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Abstract. Modeling of a nonstationary process caused by changing the cascade feed flow
value using germanium isotope separation as an example. During a nonstationary process, the
concentrations of isotopes with intermediary mass number in light and heavy fraction flows
may cross the range limits restricted by the initial and final stationary values and exceed the
maximum reachable values for a three-flow cascade. Time for stationary isotope
concentrations to settle is different for isotopes and depends on the final values of cascade
flow.

1. Introduction

During the operation of gas centrifuge (GC) cascade for the multicomponent isotope mixture (MIM)
separation there are nonstationary hydraulic processes when the values of pressures and process gas
flows change in the cascade stages and in outgoing flows. The nonstationary hydraulic process
generates a nonstationary separation process, in the course of which a change takes place in the
isotope composition of the process gas in the cascade stages and flows. One of the most frequent
origins of nonstationary processes is change of cascade flow rate (feed, light or heavy fraction).
Values of pressure, flows of process gas and isotope concentration into cascade are changed during
this process. Research of these processes is of interest for determination laws of isotope concentration
change.

In the authors’ opinion, an experimental approach in this case appears to be quite costly, so it is
strongly recommended that nonstationary processes should be investigated by mathematical modeling.
A number of publications [1-3] are dedicated to modeling of nonstationary separation processes in
cascades for MIM separation. The common drawback of these models [1-3] is that they are of limited
use. Modeling is possible only in case of stationary hydraulic parameters of a GC cascade. Besides,
the models cannot be used for simultaneous calculation of nonstationary hydraulic and separation
processes in cascades for MIM separation. Mathematical model [4-6] is free of above defects and was
used to research the specifics of MIM separation during filling of the GC cascade with a process
substance [7].

This article contains the research results for nonstationary transfer of isotopic mixture in GC
cascade caused by the change in values of cascade feed flow. The research considers the case of
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germanium isotopes that are applied in production of semi-conducting materials and research of
neutrinoless double B-decay. Germanium isotopes are also used as a starting material for arsenic
radioactive isotopes (e.g. "°Ge is used to obtain radioactive "?As that finds application in medical
diagnostics).

2. Mathematical model
The basic equations that are included in the mathematical model of a nonstationary process in MIM
separation are described below.

MIM separation occurs in a GC cascade. A process gas contains n components (isotopes) identified
by index j (j=1n). The cascade consists of S separation stages (figure 1) numbered by index i

(i=15). The stages are arranged in a symmetric-countercurrent layout. The input feed flow F enters

the cascade, the light fraction flow P and the heavy fraction flow W are withdrawn. The feed flow is
fed into the stage Sr; the heavy fraction flow is withdrawn from the first stage; the light fraction flow
is withdrawn from the stage S.
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Figure 1. Separation cascade.

The separation stage consists of N; GCs connected in parallel. The feed flow Ggi is fed into the
stage. The light fraction flow Gpi and the heavy fraction flow Gw; are withdrawn from the stage. The
concentrations of the j" component in the feed, light and heavy fraction flows of the i"" stage are
designated as Crj, Cpij, Cwij, respectively. Part of the heavy fraction flow of the cascade can be fed into
the first stage by return heavy fraction flow which is designated as G,w. Part of the light fraction flow
of the cascade can be fed into the stage S by return light fraction flow which and is designated as Ggp.

If no process gas is lost due to corrosion losses, in stationary hydraulic conditions, the stage flows
and the concentrations of the components in them can be related by the material and component
(isotope) balance equations:

Gr =Gpi + Gy » 1)
GriCrij = GpiCpij + Gy Cuy (2)
6= 2n, )

G

where 0; is the cut of the i stage.
The sum of the component concentrations in each flow is equal to 1.
The flow Gri entering the i stage can be calculated by:

OiF + G,y + Gy i=1
Gg =18,F +Gp; ; + Gy i=2:5 -1 4
O;F +Gpi; +Gyp, i=S



PCPAS 2019 10P Publishing

Journal of Physics: Conference Series 1696 (2020) 012005 doi:10.1088/1742-6596/1696/1/012005
1, i=S
8i = . F ' (5)
0, I #Sg

where §; is the factor showing the input of feed flow F into the i" stage.
The concentration Cr in the flow Gg; is given by:

;i FCg + G Cuij + GuisaCuwiaaj»
1
Cg = . 8;FCr +Gpi1Cpigj + GuisaCui

Fi

Il
'—\

(6)

+1j

SiFC,:J- +Gpi_1CPi—1j +GzPCPiJ” i
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The rotation frequency of the GC rotors and their operating temperature are assumed constant.
The separation of components in the stage is defined by expressions [8-10]:

CriiCwin ,
CrilCuj

Xijl = (7
Xijl =X3/ilj7Ml’ ®)

where ;i is the separation factor of the j™ and I components in the i stage; yoi is the overall
separation factor per unit of mass number difference; M;, M, are the mass numbers of the j™ and I'"
components, respectively.

The yoi value depends on the hydraulic parameters of the stage:

Xoi = f(GFi’ei)' ©)

In the stationary hydraulic conditions, the flows of cascade and its component concentrations can
be related by the balance equations:

F=P+W, (10)
FC, =PC, +WC,; - (11)

Weight-average concentration of germanium isotope in stage a,- is calculated by:

Co = HeCrij + HpiCpij + Hywi Gy + HCjj
1 — ;
Hei + Hpi + Hy; + H;

, (12)

where H'i, Hg, Hpi, Hwi are holdup of GC, feed, light and heavy fraction manifolds, kg; Ci, C'ri, Cri,
Cwi are concentrations of the j™ component of GC, feed, light and heavy fraction lines.

