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FOREWORD
The immobilization of high level liquid wastes from the reprocessing of irradi
ated nuclear fuels is of great interest and serious efforts are being undertaken to find
a satisfactory technical solution. Volatilization of fission product elements during
immobilization poses the potential for the release of radioactive substances to the
environment and necessitates effective off-gas cleaning systems. Several Member
States have undertaken considerable research and development programs to achieve
removal of the volatile radionuclides from the off-gas. This report describes typical
off-gas cleaning systems used in the most advanced high level liquid waste immobili
zation plants and considers most of the equipment and components which can be used
for the efficient retention of the aerosols and volatile contaminants.
A Technical Committee Meeting was held at the Agency’s Headquarters in
Vienna to review various recent developments and to ensure the dissemination and
exchange of the most current technology. The Technical Committee Meeting on
Design and Operation of Off-gas Cleaning Systems at High-Level Waste Condi
tioning Facilities was attended by 11 experts from seven Member States and one
international organization. The participants discussed and commented on a draft
report, prepared for the IAEA Secretariat by two consultants. After the Technical
Committee Meeting, the IAEA Secretariat and the consultants revised the report and
the final draft was approved by all of the participants.
The Agency wishes to thank all those who took part in the preparation of the
report, particularly the consultants, G. Roth (Federal Republic of Germany) and J.B.
Morris (United Kingdom) and the Chairman of the meeting, D.W. Clelland (United
Kingdom). The IAEA officers responsible for this report are W. Baehr and
V. Friederich from the Waste Management Section of the Division of Nuclear Fuel
Cycle.

1. INTRODUCTION
The goal of radioactive airborne waste management is to protect the public and
the environment from the hazardous effects of airborne radioactive contamination.
To achieve this goal, national authorities responsible for the safe operation of nuclear
facilities provide limits and regulations that should be adhered to by commercial
nuclear fuel cycle facilities. One of the basic concepts of radioprotection as formu
lated by the International Commission for Radiological Protection (ICRP) is that “ all
exposures shall be kept as low as reasonably achievable (ALARA), economic and
social factors being taken into account.”
As technologies and designing systems for off-gas treatment in high level liquid
waste conditioning facilities are developed, two basic groups of source terms should
be taken into account: i) limits for the airborne radioactivity releases given by the
national licensing authority after investigation of all of the pathways and exposure
consequences of the radioactive discharges to the environment from the site in
question, and ii) sources and characteristics of the off-gas streams at the given
facility.
Certain specific guidelines should be taken into account when considering
source terms for the design of off-gas cleaning systems of high level liquid waste
conditioning facilities. For example, in the case of a nuclear facility consisting of
several different facilities, release limits are generally prescribed for the nuclear
facility as a whole. Since high level liquid waste conditioning (calcination, vitrifica
tion, etc.) facilities are usually located at fuel reprocessing sites (where the majority
of the high level liquid wastes originates), the off-gas cleaning system should be
designed so that the airborne radioactivity discharge of the whole site, including the
emission of the waste conditioning facility, can be kept below the permitted limits.
Concerning the second group of source terms, the sources and characteristics
of the off-gas streams at waste conditioning facilities are highly influenced by the
physico-chemical and radiological composition of the high level liquid waste to be
conditioned at the given facility and can be very specific to the conditioning technol
ogy used.
For these reasons, Section 2 of this report deals with the sources and composi
tion of different kinds of high level liquid wastes while Section 3 describes briefly
the main high level liquid waste solidification processes. Section 4 deals with the
sources and characteristics of the off-gas contaminants that should be retained by the
off-gas cleaning system. Section 5 considers the equipment and components which
can be used for the efficient retention of the airborne contaminants. Section 6 covers
the typical off-gas systems used in the most advanced (large pilot or industrial scale)
high level liquid waste solidification plants. Safety considerations for the design and
safe operation of the off-gas systems are discussed in Section 7. Section 8 provides
a summary of the off-gas cleaning of waste conditioning processes and indicates at
least one area where additional data are needed.
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2.

NATURE OF HIGH LEVEL LIQUID WASTE (HLLW) [1-7]

2.1. ORIGIN OF HIGH LEVEL LIQUID WASTE
High level liquid waste almost invariably originates from the reprocessing of
spent fuel and arises as the aqueous raffinate from the first cycle of the solvent
extraction.
Selected medium active liquid waste streams from reprocessing operations may
be concentrated (by evaporation) and added to the high level liquid waste stream.

2.2. THE FACTORS INFLUENCING THE COMPOSITION OF HIGH LEVEL
LIQUID WASTE

2.2.1.

The fuel type and enrichment

The nuclear industry uses a wide variety of fuels including uranium metal,
uranium alloys (containing Fe, Al, or Mo), uranium oxide and mixed oxides of
uranium and plutonium. The uranium in these fuels may be natural or enriched.
When alloyed fuels are reprocessed, the alloying materials are dissolved and become
components of the high level waste.

2.2.2.

The fission process

2.2.2.1. Thermal or fast fission
The spectrum of fission products generated in fast and thermal fission are
somewhat different from one another. For example more Ru and Cs but less Sr is
produced in a fast reactor and there are also differences in the relative amounts of
the transuranic nuclides formed.
2.2.2.2. Bumup and specific power
The extent of the bumup (MW •d/t) and the specific power (MW/t) also affects
the amounts of individual isotopes produced and hence the composition of the
HLLW.
2

2.2.3.

The nature of the reprocessing operations

2.2.3.1. Head end
The composition of the waste is very dependent upon the processes employed
at this stage, some producing a comparatively salt-free HLW and others a highly
loaded solution.
2.2.3.2. Dissolution
The gaseous fission products Kr and Xe do not appear in the high level waste
to any significant extent because they are almost completely released into the
reprocessing plant dissolver off-gas. The bulk of the I is also driven into the gas
phase during the dissolution of the fuel. A proportion of the 3H in the spent fuel
follows the HLLW stream in the form of tritiated water.
The level of Ru remaining in the dissolver solution will depend upon the volati
lized amount of this isotope.
If the fuel cladding is insoluble in nitric acid, the fuel elements may be mechan
ically chopped and the fuel leached by nitric acid from the chopped fuel element
debris. In this case the fuel solution and subsequently the HLW does not contain any
dissolved cladding material and is therefore comparatively salt-free.
The same result can be achieved by decladding the fuel mechanically or chemi
cally before dissolution. When chemical decladding solutions are combined with the
first cycle HLW raffinate at a later time, the solutions become heavily loaded with
salt.
Complete dissolution of the fuel elements produces a fuel solution highly
loaded with inactive salts which then pass into the HLW system.
2.2.3.3. First cycle solvent extraction
If the first cycle solvent extraction employs solely an organic solvent, nitric
acid and salt free fuel solutions, the HLW will contain a minimum of inactive
dissolved salts.
Should salting out agents be employed to raise the NO3 ion concentration and
enhance the partition coefficients, the aqueous raffinate (HLLW) will be heavily
loaded with inactive salt.
2.2.3.4. Intermediate level liquid waste management
If salt-containing intermediate level liquid wastes are evaporated and combined
with the HLLW stream, the amount of inactive salt which has to be treated with the
HLLW is substantially increased. These solutions may contain chemicals such as
3

TABLE I. TYPICAL HLLW COMPOSITION [1]

Constituent

Concentration
(m ol/L at 378 L/t U)

Inserts (reprocessing chemicals)
H+
Na
Fe
Cr
Ni
PO?'
SO^NO 3
F"
Gd
B
Cd

1-7
0 -3.0
0 .0 5 -1 .4
0 .0 1 -0 .0 4
0 .005-0.02
0.0 2 5 -0 .3 0
0-0 .9 0
2 .7-20
0-0.25
0- 0.2
0-5 .0
0-1.5

Fission products
Rb
Sr
Y
Zr
Mo
Tc
Ru
Rh
Pd
Ag
Cd
Sn
Sb
Te
Cs
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd

4

0.0095
0.017
0.0095
0.074
0.071
0.017
0.044

0.011
0.030
0.0015
0.0016
0.0009

0.002
0.0078
0.039
0.023
0.018
0.034
0.016
0.055
0.0005

0.012
0.002

0.001

TABLE I. (cont.)

Constituent

Concentration
(m ol/L at 378 L/t U)

Actinides
U
Np
Pu
Am
Cm

0.053
0.003

0.002
0.009
0.003

iron, sulphate and sodium ions which are added for valency adjustment of the
plutonium.
2.2.3.5. Steam stripping
Steam stripping of HLLW prior to vitrification can remove a large fraction of
the small amount of entrained solvent which is inevitably carried into the HLLW
stream from the solvent extraction system. The removal efficiency may have an
important effect on the amount of precipitated material in the HLLW. Small quanti
ties of tributylphospate (TBP) if not removed are soon degraded in the high radiation
field to phosphate which then reacts with Zr or Mo to produce insoluble phosphates.
2.2.3.6. Corrosion o f the plant
Although reprocessing plants are fabricated from stainless steel, some corro
sion inevitably occurs and small quantities of iron, chromium and nickel enter the
high level waste.
2.2.3.7. Soluble poisons
Although the enrichment of the fuel is depleted during irradiation, the forma
tion of Pu often raises the final level of fissionable material in spent fuel by a signifi
cant amount. Account of this has to be taken in reprocessing, and to avoid criticality
at the dissolving stage it may be necessary to add a soluble neutron poison, such as
gadolinium, which will remain in the aqueous phase and appear in the HLW waste
from the first solvent extraction cycle.
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TABLE II. COMPILATION OF EXISTING HIGH LEVEL LIQUID WASTES

France
Vitrification
campaign
[3]

Belgium

Fed. Rep. of
Germany

United Kingdom

Eurochemic
LEWC [4 ]a

WAX Plant
HAWC [4]b

MAGNOX THORP
[5]
[5]

260d

Fuel type or
waste source

LWR
12]

Bum up MW-d/t

33 000

_

kg oxides/t fuel
L soln/t fuel

-

—
440e
2.2

130
5.9

40.5C

10

g waste/L soln
Acidity (M)
Oxide A1
Na
Mg
Fe
Mi
Cr
Mo

300
247c
2

20c
7.7
7.7

146.9d
1.13
57.8d
27
10

20f
24.8
10.6
1.4
2.2
-

12.9
4.5
4.5
4.8

1.7

Hg
Zr
Gd
Mn
Actinides
(U, Pu, Cm, Np, Am)
Fission products
SO;’
PO;*
BOJ*
F -'
Activity
Alpha
Beta
Gamma

a
b
c
d
e
f

6

2.7f
0.5
0.7

31.3

-

-

4.97
86.8

4
23.4

28°
28
10.7d

12.4C
TBq/L 0.34
TBq/L 65.4
TBq/L 65.4

9.1

Low enriched waste concentrate.
High active waste concentrate.
Quantities expressed as g. elements/L.
Quantities expressed as g. oxides/L.
Quantities expressed as g. nitrate saits/L.
Quantities expressed as wt.%.

30°’®

0.05

12.03

0.2f
39.1f

1.4
63.4f

1.2f

0.2f

ALONG WITH SOME CHARACTERISTIC DATA

Japan

India

PNC LWR
[6]

TPS (6]

28 000
500
150.44

-

60d
12.4
1.4
0.64

20000
96.39
800
120.49d

United States of America
Idaho
Acidic A1
Waste (6)

Defense waste
SRP sludge
[7]

(Savannah River)
SRP salt waste
[71

-

87.77

0.05d
6.2

81.55d

24
2.24
4.6

0.4
1.55

-

neutralized
with NaOH
6-67 f
1-5

-

10-49
1-6
-

2.6

0.1-3

NaNOj 48.8f
NaNO, 12.2
NaOH 13.4
NaAl(OH)4 11.2
Na,S04 6.0
Na,C03 5.4
Other salts 2.9
Insoluble
solids 0.1

3-12
15

4.6

61

30.8
up to 48

0.018°
0.27

0.012

0.96
0.71

0.04

0.023

2.49

1.7
1.7

0.056
0.056
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2.3. COMPOSITION OF HIGH LEVEL LIQUID WASTES
The bulk of currently generated HLLW solutions originates from the
reprocessing of spent fuel from LWR nuclear power stations. Table I [1] gives the
chemical composition of a typical waste from LWR reprocessing, including the
chemicals added during the operation. The fission product data are based on a burnup
of 25 000 M W -d/t U.
HLLW composition, however, may vary significantly. In addition to power
reactor wastes, HLLW may also contain wastes from research, materials testing and
special purpose reactors. Table II contains a compilation of several existing waste
concentrates which display a wide range of compositions, reflecting the influence of
the various factors discussed above (Section 2.2).
The presence of certain elements (e.g. Hg, Tc and noble metals) may affect
the solidification process. If the yield of these species exceeds acceptable values,
pretreatment prior to solidification [2] could be necessary to remove them from the
waste solution.

