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Abstract

Operation of the fuel cycle of a thermonuclear dasreactor naturally leads to accumulation of
surplus protium but in some cases it can also teatcumulation of surplus deuterium. Both surplus
protium and deuterium have to be separated, @éitiand discharged to the environment normally
passing a final detritiation stage based on either.PCE (liquid phase catalytic exchange) or water
distillation process. A concept of a multicolumiyagenic distillation system capable of discharging
time varying surplus of deuterium is presentedhia &rticle together with its dynamic model. The
model is based on a UV flash formulation and eguatf state (EOS) thermodynamic model for
hydrogen isotopologue mixtures. The UV (internadrgry - volume) formulation of thermodynamic

state although fundamental for the constant volsystem has not been used widely in transient
simulations, in particular, for distillation dynarsi modelling other approaches are much more
common. At the same time in helium cryogenics thé formulation has reached a wide usage in
large scale dynamic simulations. It is known frohe tliterature that a UV formulation of the

distillation problem is very challenging for a numgelly stable implementation. We present our

findings on the sources of numerical instabiliaes approaches to cope with it.



| sotope separation in the fuel cycle of a thermonuclear reactor and accumulation of

deuterium

Operation of the fuel cycle of a thermonuclear dasreactor naturally leads to accumulation of
surplus protium but in some cases it can also teatcumulation of surplus deuterium. These cases
are the flowing. First every concept of a thermdearc reactor fuel cycle comprises a water
detritiation system, in some cases this systenveryalarge one as it is the case at ITER. Opearaifo
water detritiation system (WDS) leads to accumatabf D naturally present in water at ~ 145 (ppm)
levels. Clearly with e.g. 50 (kg/h) water detritigt capacity approximately 0.4 (mol/h) of Will be
accumulated in the fuel cycle. If any regular itijge of gas bottle deuterium for any purpose isedon

this deuterium becomes contaminated with tritiurd adds the surplus of deuterium in the fuel cycle.

For ITER the concept of the Isotope Separatione®ysliSS) was first time finalized in July 2001
when the ITER Technical Basis Document was publisba the basis of numerous Design
Description Documents (DDDs) developed by that tjitle The concept was developed in several
iterations described in [2][3][4]. The schematiasidw show the final configuration this concept

henceforth referred as ITER 2001 ISS [5]:
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Figure 1. Configuration of ITER 2001 baseline | SS concept

In [1] the following description is given. The calm cascade consists of four distillation columns
(CD1, CD2, CD3 and CD4). The purpose of the firslumn (CD1) is to remove tritium from
predominantly protium-rich streams and to produceraally tritium-free protium stream as the
overhead product. The function of the second col@? is to separate H and D from the CD4
overhead stream, and produce a partially-purifi@dsbbeam which is used for gas fueling and as the
feed to the third column CD3. CD3 removes tritiund gorotium from the deuterium for NB injector
source gas. The bottom product of CD2, a D2-DT won&istream, is fed into the high-tritium-column
CD4, which also receives elemental hydrogen segdriat the tokamak exhaust processing system

from the plasma exhaust stream.



Clearly if there is a significant accumulation afty surplus protium and deuterium they have to be
separated, detritiated and discharged to the emwient normally passing a final detritation stage
based on either the LPCE (liquid phase catalyticharge) or water distillation process. Potential
accumulation of deuterium and the necessity taidedf this surplus deuterium have never been fully
addressed in ITER 2001 ISS because both aforemeticources of surplus deuterium were
considered small. In particular deuterium for NBe@tor source gas taken from CD3 in ITER 2001
ISS had about 75 ppm of T in it as it was nevegnided to be returned to WDS for final detritiation.

Return flow to WDS from CD1 “protium return” hadsjul.2 atomic % of D.

