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The hydrodynamic performance of separation cascades involves determining the distribution of pressure
and flow along cascades which are important from the design and operational point of view. In this paper,
numerical simulation of hydrodynamic performance of taper cascades in the transient state is presented.
This mathematical modeling consisted of a set of hyperbolic partial, ordinary differential and algebraic
equations of transient flow in a complex pipe network. In order to achieve this goal, a MATLAB code,
named Hydrodynamic Simulation of Separation Cascades (HSSC), has been developed. This code calcu-
lates the flow and pressure distribution within the cascade components such as pipes, control valves,
tanks and gas centrifuges (GC). Using this code, the results of transient hydrodynamic simulations for
a taper cascade with 4 stages and 8 GCs are presented wherein the working gas is xenon, and for different
operational conditions, analysis is performed on the equilibrium time and gas holdup.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Today, stable isotopes are widely used in industry and medical
sciences, and the development of methods for separating them
from natural feeds is essential. One of the efficient methods of sep-
arating stable isotopes is the use of gas centrifuge cascades
(Sulaberidze and Borisevich, 2001). In gas centrifuge cascades, cen-
trifuges are arranged in square and taper structures based on
changes in interstage feed flow rate of stages (Manson et al., 1981).

Simulation of separation cascades is the simulation of concen-
tration distribution and hydrodynamic performance of gas within
the cascade. In hydrodynamic simulations, the flow and pressure
distributions along the cascade are calculated. Hydrodynamic sim-
ulation of transient conditions is important in several aspects. In
the transient hydrodynamic simulation of the cascade, the cascade
equilibrium time and the amount of cascade holdup can be
calculated. In the stable isotope separation, it is important to know
the equilibrium time and the amount of cascade holdup due to the
high price of some isotopes. Using the calculated flows from the
hydrodynamic simulation, it is also possible to calculate the con-
centration distribution within the cascade (Zeng and Ying, 2001).
Due to the fact that each GC is designed in its own flow and
pressure range, this tool can be used to identify critical points
and GCs that have more pressure than the design value, and it
can be used to evaluate the cascade design (Fu et al., 2005). More-
over, it can be used for adjusting the obtained parameters from the
optimization of the cascade. There are many publications that are
devoted to the optimization of cascade parameters (Ezazi et al.,
2020a,b; Imani et al., 2020, 2021a,b; Palkin, 2020). The main out-
put of these works is the determination of flow and concentration
distribution along the cascade. However, the optimal parameters
need to be adjusted to the cascade by control valves, and the
hydrodynamic simulation of cascades in transient and steady con-
ditions can help for this purpose.

In order to perform transient hydrodynamic simulation, the gas
flow must be modeled in all components of the cascade. Cascade
components include pipes, tanks, control valves, and GCs. In a pre-
vious study in 1986, Malik et al. simulated a single GC to study the
vibrations of the waste pipe (ALAM et al., 1986). In 1998, Malik
et al. provided the mathematical equations which are necessary
for transient hydrodynamic simulation (Malik et al., 1998). Using
the same method, Zang et al. In 2005 performed a hydraulic simu-
lation of a square cascade (Fu et al., 2005). In 2018, Orlov et al. sim-
ulated the distribution of flow and pressure in the cascade,
regardless of the pipe network (Orlov et al., 2018). In other
cascade-related research, only steady-state conservation of mass
balance equations has been used to calculate the flow distribution
in the cascade (Azizov et al., 2020; Ezazi et al., 2022; Khoshechin
et al., 2021; Mustafin et al., 2020).
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Nomenclature

Latin
A Cross-sectional area of pipe
B Dimensional/ units conversion constant
P Pressure
_m Mass flow rate
Cd Discharge coefficient
Cp Normal shockwave coefficient at product scope of GC
Cw Normal shockwave coefficient at waste scope of GC
D Diameter of pipe
r1 Internal radius of GC
r Ratio of pressure down and upstream of a valve
R Gas constant
t Time variable
T Temperature
V Volume of tank

f Darcy friction factor
i Node or mesh number
l Length of pipe
Vr Volume of GC
x Space variable

