: \‘WJ‘MM

AAEC/E281

AAEC/E28)

- AUSTRALIAN ATOMIC ENERGY COMMISSION

RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

A REVIEW OF FLUORINE CELLS AND FLUORINE
PRODUCTION FACILITIES

by

R.J. RING
D. ROYSTON

September 1973

ISBN 0 642 99601 6







A REVIEW OF FLUORINE CELLS

AND FLUCRINE PRODUCTION FACILITIES

by

R.J. RING

D. ROYSTON

ABSTRACT
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1. INTRODUCTION

Fluorine was named by Amﬁ%re in 1812 and isolated by Moissan in 1886 by
the electrolysis of anhydrous hydrofluoric acid containing a small concen-

tration of potassium fluoride, fluorine being liberated at the anode.

2HF —> H2 + F2

The potassium fluoride rendered the covalent hydrogen fluoride conducting and
it was this discovery that allowed the isolation of fluorine after many years
of effort. Fluorine has been produced industrially for the last 30 years,
mainly for the production of uranium hexafluoride in the nuclear industry and
for propellants in space rockets. Smaller quantities are used for organic
fluorochemicals, sulphur hexaflucride and other incrganic fluorides.

This report surveys the development of fluorime cells on both a iaboratory
and industrial scale, in particular the design, construction aqd operating
features of modern production cells are described in detail. In additiom to
the electrolytic cell, the production of fluorine requires equipment (see
Figure 1) for the storage and vaporisation of hydrogen fluoride, preparation of
electrolyte, treatment and compression of the off-gases, and the disposal, in
emergencies, of fluorine and hydrofluoric acid. The design and operation of
this equipment are also described as well as aspects of protective clothing,
safety equipment and first aid procedures for use with fluorine and hydrogen
fluoride.



2. DEVELOPMENT OF LABORATORY FLUORINE CELLS

Electrolytic cells and associated techniques for the generation of
fluorine were developed on a laboratory scale for many vears before increased
usage demanded industrial production. A substantial amount of data was
gathered in this period and this assisted in the rapid development of indus-
trial scale facilities during the Second World War.

Cells of three general types characterised by their operating temperatures
were developed. Significant examples are listed in Table 1. The low tempera-
ture cell was used by Moissan (1886) to isolate fluorine. Historically this
cell was followed by the high temperature cell of Argo et al. (1919) and the
medium temperature cell of Lebeau and Damiens (1925). The medium temperature
cell was developed industrially during and after the Second World War and cells
of this type are now used universally for the industrial scale production of
fluorine.

The low, medium and high temperature cells used potassium-hydrogen poly-
fluoride electrolytes of different cbmpésitions. The complete vapour pressure
characteristics of the potassium-hydrogen fluoride system were first demon-
strated by Cady (1934) and later by Neumark (1947). These results are present-
ed in Figure 2 and show that only stable phases of KF.HF and KF.2HF exhibit a
very low vapour pressure of HF at their melting point. These two phases
correspond to those used in the high and medium temperature cells respectively.
In low temperature cells, the vapour pressure of HF was maintained at an
acceptable level by cooling to -80°c.

2.1 Low Temperature Cells

The low temperature cell was developed by Moissan following his
discovery that HF containing a small amount of dissolved KF conducted
electricity and offered the possibility of producing fluorine by electrolysis.
The initial cell shown in Figure 3 was a platinum/iridium 'U' tube (later
replaced by copper) and used an electrolyte of KF.12HF. The cell was cooled to
-80°¢C by immersing the cell in a bath of methyl chloride to keep the vapour
pressure of HF to acceptable levels. The fluorine product was also cooled to
-50°C to remove HF vapour. The rate of corrosion of the cell was high,
particularly of the platinum anode, and 5 to 6 grams of platinum were consumed
for every gram of fluorine produced. This loss was slightly reduced by using
copper cells and such cells produced 2 to 3 4 h! of fluorine (Leech 1956).
Another design for a low temperature cell was described by Poulenc and Meslans
(1900). This cell featured a cylindrical body incorporating a perforated

diaphragm to separate the gases and an internally cooled anode, but successful
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operation was not reported. In the period 1936-1942, a number of attempts were
made by ICI (Rudge 1941, 194%a, 1956, 1971) to develop a low temperature cell
which operated at room temperature with an electrolyte of KF.8HF. Cells of
100-120 A capacity were developed but the process was abandoned because of
corrosion problems (Ferguson 1942, Rudge 1956).

2.2 High Temperature Cells

The high temperature cell (Figure 4) was developed by Argo et al. {1919)
to overcome the high level of corrosion and high vapour pressure of HF in the
low temperature cell. It used potassium bifluoride (Fremy salt), KF.HF, as
electrolyte which produced a very low vapour pressure of HF over the molten
electrolyte at the operating temperature of the cell (250°C). The cell body,
which also acted as the cathode, was of copper and the anode was of Acheson
graphite. The graphite was attacked slighly; by contrast a graphite anode
used in a Moissan low temperature cell disintegrated completely (Argo et al.
1919).

