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It was agreed as a conclusion of the HEXAPARTITE project that a
limited frequency unannounced access (LFUA} inspection should be carried
out in a centrifuge type enrichment plant as-a basic safeguards approach.
It might be adopted at a large scale, future commercial enrichment plant,
too. Application of the LFUA approach to such a plant, however, should
be fully investigated because the plant will have not only a larger
capability of enriching uranium 235 but also a more sensitive information
to be protected from the commercial and non-proliferation viewpoint. As
a part of a design study on the safeguards approach for a model commercial
plant, a study of process simulation of the plant has been carried out.
This report describes a result of .the study.

When a commercial uranium enrichment plant is constructed, a nuisance
problem arises; What kind of products should be produced from the plant
in order to match a wide range of nuclear fuel enrichment requirements for
light-water power reactors. In this report, a reasonable solution to such
a problem is investigated.

At first, a transient analysis of start-up for a model centrifuge
cascade is made by using the dynamic equations, which were so developed
as to be able to accurately compute interstage flow rates and enrichment

in a transient state. Then it is investigated how wide in its acceptable
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range the product enrichment can be controlled by regulating cascade
characteristic parameters such as cascade cut, recycle flow rate and
cascade feed flow rate, and as a result an information about the optimal
regulating mode is brought out.

As a result of this study, it has become clear that the specific
requirements of a customer are almost fulfilled with only one type of
unit cascade system if 10% loss of cascade efficiency is allowed in the

plant operation.

Keywords: Safeguards Design, Process Simulation, Uranium Enrichment,
Nuclear Fuel, Light-Water Power Reactor, Centrifuge, Cascade,
Start-up, Dynamic Equation, Interstage Flow, Product
Enrichment, Transient State, Cut, Recycle Flow, Feed ¥Flow,

Cascade Efficiency
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1. Introduction

Recently, enriching uranium by a laser method [1,2,3] has rapidly been
in the spotlight and is gathering high expectations as a subsequent new
enrichment technology. ©On the other hand, in Japan, a commercial enrichment
plant is being constructed [6] on a basis of the centrifuge technology [4,5]
developed over a long period of time. Since the design product enrichment in
an enrichment plant has to be adjusted to the enrichments required by
operators of low enriched uranium fuel fabrication facilities for providing
LWRs with their nuclear fuel, it is meaningful to discuss about this matter
from the viewpoint of efficient operations of a plant at the stage of

constructing commercial enrichment plants.

Initial loading fuel or replacement fuel to LWRs, in general, needs to
have a wide range of enrichment spectrum, and there is a tendency for the
enrichment to shift to higher one for attaining much higher burn-up. One
possibility teo cope with such situation is to produce LEU with several
different enrichments and to blend them properly to attain a suitable

enrichment.

In this study, consideration is paid to a method in which the design
product enrichment is changed and adjusted to a desired one by regulating
characteristic parameters of cascade. From this result the knowledge is
obtained on an operation mode suitable for the adjustment of enrichment of
low enriched uranium, a separation characteristic reguired for centrifuge
machines, and on basic elements to determine the kind of cascade to be

constructed.

2. Flow Equations and its Calculation Method for a Transient Cascade

In a cascade dynamics egquation, it is often assumed that the flow rate
is constant independent from time [(7,8,9]. This assumption, however, is
incorrect when the flow rate is greatly changed within the cascade by the
start—up, shut-down or other operations. Since the variation of flow rate
plays an especially important role in the dynamics analysis of centrifuge
cascade, it is necessary to use a dynamics eguation in which such
consideration is fully observed [10]. Here the calculational procedure is

described briefly.

Fig. 1 shows a generalized flow diagram where there are removal/feed of
nuclear material from/to an intermediate stage. For each stage there are
removal, p'j l(or p"j), and feed, f£'j (or £"j), of nuclear material from/to
the path of enriched flow (or depleted flow) between stages, and Bj and CjJ
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are a junction of the flows with identical or different enrichment. Aj is a
junction of the flows with different enrichment. Since the flows, p'j and
f'3 (or p"j and £"j), in each path may be used to connect cascades or to
construct a recycle flow, this cascade model makes it possible to analyze the
dynamics of the cascade with more complicated flow paths. In the figure, a
recycle flow is, as an example, shown which connects the flow, p'j-1l, from
the path of enriched flow of the (j-1)—-th stage with the flow,f"j, to the
path of depleted flow of the j—~th stage.

