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PYRO - New Capability for Isotopic Mass Tracking in Pyroprocess Simulation

J. R. Liaw and J. P. Ackerman
Argonne National Laboratory

9700 South Cass Avenue
Argonne, Illinois 60439 USA

ABSTRACT

A new computational code package called PYRO has been developed to sup-
port the IFR fuel recycle demonstration project in the HFEFIS facility at ANL-W.
The basic pyrochemical code PYRO1_1 models the atomic mass flows and phase
compositions of 48 essential chemical elements involved in the pyroprocess. It has
been extended to PYRO1J2. by linking with the ORIGEN code to track more than
1000 isotopic species, their radioactive decays, and related phenomena. This paper
first describes the pyroprocess to be modeled and the pyrochemical capability that
has been implemented in PYRO1_1, and then gives a full account on the algorithm
of extending it to PYROl_2for isotopic mass tracking. Results from several scoping
and simulation runs will be discussed to illustrate the significance of modeling in-
process radioactive decays.

I. INTRODUCTION

The Liquid Metal Reactor (LMR) research and development program at Argonne National
Laboratory based on the Integral Fast Reactor (IFR) conceptl has emerged on the scene in recent
years. The pool-type Na-cooled IFR concept using metal fuel can be shown to have many potential
advantages in core performance, inherent saiciy features, and fuel cycle costs.M The foundation of
the IFR concept has been firmly established upon the successful operation of the Experimental
Breeder Reactor - n (EBR-H) at ANL-West in Idaho for more than a quarter of a century.5 One of
the key feature in the IFR concept is the closed fissile self-sufficient fuel cycle using pyrometallur-
gical processing and injection-casting to refabricate recycled fuels.6 A compact, economic, self-
contained, and highly diversion-resistant fuel cycle facility could be co-located as an integral part of
the power plant Extensive R&D efforts have been undertaken at Argonne to demonstrate the IFR
fuel cycle by using the existing EBR-H and the joining Hot Fuel Examination Facility/South
(HFEF/S) complex.7l8 Modifications of the HFEF/S facility and supporting R&D work in equipment
design and process development are directed toward the demonstration of a closed fuel cycle about
1991.'

A new computational code package called PYRO has been developed to support the IFR fuel
recycle demonstration project.1OtU The basic pyrochemical code FYR01_l developed by
AckermanI0 models the atomic mass flows and and phase compositions of 48 essential chemical ele-
ments involved in the pyroprocess. It has been extended to PYRO1_2 by linking with the ORIGEN
code n to track more than 1000 isotopic species, their radioactive decays, and related phenomena.
This paper first describes the pyroprocess to be modeled and the pyrochemical capability imple-
mented in PYRO1_1, and then gives a full account on the algorithm of extending it to PYRO1_2.
Results from simple scoping studies to more realistic simulation runs will be discussed to illustrate
the significance of modeling in-process radioactive deer s, i.e., the "aging" related phenomena.



II. DESCRIPTION OF THE PYROPROCESS

The proposed pyro^'tallurgical process for the recovery of heavy metals from the IFR spent
fuel is carried out primarily in a single vessel called the electrorefiner.7|13 It contains two liquid solu-
tions at ~ 500 °C : one is the liquid cadmium at the lower portion of the vessel serving as the pool;
and the other is the molten LiCl and KC1 salt at the upper portion of the vessel serving as the electro-
lyte. In the electrorefining process, chopped spent fuel pins will first be dissolved out of the cladding
in the electrorefiner, and then the heavy metals are separated from the fission products by electro-
deposition onto a cathode.