3. HLLW SOLIDIFICATION PROCESSES AND
THEIR APPLICATION
The main purpose of conditioning the HLLW is to convert it into a solid and
stable form, in order to prevent the activity from being dispersed. The solidified
waste in general also has a significantly smaller volume than-the corresponding
HLLW. The reduced volume facilitates transport and longer term storage under safe
conditions before the waste is more definitely disposed of. To date, no country has
decided on which deep underground repositories will be acceptable for the perma
nent disposal of any given form of HLLW.
The processes for the solidification of HLLW can be divided into three main
categories:
— calcination processes
— vitrification processes
— ceramic matrix processes.
In the past, various types of processes of each category have been developed
[8] but only a few have advanced to a state of industrial application. A compilation
of the existing and planned solidification plants in various countries and the type of
process used in each is listed in Table III. The data indicate that at present four plants
are operating with actual radioactive wastes. Others are expected to commence
routine operation in the near future. Table III also shows that vitrification is the most
commonly used solidification technique.
8

TABLE III. EXISTING AND PLANNED PRODUCTION FACILITIES FOR
SOLIDIFICATION OF ACTUAL RADIOACTIVE HIGH LEVEL LIQUID
WASTES [8]

Location

Type o f process

State

Marcoule
(AVM)

Rotary kiln calcination/
metallic melter

Operation

La Hague
(R 7) (UP2)

Rotary kiln calcination/
metallic melter

Construction

La Hague
(T7) (UP3)

Rotary kiln calcination/
metallic melter

Design

Germany,
Fed. Rep. of

Mol (PAMELA)

Liquid fed ceramic melter

Operation

India

Tarapur

Liquid fed metallic melter

Operation

Japan

Tokai (PNC)

Liquid fed ceramic melter

Design

UK

Windscale
(WVP)

Rotary kiln calcination/
metallic melter

Construction

USA

Idaho (NWCF)a

Fluidized bed calcination

Operation

Savannah River
(DWPF)b

Liquid fed ceramic melter

Construction

Hanford (HWVP)C

Liquid fed ceramic melter

Design

West Valley
(WVDP)d

Liquid fed ceramic melter

Construction

Country

(Plant)

France

a
b
c
d

New Waste Calcining Facility.
Defense Waste Processing Facility.
Hanford Waste Vitrification Plant.
West Valley Demonstration Project
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TABLE IV. EXPERIMENTAL HIGH LEVEL LIQUID WASTE SOLIDIFICATION FACILITIES

Country

Facility

Type o f process

Scale

Operational
mode

Status

Australia

SYNROC

Ceramic matrix

Technical

Inactive

Construction

Canada

WIPE

Spray calcination/
ceramic melter

Technical

Inactive

Operation

France

PIVER

Liquid fed
metallic melter

Technical

Active

Operation

Germany,
Fed. Rep. o f

V-Wl

Liquid fed ceramic
melter

Full

Inactive

Construction

FIPS

Drum drying/
metallic melter

Laboratory

Active/
inactive

Operation

Italy

ITREC

Liquid fed pot
vitrification

Technical

Inactive

Operation

Japan

CPF

Liquid fed ceramic
melter

Laboratory

Active

Operation

MTF

Liquid fed ceramic
melter

Technical

Inactive

Operation

FINGAL

Liquid fed
metallic melter

Technical

Active

Suspended

HARVEST

Liquid fed
metallic melter

Full

Inactive

Suspended

UK

Country

USA

_
Facility

SRL

PNL

Type o f process

Scale

Liquid fed ceramic
melter
Spray calcination/
ceramic melter

Lab./techn./

Liquid fed ceramic
melter
Spray calcination/,
metallic melter
(in-can melting)

Lab./techn.

full
Technical

Technical

Operational
mode

.
Status

Inactive/
active
Inactive

Operation

Inactive/
active
Active

Operation

Suspended

Suspended

In other countries, design studies are being undertaken but a decision to
construct has not yet been made. For example, in Canada the AVM vitrification
process has been chosen for the AECL reference design of a reprocessing facility.
To complete the survey of the solidification techniques, Table IV lists the
major experimental facilities and processes and provides information on the scale of
each facility, its mode of operation and current status. Some of the processes have
been suspended, but are noted in the table because of the technical importance of the
off-gas treatment system applied and the availability of the experimental data.
The process chosen by each country depends on different factors according to
the actual situation in each case. A general distinction can be made, however, with
regard to the form of the solid waste produced: calcined granules, glass blocks or
sintered ceramic blocks. The calcined granules are not considered an acceptable form
of waste for disposal and would probably need to be taken up again for final condi
tioning. The glass blocks and the technically less advanced ceramic blocks, however,
may well be considered as final forms.

3.1. CALCINATION PROCESSES
During calcination the high level waste solution is converted to an oxide
powder or to granules by means of heat treatment in the temperature range of
400-800°C. The two main routes are fluidized bed calcination and spray calcination.
With regard to the off-gas situation, calcination processes are characterized by a
considerably high loading of the gas with dust particles and volatile radioactive
components like ruthenium or caesium. Moreover the process shows a large off-gas
flow caused by the throughput air required for fluidization or spraying.

3.1.1.

New waste calcining facility (NWCF)

Calcination as a separate process has been applied only to a limited extent,
although there have been several different calcination processes under development
in the past. An industrial state of development has been reached only by the fluidized
bed process, which is operated at the Idaho Chemical Processing Plant (ICPP) at
Idaho Falls, USA (see Table III). This calcination process was first actively tested
in the industrial scale waste calcining facility (WCF) and later continued in the new
waste calcining facility (NWCF), which has been under hot operation since 1982 [9],
In this process, the feed solution is pneumatically atomized and sprayed into
a fluidized bed of solidified waste granules. In addition to the waste solution, the feed
solution contains a recycle stream of off-gas scrubbing solution representing about
20-30% of the total calciner feed stream. The fluidized bed is maintained at
400-500°C and is heated by in-bed combustion of a hydrocarbon fuel after atomizing
with oxygen.
12

3.2. VITRIFICATION PROCESSES
A review of HLLW solidification concepts clearly indicates a preference for
immobilization of the waste as oxides in a glass matrix. Several different processes
have been developed during the last 20 years, but only a few are presently of techni
cal importance. These processes are based on vitrification by using a borosilicate
glass frit.
The preparation of a waste glass product involves successive process steps such
as evaporating/drying, denitration, calcination and finally the melting reactions
between the waste oxides and the glass frit components.
A distinction can be made between single stage vitrification processes where
the HLLW solution is fed directly into the glass melter, and two stage processes
where an evaporation/calcining step precedes the feeding into the melter (i.e. dry
feed goes into the melter). Advantages and drawbacks exist in both of these methods.
With respect to the glass melter itself, two basic types are mentioned: the
metallic melter with indirect (external) heating, and the ceramic melter characterized
by direct (electrode) heating of the glass melt in a ceramic lined chamber.
Vitrification processes are characterized by high temperatures of up to 1250°C
which are necessary for achieving the melting of the glass. Owing to these high
temperatures, there is a considerable generation of volatile components which are
carried away by the gaseous effluents. The off-gas loading with volatilized
compounds and particulates, however, depends to a great extent on the individual
process performance and operating conditions as well as on the properties of the
waste.

3.2.1.

Single stage (direct liquid fed) vitrification processes

In this type of process the HLLW is mixed with all or part of the glass forming
compounds and continuously fed directly onto the molten glass surface. The process
steps of drying, calcining and melting occur simultaneously in one vessel. The
process may be performed continuously or batchwise with respect to feeding and/or
draining. In the case of the so-called pot vitrification, the metal reaction vessel also
serves as the storage container.
The liquid feeding process uses a comparatively cold cover of boiling liquid
on the glass pool surface. The resulting lower temperature reduces the amount of
semivolatile impurities carried to the off-gas system. In ceramic melter operation,
there is a direct correlation between the extent of this cold-cap on top of the glass
pool and the loading of the off-gas with contaminants (see Section 4). Control of
entrainment and volatilization is required because of the risk that deposited materials
might block the off-gas conduit between the melter and the off-gas train.
Among the single stage processes, the continuously liquid fed ceramic lined
glass melter has attained technical importance. Direct heating of the glass melt
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provides the required high throughput capacity while assuring a thoroughly melted
homogeneous glass product.
The use of this promising technique for HLLW solidification has mainly been
undertaken in the USA, the Federal Republic of Germany and Japan. The actual state
of development in these countries is fairly advanced, and several facilities are
expected to start hot operation between 1985 and 1992.
The other single stage processes which have been developed use indirectly
heated metallic melters. France, India, Italy and the United Kingdom have been
pioneers in developing these systems.
3.2.1.1. United States o f America
In the USA considerable effort has been invested in the development of the
direct liquid fed ceramic melter process [7, 10-13] which is the reference process
of treating both defence and civilian HLLW. Extensive non-radioactive testing and
some radioactive testing have been performed at the Pacific Northwest Laboratory
(PNL) and at the Savannah River Laboratory (SRL). Three vitrification facilities are
at various stages of design and construction as indicated below. A technical scale
radioactive melter for testing and development has recently been put into operation
at PNL.
Defense Waste Processing Facility (DWPF)
At the Savannah River Plant (SRP) near Aiken, South Carolina, the Du Pont
Company is currently building a facility for the US Department of Energy to vitrify
high level liquid waste. The Defense Waste Processing Facility (DWPF) will convert
approximately 100 000 m 3 of existing waste sludges, salt and liquid into approxi
mately 4000 m 3 of borosilicate glass and 60 000 m 3 of decontaminated salt in a
cement matrix. The plant is scheduled to begin non-radioactive operation in 1988.
The vitrification portion of the process will use a liquid fed ceramic melter
heated by joule electrodes in the glass and by resistance heaters in the vapour plenum
above the glass surface. The melter will be fed continuously through two feed
nozzles. Glass will be continuously removed from the melter through a slanted riser
and will overflow into a stainless steel canister (diameter, 0.6 m; height, 3.0 m). The
bulk temperature of the glass in the melter will be kept at a nominal 1150°C. The
melter will process 200 L/h of 45 wt% slurry of waste components and frit to
produce about 100 kg/h of glass.
Design for the vitrification portion of the plant has been developed through
extensive testing at SRL with supporting studies being carried out in a technical scale
melter at PNL. The SRL facilities have included several laboratory scale active and
inactive melter/off-gas systems for process development, two small scale melter/offgas systems for process and technical development and three large scale (~ 40% of
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full scale) melter/off-gas systems for technical development and process
demonstration.
A discussion of off-gas development work on the most recent large scale
system, the large slurry fed melter (LSFM), is contained in Section 6.
Hanford Waste Vitrification Plant (HWVP)
The HWVP is a production scale facility being developed in order to vitrify
wastes generated at the Hanford site near Richland, Washington. It has been decided
to vitrify the Hanford waste in a continuous liquid fed ceramic melter and the process
for the HWVP is now under study.
The HWVP will process the HLW and TRU liquid radioactive wastes (existing
and future) generated by the PUREX/B plant and plutonium finishing plant (PFP).
Waste blends to be vitrified include neutralized high level liquid waste, cladding
waste, complexing agent concentrate and TRU waste streams. A decision on the total
quantity of material to be solidified has not yet been made but the total glass produc
tion has been estimated at between 2000 and 4000 t. In order to complete the vitrifi
cation operations soon after PUREX/B Plant operations are ended, a glass
production rate of 45 kg/h has been recommended.
Conceptual design of the HWVP is scheduled to begin in 1986 with startup
scheduled for 1994.
West Valley Demonstration Project (WVDP)
At West Valley New York, approximately 2270 m 3 of HLLW, generated
between 1966 and 1972 during the reprocessing of commercial nuclear reactor fuels
and defence production reactor fuels, await vitrification. The United States Depart
ment of Energy (USDOE) is the site administrator for the West Valley facility, and
West Valley Nuclear Services Company, Inc. (WVNS), a wholly owned subsidiary
of Westinghouse Electric Corporation, is the site operator. Direct liquid feeding of
a continuous joule-heated ceramic melter has been chosen as the reference process
for vitrification of this waste. The design glass production rate is 45 kg/h.
Development of the process has been carried out by WVNS and PNL. The
melter and first scrubber have now been installed at West Valley for checkout and
cold operation. Hot startup of the complete process, which will use some off-gas
equipment from the now shutdown reprocessing plant, is scheduled for 1988.
Radioactive liquid fed ceramic melter (PNL)
Under the sponsorship of the USDOE, a high level radioactive waste vitrifica
tion system has been installed in an engineering facility at Hanford, Washington. The
system consists of a technical scale melter, canister handling turntable, glass level
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detection system, off-gas treatment and condensate treatment systems. The system
began operation in October 1984 and a long term testing programme will verify
remote operation and maintenance, establish process control-product quality
relationships, evaluate safety measures, establish off-gas emission performance,
determine radionuclide behaviour in the melter and the off-gas system, and provide
a database for safety analysis and licensing. Operation is expected to continue until
1990.
3.2.1.2. Federal Republic o f Germany
Since 1978 development of the vitrification process in the Federal Republic of
Germany has taken place mainly at the Karlsruhe Nuclear Research Centre within
the framework of the Federal Republic HAW-Technology Programme which termi
nated in 1983 [14-16]. The process is based on a continuously liquid fed ceramic
melter with a design throughput of 30 L/h of waste solution and a corresponding
glass production rate of 30 kg/h. Premelted glass frit, used as the glass making
material in the form of 1.5 mm diameter beads is introduced directly into the melter.
As an option, however, the HLLW liquor can be blended with a portion of the frit
consisting of fine spherical particles (grain size 0.1 mm). The energy for maintaining
the vitrification process is supplied by power electrodes without additional auxiliary
heating. Discharge of the molten glass can be achieved batchwise by a bottom drain
freeze valve or continuously by means of an overflow draining system.
Full inactive process demonstration took place in 1983 in a 1:1 scale mock-up
facility at Karlsruhe by processing 20 m 3 of simulated waste solution to about 20 t
of glass product. The radioactive demonstration of this process has been performed
in the Federal German PAMELA plant (PAMELA process), located at the former
Eurochemic site in Mol/Belgium, by vitrifying Eurochemic’s LEWC (low enriched
waste concentrate). This waste solution which originated from several reprocessing
campaigns that occurred between 1966 and 1974, was characterized by significant
concentrations of process chemicals such as sodium or sulphur and a high total oxide
yield. Between October 1985 and the end of April 1986 the total LEWC volume of
50 m 3 was processed within three campaigns [17, 18]. An activity of approximately
3 x 1017 Bq was solidified in 78 t of glass product, containing 11 wt% of waste
oxides. The waste loading was limited by the sulphur concentration which led to
undesired phase separations on the pool surface in the case of higher loadings.
Since the promising hot process demonstration, the PAMELA plant has
continued operation and is vitrifying another Eurochemic waste, called HEWC (high
enriched waste concentrate). This HLLW, which amounts to scarcely 800 m 3, is
primarily an aluminium nitrate solution with a considerable mercury yield.
A scale-up of the process to 80 L/h is currently being undertaken at the Nuclear
Research Centre, Karlsruhe and an inactive vitrification plant V-Wl is under
construction. This facility, which started operation in 1986, represents a full scale
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mock-up facility for the future reprocessing plant WA-Wackersdorf and is to be used
for the cold demonstration of the process.