Reconsideration of ISS concept was started withattagptation of commercial software Aspen Plus to
the calculations of cryogenic distillation cascadesoperties of hydrogen isotopes were put into
Aspen Properties database and correct calculafioramor liquid equilibrium in strict accordance
with the Sherwood-Souers thermodynamic model [8% Wwaplemented using an external Fortran
user-supplied function in Aspen Properties. Assalltea robust way to make steady state calculations
for any configurations of cryogenic distillation stades was established at ITER. Then several
options were investigated using steady state ationls in Aspen Plus. Steady sate model of ITER
2001 ISS was reproduced. The main problem idedtifias inability to discharge significant amounts
of D with the “protium return” flow from CD1. As sm as concentration of D in this stream goes
above ~5% tritium concentration goes above acceptdlthis is results of very low difference in
volatility of HD and HT hydrogen isotopologuesweg need to discharge with “protium return” flow
much of HD we will always see too high HT concetitrain the same flow. The solution proposed is
to separate points were very pure H and D are wathid and provide very deep detritiation of one
deuterium product that it can be sent to WDS foalfidetritiation and discharge to the atmosphere

[12]. The proposal is presented below:
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Figure 2. Possible new configuration of ITER ISS concept

We still have 4 columns in the proposed new comfiian but the connections are somewhat
simplified. In this proposal CD1 and CD4 are stifinnected by the two way connection. Such a
connection has the capability of transferring allfidm CD4 up to CD1 and finally WDS and

simultaneously provides flux of T from the bottom@D1 down to CD4 to extract part of T present
in NB (Neutral Beam) feed and WDS feed (see Figi29m the top of CD1 column practically pure

HH is taken with less than 5% D in it. This pro\dda very deep detritiation of this stream. Low
purity deuterium (DP1) is produced from a sideatrgaken from CD1 column that is predominantly
D with low H concentration. In CD2 protium is segi@d from D and protium is recycled back to
CD1 with CD2TP stream. Between CD2 and CD3 a roemgerature reactor promoting isotopic

self-equilibration destroys traces of light DT nmlées converting T to heavy DT isotopologue that is

concentrated in the bottom of CD3 and recycled ladke reboiler of CD1. Very pure D with less



than 10 ppm of T is produced with the top strean2 DPCD3. This product can be used for both ion
source of the neutral beam injector and for disghao WDS for final detritiation before rejectiam t

the environment.

The recycle of protium form CD2 and change fromide scolumn for pure D production to a
dedicated stand along column CD3 in the new prdmosathe key features that provide capability to

work with WDS feed stream of 280 (mol/h) as in\dih up to 50% of D in it.



Rigorous dynamic simulation of cryogenic distillation of hydrogen isotopologues based on UV

flash

Cryogenic distillation of hydrogen isotopes hasrb#dee leading separation method applied when a
high throughput high concertation tritium sepanmafocess is needed as in the fuel cycle of a large
thermonuclear reactor. There is a wealth of putiboa on the transient modeling of this process e.g
[4][6][13][14] and many others. However, to the bekauthors’ knowledge, in all of them the model
is based on the use of bubble flash (constant pressalculations of vapor liquid equilibrium. The
assumption of constant pressure is natural fornsofuconnected to the atmosphere or to a source of
constant pressure that can be e.g. a vacuum méuigait is done for water distillation at ~20 kiPa f
the production of oxygen isotopes. However for naighe distillation facilities including cryogenic
distillation for hydrogen isotopes separation iirigpossible to have any connection to a source of
stable pressure. The absolute pressure in theronisotled by the balance of heat sources, most
importantly heating in the reboiler, and coolinglire condenser. A distillation column not connected
to a source of constant pressure is a constantmneohpen system with natural state variables molar
amounts of the components and internal energych ealume that is on each tray [26] this selection
of state variables in combination with rigorous U&sed phase equilibrium calculation (UV flash) we
henceforth call the UV approach. As discussedragtiein [23] the UV approach is the most rigorous

approach to transient distillation modeling thét sses the concept of the theoretical tray.

The argument provided in support of fixed pressunethe condensers is that pressure control is
normally rather tight. However if a cryogenic distion facility faces very significant variations

the flow rate and composition of the feed flowsaems reasonable to have both the thermodynamic
and hydraulic response of the system modelled fidlgrously for a detailed transient analysis. This

idea was the main driver for the effort presentethis article.

It should also be noted that for single compondmd$ when the UV-based phase equilibrium

calculation (henceforth UV flash) can be replacgd bable lookup in an internal energy-densitydabl



this UV approach has been successfully used in ARBQ18][19] and FLUIDAPRO [22] fluidic
libraries for EcosimPro. For multicomponent fluitlsvas also reported e.g. in [24] and in [23] itsva
applied to distillation in particular. The straifgrivard UV approach in [23] was augmented by the
use of local thermodynamic model that was the neastient way to accelerate multicomponent

thermodynamic calculations when parallelizatiorahputations was not readily available.

