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An options study was performed for the treatment of residual elemental sodium in driver plenums following the chopping operation during 
the pyroprocessing of used nuclear fuel. Given the pending availability of a multi-function furnace for distillation and consolidation opera-
tions in the Fuel Conditioning Facility, the furnace was considered for the processing of driver plenums. Although two options (oxidation 
and distillation) could be performed in the multi-function furnace, neither option has been developed sufficiently to date to warrant the 
use of the furnace for treatment operations. Thus, it was decided to defer the treatment of elemental sodium from driver plenums in the 
multi-function furnace until more developed technologies and/or furnaces become available. In the interim, storage of the plenums and 
characterization efforts are recommended.
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1. Introduction

For fast breeder reactors like the Experimental Breeder 
Reactor-Ⅱ (EBR-Ⅱ) and the Fast Flux Test Reactor (FFTF), 
elemental sodium was utilized as a thermally-conductive 
bond between the fuel and cladding in fuel elements so that 
heat could be efficiently transferred to the reactor coolant. 
The sodium-bonded fuel when coupled with sodium reac-
tor coolant in fast breeders provided numerous advantages 
over water-cooled reactor systems. Since elemental sodium 
is highly reactive, treatment of the used nuclear fuel from 
these reactors is necessary and has been on-going at the 
Idaho National Laboratory (INL) since 1996 on the EBR-Ⅱ 

and FFTF inventory [1]. The treatment of the sodium-bond-
ed fuel by pyroprocessing includes neutralizing the sodi-
um in a chloride media such that sodium chloride results. 
Chopped fuel elements are loaded into steel baskets and 
electrorefined to separate uranium from the bond sodium, 
fission products, and transuranics [2]. Once reacted, the so-
dium chloride can be dispositioned with the other chloride 
species in the electrorefiner salt as a high level or transura-
nic waste [3].

Over the course of operations at the EBR-Ⅱ and FFTF 
reactors, used nuclear fuel was removed from the reactors 
and stored either on-site or transferred to the INL for treat-
ment of the sodium via pyroprocessing in the Fuel Con-
ditioning Facility (FCF). Treatment of the used driver and 
blanket fuel occurs in two similar electrorefiners; the Mk-IV 
and Mk-V, respectively. Driver fuel was located centrally 
in the reactors and contained the fissile components neces-
sary for sustained nuclear reactions while the blanket fuel 
surrounded the driver and enabled breeding of additional 
fissile materials. Associated with both driver and blanket 
fuel elements is the fueled and plenum sections with ele-
mental sodium residing around the fuel slug, see Fig. 1. The 
plenum region allows for the accumulation of fission gases 
such that element breaches are minimized. Prior to elec-
trorefining, the fueled sections of both driver and blanket 
elements are pneumatically-chopped into approximately  

1 cm lengths and loaded into steel anode baskets for elec-
trorefining. The plenum sections with varying amounts of 
elemental sodium are currently being stored in FCF follow-
ing chopping awaiting a final disposition. Although similar 
in design, the blanket plenums contain significantly more 
sodium which may be better suited for a different disposi-
tion path. Additionally, the processing of blanket fuel has 
been given a lower priority than the driver fuel while alter-
natives to electrorefining are being investigated for which 
the blanket plenums may also be better suited.

The intent of this paper is to present an options study for 
the treatment of elemental sodium in the driver plenum sec-
tions using a new induction furnace, called the Multi-Func-
tion Furnace (MFF), scheduled to be operational by 2021. 

2. BACKGROUND

The MFF is being designed and built for multiple func-
tions in the FCF including salt distillation from electrorefin-
er cathodic materials with subsequent melting of uranium, 
salt distillation and consolidation of cladding hulls, resiz-
ing uranium products for fuel fabrication, and potentially 
plenum processing. The baseline for plenum processing 

Fig. 1. The gas plenum is at the top of the fuel element (a) and 
the sodium bond extends beyond the fuel into the plenum region (b).
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has been to include the plenums with the claddings hulls 
into the metal waste processing scheme in the Hot Fuel Ex-
amination Facility (HFEF). Exploratory research with iron 
dichloride as an oxidant for the elemental sodium showed 
promise although the materials tested were surrogates and 
not actual plenums from used fuel. Since irradiated metal 
waste operations have not been fully initiated in HFEF oth-
er than several test ingots [4], plenum processing has not 
yet been implemented.

The MFF is a high temperature (1700℃ maximum) in-
duction furnace with an atmosphere controlled (argon gas) 
vacuum chamber. The top portion of the furnace is designed 
with heat shedding features for the condensation portion of 
the distillation process. The furnace also has the capability 
for liquid sampling via injection of a quartz tube through a 
top port and linear drive mechanism. Condensable materi-
als, i.e. salt and possibly minor amounts of cadmium, are 
funneled through the lower region of the crucible assembly 
via a graphite cylinder to the condenser region. Salt ingots 
can then be removed from the condenser for further pro-
cessing or waste packaging. Consolidated metallic prod-
ucts (either cladding or uranium) are collected in the lower 
graphite crucible assembly and dispositioned as waste or 
products.  