3.2.1.3. Japan
In Japan development of the ceramic melter technology by the Power Reactor
and Nuclear Fuel Development Corporation (PNC) has been underway since 1980.
At the present time work is concentrated on the operation of three facilities [19]. A
full scale mock-up test facility (MTF) and an engineering test facility (ETF) will
provide experience and data for the hot operation. This work is supported by hot
vitrification runs on a laboratory scale test facility (CPF). The design of an active
pilot vitrification plant to be constructed for the solidification of HLW from the
Tokai reprocessing plant was started in 1982 and has now entered the licensing
phase. Hot operation is expected to begin in a few years. The processing capacity
is planned to vitrify HLLW at the rate of 0.7 m 3 per day. The glass production rate
will be about 12 kg/h in order to fill one canister per day. Vitrification will be
performed on waste that has been cooled for 5.5 years.
Some major improvements were recently made by feeding the melter with
porous glass fibre soaked with concentrated HLLW. This dosing method, which
effectively minimizes the off-gas load — especially in particulates — is used in an
advanced melter system which started operation in 1985.

3.2.1.4. United Kingdom (FINGAL and HARVEST pot vitrification process)
Early development, aimed at ensuring operational simplicity, led to a process
in which all of the steps are combined in one operation in a single vessel. In this
process the crucible, in which all of the reactions occur, becomes the final product
container. The HLW solution and glass-forming reagents are added to a pool of
molten glass, the level of which rises progressively until the container is full. By
carefully controlling the temperature as the level of the glass increases, the evapora
tion and calcination processes can be carried out successfully. This system, a batch
process, was the basis of the FINGAL and HARVEST processes developed at
Harwell [20] as well as the French PIVER process (see below). In this system, when
the container is full, it is allowed to cool and is then removed from the furnace,
replaced by an empty container and the process then restarted.
In general, batch processes are not readily scaled up for industrial operation
and the processes chosen for subsequent development in the UK involved continuous
formation of the glass product and filling of the final product containers by periodic
tapping of the melter.
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3.2.1.5. France (PIVER process)
The PIVER process [8] has been demonstrated with high activity waste in an
industrial pilot plant. Many of the features are similar to the FINGAL process.
Evaporation, calcination of the feed and melting of glass are carried out in a fixed
pot and the product is drained into a canister through a freeze valve at the bottom.
The high level waste solution from the storage tanks is concentrated before being fed
to the vitrifier. In order to reduce the volatilization of ruthenium, prior to calcination
the nitric acid in the HLW solutions is partially destroyed by reaction with
formaldehyde.
3.2.1.6. India
The vitrification process was developed in Tarapur (India), where it is applied
in a pilot scale facility. In March 1985 hot operation was commenced with the
production of 40 kg of vitrified radioactive waste.
Similar to PIVER, the vitrification is based on a semicontinuous pot process
involving calcination and melting in the process vessel and casting into the storage
container. Preconcentrated waste solution and glass-forming additives in the form of
a slurry are fed into the process vessel, which is surrounded by a multizone furnace.
The furnace temperature is initially maintained at 600°C and the feed is stopped
when the vessel is about 75% filled with calcine. The furnace temperature is then
raised to 1100-1200°C and the calcine is melted down to form a glass. After about
five hours the glass is drained into a storage container via a freeze valve system.
3.2.1.7. Italy
An inactive pilot plant (IVET) has been in operation since December 1980. By
the end of 1982 twelve process runs had been carried out [21]. Simulated HLLW,
along with glass formers, are fed into the pot, where they undergo concentration,
calcination and conversion into borosilicate glass by a gradual increase in tempera
ture, utilizing a five zone induction heated furnace. Two years of operation of this
batch process have shown that an average feeding rate of 20 L/h can be sustained.

3.2.2.

Two stage (calcination/vitrification) processes

3.2.2.1. France
The AVM process [22-26], developed in Marcoule, France, in order to vitrify
HLLW solutions from the UP1 reprocessing plant, was the first process commencing
in 1978 to be operated actively in an industrial scale vitrification facility. The
Marcoule facility has a capacity of 36 L/h of feed solution producing 16-18 kg/h of
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vitrified waste. By mid 1984, 800 m 3 of fission product solutions had been vitrified
there and the facility continues to operate successfully. Another industrial scale
vitrification plant, based on the AVM process, is currently under construction at
La Hague and is expected to start hot operation in 1987. This facility (R7) will have
a capacity 50% greater than that of the Marcoule plant. It is planned to vitrify the
high level waste from the UP2 reprocessing plant at La Hague.
In the AVM process, the high level waste solution, dosed with additives, is
introduced into a slightly inclined, rotating tube. The walls of the tube are electrically
heated in sections. The temperature varies from 225°C at the feed point to a
maximum value of 600°C. The feed is evaporated and calcined in this device and
then falls into a melting pot heated by induction, where it is blended with glass frit.
Total decomposition of the residual nitrates occurs in the pot and a vitrified waste
is formed at 1150°C. When the pot is filled, the glass is drained through a freeze
valve into the final storage canister.
3.2.2.2. United Kingdom
An industrial scale vitrification unit, WVP, which is now under construction
to process Windscale reprocessing wastes will be operational by 1989 and will have
the capacity required to treat the high level liquid waste from the Magnox and
THORP reprocessing plants as well as the accumulated high level liquid waste in
storage. The process employed is similar to the AVM process developed in France.
3.2.2.3. Federal Republic o f Germany
The laboratory scale FIPS process was originally developed by KFA/Julich for
wastes from the reprocessing of HTR graphite fuels using the THOREX reagent
[27]. The design of the FIPS process took into account the need to minimize the
volumes of off-gas.
Concentrated and denitrated waste solution is blended with borosilicate glassforming additives and the resulting slurry is dried in a drum drier at 130°C. The
dried waste is scraped into a ceramic lined, graphite-clay crucible where it is melted
at 1100-1200 °C by induction heating and forms a vitrified waste by the rising level
in-pot method.
3.2.2.4. Canada
A reference design for a plant to treat HLLW has been prepared for the
proposed Atomic Energy of Canada Limited Fuel Reprocessing Plant which will
include a vitrification system based on the French AVM process. In addition to
HLLW, some HLSW (high level solid waste) will be fed into that system and vitri
fied separately.
19

3.3. CERAMIC MATRIX PROCESSES
Ceramic materials may also be considered a suitable matrix for the encapsu
lation of high level radioactive waste. Ceramic matrix processes require the use of
high temperatures and would need adequate treatment of the gaseous effluents. At
the present time these processes are still conceptual and are less developed than the
vitrification systems. A major effort directed at the development of the SYNROC
process [28] is briefly described below.
An example of ceramic matrix process development can be found at the
Nuclear Research Centre at Karlsruhe (Federal Republic of Germany). The work is
aimed at the incorporation of long lived alpha activity (fuel dissolution residues and
sludges containing transuranium elements) into a sintered alumina and silica matrix.
The development has proceeded to the stage of active laboratory testing with major
emphasis on product characterization and less emphasis on off-gas treatment.
In the SYNROC process, invented in Australia in 1979, the HLLW is immobi
lized in a stable crystalline ceramic product. Before mixing with waste the ceramic
composition consists of about 60% Ti0 2, 16% CaO, 11% Z r0 2, 7% BaO and
6 % A120 3. A mix of slurry and HLLW solution is passed through a rotary calcining
furnace to produce granules of denitrated waste and is partly reacted. These granules
are collected in a stainless steel tube and hot pressing produces the final product. The
standard hot pressing conditions are about 13.8 MPa at 1250°C.

4. SOURCES AND CHARACTERISTICS OF OFF-GAS
CONTAMINANTS

4.1. RADIOACTIVE CONTAMINANTS
The bulk of the off-gas arising in a vitrification plant will consist of steam from
the evaporation of the aqueous feed, NOx (i.e. nitrogen oxide fumes such as NO
and N 0 2) from the thermal decomposition of nitrates and nitric acid and air from
incidental in-leakages and controlled additions. The sources of the radioactive
contamination of the bulk flow include:
— entrained materials
— semivolatile materials
— volatile materials.
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4.1.1.

Entrainment

Entrainment occurs when gases flow through a liquid phase, and over or
through a mass of solid particulate matter. The process is non-specific and entrained
material is normally fully representative of the source from which it arises.
A molten glass phase exists in the ceramic melter, and gas bubbles rising
through the liquid glass will entrain droplets of molten material. In addition, the feed
of high level waste may form a pool of aqueous liquor in the calciner, or in the melter
if no separate calciner is used. As this liquid pool boils, the rising steam bubbles will
entrain droplets of the aqueous phase producing a second aerosol. Where a separate
calciner is used, the high level waste is converted into powdered calcine, and some
entrainment of this powder may be expected as the bulk gas flows through the
calciner. This will be the case especially if the calciner used deliberately encourages
the formation of small droplets and particles.
Feed materials such as glass frit may be fed into the melter as a powder and
some may be entrained while falling into the melter. This aerosol, however, is not
as important as the others already mentioned since it contains no radioactive
materials.
Thus there may be up to four different sources of entrainment in a vitrification
plant. Since each aerosol is generated in a different way, the size distributions of each
will also be different. (The upper limits of particle size will be approximately the
same, corresponding to a size with a terminal velocityequal to the net upward flow
rate of the bulk gas in the calciner or melter (see Section4.1.2.2. below).) It there
fore follows that any given type of off-gas equipment will not necessarily be equally
effective on every aerosol. The efficiency with which a piece of equipment in the
off-gas system removes entrained matter is defined by the decontamination factor DF
where
_

amount of species X in gas entering
amount of species X in gas leaving

The decontamination factor for each entrained species may be different and
generally will depend upon the position of a particular species in the off-gas system.
Equipment at the front deals with an aerosol containing particles which are more
easily removed and therefore performs better than identical equipment further along
in the system. Caution must therefore be exercised in ascribing DF performance data
to off-gas equipment.
Entrainment of material in the off-gas of a vitrification plant may lead to
serious operational problems. If the aerosols are sticky, the particles will adhere to
surfaces, possibly resulting in the obstruction of pipes. It is desirable to cool offgases to below the melting point of the material entrained. This, however, is not
always easy to achieve, especially in the off-gas pipe connected to the melter.
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4.1.2.

Semivolatile materials

There are a number of fission products (present in the calciner or melter either
as elements or compounds) which have a negligible vapour pressure at low tempera
tures, but a significant vapour pressure at temperatures in the vicinity of 500°C or
higher. A recent report has reviewed the behaviour of these materials [29]. The
fission products falling into this category are Se, Tc, Ru, Sb, Te and Cs. Most of
the available information concerns Ru and Cs [30], Tc should be considered because
one of its nuclides, " T c , has a long half-life (2.13 X 105 years) and its yield is
significant. Sb, Se and Te are less important because either their yields are low or
their half-lives are short.
At the high temperatures existing in the calciner or melter of a vitrification
plant, some evaporation of these elements or their volatile compounds into the
vapour phase will occur. However, as the off-gas cools on leaving the calciner or
melter, the vapour pressure of these semivolatile radionuclides falls quickly to
negligible levels and condensation occurs, forming aerosols. This secondary aerosol
is generated in the flowing off-gas, distinguishing it from those formed directly by
entrainment within the calciner or melter.
4.1.2.1. Ruthenium behaviour
In calcination and vitrification processes, ruthenium may volatilize to a signifi
cant extent. In solutions containing nitric acid, ruthenium is generally in the form
of Ru nitrosyl, nitro and nitrato complexes. The mechanisms of formation of volatile
Ru species are not well known in detail but the following reactions are possible [29].
Low temperature volatilization:
Ru4+ + 0 2 + 2H20 * R u04(g) + 4H +

(1)

Ru4+ + 2N 02 + 2H20 ^ R u04(g) + 2NO + 4H +

( 2)

High temperature volatilization:
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RuNO nitrates + 0 2 ^ Ru6+ NO(g) complexes

(3)

R u0 2( s) + 0 2

-

(4)

R u0 2(s) + 2 N 0 2

- R u 0 4(g) + 2NO

(5)

R u02(s) + 1/2 0 2

^ R u03(g)

(6)

R u04(g) + NOx

^ Ru6+ NO(g) complexes

(7)

R u 0 4(g)

Gaseous R u04 is thermodynamically unstable at conditions existing in the off-gas
system (reactions 1, 4 and 5). It is also a strong oxidant and thus can be reduced to
lower valencies by reaction with metallic surfaces. A deposition of R u02 seems to
enhance this reaction. The deposition of R u02 on pipe surfaces in the off-gas
system of a vitrification plant is a potential problem of which plant designers and
operators must always be aware.

