the speed parameter, A2:

THEORETICAL ANALYSIS

Relation Between g0 and Feed Composition

The overall separation factor per unit molar weight difference,g0; is very

important for gas centrifuges analysis, especially in separating multicomponent

isotope mixtures. The question is whether g0 depends on the composition in the

feed flow. It is not easy to check it theoretically. Some calculations have been

made and the results are shown for a gas centrifuge separating tungsten. For the

process gas WF6, the natural composition is listed in Table 1.

Several calculations have been made, and the results are given in Table 2.

These results were obtained by changing the composition of C1F to the

composition of every other component. Say, if C1F is 26.416% this means that the

suppositional C1F is 26.416 and C2F is 0.14%. The other results in Table 2 are
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ORDER                        REPRINTS

obtained in a similar way. When C1F equals 0.14% the feed flow has natural

composition. In this case the value of g0; which is taken as 1.0000, is considered

as the standard to compare with other values of g0:
As shown in Table 2 the difference among the five examples is small. In

other words, the composition in feed flow has little influence on the overall

Table 1. The Natural Composition of WF6 (%)

C1F C2F C3F C4F C5F

Composition 0.14 26.416 14.409 30.618 28.417

Table 2. g0 for Different Feed

Composition

C1F (%) g0 (Relative Value)

0.14 1.0000

26.416 1.0043

14.409 1.0035

30.618 1.0091

28.417 1.0098

Figure 1. A schematic of a separation unit.
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separation factor, g0; which suggests the idea that we may use binary separation

system to calculate the overall separation factor, g0:

Separative Power for Binary Case

A schematic of a separation unit is shown in Fig. 1 where F, P, and W are

the feed, heads, and tails flow rates, respectively, and CF, CP, and CW are the feed,

heads, and tails composition, respectively.

The definitions of separation factors are as follows:

a ¼
CP=ð1 2 CPÞ

CF=ð1 2 CFÞ
ð1Þ

b ¼
CF=ð1 2 CFÞ

CW=ð1 2 CWÞ
ð2Þ

g ¼ a:b ¼
CP=ð1 2 CPÞ

CW=ð1 2 CWÞ
ð3Þ

If the process gas is considered as a binary mixture and that the molar

weight difference between two components is unity, the overall separation factor,

g; is just the overall separation factor for unit molar weight difference, g0: From

the mass balance the following equation is obtained

CF ¼ uCP 1 ð1 2 uÞCW ð4Þ

where u is the cut of the gas centrifuge, u = P\/F.

It is not difficult to obtain a relationship from the above expressions.

u ¼
ðb2 1Þ½1 1 ða2 1ÞCF�

ab2 1
ð5Þ

Separative power of the gas centrifuge, dU, equals the increment of value

through the gas centrifuge.

dU ¼ PVðCPÞ1 WVðCWÞ2 FVðCFÞ

¼ F½uVðCPÞ1 ð1 2 uÞVðCWÞ2 VðCFÞ� ð6Þ

where V is the value function. For the binary separation case, the value function is

defined as follows

VðCÞ ¼ ð2C 2 1Þln
C

1 2 C
:
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ORDER                        REPRINTS

Using Eq. (5) and the definition of the value function we obtain

dU ¼ F

"
ða2 1Þblnb2 ðb2 1Þlna

ab2 1
ð1 2 CFÞ

1
ðb2 1Þalna2 ða2 1Þlnb

ab2 1
CF

#
ð7Þ

dU is a function of F, a; b; and CF. In fact, there are five variables besides

F, i.e., u; g; a; b; and CF. However, two relations, i.e., Eqs. (3) and (4) exist, so

only three of the five variables are independent. Then, we may say that dU is a

function of F, u; g; and CF.

For some special cases dU is independent of CF.