For the cascade with such flows, the basic eguation for the inlet flow

rate, L3j, in the j-th stage is described as follows:

Lj{t) =L {t+h;+n})+L; (t+hy+h7) (1)
01 =L’J(t+hj+h’J)/LJ(t) (2)
Ly () =Ly () #L5p () + 81+ 51— pf 1~ plo t3)

Here it is assumed that it is possible to omit the second crder differential
terms with regard to time and that the cut and the holding time are constant
independent from changes of the flow rate. Then, the dynamics eguation for

the enriched flow rate, L'J, is described as follows:

For stages from the upper most stage in the enriching section (j=8) to the

first stage,

’ ’ » 5_1 S
_‘LS (t) +Lj_1 (1) _L_] (t) + T (fl—pi)+i=2j+1 (fi_Pi)
S dL; {t)
1=} dt
(stvl. i 2: 1)

For stages from the feed stage (J=0) to the {(-(B-1))-th stage,
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K 51 S
2 Fp—Lo () +Li_ (1) -L" () + & (" —pY+ 3 (f"—p")
g=1 ¢ 78 =1 ) j=j—p 1 ! i=j+1 P

S dLt (1)
~ ¥ @, 2 (5}
1= dt
(j=0, -1, -2, =, —(B—1)]
For the bottom stage of the stripping section (3=-B),
k 5—1 S
2 Fp—L&(t)—L )+ % (f/-pDD+ J (f% —p?)
o= ¢ 78 B =i S S e e L
S dr; (t)
= X Q : (6)
i=—B dt
where,
dL* (t
L3 (1) = G (0 — L) (0 + (hf—h7) (K -1 21 m
dt
Gi (1) = —— L (1)
j (0= ‘91‘ i (8
.
Kj = . {9)
]

Here, L'S(t) and L"-B(t) are corresponding to the product flow rate, P{(t),
and the tail flow rate, W(t}, respectively. In order to solve these
equations, they are converted to difference egquations as shown in Appendix,
Likewise, similar difference eguations are obtained for the inlet flow rate,
L'j(t), and for the depleted flow rate, L"j(t). These flow rates, however,
can be solved in principle using the numerical solutions of L'j(t) and L'j{t+

4+).
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In general, variation of the inlet flow rate at each stage of the
cascade causes the changes of processed flow rate for each centrifuge machine
set up at that stage. Therefore, depending on the fluctuation of this
processed flow rate, the separation characteristics [11] of the centrifuge
machine should be calculated at the same time for the separation factors,
aij(t) and fj(t) at the time, t. Then, using these aj(tl, gile),
Li(t), L'j(t), and L"j(t), the time dependent changes of enrichment are
calculated. Here, the dynamics equation for the enrichment, N'j(t}, in the
enriched flow at the j-th stage can be easily derived in the same way as for
the flow rate, L'j(t) [12], Furthermore, it has been devised that the
cascade feed flow rate, F, and the flow rates of p'j, p"Jj, £'J and £"j can be
given separately in the computer code (CCS5-T: Centrifuge Cascade Simulation -
I) the authors have developed.

3. Accurate Product Enrichment Profile at a Cascade Start-up

In a commercial enrichment plant, quite a lot of unit cascades are
constructed, each of which is a minimum unit of cascade with small separative
work unit (SwWU), and the enriched uranium is produced by operating these unit
cascades in parallel. As an example of this unit cascade, Fig. 2 shows the
cagscade of 20 ton SWU/y. The number of model centrifuge machines for each
stage is proportional to the size of the segment described in the figure and
both the enriching section and the stripping section are composed of about
the same number (1430) of centrifuge machines. The cascade, however, 1is noct
an ideal cascade in a strict meaning bzcause the cut for each stage 1is
assumed to be identical to that of centrifuge machines. Below, & transient
characteristic of this unit cascade is investigated at the initial feeding

phase {start-up) {13].

According to a given start-up procedure, the cascade is supplied with
natural uranium and after 60 minutes the designed feed flow rate of F=26.19
ton Ufy is reached. Fig. 3 shows the changes of inlet flow rate at each
stage for such start-up operation. The figure displays a way of transferring
the feed material step by step among stages from the feed stage to the top
stage of the enriching section on one hand and to the bottom stage of the
stripping section on the other hand. The removal of tails from this cascade
starts about 50 minutes after the start-up of feeding and the product 1is
produced a little later than the tails because of a greater number of stages
in the enriching sectiomn. At the stationary state, the product flow rate
reaches to P=4.13 ton U/y.