Greek characters
c Ratio of two specific heats of gas
c Ratio of two specific heats of gas
q Density of gas
x Angular velocity of GC
ax Subscript referring to axis of rotation
av Subscript referring to average over entire domain
j Subscript referring to junction related quantities
k Subscript referring to pipe number in junction equation
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In this paper, numerical simulation of hydrodynamic perfor-
mance of taper cascades in transient conditions is presented. As a
result, a code in MATLAB named HSSC has been developed to per-
form this simulation. This code calculates the flow and pressure
distribution within the cascade components such as pipes, control
valves, tanks, and GCs. The secant method is also used to calculate
the pressure at the junction of the pipes. The pressure distribution
inside GCs is considered exponentially and the finite difference
method is used to solve the equations. For control valves, auto-
matic and manual pressure adjustment is also provided. In this
work, unlike other researches, pipe networks are considered and
pressure regulation at the end of cascades and real boundary con-
ditions for simulation of taper cascades is introduced. By using
pressure regulation, different cascade cuts (product to feed flow
ratio) are achievable, which leads to having different product con-
centrations. Finally, using this code, the results of transient hydro-
dynamic simulation of a taper cascade with 4 stages and 8 GCs are
presented wherein the working gas is xenon. For different bound-
ary conditions, analysis is performed on the equilibrium time and
gas holdup within the cascade.

2. Hydrodynamic simulation of cascade

Fig. 1 shows a schematic of a taper cascade with 8 GCs. The GCs
are arranged in four stages, and the feed flow enters from the sec-
ond stage. As can be seen, there is one control valve on the feed line
and two other control valves placed at the outlet of the cascade in
the heavy and light flow line. These control valves can control the
pressure of a specific location of the cascade.

The feed tank fed the cascade by the operation gas. Light com-
ponents would be enriched and accommodated in the light tank,
and on the other hand, heavy isotopes would be accumulated on
the heavy tank. In this figure, the main units are shown and the
gas flow inside these components would be simulated.

2.1. Gas flow simulation in a pipe

There are 4 governing equations for gas flow in pipes. These are
continuity, momentum, energy, and state equation. Considering
that the gas flow in the cascade is isothermal, the energy equation
can be ignored (Hai et al., 2011; Kiuchi, 1994; Shiono et al., 2019).
The continuity and momentum equations for the ideal gas in the
one-dimensional system are as follows(Malik et al., 1998).
2

@P
@t

þ RT
A

@ _m
@x

¼ 0 ð1Þ

@ _m
@t

þ A
@P
@x

þ RT
A

@

@x
_m2

P

� �
þ 2f f RT _m _mj j

DPA
¼ 0 ð2Þ

Where f f is the Fanning friction factor and its relation can be found
in (Malik et al., 1998). In Equation (2), the third term is important
only in high-velocity (Mach � 1Þ, and in other cases, it can be omit-
ted. To solve equations (1) and (2), the implicit finite difference
method is used. The Crank–Nicolson method is used to discretize
the continuity equation, and the fully implicit method is used to
discretize the momentum equation, and the following equations
are obtained:
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In the above equations, the superscript m represents the time
interval number, and the subscript i represents the node number.
Moreover, the spatial discretization of equations is based on center
difference method. The right side of the above equations is
obtained from the previous time step and is known. On the left
side, the flow and pressure values in the current time interval
are placed that are unknown. The second term in the left side of
Equation (4) is nonlinear and to linearize this term, the iteration
algorithm is used. This algorithm modifies the coefficient of the
nonlinear term in the current time interval. In fact, the nonlinearity
arises from the term of _m2 in Eq (2), and by the iteration method, it
can be written in the form of _mj j � _mwhere the _mj j is considered to
be known from pervious time step and it can be updated by an iter-
ation loop. The superscript * shows the values from the previous
iteration for linearization.
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Fig. 1. Schematic of a cascade with 4 stages and 8 GCs.
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2.2. Gas flow simulation in pipes junction

At a pipes junction, the continuity equation must be satisfied.
For the control volume considered in Fig. 2, the continuity equation
is written as follows:

dP
dt

þ RT

Vnode þ
PK

k¼1DxkAk

XK
k¼1

_mk ¼ 0 ð6Þ

In the above Equation V is the volume of the node at the connec-
tion point and

PK
k¼1DxkAk is the volume of the pipes that are in the

control volume, and K is the number of pipes at the connection
point.

In steady state, Equation (6) is written as follows.