A. CF!1

For low composition CF, 1 2 CF < 1:

dUL ¼ F
ða2 1Þblnb2 ðb2 1Þlna

ab2 1
ð8Þ

or

dUL ¼ F{ln½1 1 uðg2 1Þ�2 ulng} ð9Þ

B. CF < 1

For high composition, 1 2 CF is neglected.

dUH ¼
ðb2 1Þalna2 ða2 1Þlnb

ab2 1
ð10Þ

or

dUH ¼ F{ln½1 1 ð1 2 uÞðg2 1Þ�2 ð1 2 uÞln g} ð11Þ

C. Symmetric separation

In this case a ¼ b ¼
ffiffiffi
g

p
; and the separative power is

dUS ¼ F

ffiffiffi
g

p
2 1ffiffiffi

g
p

1 1
ln

ffiffiffi
g

p
ð12Þ

dUS is independent of u:
D. CF ¼ 0:5
Let CF ¼ 0:5; a separative power called dUM is obtained as:

ESTIMATION OF OVERALL SEPARATION FACTOR 421

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

dUM ¼ F ð1 2 uÞln g2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg2 1Þ2 u2 1

2

� �2
1g

q
2 ðg2 1Þ u2 1

2

� �
2 1

g2 1
lng

2
4

3
5 ð13Þ

The dependence of separative power on CF is shown in Fig. 2.

The curves in Fig. 2 show that the high composition approximation and

symmetric separation overestimate the separative power, the low composition

approximation underestimate the separative power, and the dUM; i.e., CF ¼ 0:5 is

a good one. The curves obtained in Fig. 2 are for the special case g ¼ 1:40 and

u ¼ 0:45: For this example, the absolute value of the relative error of dUM to dU

for different CF is less than 2%. The other three approximations have one sign

error, i.e., the error is positive or negative for any CF: For a very wide range of g

and u; the relative error of dUM to dU for different CF is small. For example, for

g0 ¼ 1:0 , 1:9; u ¼ 0:35 , 0:65; the absolute values of the relative error are

less than 5%. It is possible to use dUM to express the separative power without

considering the feed composition.

Figure 2. Dependence of separative power on CF.
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Estimation of the Overall Separation Factor, g0

According to Cohen’s theory (15) for binary gas centrifuge separation, the

maximum theoretical separative power of a gas centrifuge, dUmax;theor is equal to

dUmax;theor ¼
p

2
rD

DMV2r2
a

2RT0

� �2

ZH ð14Þ

where r is the density of process gas, D is the diffusion coefficient of process gas,

V is the angular velocity of the gas centrifuge, ra is the radius of the cylinder, ZH

is the length of the cylinder, T0 is the temperature, and R is the universal gas

constant.

Suppose DM ¼ 1; then we have:

dUmax ¼
p

2
rD

A2

M

� �2

ZH ð15Þ

Here A2;MV2r2
a=2RT ; M is the molar weight of the process gas.

The actual separative power of a gas centrifuge, dUR is less than dUmax;
and it is a product of dUmax and separation efficiency, E.

dUR ¼ EdUmax ð16Þ

E may be expressed in terms of four efficiency factors (16).

E ¼ ECEIEFEE ð17Þ

where EC is the circulation efficiency, EI is the ideality efficiency, EF is the flow

pattern efficiency, and EE is the experimental efficiency. The circulation

efficiency for a countercurrent gas centrifuge is given by

EC ¼
m2

ð1 1 m2Þ

where m is a number which is proportional to the circulation rate. It is reasonable

to take m ¼ 4 which gives EC ¼ 0:94: The ideality efficiency, EI, depends on the

distribution of the circulation rate along the rotating axes. If the circulation rate is

constant along the axes, maximum value of EI is 0.8145. Of course, when the

distribution of circulation rate is close to an optimal one EI can approach unity.

The flow pattern efficiency depends on the value of the speed parameter A2: For

modern gas centrifuge A2 is very high for uranium isotope separation, but

sometimes it is not very high for non-uranium isotope separation, especially for

light and middle weight isotopes. Figure 3 shows a dependence of EF on A 2

which is obtained following Ref. (17).
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ORDER                        REPRINTS

The maximum EF exists near A2 ¼ 6:0: As to the experimental efficiency,

EE, many factors may affect it. When no reference data are present, let EE ¼ 1:00:
Now we may estimate the value of g0: First the necessary data are needed,

such as rD of the process gas, the molar weight of the process gas, the peripheral

velocity of the cylinder, V ¼ Vra; etc. Then, the expected separation power of the

gas centrifuge is obtained from dUR: Choosing one of the separation power

expressions dUL; dUH; dUS; or dUM; say dUM; and taking dUM ¼ dUR; finally

the overall separation factor per unit molar weight difference, g0; is obtained by

Eq. (13).

