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Dynamic simulation of hydrogen isotope distillation unit involved in the complex environment of a 
fusion power plant can be a powerful technique in view to analyze the tritium hazard potential. In this paper, 
issues related to the development of such a dynamic simulator with model formulation and the numerical 
treatment of the resulting Differential-Algebraic equation (DAE) system are properly adressed. The typical 
dynamic characteristics of such columns are quandtatively and qualitatively enlighted on case study with very 
large disturbances. The developed system has proven to be beneficial for understanding the dynamic behaviour 
and further for developing control schemes. 

1. INTRODUCTION 

Nowadays, steady-state process simulation is 
very usual for design and optimization of large scale 
process systems in view to improve the use of raw 
materials and to reduce the amount of dangerous 
ones. But even by using some sensitivity analysis, 
it didn't provide any insight on the real behaviour 
with respect to disturbances. 

Dynamic simulation, especially for separation 
systems, brings benefits in operability studies, 
control system investigation, start-up and shut down 
procedures, effects of process parameters and changes 
on tuning point, training operator and hazard 
analysis. 

In tii is work, a rigorous dynamic distillation 
column model has been developed as a multipurpose 
stand-alone system in view to tackle with difficult 
cases such as high purity separation and drastic 
conditions. These conditions are usually encountered 
in Isotope Separation System (ISS) which is one of 
the major concentration nodes of tritium in die 
whole fuel cycle. Here, the dynamic studies have 
been purposed in view to analyze the tritium hazard 
potential in front of large feed disturbances. 

The simulation is based on the use of a 
rigorous dynamic model with possible extensions. It 

includes accurate description of non ideal liquid 
phase behaviour, adapted to tritium systems and 
hydrodynamic description to take into account 
hydraulic loadings. It allows for different complex 
column configurations, different set of operating 
conditions and control loop configurations. The 
model equations result in a large sparse system of 
Differential-Algebraic equations (DAE) which is 
solved using the state of the Art techniques in DAE 
approach (an adapted form of Gear's integrator for 
semi-explicit index two system). Application to an 
industrial problem illustrates the typical operating 
phenomena which can be studied. 

This work, carried out in the frame of the 
European Fusion Technology program (Task Tcp 2-
1), is a fruithful collaboration between CEA (task-
leader), LEAP research group and ProSim S.A. It 
has started with studies on mass transfer models III. 
process optimization 111 and now it goes on 
dynamic simulation. 

2. DYNAMIC SIMULATION 

2.1 Dynamic column model 
In this contribution, with respect to previous 

experiments and works /3/, /4/, 151, a general 
rigorous dynamic model, based on die equilibrium 



model concept 161 is considered. 
On the basis of the following assumptions 

(i) non reactive mixture 
(ii) perfect mixing in the stage 
(iii) negligible material holdup in the vapour phase 

and in the liquid in the tray downcomers 
the model takes into account : 

- mass and energy balances on each plate 
where energy is considered as a system variable, 

- rigorous equilibrium relationships including 
a Murphree efficiency in addition 10 an ideal 
equilibrium stage description 

- hydraulic equations for liquid hold-up which 
may be constant in moles, volume or mass, or 
described by a Francis formula. It may include 
pressure drop on each plate, 

- constraint equations on energy. 
It has been assumed that there is : 

(i) negligible energy and material hold-up in me 
vapour phase 

(ii) negligible energy storage in die stage metal 
(iii) negligible energy storage in the liquid 

contained in the dowcomer. 

In order to represent various complex 
configurations, mere are on each stage including 
reboiler and condenser, feed stream location (vapor or 
liquid), a side-stream (vapor or liquid), heat duty or 
heat loss. The reboiler is assumed to be an 
equilibrium stage and die condenser may be total, 
partial or subcooled. 

More, as mentioned further, provision is made 
lo add control loops very efficiendy. 

The resulting model formulation as well as its 
implementation structure appears to be a 
multipurpose one with easy facility to be extended 
and adapted to even specific columns as it will be 
enligiued in section 3. 

2.2 Numerical solution method 
The mixture of differential and algebraic 

equations describing the column with M 
components and N plates is solved using a DAE 
approach with an adapted variant of Gear's integrator 
111. This approach allows to treat the algebraic 
equations in the same manner as the differential 
ones. In fact, we algebraic equadons may be viewed 
as a set of constraints among die dependent variables 
which must be satisfied as the independent variable, 
die time, increases. 

The integration algorithm allows to treat the 
column equations in the following form : 

Q = f(S,i*,t) -where s > ^ -
dt 

The integration algorithm contains a predictor-
corrector loop. This loop uses a Newton like 
convergence technique which requires a dynamic 
operator (jacobian matrix) : 

M-iU-LiL 

which ft is a leading coefficient of me integrator: 
This jacobian matrix is updated via a special 
procedure. All the jacobian elements are evaluated 
analytically, including derivatives of thermodynamic 
properties. Operations involving the jacobian matrix 
are performed using routines for block-tridiagonal 
bordered structure. 