X
_mout ¼

X
_min ð7Þ

The discretized form of the Equation (6) is obtained as follow:
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Fig. 2. Control volume of the connection point between pipelines.
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By arranging the above relation so that the term in m + 1 time
interval is placed on the left side, the following equation is
obtained:
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by rewriting the above relation:
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where in the above relation Ci is as follow:

Ci ¼ DtRT=2
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Now according to Equation (10) the error function is defined as
follows:
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The pressure that can satisfy the Equation (12) is the pressure at
the pipes junction. The

PK
k¼1m

nþ1
k term is a function ofPnþ1

i , so the

error function is a nonlinear function of the Pnþ1
i term. To solve

equation (12), the secant method is used, which is a generalization
of the Newton method (Amat et al., 2014; Ji et al., 2020). In this
method, two initial guesses of the pressure at the junction of the
pipe are needed and the error function is calculated using these
pressures. For the next iteration, the pressure can be calculated
through the following equation.
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Fig. 3. Schematic representation of a GC and pressure profile inside the GC.

M. Imani, M. Aghaie and A. Keshtkar Annals of Nuclear Energy 176 (2022) 109287
The secant method is the same as the Newton method, except
that the derivative form of the equation is discretized, which there-
fore requires two initial guesses. The advantage of using the secant
method is that there is no need for the derivative of complex equa-
tions (Argyros and Khattri, 2013). By using this method, pressure at
tanks also can be obtained. In this algorithm, when the error of two
consecutive iterations is less than 0.001 the algorithm would stop
and the pressure would be the pressure of junction.

2.3. Simulation of gas flow in control valves

Simulation of flow when passing through control valves is the
same as the simulation of flow when passing through
convergent-divergent nozzles. When gas passes through the noz-
zles, the flow rate through the valve is a function of the pressure
before and after the valve and also the cross-sectional area of the
valve throat. If the pressure difference before and after the valve
is greater than the critical pressure ratio, the flow is subsonic
and the flow rate through the valve is calculated according to the
following equation (Emmons, 2015).

_m ¼ CdAtP1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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RT
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� � cþ1ð Þ=c !vuut ð14Þ

If the pressure ratio is less than the critical pressure ratio, the
flow would be choked and would not be a function of the pressure
after the valve. The maximum flow rate at a constant cross-section
of the valve will occur in the chock flow regime. The flow in this
case is calculated according to the following equation (Emmons,
2015; Imani et al., 2021b).

_m ¼ CdAtP1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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The critical pressure ratio is defined as the following relation.

P2
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¼ 2
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� � c
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2.4. Gas centrifuge

For modeling a GC in a cascade, two functions are considered,
operation as a tank and operation as a pump. For the tank storage
function of GCs, the continuity equation is written as follows
(Malik et al., 1998).

dPav

dt
þ RT

Vr
ð
X

_mÞ ¼ 0 ð17Þ

Equation (17) assumes an average value for the pressure of a GC
because the pressure changes exponentially along the radius of the
GC, and it has been shown it the Fig. 3 and the below equation
(Nazeer et al., 1999).

Pr ¼ PaxeZr
2 ð18Þ

In the above equation, the value of Z is:

Z ¼ x2

2RT
ð19Þ

In relations (19) x is the rotational speed of the GC and r is the
radial distance from the axis. The average pressure value is calcu-
lated as follows:

Pav ¼
R
Prdv
Vr

¼
R
PrdvR
dv ¼ PaxðeZr12 � 1Þ

Zr12
ð20Þ
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Equation (20) can also be written as follows:

Pax ¼ Pav
Zr12

ðeZr12 � 1Þ ð21Þ

Therefore, due to the pumping operation of the GC, the pressure
in the product and waste scopes is as follows.