Spent fuel can be dissolved by either direct dissolution or by anodic dissolution. In direct disso-
lution, chopped fuel pins contained in a porous basket are lowered into the cadmium pool of the elec-
trorefiner, and the fuel materials are dissolved from the cladding by adding oxidizing reagent
cadmium chloride (CdCl2) salt. The U, Pu, Zr, and soluble fission products are distributed between
the cadmium pool and the electrolyte salt according to their solubility and chemical equilibrium
requirements. Alkali metals, alkaline earth, rare earth, and halogens stay mostly in the electrolyte
salt. The remaining noble metal fission products and the insoluble cladding hulls stay in the cad-
mium pool. In anodic dissolution, chopped fuel pins in a porous basket are lowered into the electro-
lyte salt, then an electric current is applied to the basket (as anode) and the cadmium pool (as
cathode) to dissolve the chopped fuel pins. (It is just the reverse of a normal electro-deposition pro-
cess where the cadmium pool serves as the anode and a collecting electrode serves as the cathode.)

After the dissolution of the spent fuel, an electrotransport process is then conducted to separate
the heavy metals from the fission products. A solid metal cathode will be used to collect uranium
only; and a liquid cadmium cathode will be used to collect uranium and plutonium mixture. With
the passage of an electric current under a properly regulated voltage, uranium and plutonium are oxi-
dized from the cadmium pool and simultaneously reduced from the electrolyte salt onto the cathode.
The uranium and plutonium collected on the cathode with some salt and cadmium will be removed
from the electrorefiner and subsequently will be melted to consolidate the heavy metals as product
ingots; the salt and cadmium separated from the product will be recycled back to the electrorefiner.
The spent anode baskets, containing some salt and cadmium become high-level waste. When it
becomes necessary, both the cadmium pool and the electrolyte salt will be cleaned by filtering out or
chemically stripping off fission products. Further treatment of metal waste and salt waste will be
conducted later in a waste campaign study as part of the overall HFEF/S demonstration effort.14

111. MODELING OF THE PYROPROCESS

I1I.A Pyrochemical Basis In PYRO1_1

The dissolution of the spent fuel into the electrorefiner solutions and the extraction of U or U-Pu
mixtures by electrotransport to a solid or liquid Cd cathode are basically partition of elements
between u molten salt and solid or liquid metal phases. It involves the redox exchange reactions
between one element in metal phase and another element in salt phase. At the process temperature of
500 °C, these exchange reactions proceed very rapidly so that their chemical equilibrium is estab-
lished quickly. Therefore, concentrations of the metals and their chlorides can be determined from
their equilibrium constants and the relations between chemical activities and concentrations of those
species invloved. The chemical activities are assumed in PYRO1_1 to increase linearly with concen-
tration within homogeneous phases, but may be fixed in the presence of solid phases, particularly
when intermetallic compounds are formed with cadmium. Based upon the chemical equilibria of the
redox exchange reactions for elements in various phases in the electrorefiner, models for various
chemical processes, such as dissolution, oxidization, electrotransport, reduction, etc. have been



developed and implemented as PYRO1_1 procedures by Ackerman.10 Since PYRO must remain
flexible to keep up with the pace of pyroprocess technology development, relatively simple proce-
dures are also included in the code package to simulate non-chemical phenomena, such as distilla-
tion, melting, or mechanical split and combine operations.

III.B Algorithm for Isotopic Mass Tracking

In order to track mass flows by isotopes in the pyroprocess, the code must not only follow the
chemical partition in space, but must also allow decay of radioactive nuclides in time. Theoretically,
these two events can occur simultaneously; in reality, with spent fuel cooled for 100 days or more,
most of the short-lived nuclides would have decayed away by the time the fuel is introduced into the
electrorefiner. In general, chemical partition in pyroprocess takes place in a relatively short time
(hours or days) compared to the half-lives (months or years) of those radioactive species that have
survived thus far. Under such a circumstance, chemical partition and radioactive decay can be mod-
eled independently. Furthermore, it is assumed that all isotopes of a given chemical element will
participate with equal opportunity in all chemical reactions involving that element. For example,
U-235 and U-238 are treated equally with all other uranium isotopes for all chemical reactions
involved in the whole pyroprocess.