As an example, suppose that the peripheral velocity of the gas centrifuge

cylinder, V ¼ 500 m=sec; the feed flow rate F ¼ 6 g=hr; u ¼ 0:45; rD ¼

3:098 � 1025 kg=m=sec; the process gas is Xe, its average molar weight M ¼

131:29: Finally, g0 ¼ 2:18:
When we change the value of u and keep the other parameters unchanged,

we obtain the dependence of g0 on the cut, u which is shown in Fig. 4. The curve

is similar to Fig. 2 in paper (13).

Figure 5 shows the dependence of g0 on the feed flow rate with the other

parameters unchanged.

Figure 3. Dependence of EF on A 2.
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The results of the example are compared with that obtained by solving a set

of diffusion equations in a multicomponent mixtures in a gas centrifuge (14). The

values and curve trends are agreed very well.

DISCUSSION AND CONCLUSIONS

Using the concept of separative power of binary case the estimation of the

overall separation factor per unit molar weight difference, g0; is possible. From

Eqs. (13) and (15) g0 is a function of the following parameters: the cut u; the feed

flow rate F, parameter rD; and speed parameter A2: We will discuss the influence

of the parameters below.

A. The dependence of g0 on u is shown in Fig. 4. The relationship

between g0 and F is shown in Fig. 5. These two figures are obtained

with the other data fixed.

B. Influence of A2.

Suppose the following parameters are fixed:

Figure 4. Dependence of g0 on u:
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V ¼ Vra ¼ 500 m=sec; u ¼ 0:45; rD ¼ 3 � 1025 kg=m=sec; F ¼ 50 g=hr:
We obtained the dependence of g0 on A2 as shown in Fig. 6.

If the feed flow rate is changed from 50 to 6 g/hr, then Fig. 7 is obtained.

The difference between Figs. 6 and 7 is the feed flow rate. The larger the

rate, the lower is the separation factor. Both the curves have a

maximum near A2 ¼ 6:0: The results are similar to that in paper (14).

The reason why the curve has its maximum at this value is because

flow pattern efficiency has a maximum near A2 ¼ 6:0 (see Fig. 3).

C. Influence of rD:
Taking V ¼ Vra ¼ 500 m=sec; u ¼ 0:45; A2 ¼ 18:0; and F ¼ 50 g=hr; the

dependence of g0 on rD is calculated and shown in Fig. 8. Using

F ¼ 6 instead of 50 g/hr and A2 ¼ 6:0 instead of 18.0, the curve

g0 , rD is shown in Fig. 9.

Figures 8 and 9 show that the higher the value of rD; the larger is the

separation factor, g0: This is because the separative power is proportional to rD:
The conclusions are:

A. For estimation of the overall separation factor per unit molar weight

difference, g0; it is possible to use the concept of separative power for

binary mixture.

Figure 5. Dependence of g0 on the feed flow rate, F.
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Figure 6. Dependence of g0 on A 2:

Figure 7. Dependence of g0 on A 2:
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Figure 8. Dependence of g0 on rD:

Figure 9. g0 , rD:
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ORDER                        REPRINTS

B. The feed composition has little influence on separative power. It is

better to take CF ¼ 0:5 and use dUM as the separative power when

we estimate g0:
C. g0 is a function of u; F, rD; and A2: In the range of u between 0.2 and

0.8, g0 changes a little with the minimum about u ¼ 0:5: When F

increases, g0 decreases, and g0 increases with rD: g0 has a maximum

near A2 ¼ 6:0:

REFERENCES

1. Ying, C.; Guo, Z.; Wood, H.G. Solution of the Diffusion Equation in a Gas

Centrifuge for Separation of Multicomponent Mixtures. Sep. Sci. Technol.

1996, 31 (18), 2455–2471.

2. De La Garza, A.; Garrett, G.A.; Murphy, J.E. Multicomponent Isotope

Separation in Cascades. Chem. Engng Sci. 1961, 15, 188–209.

3. De La Garza, A. A Generalization of the Matched Abundance-Ratio

Cascade for Multicomponent Isotope Separation. Chem. Engng Sci. 1963,

18, 73–82.