Operating time (h)

FIG. 1. Ru loss to the off-gas system (without deposition in the off-gas pipe) o f a liquid fe d
ceramic melter (Federal Republic o f Germany) as a Junction o f operating time and pool cover
age [32], Curve 1 :p o o l coverage 100% ; curve 2 :p o o l coverage 70-90% ; curve 3 ;p o o l cover
age 50%; denitration: none.
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FIG. 2. Ru loss to the off-gas system (without deposition in the off-gas pipe) o f a liquid fed
ceramic melter (Federal Republic o f Germany) as a function o f operating time and denitration
[32]. Pool coverage: 70-90%.
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Calcining temperature (°C)

FIG. 3. Ru volatility in fluid-fed calcination as a function o f temperature [34].

Salt nitrate m ol/g Ru in feed

FIG. 4. Dependence o f Ru volatility on amount o f salt nitrate [33].

Volatile RuNO species formed either by reactions of R u04 with NOx or by
calcination of RuNO nitrates are more stable than R u04 and have a lower vapour
pressure than the R u04 species. At 20°C, the partial pressure of RuNO is lower
than 2.0 X 102 Pa whereas the corresponding partial pressure of R u04 amounts to
1.0 X 103 Pa..
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Typically during calcination of Ru nitrosyl compounds dissolved in nitric acid,
some of the element Ru is plated out on the calciner walls, some is volatile and some
is present in the off-gases as submicrometre aerosols. The distribution of Ru between
these different processes depends largely on the calcination temperature. At 600°C,
the Ru release is mainly in the gaseous form with less than 0.2% in the aerosol form,
whereas at 1100°C, 8% of the Ru is in the aerosol form [31].
Typical results of Ru volatility in a liquid fed ceramic melter [32] are presented
in Figs 1 and 2. From these it appears that the feed coverage of the pool and denitra
tion of the feed material strongly influence the ruthenium loss to the off-gas. More
recent results have been obtained from an inactive mock-up test melter (MTF) by
PNC in Japan. From these data it appears that the gaseous species and the particulate
species present in the melter off-gas are 72% and 28% respectively [33].
Concerning denitration, a similar effect can be observed in the case of fluidbed calcination, see Fig. 3 [34], The temperature function, however, indicates a
different dependence compared with the results of Fig. 1. Higher temperatures
diminish the Ru loss, whereas volatilization in the melter increases in the case of
lower pool coverage and higher plenum temperatures.
Results from the inactive HARVEST pot vitrification plant show that Ru carry
over increases as a function of the moles of nitrate salt per unit mass of Ru in the
total feed (Fig. 4) [33].
Some reduction of Ru in the off-gas can be achieved by addition of organic
reducing agents such as formic acid and sucrose to the calciner or to the high level
waste before feeding it to the vitrification plant. These substances reduce the amount
of volatile RuO present in the off-gas. For example, a reduction factor of 20 was
achieved in the Atlas plant (half the scale of the AVM plant) where less than 1% of
the ruthenium was released [29].

4.1.2.2. Caesium behaviour
At temperatures approaching 1000°C, Cs20 and CsOH have appreciable
vapour pressures. Some volatilization can be expected in the melter and condensation
to an aerosol may be expected as the off-gas cools on leaving the melter.
For liquid fed ceramic melters, the caesium release to the off-gas depends to
a great extent on the melter plenum temperature and on the pool coverage. Typical
values of Cs losses range between 1 and 10% [5, 29, 35], Results of particulate size
measurement at the melter exit, obtained by SRL [35] in Fig. 5, indicate that a
caesium is primarily present as a submicrometre particulate, making it one of the
most difficult contaminants to remove. The diagram also shows that the bulk of the
entrained particulates have diameters ranging between 1 and 10 /xm.
In sum, the volatilization of Ru and Cs is largely dependent upon the tempera
ture and therefore dependent on process conditions. A survey of ruthenium and
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Aerodynamic particle diameter (ym)

FIG. 5. Size distribution o f untreated melter off-gas particulates [35].

caesium volatilization from various processes is shown in Table V, as compiled in
Ref. [36], The wide range of values reflects the variety of operating conditions.

4.1.2.3. Other semivolatiles
Laboratory data indicate that Se, Tc, Sb and Te can be volatilized during the
calcination and vitrification of simulated waste (Table VI) [29].

4.1.3.

Volatile materials (gases)

The noble gas fission products Kr, Xe and I are not present in high level waste.
Ruthenium, present as R u04, is the only fission product which can exist in a vola
tile state at relatively low temperatures in high level waste. Ruthenium has already
been dealt with in Section 4.1.2. (semivolatile materials).
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TABLE V. Ru AND Cs VOLATILES IN VITRIFICATION PROCESS
DEVELOPMENTS [36]

Fraction of element in
feed volatilized (%)
Ru
Cs

Process operation or development

1. Pot vitrification
Amount in entrained particles

10-30

0.5-3.5
0 . 1 - 1.0

2. Rotary calcination
Rotary calcination with sucrose

20 -4 0

6 -1 1

2

0.2-3

3. Fluid-bed calcination, indirect heating 350°C
Fluid-bed calcination, indirect heating 500 C
Fluid-bed calcination, inbed combustion

0.1
< 0.01

50-1 0 0

4. Spray calcination
Spray calcination 700°C

60
0 .5 -2

5. Joule heated ceramic melter, liquid fed
Liquor coverage o f melt surface: complete
Normal operation 80%
~40%

2-4
9-16
17-21

16

8

1-13

TABLE VI.
LOSS OF SEMIVOLATILES DURING CALCINATION
(1 HOUR AT 500°C ) A N D VITRIFICATION (6 HOURS AT 1050°C) OF
SIM ULATED W ASTE [29]

Element

Se

Loss to the off-gas (%)
Calcination

Vitrification

1.8

18.1

Tc

0.005

Sb

4.2

11.3

Te

0.004

0.2

2.9
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TABLE VII. PRINCIPAL CONSTITUENTS OF THE
OFF-GAS [37]

PAMELA

Volume (%)
HARVEST

4

13

H20 (steam)

60

63

Air

36
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NOx

4.2. NON-RADIOACTIVE CONTAMINANTS
Some non-radioactive substances in the off-gas are potential pollutants and
their discharge to the atmosphere must be controlled. In cases where levels of the
non-radioactive contaminants are not controlled in the off-gas, operational problems,
such as deposition on surfaces within the off-gas system, can arise.

4.2.1.

Potential gaseous pollutants

4.2.1.1. Nitrogen oxide gases
Since high level wastes originate from a process based on nitrates, considerable
quantities of nitrogen oxide (NOx) fumes will be produced by the vitrification plant.
The composition of the gas to be treated in the off-gas plant will vary with the
solidification process employed. Typical data obtained during development work on
the PAMELA ceramic melter and HARVEST pot vitrification processes are given
in Table VII.
It is desirable to reduce the emission of NOx to the atmosphere, and a wet
scrubbing system is often chosen for this purpose. The scrubbers play a significant
role in controlling the discharge of radioactive contaminants to the atmosphere.
4.2.1.2. Mercury
Another non-radioactive species which may need special attention in the offgas plant is mercury, a volatile element which is present in high level wastes arising
from the dissolution of fuels with aluminium cladding. Reprocessing of these fuels
involves complete dissolution of the cladding, but dissolution of aluminium by nitric
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acid is slow unless mercuric nitrate is added. The presence of mercury may lead to
corrosion in the off-gas plant especially in the presence of halogen [38] and the
preferred treatment is the separation and removal of mercury from the high level
waste prior to vitrification (see Section 4.2.2.5. below).
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FIG. 6. Distribution o f Ru deposited in a temperature gradient [39].

4.2.2.

Materials causing operational problems

4.2.2.1. Ruthenium
Unless the waste is old, excessive emission of ruthenium (half-life of 106Ru is
1 year) can contaminate the environment with radioactivity and at the same time, the
presence of ruthenium can cause operational problems within the off-gas system
itself. The fission yield of Ru nuclides is high (about 6%) and as noted in
Section 4.1.2, the volatility of Ru may be as high as 70%; consequently, a substan
tial mass of Ru compounds can enter the off-gas system. The plating out of R u02
on surfaces, e.g. in piping, can cause blockage problems if the design of the off-gas
plant does not allow for this phenomenon.
Figure 6 gives information on the effect of temperature on Ru deposition
behaviour [39]. The data were obtained by passing R u04-laden gas through a stain
less steel tube packed with knitmesh, from the entrance at 1000°C to the exit at room
temperature. Most of the ruthenium was deposited in the temperature range from
400 to 650°C.
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4.2.2.2. Alkali nitrates

Alkali nitrates are often present in high level waste. They may also be formed
in the calciner or melter as intermediate compounds during the fluxing of the
borosilicate glass frit with calcined waste containing residual nitrate. The alkali
nitrates are volatile at about 1000°C and above, and hence evaporation from the
melter into the off-gas can be expected. On leaving the melter the off-gas tempera
ture falls, and as a result the alkali nitrate vapour may condense into an aerosol. This
type of behaviour is also of interest in connection with some of the fission products,
and has been discussed in more detail in Section 4.1.2. The alkali nitrates have rela
tively low melting points (300 to 350°C) and if they deposit on hot surfaces, e.g.
in the off-gas pipe leaving the calciner or glass melter, they will be sticky and will
readily provide a base for further deposits of solids.
4.2.2.3. Alkali borates
Alkali borates, e.g. NaB02, are volatile at about 1000°C, and thus may be
expected to evaporate in the melter. It is likely that they are formed as a by-product
from the glass frit during the fluxing reactions. Their subsequent behaviour should
be similar to that of the alkali nitrates with possible formation of a condensation aero
sol in the off-gas.
4.2.2.4. Boric acid (HB02)
Boric acid has an appreciable vapour pressure at 100°C. Even if not present
as material fed into the vitrification plant, some H B 02 may form in the melter if
steam can react with the glass frit before the fluxing reaction has been completed.
Boric acid will not condense into an aerosol because it has a significant vapour pres
sure at comparatively low temperatures. Deposits on cold surfaces, however, will
build up if these surfaces remain dry, whereas in the presence of water boric acid,
which is soluble, can easily be flushed out.
4.2.2.5. Organic reagents
The current reference flow sheet for the Savannah River vitrification plant
(DWPF) calls for the treatment of the high level waste sludge with formic acid which
reduces mercury compounds to the metal, facilitating the removal of mercury from
the waste. The supernate of the high level waste, containing Cs in solution, is to be
treated with sodium tetraphenyl borate in order to precipitate Cs so that it can be
separated and added to the sludge for vitrification. When fed to the melter these
organic compounds decompose to potentially combustible products such as hydro
gen, carbon monoxide and phenol which might constitute a potential pollutant on
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discharge to the atmosphere. More importantly, however, the presence of these gases
could result in an explosion within the off-gas system. To deal with this potential
technical problem, sufficient air (or an inert non-condensable gas) must be added to
the off-gas to ensure that the combustible gases and vapours are diluted below their
explosive limits.

5.

EQUIPMENT USED IN OFF-GAS TREATMENT SYSTEMS

The main function of the equipment in the off-gas system of a high level waste
solidification plant is to remove both particulate material (aerosols) and vapours or
gases which, if left in the off-gas, would result in discharge of an unacceptably high
level of pollutants (radioactive and non-radioactive) to the environment. A secondary
objective is to remove, in an upstream unit, species such as steam or water vapour
which might otherwise interfere with the operation of the equipment. In general most
of the equipment commonly used performs more than one task — for example, a
device chosen primarily to remove nitrogen oxides may also be useful in removing
aerosols.

5.1. CONDENSERS
The chief function of condensers is the removal of steam or water vapour by
the process of condensation. For this reason they are usually found towards the
upstream end of the off-gas train. Condensers can be of two general types — direct
contact and indirect contact.
In the direct contact type, water is injected into a vessel through which the offgas is flowing. Since the efficiency of such a unit depends on the surface area of the
injected water in contact with the off-gas, a spray injection system is required. The
heat transfer efficiency of a properly designed unit is high. Because of the direct
contact, the water becomes contaminated with radioactive species in the off-gas and
therefore a once-through water flow is not used. Instead, the water is recirculated
and the latent heat of condensation absorbed by the water is removed by a heat
exchanger in the recycle circuit. It is advantageous to install this type of condenser
directly downstream of the melter where high levels of particulate may occur. The
quench tower described below in Section 5.2.2.1 is an example of this type of
application.
In general, the indirect type of condenser is used in vitrification plants. Two
basic types may be utilized: the finned-tube or the shell-and-tube type. A conven
tional shell-and-tube type is the usual choice, with off-gas flow passing through the
tube side of the condenser. With the gases on the tube side, the selection of materials
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which are compatible with the off-gases is limited to the tube bundle and tube sheet
only. Furthermore, in the event that solids are deposited in the tubes, a situation
which could lead to a significant reduction in heat transfer or blockage, it is easier
to remove those deposits from the tube side.
Cooling water is fed to the space in the vessel outside of the tubes. Since, under
normal operation, there is no contact between the cooling water and the off-gas, the
cooling water can be used on a once-through basis. The overall design of the cooling
system, however, must allow for the possibility of leaks between the two sides of
the condenser. The coolant circuit must be monitored and provision made for treating
the cooling water should any radioactivity be detected.
The shell-and-tube condenser is erected so that the condensate formed can flow
by gravity out of the tubes into a receiving vessel. For a once-through flow pattern,
this may be counter-current or co-current with the off-gas flow. The condensate will
be contaminated with radionuclides, and will not be suitable for immediate disposal
to the environment. Therefore, it will be necessary to send the condensate to an
effluent treatment complex. The simplest treatment is to reduce the volume by evapo
ration and then return the concentrated liquor containing the radioactive
contaminants back to the solidification process.
In addition to removing steam or water vapour from the off-gas, to some extent
a condenser will also remove other vapours which are soluble in water. These
substances are absorbed into the film of condensed water running down the tubes.
Fumes of the nitrogen oxides are partially absorbed and the condensate in fact
consists of a solution of nitric acid (also with some nitrous acid present).
Condensers in an off-gas train are also capable of removing entrained and
volatilized radionuclides. In the AVM process, downstream of the dust scrubbers,
7-17% of the ruthenium was removed into the condensate [29], M. Yoneya et al.
[33] observe a DF of 2, mainly due to the removal of particulate ruthenium which
could occur as the result of the net transport of suspended aerosols to the
liquid/vapour interface at the tube surface.
5.2. SCRUBBERS
The main purpose of wet scrubbers is the removal of specific vapours by
absorption in a suitable liquid. They are also quite effective in trapping suspended
particles and aerosols.
There are two categories of scrubbers: absorption scrubbers for gaseous
components and dust scrubbers for entrained dust and aerosol particles.