Supplementary to the furnace is a vacuum and argon 
supply skid that provides atmospheric control for the fur-
nace chamber and inner distillation processes. Argon sup-
ply, induction power electrical leads, vacuum pump motor 
electrical leads, and instrumentation and control leads, are 
brought into the FCF argon cell via four floor feedthroughs. 
Out-of-cell equipment includes, the induction power sup-
ply, the induction power supply cooling water skid, a PLC 
cabinet, an operator control station (OCS), the argon supply 
and electrical panels.

As stated, driver plenums with elemental sodium are 
under consideration for processing in the MFF. Sampling 
(19 total) of EBR-Ⅱ Mk-Ⅲ driver plenums has been per-
formed historically for elemental sodium and the results 
indicate approximately 3.5% of the total sodium loaded 
into the element during fabrication remains in the plenum 
region post-chopping. As a matter of comparison, sampling 
(12 total) of EBR-Ⅱ blanket plenums indicated significant-
ly more elemental sodium; approximately 33% of that load-
ed initially and hence may be more suited for alternative 
treatment processes. For both driver and blanket elements, 
chopping occurs slightly above the fuel slugs to ensure that 
no residual fuel is left in the plenum sections. 

Because elemental sodium has a high solubility for 
cesium, the driver plenums also contain fission product 
cesium in minor quantities (approximately 1-2% of the 
elemental sodium in the plenums) causing the sodium to 
be radioactive. The source of cesium is as decay products 
(133Cs, 135Cs, and 137Cs) from gaseous xenon isotopes (133Xe, 
135Xe, and 137Xe). Approximately 80% of the total volatile 
xenon isotopes reside in the plenum region of a fuel ele-
ment following reactor operations [5]. The decayed cesium 
isotopes are soluble in the sodium as a liquid or deposited in 
the plenums as a gas due to its high vapor pressure relative 
to reactor temperatures. As a matter of reference, driver ple-
nums have been investigated for cesium and it was found 
to be distributed throughout the plenum. Another observa-
tion from plenum sampling has been that sodium can be 
distributed well above the expected gravimetric meniscus 

Fig. 2. Schematic of the MFF capable of distillation and 
consolidation operations.
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level due to either splattering or wetting phenomena during 
reactor operations. 

Due to their storage in the argon atmosphere of FCF, 
the driver plenum sodium may have reacted with water and 
oxygen impurities in the cell given the levels of the impuri-
ties (typically around 100 ppm) and the storage time. The 
following equations represent the oxidation reactions for 
elemental sodium and are all thermodynamically favorable 
to the right:

 
2 Na + H2O = Na2O + H2(g)  (1)

2 Na + 2 H2O = 2 NaOH + H2(g)  (2)
4 Na + O2(g) = 2 Na2O  (3)

The delta G of free energies at 298 K for the preceding 
three equations are -148 kJ, -302 kJ, and -753 kJ, respec-
tively.

In all cases, the products for these reactions are stable 
compounds of sodium which would remove the reactivity 
characteristic of the elemental sodium.

The three options considered for this study to neutralize 
elemental sodium in driver plenums in the MFF are oxi-
dation, distillation, and completely excluding the process 
from MFF operations. The following sections will describe 
these three options with their advantages and disadvantages 
concluding with a recommendation for a path forward.

3. DESCRIPTION OF OPTIONS

Oxidation processes for the treatment of elemental so-
dium can include both hydration as well as chlorination 
reactions according to equations (1-2) and the following 
equation:

x Na + MClx = x NaCl + M  (4)

where MClx represents a metal chloride that will oxidize 
sodium. The hydration reactions are typically performed 

using steam, although alcohol has also been used, and a 
carrier gas such as nitrogen or carbon dioxide. Numer-
ous problems have been encountered with these methods 
including: passivation layers causing reaction instabilities, 
exothermic excursions, and material design issues related 
to the caustic sodium hydroxide product [6]. For the MFF 
located in the argon cell of the FCF, water/steam is not de-
sirable due to the atmosphere and specialized equipment 
necessary to control both water and hydrogen.

The chlorination of elemental sodium in the MFF is 
considerably more desirable than hydration since the other 
functions of the furnace are to handle chloride species via 
distillation operations. Typical oxidants for elemental so-
dium include uranium trichloride and iron dichloride ac-
cording to the following equations:

3 Na + UCl3 = 3 NaCl + U  (5)
2 Na + FeCl2 = 2 NaCl + Fe  (6)

As mentioned, iron dichloride experiments have been 
performed with non-irradiated materials featuring non-ple-
num geometries, i.e. simulant chopped cladding. Another 
advantage of chlorination is the incorporation of both so-
dium and cesium chloride species into the current electro-
refiner salt waste stream since both species already exist 
in the salt. If elemental sodium in the driver plenums has 
been oxidized by the cell atmosphere, it is expected that an 
oxidant such as uranium trichloride or iron dichloride will 
ultimately chlorinate sodium oxide and sodium hydroxide.