Algorithm for differential equations that describe nonstationary hydraulic and separation processes
is provided in [4, 5].

In order to evaluate parameters of a square cascade (SC) that has equal holdup H, flow rate Gg and
separation factor yo for all stages, the following values are used [1]:

o= (13)
Ge

T:tlnxo , (14)
(0]

where o is stage constant, s; H is stage holdup, kg; t is dimensionless time.
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3. Results and discussion

Germanium tetrafluoride GeFs (u =149 kg/kmol) was used as a process gas for separation of
germanium isotopes. °Ge was selected as the desired isotope. Square cascade with the following
parameters was considered: GC separation coefficient yo = 1.1; number of stages S = 100; stage for
feed flow input Sg = 57; ratio of feed flow to stage flow rate F/Gr = 0.08; ratio of light fraction flow to
feed flow P/F = 0.484; stage constant = 0.23 s.

Table 1. Isotopic composition of germanium in cascade flows (initial condition).

Ge isotope mass GeF4 molecule Concentration in flow
number (u) mass number (u) heavy fraction (%) feed (%) light fraction (%)
70 146 0.00 20.52 42.40
72 148 0.67 27.45 56.00
73 149 13.58 7.76 1.56
74 150 70.73 36.52 0.04
76 152 15.02 7.75 0.00

Calculation was carried out for a nonstationary process caused by an instantaneous change of feed
flow value at time t = 0. Ratios of final cascade feed value F.y to initial feed flow value F were taken
as equal to 0.8, 0.9, 1.1, and 1.2. Light fraction flow remains unchanged (P/F = const), and heavy
fraction flow starts to change through a certain period of time after flow F changes (at time t =~ 1,5)
due to cascade holdup and time of response (figure 2) and asympomatically reaches to final stationary
value W/Ggeng.
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Figure 2. Change in time of cascade heavy
fraction flow value depending on the final
value of cascade feed flow:
0.02 1 —Fend/F=0.8; 2 — Feng/F =0.9;

0 3 6 9 12 3 — Fend/F =1.1; 4 — Feng/F =1.2.
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Final stationary value of the heavy fraction flow in cascade settles at time t = 9 irrespective of final
value of W/Grena.

Change of feed flow value affects not only heavy fraction flow in the cascade, but also its isotopic
composition (figure 3). The curves of "Ge and "“Ge isotope concentration in flow W during a
nonstationary process are monotonous irrespective from final values of cascade feed flow Feng.

1

75
£ 2 .
270 ¢
0 3

65

4
T T T T 60 T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
T T T

Figure 3. Concentration of germanium isotopes in the heavy fraction flow during a nonstationary
process: a — °Ge; b — *Ge; ¢ — "“Ge; 1 — Fxou/lF = 0.8; 2 — Fyou/F = 0.9; 3 — Feon/F = 1.1;
4 — FeonlF=1.2.
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The increase in feed flow (at Fens/F = 1.1 and Fena/F = 1.2) is accompanied with temporary increase
in concentration of "®Ge, which reaches a maximum values of 15.2 and 16.6 % at times t~ 130 and
1= 90 correspondingly, after that Ge concentration decreases to final stationary values of 12.8 and
12.3%. This pattern of change in "*Ge concentration in flow W is caused by maximum concentration
of this isotope in the stages in the middle part of the cascade (particularly in stage 23) in the initial
state. Changing the values of flows F and W (at Fend/F = 1.2) results in evacuation of the excessive
amount of *Ge by transferring this isotope from the middle part of the cascade towards stage 1.

Light fraction flow remains constant during a nonstationary process. Nevertheless, during a
nonstationary process the concentration of germanium isotopes changes in this flow (figure 4).
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Figure 4. Concentration of germanium isotopes in the light fraction flow during a nonstationary
process: a — °Ge; b — *Ge; ¢ — "*Ge; 1 — Fend/lF = 0.8; 2 — Fend/F = 0.9; 3 — Fend/F = 1.1;
4 - Fend/F = 12

As seen in figure 4a, °Ge concentration changes abruptly at Fens/F = 0.8 to the value of 62.5 %,
exceeding the maximum reachable limit of concentration for a three-flow cascade. "*Ge concentration
is unimodal with the maximum value of 16.4 % at time t = 720. It should be noted that the duration of
the process of settling stationary concentrations of germanium isotopes depends on the final value of
Fena (0r Fend/F): maximum duration corresponds to the case of Fend/F = 0.8 resulting in the increased
amount of “Ge and "®Ge isotopes; the amount of other isotopes decreases (figure 5).
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Figure 5. The change of the weighted average concentration of germanium isotopes in cascade
stages during a nonstationary process: a — "2Ge; b — *Ge; ¢ — "“Ge; 1 — initial state; 2 — final state.

The change in monotonousness of curves in figure 6 can be explained by mixing inter-stage flows
and feed flow of the cascade, which have different isotope composition, at the input of stage 57.
During a nonstationary process, "*Ge isotope transfers from stage 23 to stage 90 and decreases from
29.6 to 22.1 %. Similar situation is observed for "?Ge isotope. The amount of "“Ge isotope in the
cascade increases approximately 2.2 times (the weighted average concentration of "*Ge in the cascade
holdup increases approximately from 30.3 to 67.8 %).

4. Conclusion

There have been carried out a research of a nonstationary process caused by the change of cascade
feed flow value using germanium isotope separation as an example. It was determined that during a
nonstationary process, the concentrations of isotopes with intermediary mass number in light and
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heavy fraction flows may cross the range limits restricted by the initial and final stationary values and
exceed the maximum reachable values for a three-flow cascade. Time for stationary isotope
concentrations to settle is different for isotopes and depends on the final values of cascade flow.
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