Pp ¼ Pav
Zr12CpeZr

2
p

eZr12 � 1
ð22Þ

Pw ¼ Pav
Zr12CweZr

2
w

eZr12 � 1
ð23Þ

In the two above equations, the CP and Cw values are as follows
(Emmons, 2015; Fu et al., 2005):

Cp ¼ 1
cþ 1

ð4Zr2p � c� 1ð ÞÞ ð24Þ

Cw ¼ 1
cþ 1

ð4Zr2w � c� 1ð ÞÞ ð25Þ

Where rwis the radial distance of the waste scope and rp is the radial
distance of the product scope. The CP and Cwcoefficients are applied
to take into account the normal shock effect created at the moment
the gas enters the waste and product scoop. After presenting how to
calculate the pressures at the inlet of the scope pipes, another
important point regarding the simulation of the GC is how the feed
enters the GC. Due to the fact that in the GC, the central pressure of
the GC is very low, gas enters the GC in the choked flow condition,
and the Mach number at the end of the feed pipes will be 1. There-
fore, the Mach number boundary condition is used to simulate the
flow in this pipe. The Mach number condition at the end of the pipe
is applied as follows (ALAM et al., 1986).

Mach ¼ v
v sound

¼
_m
qAffiffiffiffiffiffiffiffiffi
cRT

p ¼ 1 ð26Þ
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By placing the ideal gas relationship instead of density in the
above relationship, a relationship between flow and pressure at
the end point of the pipe can be obtained as Eq (27), and the result-
ing relationship can be used as a boundary condition in solving the
flow of inlet feed pipe to the GC.

P ¼ RT

A
ffiffiffiffiffiffiffiffiffi
cRT

p _m ð27Þ
2.5. Simulation algorithm

The transient hydrodynamic simulation algorithm is shown in
Fig. 4. In this code, first, the input parameters are read, and then
the initial conditions of the components are applied. In the next
step, boundary conditions are applied to all pipes. If pipes are
located at the output flow of GCs, the pressures are determined
according to the equations in Section 2.4. In the next step, the pres-
sure of junctions and tanks (including the average pressure of the
GCs) is guessed, and with these pressures, the linear equations for
all the pipes are solved. According to the calculated flow rates and
pressures, the system of linear equations is modified and the pro-
cess should continue until the convergence of the results. With the
convergence of flow and pressure, the solution process is com-
pleted for a time step. The values of the boundary and initial con-
ditions are updated for the next time step until the steady-state is
reached.
Fig. 4. The algorithm o

5

3. Validation

In order to validate the HSSC code, one approach can be using
MATLAB Simulink to model a simple test and then comparing the
results between the MATLAB Simulink and HSSC code. MATLAB
Simulink has a section named Simscape for simulation of physical
models. Although Simscape has a powerful database and pre-
defined components for modeling physical models, it cannot be
used for complex pipe networks like cascades. It is only possible
by considering many assumptions and simplification. However, it
can be employed for a simple network like a single GC connected
to tanks. In the gas section of Simscape, there are available compo-
nents that can be used to model a GC connected to the feed, light,
and heavy tank. To create this model, four types of components are
used: pipe, constant volume chamber, compressor, and orifice that
can be used as a control valve. It has been assumed that the feed,
light, and heavy tank have constant pressure and the appropriate
component for modeling in Simulink is a reservoir component.
For GC modeling, a combination of a constant volume chamber
and two compressors connected to this chamber can model a GC.
The pressure of these two compressors can be varied based on
the average pressure of the chamber and coefficient that can be
derived from Eq (22) and Eq (23). So, in Fig. 5, a GC that is con-
nected to associated tanks is shown.

Moreover, in the model, three mass flow sensors and pressure
gauges are placed in order to display the results. On the other hand,
f the HSSC Code.



Fig. 5. Simscape model of a single GC connected to feed, light, and heavy tanks.

Fig. 6. The model created in the HSSC code for verification.
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this model has been created in the HSSC code by the configuration
shown in Fig. 6. There are three boundary conditions in this model;
the pressure of feed, light, and heavy tanks. These are 400, 1, 1 Pa
respectively. The length of each pipe is equal to 1 m and the diam-
eter of the pipes that are directly connected to the GC is 0.01 m, and
all the other pipes are 0.05 m. The cross-section of all the orifices is
6

considered to be equal to 1e-5 m2. The pressure of the feed reser-
voir also changed to 600 Pa in a second test. In Fig. 7a, the results
of the two models have been shown for 50 s. Fig. 7b represents
the relative error of the two methods. Furthermore, the simulation
has been done for these twomethods by considering a change in the
pressure of the feed tank from 400 Pa to 600 Pa. The results of these



Fig. 7a. The pressure of light (node 11) and heavy (node 10) lines for HSSC code and Simscape (for 400 Pa pressure at the input port).