On the other hand, corresponding to such variation of inlet flow rates

the gradient of enrichment within the cascade is changed rapidly. Fig. 4
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shows such changes to the elapsed time as a parameter. At the stationary
state (t=eo), the enrichment of enriched flow at the top stage of the
enriching section, N'12 (=Np) accurately reaches to the design value of
3.345%. Here it should be noted that the gradient of enrichment is shown by
a dotted line (t=200 min.) if the inlet flow rate to each stage is assumed to
be always constant even at the time of start-up. It is guite clear that
there is a big difference if this gradient is compared with the corresponding
solid line which is the result of the numerical calculations carried out
under the accurate assumption. It is noted that this fact has become clear
only by accurately calculating time dependent flow rates and by
simultaneously solving the eguations for enrichment. In this sense, the
calculation model adopted here would more accurately simulate the dynamics of

a real cascade.

At the start-up of the cascade, product of higher enrichment (<20%) than
the designed cne is temporarily produced. Fig. 5 shows the amount of product
and its average enrichment. Here the dotted line shows an approach to the
stationary value of the flow rate of product from the top stage of the
cascade, and the solid line gives the integrated amount of product

corresponding to the elapsed time.

On the other hand, from the figure it is understood that the product
enrichment is homogenized and averaged at such a collection stage as the cold
trap and is retrieved into a cylinder as normal low enriched uranium, because
a time-dependent behavior of the average product enrichments given at several
points of time on the sclid line shows this fact. For example, the average
product enrichment is 5.9% and the amount of product is about 3000 gU at the
time when the product flow becomes nearly stationary (t=600 min.).

4, Change of a Design Product Enrichment by regulating Cascade Parameters

It is possible to produce a product which has enrichment different from
the design by regulating characteristic parameters of the cascade {14,15].
Consideration is paid here to have a product with the desired enrichment by
regulating the cascade cut, a recycle flow rate or the feed flow rate.
Firstly, the changes of inlet flow distribution within the cascade are
investigated for the case where the designed cut for each stage of the
cascade is changed simultaneously to another cut. As a mode of changes of
the cascade cut, typical three cases are selected, i,e., changes for all
stages of the cascade (CASE-I), changes for all stages of the enriching
section (CASE-IL), and changes for all stages of the stripping section (CASE-
III). Fig. 6 shows the inlet flow distributions for the CASE-I where the
designed cut is changed to f = 0.44, C.5 and 0.53. It is shown here that
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the inlet flows distribute linearly against the stage numbers for the case of
the cut being 0.5 for all stages of the cascade because the enriched flow
rate 1is identical to the depleted flow rate for each stage. For a smaller
cut than 0.5, a reduction rate of total inlet flow rate within the anriching
section is larger than that of the stripping section. Fig. 7 shows the
changes of total inlet flow rate within the cascade for such changes of the
cut. In this figure, however, the total inlet flow rate and the cut are
normalized by the corresponding operational values. Wnhile in CASE-ITII the
total inlet flow rate is increased when the cut is increased, in CASE-I the
total inlet flow rate turns out to be maximum when the cut, #%*, is 1,085,
In CASE-II the total inlet flow rate is not so much changed by the cut, §7.

Fig, B8 shows an effect on the product enrichment of the changes of total
inlet flow rate within the cascade. In general, the product enrichment
becomes high if the cut is decreased. Especially this tendency is remarkable
for CASE-I and CASE-II. If a feature of the inlet flow distribution given in
Fig. 6 is taken into consideration, it is understood that this shows the
gseparation of two—-component gas has further stepped forward in the enriching
section, Tf the cut regulation is used for adjusting the product enrichment,
CASE-III is superior among three cases because the control would be easy due

to slow changes against the cut regulation.

Secondly, changes of the product enrichment are investigated for the
case of recycle flow where a part of the enriched flow rate at the j-th
stage, p'Jj, is connected with f£'3-1, feed flow rate to the path of enriched
flow at the adjacent (j-1)-th stage. Here a ratio of p'j to L'j is defined
as the recycle flow rate. Relationship between this recycle flow rate and
the product enrichment is shown in Fig. 9 for each of the stages in the
enriching section (j= 3, 7, 9, and 11). This figure shows that the product
enrichment is more gradually changed at a stage near the top one in the
enriching section. It also shows that the preduct enrichment is rapidly
increased if the recycle flow rate is increased at any stages. In this case,
however, the product enrichment may be limited because of the mechanism for

separation in a centrifuge machine.