Thermodynamic calculations are extremely well palizhble by their nature as results of each
computation is a small set of output results thgppethds on a small set of input data and each
thermodynamic equilibrium calculation (flash caltidn) is independent of all the others. Numerous
iterations made on a small set of data make eqjuilibcalculations compute-bound also facilitating
parallelization. These factors naturally make phegeilibrium calculations amenable to massive
parallelization. A good review of this topic is prded in [17] that describes the use of modern
graphical accelerators for vapor-liquid equilibriunalculations. Nowadays a single high-end
consumer CPU can have up to 32 cores and the ensrdevelopment of computing power for High
Performance Computing (HPC) applications in scieaod engineering often leaves some idling
fraction of their computing power available at argmaal or no cost for process design calculations.
Consequently the brute force UV approach when dicomponent UV flash calculation is done
rigorously for each tray at all times has beconmare viable option now when the much slower

performance of it can be offset by the availabitityhardware for parallel computations.

Probably the first commercially available thermoagmc system that implemented full thread safety
for multicomponent thermodynamic equilibrium cakions including the UV specification and,
consequently, capability to be readily parallelizeing e.g. OpenMP was KBC Multiflash starting
from version 6.2 issued in 2016, technical detailsut the approach to parallelization can be faand
[25]. Clearly a model of a distillation system abidave been implemented in standard programing
language like C++ but we decided to use an equati@mted modeling system EcosimPro that has
been used successfully at CERN, ITER and CEA fonyngears for the modeling of large scale
cryogenic systems [18][19][21][20]. This decisionasv based on the flexibility provided by

EcosimPro and the multitude of features alreadylémpnted in EcosimPro that otherwise will have



to be implemented anew. It was also supported Ibgtlzer wide use of similar equation-oriented
systems in the chemical engineering domain stafionghe first commercially available equation
oriented modeling system SpeedUp [29][30] thatdhadved into Aspen Custom Modeler/Aspen Plus

Dynamics and its further development gPROMS [27][28

In this article we present our efforts aimed atviimg an equation of state based thermodynamic
model for hydrogen isotopologues, a software cotimedetween EcosimPro and Mutiflash and

results of first tests of them on a single didiitla column of 110 theoretical trays

All tests and their timings presented in this detiwere made on a dual Intel Xeon workstation with
two E5-2670 CPUs (16 physical cores in total) ragrat 2.6 GHz. Experimental version 6.1.30 of

EcosimPro software was used for all tests.

Equation of state thermodynamic model for hydrogen isotopologues

De-facto standard vapor-liquid equilibrium (VLE) de for the hydrogen isotopologues is the
Sherwood-Souers model [8] that is an activity-futyaenodel. Activity-fugacity thermodynamic
models for VLE in general are not compatible whk tJV formulation. Consequently an equation of
state (EOS) VLE model for hydrogen isotopologues waveloped based on pseudo-data generated
from the Sherwood model. As additional sourcesnfdrimation data from the book by Soures [9]
were used for all isotopologues but for HH and DID][data were used as more precise. KBC
Multiflash includes a wide range of EOS models mdny are not appropriate for the current
application. Accurate wide-ranging data and EOSaoatg available for HH and DD [10] so models
such as GERG2008 that depend on high-accuracy BO&€Eh pure component in a mixture are not
applicable. Generalised models such as BWRS and[LKPare not parameterized for quantum gases

and low temperatures.



In order to fit binary interaction parameters (BIRs Multiflash models based on pseudo-data from
the Sherwood model it is essential that the pummpoment vapour pressure (VP) correlations
reproduce the Souers VP values as closely as paskibwever, the Souers correlations are simple
Antoine equations with limited ranges of validityda in particular, they are not consistent with the
critical point values. If the Souers VP correlatare used in Multiflash the advanced cubic egoatio
of state (EOS) models cannot accurately reprodued/Ps because of this inconsistency. Therefore,
it has been necessary to refit the VP of all coneptsiusing Wagner-type VP correlations (Multiflash
vapour pressure equations 1 and 3 defined in [thHj) correctly reproduce the critical point. Then
pseudo-data generated from the Sherwood modelders Used to regress BIPs for all the 15 binary
systems formed by the six hydrogen isotopologuemplerature-independent BIPs have been used in
all cases because the VLE data covers a quitewdenmperature range between 20 (K) and 27 (K)

and it is required to apply the same model up ¢oirad 600 (K).