These two fundamental assumptions are the guiding force in developing the new capability and
the structure of this code is divided into two major blocks: one block performs the chemical partition
based on chemical elements only, and the other block performs the radioactive decays using a modi-
fied version of the ORIGEN code package1S and related calculations based on nuclear isotopics.
Each code block is a conglomerate of various computational modules that will do specific chemical
or physical calculations when requested. This code is developed under the VAX/VMS environment
and its computational modules are either Pascal procedures or FORTRAN subroutines. A driver pro-
gram is constructed according to the flowsheet of the pyroprocess that the user intends to investigate.
Proper order of calling various modules and synchronization of input/output must be maintained in
order to produce meaningful results. Communications between these two major code blocks are
established through internal interface files. Nuclear data libraries and various I/O files are defined by
the user. Process control parameters and several code options can be selected by the user.

I1LC Flow Chart for PYRO1_2

The algorithm implemented in PYRO1_2 for isotopic mass tracking in pyroprocess is illustrated
as a flow chart in Fig. 1. To process a batch of fuel, the code will first prepare the feed in FEEDISO
module by adjusting the size of the batch and reformatting the input isotopic data from the burnup
calculations by ORIGEN into a proper working order. Then this isotopic feed material will be
blended with the materials already in the pool and the salt of the electrorefiner by MIXISO module
to obtain the isotopic fractions. Since the PYRO1_1 procedures assume chemical equilibrium for
redox exchange reactions is maintained through the electrorefining process, the isotopic fractions
(ERISO2.DAT) will be the homogenized average composition of the whole electrorefiner consisting
of the pool (ISOPOOL2.DAT), the salt (ISOSALT2.DAT), and the feed (ISOFEED.DAT) that are
going to interact chemically. The MIXISO module also lumps isotopes into chemical elements as
the input feed (FEED.DAT) to chemical processes which normally follow immediately. All chem-
ical processes that have been modeled as the PYRO1_1 procedures can be called to perform the
desired pyroprocesses according to the flowsheet under investigation and the process parameters as
specified in the TEMPLATE.FIL by the user.The distribution of elements in the electrorefiner is
recorded in the file STATE.FIL after each operation. When all specified chemical processes have
been performed for a batch of fuel, or at some proper time when the nuclear isotopic inventory of the
electrorefiner is needed, the driver program at this juncture will instruct the PYRO1_2 code to write
interface files for the pool (POOL1.FIL) and the salt (SALT1.FIL) compositions for decay calcula-



tions. Since some time (batch turnaround time) has elapsed for performing all these chemical pro-
cesses and "aging" of the material in the electrorefiner needs to be accounted for, the radioactive
decay module AGING will be executed. Summary tables for isotopes, elements, and material ^;cups
will be provided by the editing module ISOTABLE. Quantities such as moles, grams, curies, watts,
gamma watts, as well as photon spectra and delayed neutron yields are edited for the pool, salt,
cathode, and waste streams. This completes the calculation sequence for a given batch, then the pool
and the salt of the electrorefiner are updated after "aging" and ready for processing the next batch;
and the calculational sequence repeat until the simulation is completed.

III.D Computer Resources Requirement

Resources requirement and job costs for five typical test runs using various code options are
summarized in Table I. Generally speaking, one needs to have ~ 2 megabytes of core memory and ~
12,000 blocks of disk space for output for a full simulation of processing 24 batches of feeds and
uses all options for isotopics, aging, photon spectra, and summary tables. The CPU time in such case
would be - 20 minutes. This is - 20 times more compared to the requirement for the basic PYR01_l
run without the isotopic mass tracking capability.