The cut regulation and the recycle flow regulation described above are a
special method for adjusting the product enrichment, not usually applied to a
normal enrichment plant., Against these two methods, the easiest possible is
to control the feed fiow rate to the cascade. Fig. 20 shows the dependency
on the feed flow rate of the preduct enrichment for this case. The figure
shows that the product enrichment is gradually increased when the feed flow

rate is decreased.
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5. Tnvestigations of Cascade Efficiency and an Adjustable Range of Product

Enrichment

In the previous section, changes of the product enrichment are
investigated against the control of one of three parameters. In any case,
the separative work units of the cascade are decreased because cof the
departure from the cptimal operaticnal conditions, Namely the efficiency of
the cascade is decreased. For example, as shown in Fig. 10, the efficiency
declines if the feed flow rate is changed from the optimal flow rate, while

the efficiency is 100% at the normal feed flow rate.

If the cascade efficiency is permitted to decrease to 90% in operation,
a curve of the cascade efficiency shown in Fig. 10 gives evidence to the
possibility of adjusting the product enrichment from the lower limit of 2,66%
to the upper limit of 3.,83%. It is understoced that the smaller is the
decrease of separation power of a centrifuge machine against the change of
feed flow rate, the wider range of enrichment adjustment is possible. Fig.
11 shows the relationship between an adjustable range of product enrichment
and the cascade efficiency. It shows that in CASE-III, where the cut is
regulated at all stages in the stripping section, the widest range {(Region I)
of product enrichment is possible among three cases of parameter control,
while a high efficiency of the cascade may be maintained. On the other hand,
in the case of control of the recycle flow rate of enriched flow, it is
possible to adjust the product enrichment within the range (Region [I) from
the designed enrichment, Np = 3,345%, toc the upper limit of 3,70%, under the
condition of more than 90% cascade efficiency. This adjustable range,
however, is included in that of the corresponding feed flow rate regulation

{Region IIT1}.

Furthermore, under the condition of more than 95% cascade efficiency in
operation, an adjustable range of product enrichment is extremely narrow
except for CASE-III. Especially, in the case of control of the feed flow
rate, a separate unit cascade should be constructed for producing a product
with lower enrichment than the designed enrichment., In this way, only if a
high cascade capacity is permitted for the plant operation, then types of
unit cascades should be increased in order to provide customers with a
variety of product enrichments. Therefore, the final decision on how to
construct the cascade system as a whole plant should be made based on this
fact as well as the blending loss [16], etc.

6. Conclusion

The result of the study is summarized as follows:
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5. Investigaticns of Cascade Efficiency and an Adjustable Range of Product

Enrichment

In the previous section, changes of the product enrichment are
investigated against the control of one of three parameters, In any case,
the separative workK units of the cascade are decreased because of the
departure from the optimal operational conditions. Namely the efficiency of
the cascade is decreased, For example, as shown in Fig, 10, the efficiency
declines if the feed flow rate is changed from the optimal flow rate, while

the efficiency is 100% at the normal feed flow rate.

If the cascade efficiency is permitted to decrease to 90% in operation,
a curve of the cascade efficiency shown in Fig. 10 gives evidence to the
possibility of adjusting the product enrichment from the lower limit of 2.66%
to the upper limit of 3.83%, It is understcood that the smaller is the
decrease of separation power of a centrifuge machine against the change of
feed flow rate, the wider range of enrichment adjustment is possible, Fig.
11 shows the relationship between an adjustable range of product enrichment
and the cascade efficiency. It shows that in CASE-III, where the cut is
regulated at all stages in the stripping section, the widest range {(Region T)
of product enrichment is possible among three cases of parameter control,
while a high efficiency of the cascade may be maintained., On the other hand,
in the case of control of the recycle flow rate of enriched flow, it is
possible to adjust the product enrichment within the range (Region TII) from
the designed enrichment, Np = 3.345%, to the upper limit of 3.70%, under the
condition of more than 90% cascade efficiency. This adjustable range,
however, is included in that of the corresponding feed flow rate regulation

{Region TIT}.

Furthermore, under the condition of more than 95% cascade efficiency in
operation, an adjustable range of preduct enrichment 1is extremely narrow
except for CASE-III. Especially, in the case of control of the feed flow
rate, a separate unit cascade should be constructed for producing a product
with lower enrichment than the designed enrichment. 1In this way, only if a
high cascade capacity is permitted for the plant operation, then types of
unit cascades should be increased in order to provide customers with a
variety of product enrichments, Therefore, the final decision on how to
construct the cascade system as a whole plant should be made based on this

fact as well as the blending loss [16], etc.

6. Conclusion

The result of the study is summarized as follows:
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(1) Flow eguation for a cascade in a non-stationary state has been derived.
As a result, it becomes easier to do a design calculation for a cascade

with an arbitrary cut for each stage.

(2} If there are substantial changes in the flow rates within a cascade, the
usual constant-flow-rate model cannot give an accurate prediction of
dynamic behavior of nuclear material in the cascade. The calculation
model develcped in this study to cope with such changes of flow rates
can give more realistic numerical solution, which has bheen shown in a

case study applied to the start-up operation of the cascade.