The recommended Multiflash model for representing YLE of Hydrogen isotopologues is the
Redlich-Kwong-Soave Advanced (RKSA) model [11]. Therfect gas heat capacities of all
components have been fitted to Multiflash equatitthvat reproduce the data used to within 1% for
most substances with a maximum deviation of 1.560M0. The combination of the perfect gas heat
capacity correlations and the RKSA model shouldvigi® reasonable predictions of thermal
properties from cryogenic conditions to 600 (K)reguired. The enthalpy change on evaporation of
HH and DD, the only substances for which high aacywalues are available, are well reproduced by
the recommended RKSA model and we can expect ¢haithier 4 isotopologues enthalpy change on

evaporation are rather accurate.

The RKSA model developed can be used with any effldsh calculations available in Multiflash

including the UV flash.

Development of a software link between EcosimPro and KBC Multiflash and multicomponent

library of basic models



KBC Multiflash provides two Application Programmimgterfaces (APIs) in Fortran and in C/C++. In
order to make parallel calls to flash routines ithieead safe way the new C/C++ interface of KBC
Multiflash should be used [25] An intermediate laygl L providing easy to use abstraction of
Multiflash C/C++ interface was developed at ITERv&al Multiflash streams are supported so we
can have several parts in one simulation usingemifft sets of components and different
thermodynamic models but the intermediate laydmigied to 2 phases gaseous and liquid that is
sufficient for all envisaged applications at ITERhe principal idea of the intermediate layer was to
have just a single call to UV flash in any volurhattalso returns all the data necessary for reqprti
to the user (e.g. molar fractions) and for the wlakion of flow rates in resistive components ditt

to this volume component as described further.

One of the key design decisions in the developrokan equation oriented library of components is
to define a port type. Ports in EcosimPro and otguation-oriented languages serve as links
between any two components for information exchaipe values of the variables exposed through
these elements from one component to another. lydoalfluidic simulations sequences of volume-
resistance-volume model are recommended as theg axemation of algebraic equation systems and
make simulation more robust and convertible to edinary differential equations (ODE) system.
Volumes or pressure setters in our library haveambbldups of substances and total energy in them
as state variables and in a UV flash and subse@adiatto property evaluation functions calculdte a
intensive and (if requested) transport properties s done in a single call to the intermediateita
DLL. This volume-resistance-volume pattern makesirdele to have exposed in volume ports all
information needed for the resistance to calcullme rate between the two volumes that is fluid
mass density and viscosity. Clearly some typeflogi resistances need to make thermodynamic
calculations on their own e.g. flashing valves butlow pressure drop resistances information

provided by adjacent port s is sufficient.



The structure of port type used in the multicompadidrary for EcosimPro based on Multiflash

thermodynamic software is shown in table.

Table | Structureof Port Type Used in the Multicomponent Library for EcosimPro

Construction parameter

nc

components of Multiflash Fluid

ncon

Number of connections

Information exposed in port about the statein the volume*

P_inV[ncon], (Pa)

Pressure from volume equal equati

H_inV[ncon], (J/mol)

Enthalpy from volume equal etjons

Z_inV[ncon,nc]

molar fractions from volume equaliatjons

Additional information calculated in the volume and reported in the port for

the possible usein resistive element**

Rho_inV[ncon], mol/m3

molar density from volume atjgquations

Mw_inV[ncon], g/mol

averaged molocular weight usedjet mass density

LigVolFrac[ncon],

liquid volume fraction from voluenequal equations

Values calculated in resistive component***

F[ncon], (mol/s)

molar flow rate in the moving ftui

H_flow[ncon], (J/mol)

molar enthalpy in the movifigid

Zi_flow[ncon,nc]

molar fractions in the moving fti

* - the set of information exposed (minimum foristise element to be aware) must be sufficient
for a resistive element to obtain all informatidooat fluid with the use of calls to thermodynamic

properties routines if this is needed (e.g. imating valve).