Fig. 7b. The relative error between HSSC code and Simscape results (for 400 Pa pressure at the input port).

Fig. 8a. The pressure of light (node 11) and heavy (node 10) lines for HSSC code and Simscape (for 400 Pa pressure at the input port).
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simulations are presented in Fig. 8. As can be seen from Figs. 7 and
8, the average error over time is less than 10 %, and the steady-state
results also have less than 7% relative error. These differences arise
from using different friction factor calculations and the fact that the
MATLAB Simulink considers an average value of friction for the
whole pipe; however, in the HSSC code, the pressure and flow are
solved over the length of pipe. In conclusion, based on these results,
the two methods are consistent with each other.Figs. 8a and 8b
7

4. Results

In this section, the results of simulating a taper cascade with 8
GCs and 4 stages are presented. The working gas is Xenon and its
properties can be found in (Mountain, 2007). The schematic of
the cascade used is as shown in Fig. 1. In this section, to simulate
this cascade in HSSC code, all pipes and nodes are numbered
according to Fig. 9.



Fig. 8b. The relative error between HSSC code and Simscape results (for 400 Pa pressure at the input port).

Fig. 9. The numbering of nodes and pipes for the cascade.
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According to Fig. 9, 35 nodes, 45 pipes, and 8 GCs have been
used in this cascade. The arrangement of GCs in the cascade is 2:
3: 2: 1, and the feed location is the second stage. Two control
Table 1
The GC specifications.

Value Parameter

60 mm radius
54 mm rp
56 mm rw
600 m/s Velocity
480 mm Height

8

valves are placed on the output flow of the cascade (the Heavy
and light sides of the cascade). The amount of pressure after the
control valves (at nodes B and C) in all tests provided is considered
constant at 1 Pa. The reason for this choice is the presence of Roots
pumps in this part of the cascade that pumps the output flows to
collect in the tanks. The suction pressure of these pumps is consid-
ered to be 1 Pa. So, there are three boundary conditions: one mass
flow at node A and two output pressure at nodes B and C, in which
the pressure boundaries are constant and the mass flow rate varies
for each test case. The length of all available pipes is considered
1 m. Table 1 shows the specifications of the GCs. The number of
meshes used for all pipes is the same and equal to 30. The initial
conditions of the flow rates of all pipes are considered zero and
the initial pressure is equal to 1 Pa.
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4.1. Test case 1

In this test, the amount of input flow to the cascade is consid-
ered equal to 75 g/h. By performing the simulation, the cascade
reaches equilibrium after 74 s. Fig. 10 shows the average pressure
of the GCs over time. According to this figure, GC No. 8 had a lower
pressure than the others, and its pressure increases later than the
others. The reason is that this GC is far from the feed location.
Fig. 11 shows the inlet flow to the GCs in terms of time. As can
be seen, the flow rate of GCs in stage 2 has increased rapidly com-
pared to other stages, and the highest input feed flow enters this
stage. The critical stage is typically defined as a stage that the
GCs of this stage have the maximum feed flow rate and the possi-
bility of a crash is higher than other stages accordingly. So, in the
proposed cascade, the second stage is the critical stage.

In this test, the amount of input flow to the cascade is consid-
ered to be fixed equal to 75 g / h. By performing the cascade sim-
ulation, it reaches equilibrium after 74 s. Fig. 10 shows the average
pressure of centrifuges over time. According to this figure, cen-
trifuge No. 8 had a lower pressure than the others and increased
the pressure later than the others. The reason for this is that this
machine is far from the feed entry stage. Fig. 11 shows the inlet
flow to centrifuges in terms of time. As can be seen, the flow rate
of stage 2 machines has increased rapidly compared to other
stages, and the highest input feed flow enters this stage.

Fig. 12 shows the holdup of the GCs in terms of time. This figure
follows Fig. 10 because these two parameters are related to each
other. The GCs of stage 2 that have the highest flow and pressure
as shown in Fig. 12 also have the highest amount of gas holdup.
Fig. 13 shows the total holdup of GCs and pipes over time. Accord-
ing to Fig. 13, the amount of steady-state holdup of gas in the cas-
cade is 0.25 gr.

Fig. 14 shows the pressure before the control valves. As can be
seen, the pressure of the heavy flow output is higher than the light
flow output due to its proximity to the feed location and the
greater number of GCs. In addition, the heavy line pressure starts
to increase after about one second, while for the light flow output
this happens after 3 s.