(3) In this study, three methods have been investigated, in each of which a
specific parameter of cascade 1s controlled. In the case of cut
reqgulations, the cut regulation in the stripping section is suitable
among three modes for adjusting the production enrichment for low
enriched uranium. Besides, it 1s possible to obtain a wide range of

product enrichment with a high cascade efficiency.

(4} In the case of control of the recycle flow, recycle operations at the
top stage in the enriching section is suitable for adjﬁsting the product
enrichment for low enriched uranium, compared with other stages, because
a range of flow rate control is wide and a change of enrichment is

gradual,

{(5) The most realistic method for adjusting the product enrichment for low
enriched uranium is to control the feed flow rate to the cascade. In
this case, important factors to decide the type of cascades to be
constructed for each kind of preoducticn are an acceptable efficiency of
cascade, a feature of separation for the centrifuge machine, and a

spectrum of enrichment to be covered by the cascade, etc.

The following problems should be sclved in a future study: i.e.,
although it is difficult to predict theoretically the relationship between =z
feed flow rate and a circulating flow rate within a centrifuge machine,
separation factor, or holding time because of a complicated gas dynamics, the
calculaticon model should be improved or modified so as to give a genuine
value to these parameters, It is, of course, the most idealistic to modify
the calculation model directly using the data obtained in an experimental
centrifuge plant. Furthermcre, if a pulse cperation is carried out so as to
positively use the sharp increase of the product enrichment at the start-up
operation, then a higher enrichment will be obtained as a product. Scme
theoretical study is also expected with regard to the control of this

periodic, pulsed operaticn in the near future.
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Fig. 1  Generalized flow diagram near by the j-th stage in a cascade



JAERI—M 89 — 059

F=26.19(ton U/y)

Feed stage

Stripping section
Enriching section

Bottom stage . Top stage

W=22.06{tonU/y)
P=4.13(tonU/y)

.

Fig. 2 Example of a unit cascade composed of model UF6 gas centrifuges
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Fig. 4 Transitional profile of concentration gradient in a centrifuge
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Appendix Difference Equation on an Enriched Flow at each Stage of a Cascade

{Enriching section]

Lg(t+dt) = Lg (1) + [Lé_}(t)“GS (t)+f§_1—pé_1}dt

(hg +hg ) Kg

(j=S8) (A1)

L} (t+d ) =L (0 + {{ —Lg () +L%_ (1) =G ;1)

th j+h’j) K;

$—1 S
+L5+ ¥ (fi-pd+ X (f;—p;)}dt
i=j-1 i=j+1

S
- 2 Qi{L'i(tht}-*L’i(t)}} (A 2)
+1

i=]

Ci=t, 2, - (S-1)]

[Feed stage)

k
L, (t+d1t) = Li(t) + J Fp (1) ~Lg(t) +L" (1)
1 =1

1 [{
(hy+h’, VK, /=

— S
G, (M) +L; (D + XY (fj-ppD+ ¥ (f’i'—p;)}dt

i=- i=1

1=1

- 2 Qi{L,i(t‘i‘dt)_L_’i(t) }J {A 3)

(j=0)
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[Stripping section]

’ P 1 k
L 41y = iy ’
o (e+de) = L7 (0) + b b K { €2=II Fp(t) —Lg(t) +L_, (t)
, S5—1 , , S . .
—-G_ (t}+L_ (1) + 22 (fi—pi)+ 2 (fi—pi) }-At
i=— i=0
S
1:

{(j=—1)

k
L Ge+de) =15 (0 + H€£1 Fplt) =Lg () +L7 ) (1) =G (1)

(hj+h})Kj

5—1 S S
+Lim+ ¥ (fjmpp+ S (f”i-*p’{)}dw 3 QX
i=j—1 i=j+1 i=0

—1
{L’i (t+dt) =L} (t)} - Qi{ L (t+4t) =L (t)}
i=j+1

(A 5)

tji=—-2, -3, -, —(B—-1) ]

k
L'g (t+dt) =L (1) + { gélFf(t)HLS ) ~G_g(v)

(h_p+h’g) K g

S—1 S
+L )+ 3 (i-p)+ X (f5—p7)} 4t
B 1 1 . 1 1

i=— i=—B—

S -1
- Py QI {Lll (t+41) "'L’i (t) } - 2 Ql { L}i (¢+4d1)
i=0 i=—(B—1)

— L} (1) } ] (A 6)
{j=—8)

where, At is a time interval for numerical calculations.