** - the set of additional information reportedtime port should provide all information needed

for the simplest and very common types of hydrawdsistances — K loss factor and the pressure drop



correlation in a distillation column [16]. This typof resistance should not calculate any physical

properties inside its code, all must be availabteugh the ports.

***_ this set of values must be fully sufficient bnot exceed what is needed for mass and energy
balance equations inside the volume model. Addifianformation like volumetric flow rate can

reported by the resistive component is needed.

An important feature of the developed multicompdnénary is the availability of a gas only UV
calculation. In many cases it is a-priory knownt thaolume will never work in two phase region. For
a thermonuclear reactor most of the systems woldtively low pressures and room or higher
temperatures with so-called non-condensable gds&s can be considered ideal gases. In the
developed library of models and the intermediaged®LL it is possible for the user to set a flagai
volume model that this volume is a gas-only voluinethis case in the intermediate layer instead of
calling Multiflash UV flash the procedure finds ngithe Bent’s method the temperature of the gas
from the known amounts of components and internatgy using Multiflash API function returning
the perfect gas enthalpy and entropy for each caewoof the mixture and the ideal gas law. Such a
calculation is at least 100 times faster than UasHl and results are very close to full UV flash

calculations as the same perfect gas thermodyndaécare used.

It should be mentioned that a similar project ainadthe creation of a software interface from
equation-oriented software Dymola to KBC Multiflastas undertaken before in [15] but not
specifically for distillation modelling and withopiarallelization of calculations that was not aailié

at that time in both Dymola and KBC Multiflash.



Numerical issues and their resolution

All transient formulations of the distillation prigmn produce stiff system of ODEs. UV formulation
produces a particularly stiff system [23]. Consetlyea stiff ODE solver is needed and in this work
two solvers were used a sparse version of well-kn@VvODE in EcosimPro and odel5s solver in
Matlab. It should be noted that unlike SpeedUp/As@aistom Modeler and gPROMS, EcsoimPro
just like odel5s in Matlab does not produce anaytexpressions for Jacobian evaluation but relies

exclusively on forward finite differencing to evabe the elements of the Jacobian.

During the development of aforementioned softwaterface and for testing purposes we used a test
system of six closely boiling hydrocarbons: Pentddexane, 2-Methylpentane, 3-Methylpentane,
2,2-Dimethylbutane, 2,3-dimethylbutane with RedliGlvong-Soave (RKS) equation of state
(henceforth the hydrocarbon system). This allowesd ta separate general, the fundamental
performance and robustness issues from the isqeesfis to the cryogenic case of the hydrogen

isotopolgues system.

Initial implementation of a distillation column witEcosimPro —KBC Multiflash connection and the
hydrocarbon system revealed extremely poor perfoocadhat did not significantly improve as the
column after difficult initial transient approachtte steady state (see Figure 1a). Solver cleaaty w
stumbling and finite difference Jacobians of theEO&ystem were reevaluated several times at one
step. Detailed analysis of the causes was doneaitiabl environment to which a special version of
our connection library was created. Matlab odeldises has all its source code in very friendly
environment of Maltab editor-debugger. It was fouthét many elements in the Jacobian are
evaluated incorrectly and this was traced to toalkfimite differencing steps done in its evaluatio
by forward finite differencing. At least 1e-6 stejpsthe amount of each substance of a tray were
needed for correct finite difference evaluationttud Jacobian. The developers of EcsoimPro were
asked to provide some user control over the stkpntan some variables, in particular the state

variales of the UV flash formulation — internal ege and molar amounts. Authors express deep



gratitude to Pedro Cobas Herrero and Fernando Phiethuero of Empresarios Agrupados for
providing this feature of user-control over Jacabimite differencing step in experimental version
6.1.30 of EcosimPro. At the same time KBC Advantedhnologies improved accuracy of their UV

flash algorithm in cases of very small perturbationinput values.