Fig. 15 shows the input and output flow of the cascade along
with interstage flows. According to this figure, in the first moments
(the first 7 s) due to the empty centrifuge machines, the pressure at
the output of the first and third stage GCs is low, and therefore the
flow enters the GC of these stages in addition to the feed pipe from
the product and waste scope. Over time, as the gas holdup in these
GCs increases, the pressure at the outlet of them increases, and the
Fig. 10. Average pressure of GC

9

flow direction is corrected. Functionally, the entry of flow from the
product and waste scope will increase the vibrations of the cen-
trifuge and will not be desirable (Zhao and Zeng, 2006). Also, it
can be seen, the light output flow is 27 g/h and the heavy output
flow is 48 g/h. Therefore, the cascade cut (the product flow to feed
flow ratio of the cascade) is (2775)0:36.Fig. 16.

4.2. Test case 2

In this test, the input feed flow has been considered to change
according to the following relationship with time.
s o
_m ¼ 3(g/h)
ver time for test case 1.
t < 5
 (24)

_m ¼ 4:8t � 21(g/h)
 5 � t < 20

_m ¼ 75(g/h)
 20 � t < 120

_m ¼ �2:4t þ 363(g/h)
 120 � t � 150

_m ¼ 3(g/h)
 t > 150
Fig. 12 shows the interstage flows and the input and output flow of
the cascade. Comparing Figs. 11 and 12, it can be seen that in test 2,
the undesirable input flow from the scopes is reduced. Because the
amount of feed is low in the first seconds and gradually increases,
the pressure of the GCs in the feed location gradually increases
and prevents the inverse flow. According to this figure, the amount
of inverse flow is reduced to one-third. Once the amount of input
feed is constant, the flows inside the cascade reach a steady state
at 100 s, then from 120 to 150 s the cascade feed flow decreases lin-
early. In this example, the feed flow function shows the commis-
sioning and decommissioning gas supply to the cascade.
According to the figure, in the decommissioning phase, the flows
of the adjacent stage to the feed location (stages 1 and 3) increase
slightly and then begin to decrease. This is the opposite of the com-
missioning phase.

Fig. 17 shows the pressure before the control valves. According
to this figure, in the steady-state condition, the cascade has a pres-
sure more than the initial state where the pressure of the whole
cascade was considered to be 1 Pa. Fig. 18 shows the inlet flow
to the GCs and Fig. 19 shows the total gas holdup of the cascade.

4.3. Test case 3

In this test, unlike previous tests, an automatic function is con-
sidered for control valves and the cross-sectional area of the valve



Fig. 11. Inlet flow to GCs from input feed node for test case 1.

Fig. 12. Holdup of GCs for test case 1.

Fig. 13. Total gas holdup of the cascade in terms of time for test case 1.
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varies. The control valves are initially completely closed. The light
output flow has a pressure setting of 200 Pa at node D and the
heavy output flow has a pressure setting of 250 Pa at node E.
Fig. 20 shows the algorithm for how the valve adjust the pressure.
The response time for the valves is considered 0.1 s and the cross-
sectional change is 2e-7 mm2 for each response.
10
Fig. 21 shows the cross-sectional area calculated in time for the
two control valves. Fig. 22 also shows the amount of pressure at
nodes D and E where the pressure at these points must be adjusted
by the control valves. According to these two figures, the pressure
of the heavy line reaches 250 Pa in 7.5 s, and the control valve of
this line begins to open the valve to reduce the pressure according



Fig. 14. Pressure of the outlet flows before the control valves in terms of time for test case 1.

Fig. 15. The input and output flows of the cascade along with the interstage flows for test case 1.

Fig. 16. Input and output flows of the cascade along with interstage flows for test case 2.
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Fig. 17. Pressure of the outlet flows before the control valves in terms of time for test case 2.

Fig. 18. Inlet flow to GCs from the input feed node for test case 2.

Fig. 19. Total gas holdup of the cascade in terms of time for test case 2.

Fig. 20. The algorithm for the determination of the cross-sectional area of the control valve.
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Fig. 21. The cross-sectional area of the control valves in terms of time.

Fig. 22. Pressure of the outlet flows before the control valves in terms of time for test case 3.