5.2.1.

Absorption scrubbers for removal of NOx

The srubbers for retention of NOx gases can be designed as packed towers or
bubble towers.
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The scrubber usually consists of a tower containing a fixed packing. The offgas flows up the tower, and the absorbing liquor, water or possibly alkali solution,
flows down. The packing allows the two fluid phases to flow freely past one another
while at the same time maintaining a high area of interface to maximize the absorp
tion rate. Scrubbers intended for NOx absorption will be downstream of the main
condenser. Otherwise the scrubbers would be subjected to a high condensation load.
The scrubbing liquor is recirculated through the tower with regular addition and
removal of the liquor to prevent saturation. The spent scrubbing liquor is not
normally suitable for immediate discharge to the environment and has to be treated
in the same way as condenser condensate.
Since the removal of NOx is governed by the slow oxidation reaction of NO
into NO2, several towers are generally used in a series to increase the efficiency of
the operation. In some cases oxidizing agents, e.g. H20 2, are added.

5.2.2.

Dust scrubbers

The two main categories of dust scrubbers are low efficiency/low pressure
drop scrubbers and high efficiency venturi scrubbers.
5.2.2.1. Low efficiency/low pressure drop scrubbers
This category includes quenchers, packed towers and baffle type scrubbers.
Quenchers
The purpose of the quencher which is generally installed at the melter outlet
is to cool the off-gases from typically 350-500°C to 40-70°C by direct contact with
cooled recirculated condensate. Two types of quencher have been used in vitrifica
tion plants: a low pressure drop venturi quencher (SRL) (Fig. 7) and a quenching
tower with cooled condensate spraying systems (NWCF) (Fig. 8).
A fraction of the dust released by the vitrification process, mainly the entrained
dust with particle size larger than 10 /xm, can be trapped in a quencher, but for
submicrometre aerosols like Cs the efficiency is generally low. A DF of 2 for Cs
is given for the quencher installed at SRL, whereas for dust a DF of about 10 is
generally obtained.
Packed towers
If the primary function of the scrubber is to remove aerosol particles, a packed
tower can be used. A packing designed to give a high liquid/gas interfacial area,
however, necessarily has relatively small channels. Consequently, if the packing is
used to scrub a gas containing appreciable quantities of suspended solids, there is the
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FIG. 7. Quencher (ejector venturi scrubber) [40].

FIG. 8. Quench tower [41].
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FIG. 9. PAMELA baffle plate scrubber [37],
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risk that the packing will become choked by trapped particles. As a compromise, a
more open type of packing may be used and some reduction in the collection effi
ciency may be accepted.
Baffle type scrubbers
The French AVM vitrification process uses a simple scrubber containing
inclined baffle plates as the first item in the off-gas train. Water is recycled through
the column. It cascades over the baffle plate forming a liquid curtain through which
the off-gas flows.
The main purpose of this type of scrubber is to remove as much entrained
radioactive particles as possible at the start of the off-gas train of equipment. Since
the scrubbing liquor is recycled to the vitrification plant, most of the entrained radio
nuclides are returned to the solidification process and do not have to be sent to the
effluent treatment plant. Such a scrubber at the front end of the off-gas system may
receive the whole of the off-gas generated by the vitrification process. As a result,
the scrubber may also act as a condenser for steam in off-gases where the proportion
of non-condensable gases is small. Since the rate of recycling of the scrubbing liquor
to the vitrification process should be a small fraction of the throughput so as not to
overload the solidification plant, it is usual to allow the dust scrubbers to run hot,
thereby limiting the capacity for condensation of the steam.
In the PAMELA vitrification plant another type of baffle scrubber is used (see
Fig. 9). This scrubber is used for precleaning, removing mainly the coarser particu
lates, and also cools the melter off-gas. Liquid circulation is performed by means
of an airlift system. This scrubber has been proven to be quite effective in removing
ruthenium. DF values between 10 and 15 were obtained.
Submerged bed scrubber (PNL)
The submerged bed scrubber shown in Fig. 10 consists of a packed bed
submerged in a vessel. The gas which is to be cleaned enters at the bottom of the
bed. Bouyancy drives the recirculation of liquid as the gas flows upward due to
suction created by blowers. The recirculating fluid cools and scrubs the melter offgases and provides for cleaning of the bed. The pressure drop is about 12 kPa.
Typical DF values obtained at PNL are about 30 for dust and 6 to 10 for
submicrometre Cs aerosols.
5.2.2.2. High efficiency venturi scrubbers
Another type of scrubber installed primarily for the removal of fine particulate
matter at the front end of the off-gas system is the venturi scrubber. The off-gas is
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FIG. 10. Principle o f operation o f submerged bed scrubber [42].

constrained to flow through a restricted channel of venturi shape in which the gas
is accelerated to a high velocity.
In general, the collection efficiency depends primarily on the energy input and
less on the specific design.
A number of different designs are described below:
WCF venturi scrubber (Fig. 11)
The WCF scrubber sprays the scrubbing solution into the throat through four holes
in the throat wall. The scrubbing solution is then atomized by the shearing action of
the gas. The pressure drop on the gas side is generally about 15 kPa.
PNC venturi scrubber (Fig. 12)
The venturi section is installed horizontally and droplets exiting the venturi are sepa
rated in a cyclone and in the wave plate eliminator. The pressure drop is about
11.8 kPa. Throats of different diameter can be employed to provide various
capacities.
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Gas w ith dust

FIG. 11.

Venturi scrubber and primary separator [41].

Hydrosonic scrubber (HSS) at SRL (Fig. 13)
In this scrubber a liquid stream is injected into the wake region of an expanding
supersonic jet to atomize the liquid into very fine droplets for efficient particulate
scrubbing. The supersonic jet is created by passing either air or steam through a
converging diverging nozzle. Particles entering the device are contacted and
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Elim inator

FIG. 12. PNC high pressure drop venturi scrubber [43].

captured by the accelerated liquid phase droplets and the particle size is then
increased by agglomeration in a mixing tube. Finally, the particles are separated
from the gas phase in a cyclone separator. The pressure drop through the cyclone
is generally about 1.5 kPa. This type of scrubber gives a very high performance,
effectively collecting particles down to 0.2 p.m diameter. The primary disadvantage
is the introduction of moisture or additional air into the off-gas (about 0.2 kg steam
or 0.4 kg air per kg of dry off-gas).
A DF of 7-10 may be expected for aerosols.
The PAMELA je t scrubber (Fig. 14)
The system used in PAMELA is a venturi type scrubber cyclone separator which
removes fume particulates down to less than 1 p,m. DF values from long term runs
were in the range of 20- 100, depending on the specific element.
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FIG. 13. DWPF scale glass melter steam atomized scrubber [44].

5.3. DEMISTERS
The function of a demister is to remove from the off-gas droplets of liquid, as
distinct from solid particles. For this reason they are often found immediately down
stream of the wet scrubbers. Demisters generally consist of a mesh of fine wire or
wave plates. A wave plate separator consists of a system of vertically mounted
corrugated plates through which the gas flows horizontally. The plates provide a
large area of collecting surface available to the gas stream, while maintaining a high
void space of approximately 99% by volume. The risk of blockage by entrained solid
particles is thereby minimized. In some cases a washing spray nozzle is installed in
the demister. Liquid droplets greater in size than a few micrometres impact on the
wire mesh or wave plate as the gas flows through the demister. The droplets then
coalesce and drain by gravity from the mesh or plate at a point where the collected
liquor can be returned to the wet scrubber. In the simplest arrangement the demister
may be situated at the top of a wet scrubber so that the collected liquor can drain
directly back into the scrubber.
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FIG. 14. Jet scrubber in PAMELA plant [37].

The concentration of gas-borne particulate matter at the front end of an off-gas
system is of course much higher than it is further along in the system. For this reason
a demister would not normally be used in association with a dust scrubber at the front
end of an off-gas system because of the risk of blockage by solid particles which
penetrate the scrubber. The risk of blockage is due primarily to the fact that irrigation
of the demister’s structure is by necessity relatively low, in contrast to the situation
in baffle plate and packed tower scrubbers, where high irrigation rates are
maintained.
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Water

FIG. 15. High efficiency mist eliminator (HEME) [40],

Another type of demister, the high efficiency mist eliminator (HEME) (shown
in Fig. 15), consists of a relatively loosely packed fine glass fibre element, with
backing screens and a wash spray system. Typical fibre densities are in the range
of 300 kg/m3. A demister of this type in the off-gas system of a vitrification plant
can function as a high efficiency roughing filter, protecting subsequent high effi
ciency particulate air (HEPA) filters. In the HEME demister, the filter is washed
when the pressure drop across the element reaches a predetermined level. The length
of the service period depends on the surface of the filter available for removal and
also on the efficiency of the cleaning procedures.
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FIG. 16. Packed fibre mist eliminator tested in the PASSAT plant [45],

The points of potential application of a HEME would be downstream of the
scrubber as a secondary separator (and filter) and upstream of the absorbers as a
separator. The use of an HEME to remove 90% of particles from the off-gas would
greatly reduce the need to flush absorbers and also to reduce the rate of pressure
buildup across the HEP A filters. A HEME could be of great importance in a situation
where an off-gas condenser is to be used followed by a heater and a dray adsorber.
A demister first tested in the PASSAT Plant [45] is shown in Fig. 16. It
contains a fibreglass filter material. Owing to its high efficiency (DF in the order
of 103) in removing fine aerosol particles < 10 /xm, this demister is also applied in
the PAMELA off-gas treatment system. In this particular HEME it is possible to
clean the filter material without interrupting process operation. Typical DF values
of HEME demisters tested at PNL and SRL range between 15 and 40 for the
submicrometre aerosols still present after the off-gas passes through the venturi
scrubbers.
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5.4. AEROSOL FILTERS
As a result of entrainment, all solidification processes, whether producing
calcine, glass or other ceramic matrix forms, generate significant quantities of
aerosols. Equipment is usually provided at the beginning of the off-gas system to
reduce the presence of such particles further along in the system. Most of the off-gas
plants now under construction or in operation use a wet scrubber for this purpose
(see Section 6), but an alternative device in the form of a filter fabricated from
sintered stainless steel has been used in the spray calciner/in-can melter process
developed at PNL in the USA.
Another type of aerosol filter which is present in all off-gas systems is used
to clean the gas before final discharge to the atmosphere. This type of filter must
be efficient for small particles, i.e. those below a size of about a few micrometres.
Larger particles will have already been removed by other equipment in the off-gas
system. The type of filter used in this application is invariably the HEPA filter.
In addition to these two general classes of filters, there are two others —
prefilters and sand filters — which should be noted.

5.4.1.

Sintered stainless steel filters

Sintered stainless steel filters are used at the beginning of the off-gas system
in the spray calciner/in-can melter vitrification process developed in the USA
[46, 47], The spray calcining stage inevitably generates a considerable aerosol of
particles, which are filtered out by a bank of sintered stainless steel candle filters.
Particles collect on the filter and are then periodically discharged back into the
calciner/melter by an air blow-back. The design of the spray calciner is shown in
Fig. 17.

5.4.2.

HEPA filters

The HEPA filters consist of a mat of glass fibres (approximately 1 /*m in
diameter) fabricated as a paper sheet through which the gas flows. Two distinct
filtering mechanisms are in operation. As the gas takes the tortuous path through the
mat of fibres the inertia of the larger entrained particles prevents them from follow
ing the constantly changing gas flow lines and as a result these particles impact on
the fibres. On the other hand, since very small particles (less than about 0.1 pm in
diameter) have negligible inertia, they are not collected in the manner described
above. They are, however, small enough to behave as very large gas molecules, and
thus are subject to diffusive transport, i.e. Brownian motion. Provided that the resi
dence time and the surface area presented by the glass fibre paper are adequate, these
small particles will migrate from the gas flow lines to the fibre surface, where they
are collected. There is an intermediate particle size, about 0.1 to 0.3 fj,m, for which
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FIG. 1 7. Spray calciner [8],

neither inertial force nor diffusive transport is wholly effective, and efficiency of an
HEPA filter is usually at its minimum for these particles. Nevertheless it is possible
to secure efficiencies of 99.9% or more for particles in this critical intermediate size
range.
In the HEPA filter, the high residence time and high surface area in equipment
of a reasonable volume are achieved by repeated alternate folding of the glass fibre
paper inside a case. The edges of the paper must of course be sealed to the case.
The construction is illustrated in Fig. 18. Several IAEA publications [49, 50] have
dealt with the construction, performance, testing and application of HEPA filters,
and it is suggested that the references be consulted for more detailed information.
It is sound practice to install two banks of HEPA filters in series. Should a hole
develop in one of the filters, the integrity of the system is maintained by the second
filter. The dust loading which an HEPA filter can accept is relatively small, and a
coarse filter which will remove the burden of larger particles is usually installed
upstream of the HEPA. The HEPA aerosol filters can also be choked by moisture
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FIG. 18. Typical HEPA filter design (Courtesy Cambridge Filter Corporation) [48],

if the gas stream is damp, and in cases where this may be a problem, a desaturating
device such as a preheater should be installed upstream of the HEPA. The construc
tional materials (e.g. seals, frames) used in HEPA filters must be chosen carefully,
especially if corrosion or combustible gases are present in the off-gas. If gaseous
combustion is initiated, it is important to ensure that the integrity of the HEPA filter
is not destroyed by the resulting high temperature.