Below are several tests representing progresseirstébilization of the numerical solution. All the
tests were done for the first 1000 (s) simulatiba single 110 theoretical tray column with CVODE
sparse ODE system solver of EcosimPro at relatidkadbsolute tolerances 1e-5 and maximum time
step 1.0 (s). Such a test combining a difficulti@hitransient and easier and slower composition

dynamics is representative of real transient sitrariascenarios.
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Figure 3. Cryogenic hydrogen isotopologues system. Plot (a) time evolution of pressure on

several traysin the column Plot (b) liquid volume fraction on several traysin the column.
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Figure 4. Cryogenic hydrogen isotopologues system. Plot (a) time evolution of liquid
composition in the condenser (components: 1-HH, 2-HD, 3-HT, 4-DD, 5-DT, 6-TT). Plot (b) time

evolution of liquid composition in thereboiler.
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Figure 5. Initial test with Multiflash 6.2.49 (hydrocarbon system, 2658 (s) of real time). Plot (a)

evaluation of Jacobians. Plot (b) integration step contracted (red lines).
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Figure 6. Test with

Multiflash 6.2.49 and EcsoimPro Jacobian finite difference step

experimental feature activated (hydrocarbon system, 130 (s) of real time). Plot (a) evaluation of

Jacobians. Plot (b) integration step contracted (red lines).
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Figure 7. Test with Multiflash 6.2.55SP1 and without Jacobian finite difference step feature
activated (hydrocarbon system, 146 (s) of real time). Plot (a) evaluation of Jacobians. Plot (b)

integration step contracted (red lines).

We can see that both approaches, namely, useamwtiedtJacobian evaluation step and tightening of
tolerances in the flash calculation produced apprately the same result. Combination of them does
not meaningfully improve performance any furth@ractically all Jacobian evaluations in both cases
were accepted and we see that after 500 (s) rei@iwf Jacobians is repeated . Simulation timme fo
the hydrocarbon system is now an order of magnitiadeer than real time that is the minimum

requirement for meaningful transient simulation.

Parallelization of UV flash calculations in all tHelO trays was provided with the EcsoimPro
language feature PARALLEL that relies on OpenMPpsupof the C++ compiler (Visual C++ 2017
was used). It was very efficient and demonstrated $imulation is clearly bound by calculation of
flashes. Speedup of simulation for the test dasidh column from 1 core to 16 cores was

approximately 15 times.

However for the cryogenic hydrogen system perforcedn several times slower with the same stable

behavior and clear acceleration approaching tredgtstate as can be seen from the plot below. In



fact number of UV flash calls was at least 20% loimethis scenario in comparison to hydrocarbon

tests above (~500 and ~600 thousand UV flash cilonk were done in the considered scenarios).
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Figure 8. Test with Multiflash 6.2.60SP1 without Jacobian finite difference step feature
activated (hydrogen isotopologues system, 610 (s) of real time). Plot (a) evaluation of Jacobians.

Plot (b) integration step contracted (red lines).

It seems that for the cryogenic system the veryomatemperature span of the components’ normal

boiling points introduces additional difficultiesrfflash calculations making them much longer.

Conclusions and further work

Rigorous UV flash approach to transient modelingdistillation processes was for the first time
applied to cryogenic distillation of hydrogen isetdogues. An equation of state based
thermodynamic model correctly reproducing both thérmodynamic and transport properties of
hydrogen isotopologues and non-ideality of theiporaliquid equilibrium was developed for this

purpose. A software link between equation-oriemdieling system EcosimPro and thermodynamic



software KBC Multiflash was developed. Paralleli@atof thermodynamic calculations was fully
implemented in EcosimPro. Speedup of simulationtliertest distillation column from 1 core to 16
cores was approximately 15 times. This fact cordithmat the availability of massive parallelization
can make such a brute force approach as multicoemdnV flash in all volumes at all time steps

viable.

It is clear that after the resolution of initiaflyund numerical issues the performance of the &gHl
calculation limits the overall performance of thedal. KBC Multiflash being a general-purpose
thermodynamic software provides very robust angaeably fast but not the fastest possible UV
flash calculations and this is particularly impottéor the hydrogen isotopologues system at has two
phase region at very low temperatures. On the dthed there is nothing that should fundamentally
prevent the same level of performance with the gepic system. ITER and KBC Advanced
Technologies are investigating the possibilitiesbting the computational performance of the

cryogenic system to the level achieved for the bgdrbon system.

DISCLAIMER

The views and opinions expressed in this paper do not necessarily reflect those of the ITER
Organization.
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