4. Levin, S. The Separation of Isotopes of Elements Other Than Uranium by

the Gaseous Diffusion Process. J. Chim. Phys. Phys.—Chim. Biol. 1963,

60, 218–223.

5. Kolokoltsov, N.A.; Laguntsov, N.I.; Nikolaev, B.I.; Sulaberidze, G.A.;

Tretjek, S.A. Problem of Cascade Design for Separation of Multi-

component Isotope Mixtures. Sov. At. Energy 1970, 29 (5), 425–429.

6. Kolokoltsov, N.A.; Sulaberidze, G.A. Study of Effective Non-symmetrical

Multicomponent Isotope Separation Cascades. Sov. At. Energy 1971, 31

(3), 223–225.

7. Kolokoltsov, N.A.; Laguntsov, N.I.; Sulaberidze, G.A. Selection of

Optimal Values for Concentration of Key Isotope in Waste of a Cascade for

Separation of Multicomponent Isotope Mixtures. Sov. At. Energy 1973, 35

(2), 127–128 (in Russian).

8. Yamamoto, I.; Kanagawa, K. Multicomponent Isotope Separating Cascade

Composed of Elements with Large Separation Factors. J. Nucl. Sci.

Technol. 1978, 15 (8), 580–584.

9. Kai, T. Theoretical Analysis of Ternary UF6 Gas Isotope Separation by

Centrifuge. J. Nucl. Sci. Technol. 1983, 20 (6), 491–502.

10. Von Halle, E. Multicomponent Isotope Separation in Matched Abundance

Ratio Cascade of Stages with Large Separation Factors. In Proceedings of

the First Workshop on Separation Phenomena in Liquids and Gases;

Roesner, K., Ed.; Technische Hochschule, Darmastadt, Germany, July 20–

23, 1987.

ESTIMATION OF OVERALL SEPARATION FACTOR 429

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

11. Borisevich, V.D.; Potapov, D.V.; Sulaberidze, G.A.; Jiang, T.; Chuzhinov,

V.A. Multicomponent Isotope Separation in Cascades with Additional

External Flows. In Proceedings of the Fourth Workshop on Separation

Phenomena in Liquids and Gases; Ying, C., Ed.; Tsinghua University,

Beijing, People’s Republic of China, August 19–23, 1994.

12. Sulaberidze, G.A.; Borisevich, V.D.; Gorbanev, A.S. Modern Concept of

Separative Power and Bounds of Putting it into Practice. In Proceedings of

the Fifth Workshop on Separation Phenomena in Liquids and Gases;

Schwab, C., Ed.; Iguassu Falls, Brazil, September 22–26, 1996.

13. Wood, H.G.; Borisevich, V.D.; Sulaberidze, G.A. On a Criterion Efficiency

for Multi-isotope Mixtures Separation. Sep. Sci. Technol. 1999, 34 (3),

343–357.

14. Ying, C.; Zeng, S.; Nie, Y.; Shang, X.; Wood, H.G. Overall Separation

Factors for Stable Isotopes by Gas Centrifuge. Sep. Sci. Technol. 2001, 36

(2), 159–175.

15. Cohen, K. The Theory of Isotope Separation; McGraw-Hill: New York,

1952; 164pp.

16. Hoglund, R.L.; Shacter, J.; Von Halle, E. Diffusion Separation Method. In

Kirk–Othmer Encl. Chem. Technol., 3rd Ed.; Kirk, R.E., Ed.; John Wiley &

Sons, Inc.: New York, 1978; Vol. 7, 695.

17. Parker, J.J. US AEC Rep. NYO-7348; 1956.

Received November 2000

Revised April 2001

WOOD ET AL.430

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS120000796

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=Estimation+of+overall+separation+factor+of+a+gas+centrifuge+for+different+multicomponent+mixtures+by+separation+theory+for+binary+case&offerIDValue=18&volumeNum=37&startPage=417&isn=0149-6395&chapterNum=&publicationDate=02%2F11%2F2002&endPage=430&contentID=10.1081%2FSS-120000796&issueNum=2&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A44%3A22&publisherName=dekker&orderBeanReset=true&author=Houston+G.+Wood%2C+Chuntong+Ying%2C+Shi+Zeng%2C+Yuguang+Nie%2C+Xiuyong+Shang&mac=ZAfVnys2ScjcHUplE4aJ0w--