IV. SCOPING STUDIES USING PYRO1_2

To demonstrate this new capability, especially that related to nuclear isotopics, several
scoping studies based on a simplified process flowsheet were performed and analyzed. The flow-
sheet for these scoping studies assumed that only U-lOZr binary driver spent fuel from EBR-II will
be processed using anodic dissolution and solid electrodes for deposition. Table II summarizes the
decay heats by beta and gamma component for the binary (U-lOZr) fuel and the ternary
(U-19Pu-10Zr) fuel from EBR-II at either 100-day or 365-day cooling. In the scoping studies, a total
of 24 batches of binary fuel with - 20 Kg of heavy metal per batch is processed at a rate of one batch
per 30 days. Such a long turnaround time allows all steps in the pyroprocess to be completed. The
actual time needed for the electrorefining step alone is only a day or so. Neither cadmium pool nor
electrolyte salt will be cleaned up between batches.

Due to the chemical partition and "aging" of the elements in the electrorefiner, materials in the
pool and the salt will have different characteristics. The effect of radioactive decays can be seen
from the total heat loads in the electrorefiner as shown in Fig. 2. Without considering the decay, the
heat load would simply accumulate as each batch added a fixed amount of heat as shown in Table II
to the electrorefiner. When aging is considered, the cumulative heat load to the system increases at a
retarded rate due to the decay of the material added in previous batches. As shown in Fig. 2, the total
heat load to the electrorefiner approaches an asymptotic value of - 27 Kw after processing - 40
batches of 100-day cooled binary feed. Similarly for binary feed at 365-day cooling, the electrore-
finer heat load reaches an asymptotic value of ~ 7 Kw after processing ~ 24 batches.

As shown in Fig. 2 for the 100-day cooled feed, heat from the pool and that from the salt is
roughly equal in early batches, and appraches 55 % in pool and 45 % in salt at the end of 24 batches.
But for 365-day cooled feed, almost 90 % of the heat is in the salt and only ~ 10 % is in the pool
after 24 batches are processed. It was also found that the heat in the pool for 100-day cooled feed
consisted of - 90 % gamma and ~ 10 % beta. On the contrary, the heat in the salt consisted of ~ 90
% beta and ~ 10 % gamma. Similar trends were also observed when the 365-day cooled feeds were
processed. Most of the photons in the pool are from the gamma decays of the noble metal fission
products; the average photon energy is ~ 0.63 MeV. Whereas most of the photons in the salt are
from the decays of lanthanides and actinides; the average photon energy is ~ 0.53 MeV, somewhat
softer than that from the pool region. Heat from beta radiations will deposit locally and that from



gamma radiations may be transported to surrounding media. Therefore knowing the distribution of
heat in the pool or in the salt and its form as beta or gamma is useful to the design of a system that
can deal with the heat removal problem in the most effective manner.

In the above scoping runs, it is assumed that every 30 days a batch of feed will be processed. A
case was run where the batch turnaround time is cut by 50 % to 15 days per batch. This would
double the throughput of the pyroprocess for a given amount of operating time. It was found that
doubling the throughput will not add much more heat to the electrorefiner; at the end of 24 batches,
only ~ 25 % more heat is added for 100-day cooled feed. For 365-day cooled fuel, such a simulation
indicated that ~ 33 % more heat will be added. This difference is due to the fact that the 365-day
cooled feed has its heat mainly come from more slowly decaying rare earth fission products. The
more "aged" the feed is, the more "stubborn" it becomes in terms of radioactive decays; thus less
beneficial rate of return on reducing the heat load will be gained by waiting longer.