Regarding me DAE tiieory and die assumption 
in me model, the DAE system may be index one or 
index two (semi-explicit index two system). In diat 
case, to prevent any numerical problem 161, /S7, a 
special procedure has been implemented 131. 

2.3 Control loops 
Supplementary equations are added to treat 

control loops as discrete controllers or continuous 
controllers. The controlled variables may be a 
temperature, a quality product, a density on each 
plate and me manipulated variables are chosen 
among die set of operating variables (ie heat duties, 
reflux flowrate, distillate flowrate...). 

The control loops may be feedforward or 
feedback (until five loops), PK> form configurated in 
cascade, working in automatic mode, manual mode 
or discrete mode.More, a procedure for time and state 
event detection has been implemented. 

2.4 Consistent initialization 
In DAE approach, it is a key point In order to 

achieve a smooth numerical behaviour, initial 
conditions [&, s.'0] for each variable (differential and 
algebraic ones) are needed. To insure tiiat, tins 
simulator is connected to die distillation module of 
ProSim steady state simulator 191 as well as to die 
thermodynamic property system ProPhy. 

In order to prevent any input discontinuity on 
disturbances, mere is a special procedure to generate 
CI input changes on feed variables. 



3. DYNAMIC SIMULATION OF 
HYDROGEN ISOTOPE DISTILLATION 

3.1. Case study 
The column which is studied corresponds to 

the fourth one of the cryogenic distillation 
flowsheet based on the option (DW + VPCE) from 
ITER project. Its configuration at the nominal 
steady-state point is given in figure 1. This column 
performs the separation of hydrogen isotopes : HE. 
HD. KT. D;E, DT, T : in order to obtain high punty 
streams of procium. deuterium and tritium. 

A catalytic equilibrator reactor achieve an 
equilibrium between the components : 

IDT D^+T, 

in order to promote the conversion of Deuterium and 
tritium. 

3.2 Adaptation of the general model to the 
case of hydrogen isotope distillation unit 

From a thermodynamic point of view, the 
model developed by Sherwood and Souers /10/ and 
for transport properties by /l 1/ have been used. 

In the model, has been incorporated the 
radioactive decay heat of tritium as well as a steady-
state model for catalytic equilibrator and the total 
tritium inventory is calculated from the liquid hold
up as : 

^ = £ u i ( 2 X T I + X H r + X t n ) M £ 
where XT2, X^- andXtrr are die molar composition, 
M the molar mass of T specie. The molar hold-up 
Uj has been evaluated from Mackowiak formula 
/12/. It mainly depends on the packing 
characteristics, on the components and on die vapour 
flowrate in the column. 
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Figure 1 - Conditions for the steady-state and 
dynamic simulation 

(Nominal point given by ProSim simulator) 

3.3 Characteristics and conditions of the 
dynamic studies 

On a qualitative and numerical point of view, 
die principal dynamic characteristics may be 
anticipated as : 

- very stiff system of equations 
- large sparse DAE system (1105 equations), 

non linear widi very small quantities of some 
species 

- large disturbances (+50% from die nominal 
point) have been applied on die vapor flowrate feed. 
These, especially on vapor flowrate, will have as 
affect to destabilize very suddenly die column and 
may induce sharp profiles widi somediing like 
discontinuities. 

By necessity of design, die tritium inventory 
has been minimized in die column. So, die effective 
liquid holdup on plate (or packed column section) 
has been minimized and are very small. It will mean 
diat one disturbance will be rapidly propagated. It 
means that we may wait sharp profiles, erratic 
behaviour and long transient term before reaching a 
new steady-state. These different features will induce 
difficulties to operate me column on die plant. 

The operating dynamic conditions were die 
following ones : reboiler heat duty, vapor distillate 
flowrate, heat duty at plate 42, side-stream vapor 
flowrate at plate 31 have been given. The choice of 
fixed vapor distillate flowrate instead condenser heat 



duty induces a perfect controller at the top. in order 
to prevent any load propagation on the disturbance 
on ;ne others columns of the ITER .system. 

Results are given on figures 2. 3 and 4. They 
show the greatest impact of disturbance on feed 1. 
which destabilizes much more the column man on 
feed 2. For feed 2, we may notice someuiing like 
inverse response phenomena. The transient period 
appears to be around 12 hours. 

Steps (+25%, -125%) on feed flow-rate 1/plate 12 
(200-> 2S0 kmol/h. 200-M7S kmol/h) 
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Figure 4 - Responses in open loop DT/T2 at the 
distillate for disturbance on feed 2 

4. CONCLUSIONS 

The developed dynamic simulator has proven 
to be very beneficial for investigating and 
understanding the dynamic behaviour of this column 
from ITER project. It will allow to develop in tne 
nearest future control strategies based on feedforward/ 
feedback schemes in order to reject perturbation. 

Figure 2 - Responses in open loop for tritium 
inventory for disturbances on feed 1 
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Figure 3 - Responses in open loop for DT/T2 
compositions at die reboiler for disturbance 

on feed 1 
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