5.3.4.

Miscellaneous filters

A prefilter generally based on a mat of metal wires or glass fibres is sometimes
used in front of an HEPA filter. The purpose of the prefilter is to remove any large
particles (greater than a few micrometres) which may still be present in the off-gas
stream, so that the HEPA filter is free to deal solely with the smaller particles. The
construction of a prefilter is more robust than that found in the HEPA type. For
example, the wires or fibres used as the filtering medium are larger in diameter than
those found in the HEPA filter.
A deep bed sand filter (2.25 m deep x 3.4 m 2 cross-section) is proposed as
the final filtering stage in the DWPF to be constructed in the USA (see Section 6).
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Because the filtering path route is tortuous and relatively long, the bed will be highly
efficient for all particle sizes likely to be present. It is, however, a very large item
of process equipment and is virtually impossible to replace or to maintain should a
fault develop in its operation. In contrast, HEPA filters and prefilters are designed
to be replaceable in the event of a loss of efficiency or an increase in the pressure
drop.

5.5. ADSORBERS
It has already been noted that fission product ruthenium is unique in that it can
appear throughout the off-gas system in both solid and vapour chemical forms. Any
residual ruthenium in the form of solid particles is taken care of by the HEPA filters
before the off-gas is finally discharged to the atmosphere. The filters, however, will
not remove gases such as R u04. It has therefore been proposed that adsorbing beds

FIG. 19.

WCF silica gel adsorber [41J.
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be provided to deal with such compounds of ruthenium. These adsorbers would
probably be immediately upstream of the final HEPA filters. Silica gel is an adsorb
ing medium which has been favoured for such a function. It seems, however, that
adsorption is merely physical and therefore desorption back into the gas phase is
always likely to occur. An alternative choice of sorbent would be a material such
as iron oxide which appears capable of catalysing the conversion of the adsorbed
R u04 into R u02 which cannot be desorbed back into the gas phase.
While the construction of adsorber beds is fairly straightforward, during instal
lation it is important to ensure that the adsorbing medium is loaded uniformly so that
the flow cannot by-pass by channelling. A diagram of the silica adsorber used in the
WCF, Idaho, USA, is given in Fig. 19.
Over the last ten years knowledge of ruthenium behaviour has increased and
some control over its volatility at the source can now be exercised. Consequently
there is a view that adsorber beds are not essential in off-gas plants presently under
construction, especially where the waste being solidified is old (e.g. more than ten
half-lives of 106Ru).

6. TYPICAL OFF-GAS SYSTEMS AND THEIR
PERFORMANCE
As discussed in the previous chapter, a suitable combination of equipment is
required for the removal of all contaminants from the vitrification process off-gas,
so that permitted emission values are reached while the choice and arrangement of
individual cleaning devices must depend upon the characteristics of a given off-gas
system (e.g. slow rate, temperature composition, etc.), but the basic concept is
generally similar to that of a multistage washing procedure followed by filtration.
In cases where the waste solidification facility is linked to a reprocessing plant, the
filtering, or at least part of it, takes place after uniting the off-gas streams generated
in different process areas.
This section deals with the description of several off-gas treatment systems and
when the data are available, reports on the characteristics of off-gases and opera
tional results, especially DF values, are given.

6.1. TREATMENT OF OFF-GASES IN THE AVM PROCESS

6.1.1.

Off-gas characteristics

As already mentioned in Section 3.2.2.1, the AVM process is comprised of
two main stages. The feed solution is first calcined in a rotary kiln and the solid
calcine is then encapsulated in a borosilicate type glass. The gas, which is released
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FIG. 20. Off-gas treatment o f the AVM [51].

in the melting furnace and the calciner, emerges from the upper end-fitting of the
calciner and is composed of steam and nitrogen compounds. Since the gases formed
in the melting furnace flow counter-current through the calciner, there is a considera
ble concentration of entrained particulate solids in the off-gas stream released from
the calciner. These particulates are mostly soluble in nitric acid, and therefore the
first step in off-gas treatment is counter-current washing in an inclined baffle plate
scrubber.
The most important radioactive off-gas contaminants are 106Ru, 137Cs, 144Ce
and 90Sr. The concentration ratio of the radioisotopes depends on the composition
of the high level waste to be vitrified.

6.1.2.

Off-gas treatment system

The flowsheet of the AVM off-gas treatment system [51] is given in Fig. 20.
The first treatment step involves counter-current washing to remove soluble particu
lates, with the washing liquid continuously recycled to the calciner.
The off-gas stream then flows to a condenser for the removal of water and
some of the nitric acid vapour. The condenser is followed by an absorption column
for acid recovery and a washing column.
49

TABLE VIII. EFFICIENCY OF THE GAS TREATMENT FOR 37 GBq OF EACH ISOTOPE [52]

Isotope

Campaign
reference
(GBq)

Release
from the
calciner
(GBq)

Recycle
to the
calciner
(GBq)

In the
condensate3
(GBq)

In the acid
recovery
column3
(GBq)

In the washing
column
solution*5
(GBq)

106R u

First
Second

14.43
7.4

8.14
4.81

6.29
2.59

2.41 X 10~2
8.14 X 10-3

3.7 X 10~5
1.11 X 10“6

137Cs

First
Second

4.07
2.368

3.7
1.924

0.518
0.444

1.22 X 10~3
1.11 X 10“3

4.81 X 10~8
1.59 X 1 0 '7

144r**
Ce

First
Second

2.22

1.48
0.814

0.74
0.629

1.48 X 1 0 '4
1.48 X 10*4

1.85 X 1 0 '6
4.81 X 1 0 '7

^Sr

First
Second

1.924

1.85
1.073

0.074
0.037

1.30 X 10_s
1.11 X 10"5

2.74 X 1 0 '8
2.59 X 1 0 '8

1.443

1.11

a Returned to the fission product concentration facility.
b Returned to the low-level waste treatment unit.

Finally, aerosols are retained by an HEPA filter which is followed by the fan
responsible for generation of the required negative pressure in the off-gas system.
The off-gas stream is then continued with the exhaust air of the cells and passed
through an additional filter unit before discharge.

6.1.3.

Operational experience

Experience gained during the first and second hot runs of the AVM plant has
been reported in the literature [51, 52], The efficiency of the recombination of nitric
acid and nitrates reached over 90% in the condenser and over 82% in the first
column. Chemical analysis of the liquids of the first scrubber and the condenser
(condensate) indicated an average carry-over of 3-4% and a trapping efficiency of
96-98%.
In order to evaluate the off-gas treatment system’s efficiency of removal for
the most important radioisotopes, samples were taken at various points in the system
and the activity of the samples was measured. Table VIII indicates the results of these
measurements [52].
The data in Table VIII show that during the calcination vitrification process
the most volatile isotope was 106Ru. A significant amount of the 106Ru passed the
first scrubber but was then efficiently trapped in the condenser and in the acid
recovery column. Further experience showed that the volatilization of Ru can be
greatly reduced by the addition of sugar to the feed solution [52],
High volatility during calcination and relatively poor efficiency of the first
scrubber could be observed for 137Cs and 144Ce. Efficient trapping of these
isotopes, however, occurred in the condenser and the washing column.
Strontium-90 appeared to behave as a non-volatile element since 96% of the
amount released (probably in the form of entrained particles) was trapped by the first
scrubber and the rest in the condenser.
Decontamination factors indicating the efficiency of the off-gas treatment
system for the main radioisotopes are listed in Table IX.
In order to further evaluate the efficiency of the off-gas system, gas samples
were taken at various points after the acid recovery column. The activity in the
samples was below analytical detection limits. Based on these detection limits, mini
mum decontamination factors were calculated for the samples prior to treatment by
the final absolute filter. The DFs reported were 1.2 X 107, 1.2 X 109 and
2 x 107 for 106Ru, 137Cs and 144Ce, respectively.
Most of the secondary radioactive wastes generated by the off-gas treatment
system are recycled in the plant, either to the calciner (first scrubber) or into the
fission production solution concentration unit (condensate and acid recovery liquid).
The only secondary waste to be treated is the spent liquid from the washing column
and, according to its level of contamination, that spent liquid is transferred to the
low level waste treatment plant.
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TABLE IX.
DECONTAMINATION FACTORS ACROSS VARIOUS
COMPONENTS OF THE OFF-GAS TREATMENT SYSTEM OF THE AVM
PLANT [52]

Decontamination Factor
Campaign
Number

Calciner
and melter

1
2

3.2
5.7

2.3

Cs-137

1
2

Ce-144
Sr-90

Nuclide

R u-106

First
scrubber

Condenser

Acid recovery
column

2.8

255
306

650
6440

9.6
16.5

8.4
5.3

420
404

24 600
7060

1
2

17.6
26.2

3.1
2.3

5130
4240

72
307

1
2

20.3
33.8

24.7
28.0

6000
3105

480
475

6.2. PAMELA PROCESS

6.2.1.

Off-gas characteristics

The acidic LEWC solution is introduced into the melter without any pretreat
ment. While 31 kg/h of LEWC waste glass is being processed, the centre of the glass
tank is maintained at temperatures of 1170-1200°C whereas the melter plenum
assumes temperatures less than 400°C owing to the heat-insulating cold-cap on top
of the glass pool. Thus the melter off-gas temperature is below about 300°C.
To minimize the carry-over of particulate, semivolatile and volatile materials
into the off-gas line, the most important requirement is a sufficient extension of the
cold-cap over the pool surface, ideally coveringmore than 90% of thesurface. The
extension of the cold-cap is controlled bya set of thermocouples in the melter
plenum. When this operating condition is maintained, not more than 1.5% of the
material fed to the melter is lost into the off-gas line. Some elements (Ru, Se),
however, significantly exceed this average value whereas other elements (Cs) are
appreciably below the average.
The bulk of the LEWC material carried over from the melter is non
radioactive. This is especially true for the relatively highly volatile sodium-sulphur
compounds which are mainly responsible for deposition problems in the off-gas tube
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connecting the melter with the first scrubber. For this reason, a mechanical cleaning
device is periodically used to clean this deposit of powder from the line.
The gaseous stream from the melter into the off-gas line consists of about
30 m 3/h steam, 15 m 3/h in-leakage air into the melter, and about 8-10 m 3/h purged
air. During operation the melter vacuum is maintained at a pressure below 4 mbar.

6.2.2.

Off-gas treatment system

The off-gas treatment system in the PAMELA process is based on the three
main cleaning steps described below, see Fig. 21 [53].

6.2.2.1. Pretreatment
The bulk of the gross airborne particulate material is removed by the countercurrent stream of scrub solution in the column of a wet scrubber placed inside the
melter cell near the melter off-gas exit. Periodically a part of the high active scrub
solution is directly recycled into the process and replaced by steam which comes
from the off-gas and has been condensed by cooling the scrub solution circuit. In this
way the solid concentration in the solution is kept at a sufficiently low level. Except
for this short period during which recycled solution is replaced, the scrubber is oper
ated under conditions such that the steam in the off-gas is not condensed in the wash
ing column. The off-gas temperature after passing the first scrubber is in the range
of 100-110°C.

6.2.2.

Wet treatment

Wet treatment of the off-gas takes place in a hot cell equipped with a tube
bundle condenser, a jet scrubber, and a valve tray NOx absorption column. While
passing through the condenser, the off-gas is cooled down to approximately 40°C
and water vapour is removed. After leaving this device, the reduced off-gas stream
is combined with gases coming from the vents of the feed storage tanks. The result
ing gas stream flows into the jet scrubber where it undergoes an intense impulse
exchange with the scrub solution, which is recirculated at a pressure of 5 bar. The
jet scrubbing is very effective in removing fine solid and liquid aerosols. To remove
the nitrogen oxides, the off-gas is next washed by a 5 M nitric acid scrub solution
in the NOx absorber column. In order to enhance the efficiency of the removal of
the nitrogen oxide gases, a hydrogen peroxide liquid is added.
All secondary wastes coming from the wet treatment area are sent to an evapo
ration system, from which the concentrates are fed back to the process.
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Process

FIG. 21. PAMELA off-gas treatment system [53].

6.2.2.3. Dry treatment

Final treatment is performed in another hot cell containing a glass fibre type
HEME filter, two HEPA filters and a droplet separator. The glass fibre filter
removes mainly the nitric acid aerosols entrained from the NOx scrubber. Before
entering the HEPA filters, the off-gas is heated above dew point. After exiting these
filters, the gas stream is cooled down to 30°C so that the rest of the moisture can
be removed in the following droplet separator. A final blower serves for release to
the stack.

TABLE X. MAIN PRODUCTION DATA FOR THE
FIRST RADIOACTIVE LEWC CAMPAIGN OF THE
PAMELA PLANT [16]

Parameter

Data

LEWC storage tank No.