V. HFEF/S CAMPAIGN STRATEGY SIMULATIONS

The new isotopic mass tracking capability is used to simulate a pyroprocess campaign strategy
proposed by Ackerman and Rohde for the HFEF/S demonstration project.16 In that strategy, there
are two campaigns to be conducted; and the batch turnaround time is assumed to be 30 days. The
first 12 batches are binary campaign where only binary fuels will be processed using anodic disolu-
tion and solid electrodes for uranium depositions. After the sixth batch, insoluable noble metal fis-
sion products will be removed. At the end of the binary campaign, both Cd pool and salt will be
cleaned and restored for the second campaign where mixed binary and ternary fuel will be processed.
In the mixed fuel campaign, the electrorefiner will first be charged with binary feeds, then a batch of
20 Kg plutonium feed will be loaded to alter the Pu/U ratio in the salt to ~ 2 to 1 so that the system is
prepared to deposit plutonium using liquid Cd cathode. Once the salt reaches such a condition, an
alternate of binary and ternary feed will be processed. In the middle of the second campaign, inso-
luable noble metal fission products will again be removed. At the end of the 24th batch, both the Cd
pool and the salt will be cleaned and restored by some waste campaign processes not yet finalized for
this simulation study. In this paper, only performance parameters pertaining to demonstration
of the new code capability, i.e., isotopic mass tracking and radioactive decay related issues, will
be addressed and highlighted.

Heat accumulates in the electrorefiner as the campaign proceeds and is cut back at the middle of
both campaigns by removing noble metal fission products, and at the end of both campaigns by
cleaning up the pool and the salt Fig. 3 shows the total heat load and gamma component when
100-day cooled feeds are used. Maximum heat load reaches ~ 13 Kw near the ends of both cam-
paigns. Fig. 4 shows the total heat load for 365-day cooled feeds. Similar trends were observed
except that: 1) the maximum heat load is only ~ 5 Kw near the ends of both campaigns; and 2) the
gamma component is ~ 10 % of total heat load versus - 40 % in the 100-day cooled case. Most of
the heat for 365-day cooled feeds is beta energy from rare earth fission products in salt; whereas for
100-day cooled feeds both noble metal and rare earth fission products contribute comparable
amounts.

The amounts of uranium and plutonium in the products for the HFEF-S campaign simulation
are shown in Fig. 5. For solid electrode deposits in the binary campaign, only uranium is obtained.
For the mixed fuel campaign, plutonium is recovered with uranium when liquid Cd cathodes are
used. The contamination of the products by lanthanides (rare earth elements) and higher actinides is
shown in Fig. 6. The rare earth and higher actinides will be recycled back to the reactor.

This new capability also provides information for fissile isotopics and the enrichment of the
products. For instance, the amount of U-235 and Pu-239 in the products are shown in Figs. 7 and 8.



For the binary campaign, the U-235 enrichment in the products is ~ 64.9 % which is the value in the
initial binary feed. When ternary feed is introduced into the electrorefiner, the isotopic ratios change
according to the mixing algorithm discussed earlier. The U-235 enrichment in ternary feedstock is -
55.7 %; and if equal amount of binary feed and ternary feed is mixed homogeneously, the resulting
mixture will have a U-235 enrichment of - 60.3 %. The exact enrichment of U-235 in each batch
falls between these two values depending on the actual amounts from two feeds being mixed. Such a
transition from batch to batch in the mixed fuel campaign can be seen in Fig.7. The amount of
Pu-239 and plutonium in the products are shown in Fig. 8. For the binary campaign, the enrichment
of Pu-239 is ~ 98.7 % which is the value in the initial binary feeds. When a batch of external pluto-
nium is introduced to the electrorefiner to prepare for the mixed fuel campaign, the enrichment of
Pu-239 becomes ~ 86.8 % after mixing. When subsequent ternary feeds are introduced to the elec-
trorefiner, the Pu-239 enrichment decreases gradually to - 85.8 % which is the enrichment in the ter-
nary feeds.

VI. SUMMARY DISCUSSIONS AND CONCLUSIONS

With this new capability, we are now able to perform isotopic mass tracking through the pyro-
processes to be demonstrated at the HFEF/S. Heating rates, radiation levels, photon spectra, isotopic
distributions, fissile enrichments, and many other important parameters can be calculated consis-
tently to support the design and development needs of the HFEF/S demonstration project. Updates
and revisions will be made as new processes are being developed, and as operating data become
available. Based on the experience gained in developing this new capability and the results obtained
from these scoping and simulation studies, the following summary notes can be made:

1. The fundamental assumption of separability of chemical partition and radioactive decays is
generally valid for sufficiently cooled fuels in the pyroprocess. The new capability is structured such
that computational modules for chemical processes are independent of "aging" due to nuclear
decays.