The primary disadvantage to chlorination is assuring 
complete reaction of the oxidant with elemental sodium 
such that unreacted elemental sodium would then be trans-
ported with the salt species throughout the MFF. The in-
compatibilities of sodium with graphite are well known 
and design features would have to be included into the 
MFF graphite components to either prevent this interac-
tion or additional equipment would need to be available 
so as not to impact other operations in the furnace. Since 
it is anticipated that stoichiometric excess oxidant, such 
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as iron dichloride, would be necessary to chlorinate ele-
mental sodium according to equation (6), the effect of iron 
dichloride on the salt should also be considered for the 
subsequent processing of the salt during either waste op-
erations or disposition. Lastly, additional chlorination ex-
periments are necessary with irradiated plenums to discern 
the most effective operating parameters, the amount of ex-
cess oxidant, the degree of sodium chlorination, and the 
layout required to sufficiently expose elemental sodium to 
the chlorinating agent.

The second option for neutralization of the sodium in 
driver plenums is distillation since the MFF is capable of the 
temperatures and pressures necessary to remove elemental 
sodium from the plenums. The temperatures required for 
salt distillation are higher than for sodium distillation. When 
compared to the oxidation of elemental sodium, the devel-
opment of sodium distillation at the INL has progressed 
significantly and has resulted in complete removal of the 
sodium from blanket elements [7]. Of the disadvantages to 
distillation, the most significant is the fact that distilled ele-
mental sodium would still need to be oxidized prior to its fi-
nal disposition in an additional process step. Also, additions 
to the MFF for sodium distillation would be necessary to 

prevent sodium vapor and graphite reactions, i.e. contained 
system within the MFF for sodium distillation operations. 
And finally, if elemental sodium has been compromised by 
the cell atmosphere, distillation of sodium oxide and sodium 
hydroxide would not occur at the conditions (650℃ and 1 
Torr) targeted for sodium distillation.

The third option considered for processing of the driver 
plenums in the MFF is to exclude the operation from the 
initial list of functions to be performed by the furnace. Al-
though this option still requires that the elemental sodium 
in the plenums be addressed sometime in the future, it al-
lows for the alternative technologies to be developed fur-
ther. For example, several direct oxidation tests have been 
performed with a ternary salt (LiCl/KCl/UCl3) and irradi-
ated blanket segments at 500℃ that show promise to com-
pletely oxidize the elemental sodium into the salt.  For this 
method to be utilized for driver plenums, it is expected that 
the plenums would need to be sized or shredded to ensure 
interaction of the salt with the entire interior of the plenum. 
As mentioned, the distillation of blanket elements has pro-
gressed to the point where furnaces are being designed to 
address Fermi blanket elements initially and EBR-Ⅱ blan-
ket elements ultimately. The availability of these furnaces 

Option Advantages Disadvantages

Oxidation Chlorination results in species that can be handled by current 
equipment

Chlorination results in species that can be dispositioned in 
current waste streams

Damage to equipment by incomplete oxidation reaction

Hydration not acceptable in argon hot cell environment

Hydration has technical processing issues

Insufficient operating data available for chlorination 
implementation

Distillation Well-developed processes and equipment for blanket materials Elemental sodium still requires additional oxidation for waste 
disposition

Additional hardware necessary to prevent equipment damage

Failure to remove elemental  sodium if previously oxidized

Deferment Simplifies design of multi-function furnace

Allows alternative technologies/furnaces to be further 
developed

Delays a solution to a pending storage problem

Table 1. Advantages and disadvantages of each neutralization option
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would allow further distillation testing with irradiated driv-
er plenums. The greatest disadvantage to excluding pro-
cessing of driver plenums in the MFF is the uncertainty of 
future distillation furnaces and available space within the 
FCF argon hotcell for said furnaces; however, as long as 
the MFF design does not preclude it, the MFF could be fit-
ted with a future designed sodium distillation containment 
system internal to the MFF. The primary reason to exclude 
processing the driver plenums in the MFF is simplification 
to the current design, increased throughput to the facility 
with one less set of operations, and reduced risk for equip-
ment damage from sodium vapors.

4. CONCLUSIONS

Based on the aforementioned arguments, it is recom-
mended that the initial MFF design not include the neutral-
ization of driver plenum sodium. Given the lack of knowl-
edge pertaining to the chlorination and distillation options 
in terms of process efficiencies and required additional 
processes, respectively, the choice to forgo these options 
at this time is advisable and allows for further development 
of these technologies as well as others that may be more 
applicable. Storage of the driver plenums in FCF should 
be continued and characterization of the elemental sodium 
in those plenums, both quantitatively and for the degree of 
oxidation, should be an on-going priority. Table 1 summa-
rizes the advantages and disadvantages of each option.
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