Fig. 23. Input and output flows of the cascade along with interstage flows for test case 3.

M. Imani, M. Aghaie and A. Keshtkar Annals of Nuclear Energy 176 (2022) 109287
to the algorithm of Fig. 20. Due to the fact that the rate of increase
of pressure is higher than the rate of valve response, the pressure of
this line increases to 300 Pa. From 18 s, the pressure drop is greater
than the set value and the cross-sectional area of the valve
decreases. After repeating this process several times, the pressure
13
value of this line is fixed after 25 s and the cross-sectional area
of this valve remains constant at 18 mm2. This process is also used
for the light output line. The difference is that this valve opens in
10 s, and in steady-state, the opening value of the valve is
5 mm2. According to Fig. 23, the light output flow is 13 g/h and
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the heavy output flow is 62 g/h in steady-state condition. In this
test, adjusting the pressure of the control valves has led to a cas-
cade cut equals to 0.173 (1375 ¼ 0:173). Therefore, by adjusting the
pressure of the control valves, different and desired cascade cut
can be applied to the cascade. By comparing tests 1 and 3, it can
be seen that adjusting the pressure in the specified value causes
the cascade cut to decrease from 0.36 to 0.173. Also, equilibrium
time and total gas holdup of the cascade are reduced as well.

Fig. 23 shows the Input and output flow of the cascade along
with interstage flows for this test. According to this figure, the out-
Fig. 24. Holdup of the G

A: Variations of equilibrium time

D: Variations of cascade cut

Fig. 25. The variation of equilibrium time, cascade cut, cascade output pr

14
put flows of the cascade fluctuate. These fluctuations are due to the
variation of control valves’ cross-sectional area. The frequency of
these oscillations is the same as the frequency of the cross-
sectional area changes of the control valves. These fluctuations
are damped due to the tank storage operation of the GCs and are
not seen in other places.

Fig. 24 shows the holdup of each GC in terms of time. By com-
paring Figs. 20 and 8, it can be seen that in test 3 the amount of gas
holdup reduced, and it can be concluded that the pressure distribu-
tion in the cascade is lower than in test 1.
Cs for test case 3.

B: Variations of cascade holdup 

A: Variations of output pressure

essures and total holdup in terms of input feed flow of the cascade.
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4.4. Investigation of the effect of feed flow rate on hydrodynamic
parameters

Fig. 25 shows the changes in the cascade equilibrium time, total
gas holdup, cascade cut, and the output flow pressure at steady-
state by changing the feed flow rate. The input parameters are
the same as test case 1. As can be seen, with the increase of the
input feed flow to the cascade, all four parameters have increased.
With a 50% increase in feed flow from 50 g/h to 100 g/h, the
amount of equilibrium time increased by 9%, total holdup
increased by 85%, cascade cut increased by 3.5%, light output line
pressure increased by 125%, and heavy output line pressure
increased by 104%.

5. Conclusion

In this paper, the transient simulation of hydrodynamics in
taper cascades is presented, and a code named HSSC has been
developed. The results of this code analyzed for several different
cases. Using this tool, various transient phenomena in cascades
can be investigated, such as: commissioning and decommissioning
of cascades, different scenarios in adjusting the flow control valves,
and sudden changes in the input feed flow. By examining these
cases by the code, the following results were obtained.

1- If the feed flow enters in a discharged cascade, the gas flow
enters through the product and waste scopes of the GCs that
are placed adjacent to the feed location stage. Gradually
entering of feed flow can reduce these inverse flows.

2- During decommissioning, unlike commissioning, the output
flows of GCs that are placed adjacent to the feed location
stage increases momentarily.

3- By using flow control valves on the output pipes of the cas-
cade, which can adjust the desired cascade cut, the values of
equilibrium time and total holdup within the cascade are
changed.

4- As the amount of input feed flow rate to the cascade
increases, the cascade cut, the equilibrium time, the pressure
of light and heavy lines, and the total holdup increase. For
the simulated cascade with 8 centrifuges, with a 50%
increase in input feed flow rate from 50 g/h to 100 g/h, the
amount of equilibrium time increased by 9%, total holdup
increased by 85%, cascade cut increased by 3.5%, light output
line pressure increased by 125%, and heavy output line pres-
sure increased by 104%.
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