2. The major effect of "aging" is mostly manifested in the heat load resident in the electrore-
finer. With the "aging" effect properly accounted for in the scoping study, heat load estimate is cut
down by as much as 50 % (from 50 Kw to 25 Kw) for the EBR-IIMARK-III binary feed of 100-day
cooling after 24 batches of operation at a rate of 1 batch per month. Similarly a reduction of ~ 40 %
(from 13 Kw to 7 Kw) is achieved if the same feeds were cooled for 365 days.

3. Doubling the duty cycle of the pyroprocess by increasing the rate to 2 batches per month will
not add a substantial amount of heat load to the electrorefiner. The scoping study showed that an
increase of - 25 % (from 25 Kw to 30 Kw) in heat load to the electrorefiner after 24 batches of
100-day cooled binary feeds are processed; and an increase of - 33 % (from 7 Kw to 10 Kw) in heat
load resulted if 365-day cooled feeds were used instead.

4. About 90 % of the heat in the Cd pool is gamma radiation from the noble metal fission prod-
ucts; on the contrary, about 90 % of the heat in the salt is beta radiation from the rare earth fission
products. It is also found that the noble metal fission products generally have shorter half-lives than
that for the rare earth fission products; thus gamma heat in the pool decays more rapidly than the
beta heat in the salt which tends to be more "stubborn" and lasts longer.

5. The pyrochemical process intrinsically provides an adequate but not complete separation of
Pu from rare earth elements, and no separation from higher actinides. Such a separation is desirable
because the retained material discourages diversion, and the higher actinides recycled back to the
reactor can be burned as fuel rather than constituting a long-term health hazard in the waste.



This new capability is currently being integrated into a comprehensive mass tracking software
package to aid the operation, control, and accountancy of the HFEF/S project. It has the potential to
be developed into an out-of-reactor fuel cycle model that can be coupled with the in-core burnup
model to simulate consistently and dynamically a completely closed IFR fuel cycle.
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Table I. Comparison of Resources Needed and Job Costs for 5
Calculations Using Different Code Options in PYRO

JOB

RESOURCES NEEDED £ JOB COST

CODE

PROCESS

BATCH

ISOTOPICS

AGING

PHOTON

CPU SEC

DZRZO

TOTAL $
(W_BATCH)

OUTPUT
(BLOCKS)

PYRO1_1

SCOPS

24

NO

NO

NO

60

2,500

3

6,000

SYROl 2

SCOPS

24

YSS

NO

NO

250

9,300

10

10,000

PYRO1_2

SCOPE

24

YES

YES

NO

800

14,000

30

10,000

PYRO1_2

SCOPE

24

YES

YES

YES

1,200

21,500

40

11,800

BYRO1_2

SIMULATION

24

YES

YES

YES

1,230

23,100

42

11,800

Table II. Summary of Decay Heat from 4 Batches of Feed Containing
20 kg of Heavy Metals Discharged from EBR-II

E3R-II/MARK-III INNER CORE DRIVER FUEL

COMPONENT

BETA + GAMMA (KW)

BETA (KW)

GAMMA. (KH)

BETA ( % )

GAMMA ( % )

TOTAL PH0T0N3/SEC

AVERAGE PHOTON 3 (MSV)

BINARY

100-DAY

2.188

1.203

0.980

55

45

1.0112+16 :

0.618

365-DAY

0.550

0.444

0.106

81

19

L.327E+15

0.579

TERNARY

100-DAY

2.322

1.345

0.977

58

42

1.027E+16 :

0.616

365-DAY

0.687

0.563

0.124

82

18

1.618E+15

0.584



Fig. 1 Flow Chart and Code Structure for PYR01_2
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