253-la

Total LEWC feeding time

1163 h

Processed LEWC volume

22.7 m3

Glass production

30.6 t

Processed beta activity

8.65 X 1016 Bq

P

Glass product
(0.483 X105 Ci/d)

A
INPUT
LEWC feed
1.79X1015 Bq/d

Medium level waste

M
E

(50 Ci/d)
Cold waste

(0.488X10® Ci/d)
100%

7.04 X106 Bq/d
(1.9X 10'4 Ci/d)

L
A

Off-gas

5.18X102 Bq/d
(1.4X 10'8 Ci/d)

> 99.88%

< 0 .1%

<

0 .01 %

<

0 .01%

FIG. 22. Balance fo r the beta gross activity [16].
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TABLE XI. DECONTAMINATION FACTORS OBTAINED FOR THE FIRST
OPERATING LEWC CAMPAIGN [16]

System

Melter

Alpha Total

Beta Total

Cs-137

576

63.9

26.5

63.7

61.3

25

a

Wet off-gas treatment
(Dust scrubber, condenser,
jet scrubber)
Wet off-gas treatment II
(NOx absorber)

78.5

a

Glass fibre filter (HEME)

-

2000

-

HEPA filters (2)

-

> 2 .5 X 10s

-

Total DF from single DFs

-

> 5 .8 X 1013

Total DF feed to stack
(direct measurement based
on measuring filter before
the stack)

1.6 X 1013

6 X 1014

6 X 1014

a Values not available.

6.2.3.

Operational experience

Seven months of operation of the PAMELA plant, while processing the exist
ing 50 m 3 of LEWC solution within three vitrification campaigns, has yielded data
on the removal of radioactive off-gas contaminants. In a final fourth campaign the
rinsing liquids from storage tank cleaning and the evaporator concentrates were also
processed. Operational data are referenced for the first campaign [16]. During that
run, the 22 m 3 contents of the LEWC storage tank No 253-la was converted into
30 t of waste glass product. The total beta gross activity fed to the melter amounted
to 8.65 x 1016 Bq. The main production data are collected in Table X.
The pathways of the activity are illustrated in Fig. 22 containing a daily balance
for the beta gross activity. Nearly 99.9% of the initial radioactivity could be fixed
in the waste glass product. This high melter decontamination efficiency is obviously
due to the good retention of volatile compounds like Cs by the cold-cap conditions
on the glass pool surface. Less than 5.18 x 102 Bq per day, corresponding to less
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than 0.01 % of the activity fed to the melter, was released to the environment. This
very low emission rate is evidence for the functional design and proper operation of
the applied off-gas treatment system.
A more detailed information about the cleaning efficiency of the off-gas train
and of the individual devices used is given in Table XI, which shows the decontami
nation factors for alpha, beta and Cs activity. Based on direct measurement, total
feed to stack DF values of 6 x 1014 were obtained for beta and 137Cs activity.
These excellent results are mainly attributed to the high efficiency of the jet scrubber
and the glass fibre filter (HEME) in removing solid and liquid aerosols. The alpha,
beta and Cs DF values for the jet scrubber were measured to be more than 30, while
the DF data for beta activity in the case of the HEME were found to be in the range
of 2 X 103.
The removal of problem elements, such as ruthenium or technetium, was not
difficult. The ruthenium DF of the melter is comparatively low ( —5-8). Ruthenium,
however, is most effectively removed in the dust scrubber (with a DF value in the
range of 10-15) and also in the wet cleaning components that follow. The single DF
of the highly volatile technetium across the melter and the two first off-gas devices
exceeded a value of 50. Hence, the first radioactive campaigns in the PAMELA plant
have sufficiently demonstrated that the airborne radionuclides from a liquid fed
ceramic melter can be removed without difficulties in the melter off-gas treatment
system [16].
6.3. SAVANNAH RIVER DWPF
The DWPF off-gas system is presently in the final stages of design [35], It
consists of two parallel off-gas treatment trains: a primary train, and a back-up train.
A liquid filled seal pot is included with the back-up train to release excessive melter
pressure. The system is shown diagramatically in Fig. 23. Development of the
DWPF melter off-gas system was carried out primarily on the large slurry fed melter
(LSFM) at the Savannah River Laboratory. Key design basis and system perfor
mance data obtained through testing of this inactive technical scale system are
summarized in the following sections.

6.3.1.

Off-gas characteristics

Major radionuclides and particle size distributions characteristic of DWPF
melter off-gas have already been discussed in Section 4. Caesium-137, with the
highest level of activity in the off-gas, is the radioactive contaminant of greatest
concern. As noted in Section 4.1.2.2, caesium is evolved from a glass melter in the
form of semivolatile compounds that condense in the off-gas system as
submicrometre aerosol. It is therefore one of the most difficult contaminants to
remove and, as such, controls the DF requirements in the DWPF off-gas system.
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I________________ 1____________________ I_____ I________ 1___ I
8.9X10^® Bq

1^ 7Cs per year

Design basis decontamination factor = 8X10®

1.1 X10® Bq

FIG. 23. Savannah River Plant DWPF melter off-gas treatment system [35].

per year

Apart from the radioactive contaminants, the DWPF melter off-gas is charac
terized by the presence of elemental mercury and of the gases hydrogen and carbon
monoxide, both generated during the decomposition of organic compounds in the
feed.
In order to ensure efficient combustion of the organics in the feed and also to
increase the melt rate, additional heating of the melter plenum by resistance heating
elements is provided in the DWPF melter. These heaters are operated continuously
and controlled so that the off-gas leaves the melter at high temperatures of
600-750°C, carrying droplets of molten glass and other particulates.

Motor mount

FIG. 24. Experimental off-gas film cooler with brush reamer [35J.
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6.3.2.

Off-gas treatment system

Each train of the DWPF off-gas treatment system (see Fig. 23) includes seven
active components and an off-gas condensate collection tank. The off-gas first enters
a film cooler, which constitutes the initial part of the off-gas exit pipe connecting the
melter plenum with a quencher. The structure and function of the film cooler are
indicated in Fig. 24.
In the primary system shown in Fig. 23, a mixture of air and steam is injected
through annular slits in order to cool the off-gas to 350-400°C and to form a protec
tive gaseous boundary layer along the wall of the off-gas line. Sufficient air is added
to ensure dilution of the hydrogen, carbon monoxide and potential residual organic
vapours to concentrations below the lower explosive limit in the off-gas condensate
tank (OGCT). Steam is then added to complete the cooling. The film cooler inhibits
the sticking of molten particles to the wall of the off-gas line and ensures that those
deposits that do form remain cool and easy to remove. A brush and drive assembly
is mounted above the film cooler to periodically remove the friable deposit. Follow
ing the film cooler, the off-gas enters a quencher, which is an ejector fume scrubber
located as close to the melter as possible in order to minimize the length of the line
subject to plugging. The velocity of the off-gas in this line is kept at or above 15 m/s.
The quencher removes most of the water vapour in the off-gas and conditions it for
high efficiency scrubbing bringing it into direct contact with cooled recirculated
condensate thereby cooling the off-gas to 40-50°C. Before entering the quencher a
variable amount of air is added to the off-gas stream through a control valve in order
to regulate the melter pressure. The condensate is separated from the noncondensable off-gas while passing through the OGCT. From the condensate tank the
off-gas is routed to a high efficiency scrubber, which consists of two stages of steamdriven, free jet hydrosonic scrubbers. Scrubbing is accomplished by the recirculated
condensate which has been finely atomized by a supersonic steam jet. The conden
sate droplets are coalesced in a mixing tube operated at 30-40 m/s and then collected
in a conventional reversing cyclone. After exiting the scrubber at about 60°C, the
gases are cooled to 10°C in a shell and tube heat exchanger to condense and remove
elemental mercury. Before entering the following high efficiency mist eliminator
(HEME) which contains cylindrical elements of packed fibreglass, the off-gas is
moistened by spraying with a very small amount of filtered, deionized water. Soluble
contaminants are thereby continuously washed from the fibreglass elements and
returned to the condensate tank. After exiting the HEME, the off-gas passes through
a heater and a dual stage HEPA filter before being exhausted to the atmosphere.
Off-gases from the HWVP melter will be treated by a system based on the
DWPF off-gas system design. Modifications of the DWPF system, however, have
been recommended for processing the assumed higher concentrations of ruthenium,
iodine and NOx in the HWPF off-gas stream. A gas scrubbing column and second
scrubber recirculation tank will be added to remove NOx. A gaseous ruthenium
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TABLE XII.
CAESIUM DECONTAMINATION
FACTORS FOR DIFFERENT DEVICES [35]

Equipment

DF (Caesium)

Melter
Quencher
Scrubber
HEME

40

2
60

100

adsorber, preheater, iodine adsorber and roughing filter are also currently included.
One steam atomized scrubber will be removed and the remaining scrubber driven
by compressed air rather than by steam. Tests at Savannah River have shown the
DF of the air driven steam atomized scrubber to be within a factor of 2 of that for
the steam driven unit.
For safety, reliability and maintenance, a complete redundant back-up off-gas
system has been recommended. The necessary degree of redundancy will be further
evaluated in future cost-benefit studies.

6.3.3.

Operational experience

Decontamination factors for caesium for prototype DWPF gas cleaning equip
ment items except HEPA are available, measured on the integrated large scale LSFM
system, using actual melter off-gas.
Table XII gives some results obtained during a 60 day continuous run of the
demonstration facility.
The problem of blockage of the off-gas line has been solved by development
of the off-gas film cooler and the brush reamer. An operation period of 30 days
without cleaning was achieved by the use of the film cooler. Potential deposits,
however, which may occur as a result of particles penetrating the clean gas bound
ary, consist of friable materials which can easily be removed.

6.4. NEW WASTE CALCINING FACILITY (NWCF)
The design of the off-gas system of the NWCF is based on the successful
operation of the waste calciner facility (WCF), which operated during the period
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Scrubber separator
HEPA filters

Waste solution

Blower
Solids storage bins
Ventilation air
NW CF FLO W SH EET

FIG. 25. Schematic diagram o f high-level waste calcination process [54].

1963-1980. Development efforts toward improving the off-gas system for the
NWCF were directed primarily at reducing the carry-over of fines from the calciner
into the off-gas system. In the end, however, only minor modifications were made
and the NWCF off-gas system is functionally very similar to the WCF off-gas
system.

6.4.1.

Off-gas characteristics

In the calcination process, the feed solution is sprayed into an air fluidized bed
of solidified particles. The calciner off-gas therefore contains a significant concentra
tion of solid particles. The water content of the feed solution is evaporated by burn
ing kerosene fuel with excess oxygen in the calciner. The water vapour, combustion
gases and feed atomizing air are the major gaseous components of the calciner
off-gas.
Most of the radioactive contaminants are carried by the solid particulates. The
most important isotopes are 106Ru, 137Cs and 90Sr, depending on the composition of
the feed solution. Volatile compounds of 106Ru were observed during the operation
of the WCF when indirect heating of the calciner was performed, but since replace
ment of the in-bed heat exchanger by in-bed combustion, the generation of volatile
ruthenium has decreased.

6.4.2.

Off-gas treatment system

The flowsheet of the NWCF is given in Fig. 25 [54]. The off-gas cleaning
system is primarily directed at removing particulate matter from the calciner off-gas.
The system consists of both dry and wet air cleaning units. The hot off-gas at 500°C
first passes through a conventional cyclone for the initial separation of entrained
solids of larger particle size. The gas is then cooled to 70-75°C in a quench tower,
where it is sprayed with cooled condensate. Some condensation of water occurs in
this step, generating a liquid recycle to the feed system of some 10-15%.
The venturi scrubber is followed by a condenser and a demister for the removal
of droplets. The gas stream may then be heated in order to prevent condensation in
the following silica gel adsorbers, which can be used to remove minor amounts of
volatile ruthenium. In practice, however, this heater is not used and saturated off-gas
is passed to the Ru adsorbers, which effectively act as prefilters protecting the down
stream HEPAs. Condensation in the Ru adsorbers washes solids from the beds and
prevents blockages experienced in the WCF system. The final off-gas cleanup step
consists of a series of HEPA filters. Four banks of three filters in series are provided,
and two banks at a time are used. The whole system is maintained under a slight
negative pressure.
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TABLE XIII. COLLECTION OF PARTICULATES BY THE WCF SCRUBBING SYSTEM [41]

Run

Waste
Type

Heating
Mode

1

A1

NaK

1

A1

2

Scrubber
diameter
(cm)

Scrubber AP
(kPa)

Separator

8.9

13-17.5

NaK

8.9

A1

NaK

2

Zrf

NaK

3

Zrf

NaK

4

Zrf

5

Scrubbing
DF

Condenser

Nuclide

Feed-srub
DF

cyclone

no

Cs-137

4100

690

13-17.5

cyclone

no

Sr-90

3900

600

8.9

14-17.5

cyclone

no

Sr-90

1000

-

8.9

14-17.5

cyclone

no

Sr-90

2750

-

10

9-11

demister

no

Sr-90

1000

-

IBC

10

9-11

demister

no

Sr-90

2800

-

Zrf

IBC

11.4

5-7.5

demister

yes

Cs-137

300

-

6

Zrf

IBC

11.4

5-7.5

demister

no

Sr-90

2300

-

6

Zrf

IBC

11.4

5-7.5

demister

no

Cs-137

400

-

7

Zrf

IBC

11.4

5-7.5

demister

no

-

-

-

5-7.5

demister

no

—

—

—

8

Zrf

IBC

11.4

TABLE XIV. NWCF OFF-GAS SYSTEM PERFORMANCE [55]

Component (s)

DF

Comment

1. Calciner and cyclone

approx. 50

Rough measurement

2. Quench tower and venturi
scrubber

approx. 200

Calculated from 1 and 3

3. Calciner through venturi
scrubber

104

4. Ru adsorber

10

5. Calciner through Ru
adsorber

10s

6.4.3.

Calculated from 3 and 5

Operational experience

Operating experience with the NWCF is not presently well documented. There
are, however, published performance data for the WCF off-gas system and some
general NCWF performance data not previously published can be given. Table XIII
[55] summarizes the results of measurements taken during the first eight WCF
campaigns. It can be seen that the DF for entrainment across the calciner, quench
and venturi scrubber (characterized by the 90Sr DFs) is 1 X 103 to 4 X 103, while
the DF for semivolatile 137Cs is lower than expected at 300-400 for runs 5 and 6.
The higher 137Cs DF for run 1 is unexpected and is probably due to uncharacteristi
cally low volatile losses from the calciner for that run. HEPA DFs are erratic
because HEPAs often become wet during the test. The filter system consists of a fine
filter followed by an HEPA filter in the WCF.
Parallel data for the NWCF were obtained during extensive cold testing of the
system and were generally confirmed during the first active campaign. The data for
the NWCF system, summarized in Table XIV, show an improved DF from the feed
through the wet scrubbing. The data were obtained from mass measurements and
thus would correspond to the 90Sr DFs in Table XII. No total system DFs have been
calculated owing to a lack of emission data downstream of the HEPAs. It is known,
however, that except for tritium, overall emissions from the NWCF do not contribute
in a measurable way to overall emissions from the Idaho Chemical Processing Plant.
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On

FIG. 26.

The flowsheet o f the MTF [56].

Melter plenum temperature (“ Cl

FIG. 27. A comparison o f the dust transfer rates from the ceramic melter fo r two forms o f
glass feed material [33],

Particle size (mm)

FIG. 28. Particle size distribution o f solids at the outlet o f melter fo r two forms o f glass feed
material [33],
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6.5. PNC MTF PROCESS

6.5.1.

Off-gas characteristics

The PNC process provides for a pretreatment of the HLLW. The HLLW is
concentrated at a temperature of about 100-110°C under non-reflux conditions. The
glass material is in the form of glass fibre cartridges or beads. The glass fibre
cartridge soaked with the pretreated HLLW is effective in minimizing the off-gas
losses.

6.5.2.

Off-gas treatment system

Figure 26 gives an outline of the clean-up concept. The melter off-gas is first
treated by a dust scrubber. The larger particulates in the off-gas are trapped in the
circulating solution. The off-gas passes through a condenser, a venturi scrubber, a
perforated plate type scrubber, a pack type water scrubber, a ruthenium absorber and
an HEPA filter unit before it is released to the stack. The off-gas from the concentra
tor is directed to the perforated plate type water scrubber.

6.5.3.

Operational experience

Glass forming material is available in two forms: the glass beads and the glass
fibre cartridges. Figure 27 shows the comparison of the dust entrainment from the
ceramic melter for each glass material used. The entrainment in the case of glass
fibre cartridges was much lower than that with glass beads. The particle size distribu
tions measured in the off-gas at the melter exit indicate that predominantly
submicrometre particles are carried over into the clean-up system (Fig. 28).
TABLE XV. RUTHENIUM BEHAVIOUR [56]
M elter

M elter

inlet

outlet

inlet

outlet

outlet

1.5 kg

2 .2 x 10’ 1 kg

2 .7 x lO '2 kg

1.8 x 10~2 kg

2 .2 x 10“4 kg

DF

—

7

Volatile Ru

-

Particulate Ru

-

Total amount

Dust scrubber condenser

Venturi scrubber

o f Ru

68

8

2

82

72%

0.5%

1.7%

—

28%

99.5%

98.3%

—

Test results for Ru are shown in Table XV. The problem of blockage of the
off-gas line has been solved by development of the off-gas film cooler and the glass
fibre cartridge feeding.

6.6. CHINESE VITRIFICATION/OFF-GAS EXPERIENCE [57]
Acidic HLLW from the Chinese reprocessing plant is presently stored in
underground stainless steel tanks. On the basis of a requirement for long term
disposal, the Nuclear Ministry of China has decided that the HLLW should be solidi
fied in borosilicate glass. In the late 1970s Chinese research work on the vitrification
of HLLW was started and carried out at the Atomic Energy Research Centre and
Institute of Nuclear Engineering in Beijing. By the end of 1985, research work on
vitrification of HLLW was expanded and based on pot vitrification similar to the
PIVER process. Results from these laboratory scale experiments are presently avail
able. China has been strengthening co-operation with other countries in the field of
nuclear energy, including work on HLLW vitrification, and plans to have a vitrifica
tion plant for HLLW in operation in the 1990s.
Some progress has been made in defining the off-gas cleaning system for the
vitrification process, which is schematically shown in Fig. 29. From Table XVI,
which gives the composition of the simulated HLLW being used for development,
it can be seen that there is a high concentration of SO42 in the HLLW. When the
HLLW is vitrified a yellow phase attributed mainly to sulphur appears on the surface
of the product glass. A new glass composition that will prevent formation of the
yellow phase is under development and at the same time the behaviour of the sulphur
in the off-gas cleaning system is being studied with the hope of eliminating the
accumulation of sulphur in the system.
The behaviour of Ru has been studied under conditions similar to those of the
pot process. Figure 29 gives a flowsheet of the test facility. In the test runs, glass
was used and 103Ru in the form of RuNO (N 03)x •yH20 was added as a tracer to the
simulated HLLW solution.
It has been shown that as the Ru concentration in the feed increases from
0.5 mg/mL to 5.2. mg/mL, the Ru in the off-gas will increase from 1.85 mg/m3 to
9.4 mg/m3. The ratio of Ru in the off-gas to Ru in the feed, however, will decrease
from 30.8% to 18.1%.
The influence of temperature on Ru volatilization is shown in Table XVII. It
can be seen that most of the volatilized Ru is removed at temperatures below 200°C.
Results show that the Ru deposition in the pipe surface depends upon the temperature
of the pipe. The higher the temperature, the more the deposits. As indicated in
Fig. 30, the deposition of Ru increases rapidly from 300°C to 500°C. The analysis
shows that the deposited Ru exists in the form of R u02, whereas Ru in the conden
sate and the adsorbing liquid exists in the form of RuQ4 (identified by IRS). The
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Sprayer

FIG. 29. The flowsheet and off-gas cleaning system o f the small scale p o t vitrification process
in China [57],

TABLE XVI. COMPOSITION OF HLLW AND SIMU
LATED SOLUTION [57]

Component

HLLW g/L

Simulated solution g/L

Na

17.4

24.4

Fe

11.64

23.2

A1

4.4

6.05

K

6.97

0.2

Mo

1.18

-

Cr

3.66

0.5

Ti

2.9

-

Ni

1.93

0.4

Mn

0.37

0.16

so ^ -

5.29

8.02

12.66

11. l a

Fission products
Total oxide

119.00

H+

2N

1.5N

a Added in the form of mixed oxides o f rare earth elements.

TABLE XVII. THE INFLUENCE OF TEMPERATURE ON Ru
VOLATILIZATION [57]

Temperature (°C)

120

200

300

500

1050

Ru volatilization (wt.%)

0.25

42.65

49.39

54.03

62.13

adsorptive efficiency factors of many types of adsorbents such as silica gels, silica
sols and ferric oxide have been investigated.
The results show that W-X-14, one of the ferric oxide adsorbents, performs
exceptionally well. Even if the Ru accumulated on the adsorbents reaches 178 mg
Ru/cm3, its decontamination factor remains greater than 104.
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FIG. 30. Ru deposit as a function o f temperature o f the off-gas pipe [57].

Since the capacity of the pot process is known to be low, there is a plan to
replace the pot process with a continuous process, such as the AVM or PAMELA
process. An off-gas cleaning system, as shown in Fig. 31 has been designed for a
future process.

6.7. CANADIAN FUEL RECYCLE CENTRE OFF-GAS SYSTEM
The reference design for the vitrification system of the Atomic Energy of
Canada Limited (AECL) reprocessing plant, although based on the French AVM
system, differs from that system as well as from other off-gas treatment systems.

6.7.1.

Off-gas characteristics

The off-gas characteristics of the AECL plant are expected to be similar to
those of the AVM plant. Additional components, however, have been added near the
end of the off-gas system train specifically for the removal of ruthenium and iodine.

6.7.2.

Off-gas treatment system

A basic flowsheet of the designed off-gas treatment system is given in Fig. 32.
The off-gas from the melter passes to the calciner, flows counter-current to the fluid
flow and blends with the off-gas from the calciner. Because the off-gas flows through
the calciner, dust is carried out in the off-gas.
The off-gas stream then goes into the first water scrubber in order to remove
as much Ru and dust particles as possible, and to initiate the cooling of the off-gas
flow. From the first scrubber, the off-gas stream flows through a condenser, and
passes through two water scrubbers in series and a demister. The washed gas stream
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FIG. 31. Off-gas cleaning system and expected DFs in the planned vitrification process [57].
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FIG. 32. The Canadian high level waste vitrification off-gas system.

is then heated to ensure that there is no condensation of water vapour on the next
components: a prefilter and an HEPA filter (the first HEPA filter). After that, the
gas stream is further heated to 150°C and passes first through a silver zeolite column
to remove iodine and then through a silica gel adsorber to remove ruthenium.
Finally, the off-gas stream passes through an HEPA filter before being exhausted to
the active ventilation stack.
To ensure that the principle of ALARA is met and that the releases are below
the acceptable site release limits, the gas activities will be monitored before joining
with the other flows exhausting up the ventilation stack.

7. SAFETY CONSIDERATIONS [58-60]
7.1. SAFETY OBJECT
The object of safety is to ensure that members of the public and the workers
at the nuclear site do not receive radiation doses greater than those prescribed by the
ICRP limits. This criterion and the ALARA principle must apply for both normal
and accident conditions. The off-gas plant must be designed to perform so that under
normal operating conditions the overall decontamination factor ensures that the
safety object described above is met. The design must also ensure that accidents
whose probability of occurence is greater than an agreed frequency are handled in
such a way as to meet the safety objective.
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7.2. DESIGN FEATURES NECESSARY

7.2.1.

Features required for satisfactory normal operation

Design:
Maintenance of highly active plants, which are operated remotely behind a
shielding of approximately 1 m of concrete, is difficult and expensive. Equipment
must therefore be designed for minimum maintenance and high reliability, a criterion
often synonymous with simplicity. In addition, unwanted accumulation of materials
in the equipment should be minimized by avoiding ‘dead’ spots in the pipework, etc.

Maintenance:
Since some maintenance is inevitable, provision must be made to replace key
plant items of the off-gas system, as and when required. Some items such as HEPA
filters have a finite life span and therefore will be replaced routinely.

Instrumentation:
Adequate and reliable instrumentation for measurements such as temperature,
pressure, liquid level, radioactivity, must be provided. Duplicate or redundant
instrumentation is strongly recommended.

Monitoring:
Because ‘hands-on’ operation is not possible, adequate and reliable closed TV
monitoring is desirable to make the operator’s job less stressful.
To maximize the flow of information available to the operators, an adequate
and reliable chemical sampling system for monitoring gas streams and liquors should
also be provided.

Automatic shutdowns:
A system of interlocks should be provided so that significant departures from
predetermined operating parameters will automatically shut down the solidification
process without requiring operator assistance. For example, a system which gener
ates combustible gases such as CO and H2 must be safeguarded against. A failure
in the supply of the diluent gas needed to dilute the mixture below the explosion limit
must lead to the immediate shut down of the process.
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7.2.2.

Additional features required for accident control

7.2.2.1. Pipe blockage
Blockage of pipes caused by deposition of solids, prevents the off-gas from
taking its normal route and could also lead to a rise in pressure upstream of the block
age point.
The probability of blockages can be minimized by eliminating, as far as
possible, bends in off-gas pipes, avoiding pipe sizes which are too small, keeping
off-gas pipe work as short as possible and controlling factors such as temperature
to prevent particles from becoming ‘sticky’. The consequences arising from block
ages can be minimized by either (a) providing a pressure relief circuit connected as
far upstream as possible ideally at the calciner or melter vessel, or (b) providing a
duplicate off-gas system which normally is idle. This of course is more expensive
than alternative (a).
7.2.2.2. Vessel failure
Failure of vessels as a result of factors such as corrosion allows liquors and
gases to escape into the cell area.
To prevent accidents of this type, secondary containments should be provided
under all vessels to that in the event of a leak the spread of liquor is controlled. As
a tertiary containment, it would also be advisable to line the whole of the cell with
stainless steel.
7.2.2.3. Ventilation
The cell ventilation system must be adequate to handle the highest likely gas
flow from a failed plant item so that a negative depression is still maintained, thus
preventing exposure of the operators to extra radiation.

8. CONCLUSIONS
This report provides information on the current state of technology in off-gas
cleaning systems occuring in high level liquid waste conditioning facilities. The
conditioning processes covered in this report include calcination and vitrification.
Sufficient data are available on the chemical and physical behaviour of radio
active and non-radioactive process off-gas contaminants to allow a comprehensive
understanding of the processes required for efficient removal of hazardous compo
nents from off-gas streams with minimal operational problems. There is, however,
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a certain lack of knowledge concerning the detailed behaviour of some semivolatile
elements such as Tc, Te or Se during the solidification process and along the off-gas
path.
In general, treatment systems for cleaning the various solidification process
off-gases are similar in structure. While individual modifications may occur, the
systems typically consist of dust scrubber, condenser, high efficiency mist elimi
nator, absorption scrubber for NOx removal, demister and aerosol filters.
A review of existing off-gas treatment equipment already in use or under test
indicates that there is a great variety of systems available with proven cleaning effi
ciencies. These systems can serve as reliable bases for future work in designing and
optimizing off-gas cleaning systems suitable for waste conditioning facilities.
Extensive operational experience is available from active production facilities
and from inactive (simulated HLLW) experimental facilities. The experimental data
indicate that in all cases the main objective — namely to keep the off-gas loading
with pollutants especially the radioactive contaminants, under a permitted limit —
was met. No cases of unacceptable releases, even of the critical elements such as Ru
and Cs, have been observed. Moreover, it may be noted that ruthenium is not as
problematic as initially thought.
It can be concluded that the technology for the design and operation of off-gas
cleaning systems is well in hand and has become a routine procedure.
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