Many high temperature cells were developed subsequently and are listed in
Table 1. Most cells were of the diaphragm type, however some 'V' or 'U" shaped
cells were also used (Dennis et al. 1931, Miller and Bigelow 1936, Aoyama and
Kanda 1937). In diaphragm cells, the corrosion of the-diaphragm was high and
numerous attempts to reduce this by insulating the diaphragm from the anode
connection were tried. To limit corrosion, efforts weré made to construct cell
bodies entirely from graphite (Argo et al. 1919, Meyer and Sandow 1921, Mathers
1924), however these cells proved to be fragile. Bodenstein et al. (1935)
developed a cell with air cooled electrodes entering the bottom of the cell and
sealed in place using frozen electrolyte following a patent for this technique
by Krekeler (1932). The cell of Bodenstein et al. used an 'Elektron' alloy
(98% Mg, 2% Mn) tank and a louvred Elektron alloy diaphragm with a perforated
silver cathode and graphite anode. Some of the aspects of this design were
incorporated in industrial size cells developed in.Cermany (Carter et al. 1946).

Another high temperature cell design by Simons (1939) was used extensively
and proved to be a very practical laboratory scale source of fluorine (Emeldus
1942, Burford et al. 1951). A cell of 30 A capacity was developed from the
Simons design by increasing the size of the tank and using three graphite rods
for the anode (Emeldus 1942).

The development of high temperature cells showed that copper, magnesium
and silver were suitable materials of construction for such cells and that
graphite was a successful anode material. For electrical insulation, Portland

cement or calcium fluoride mixed with sodium silicate (see Table 1) proved



effective on the laboratory scale, though these were less effective in larger
cells. 1In addition, high temperature cells had the following operating
characteristics:

(a) The product fluorine contained approximately 5-15 vol.% of hydrogen
fluoride which could be removed by contact with sodium fluoride (Mathers 1924,
Dennis et al. 1931, Bigelow et al. 1933, Denbigh and Whytlaw-Gray 1934).

(b) The water content of the electrolyte had to be low for successful
operation (Argo et al. 1919, Mathers 1924, Bancroft and Jones 1929, Schumb
and Gamble 1930, Dennis et al. 1931, Miller and Bigelow 1936, Simons 1939).
With 'moisture-free' electrolyte, fluorine was evolved immediately electrolysis
commenced (Denbigh and Whytlaw~Gray 1934) and the risk of polarisation was
reduced {Simons 1939). Water was removed by either drying for 24 to 48 hours
at 140°C {Dennis et al. 1931, Denbigh and Why tlaw-Gray 1934, Miller and
Bigelow 1936) or by electrolysis at a low current density (Argo et al. 1919,
Mathers 1924, Bancroft and Jomes 1929).

(¢) A bhard glass-like layer often formed on the anode resulting in a
poor yield of fluorine and erratic operation of the cell (Fredenhagen and Krefft
1929, Dennis et al. 1931, Denbigh and Whytlaw-Gray 1934). This phenomenon was
initially attributed to a deposition of silicon from the electrolyte on the
anode (Fredenhagen and Krefft 1929, Dennis et al. 1931, Denbigh and Whytlaw-Gray
1934), however, later work indicated the coating was a layer of carbon monc-
fluoride (Neumark 1947, Rudorff and Ridorff 1947).

(d) Regeneration of the electrolyte (i.e. addition of HF) had to be
carried out in a container separate from the cell and was a difficult procedure
(Argo et al. 1919, Mathers 1924, Dennis et al. 1931, Simons 1939).

(e) The graphite anodes gradually corroded to produce carbon tetra-
fluoride. Lebeau and Damiens (1925) stated that the proportion of carbon tetra-
fluoride contaminant in the fluorine increased with cell operating temperature,
anodic current density and voltage.

2.3 Medium Temperature Cells

Lebeau and Damiens (1925) developed a medium temperature cell (Figure 5)
which operated at 65 to 75°C using KF.3HF as electrolyte in order to overcome
the carbon tetrafluoride contamination of fluorine experienced with the high
temperature cell. The cell tank was a copper cylinder which acted as the
cathode. A slotted copper diaphragm and a nickel or nickel-iron alloy anode
were used. The anode materials corroded and produced a low current efficiency
(problems similar to those in the low temperature cell) but the problems of
formation of an anode surface film and carbon tetrafluoride contamination in

high temperature cells were overcome. Nickel anodes were not successful in



high temperature cells because nickel! fluoride was produced rather than
fluorine (Fredenhagen and Krefft 1929). With the medium temperature cell, the
electrolyte could be regenerated in situ by the additiom of anhydrous HF vapours;
however, the high vapour pressure of HF over molten KF.3HF resulted in the
fluorine product being contaminated by a large proportion of HF.

' A similar cell was described by Henne (1938) and followed a design by
Dennis et al. (1931). This cell used graphite electrodes giving a greater
current efficiency. Henne reported that water and silicates in the electrolyte
had an adverse effect on the performance of the cell and that these impurities
were removed by preliminary electrolysis. The glassy coating on the anode (the
anode surface film) was removed by rubbing with sandpaper and the electrode
returned to service.

Following the publication of the phase diagram for the KF-HF system,

Cady (1939) developed a cell operating at 75°C which used KF.2*2HF as the
electrolyte. Figure 2 shows that the vapour préssure of HF above molten
KF.2+2HF is much less than that for KF.3HF used in the cell of Lebeau and
Damiens. Cady claimed his cell had the following advantages:

(a) Commercial anhydrous HF vapour could be used to regenerate the
electrolyte in situ. 7

(b)  The vapour pressure of the HF over the electrolyte was very low.

(c) The composition of electrolyte could vary over a relatively wide
range for only a small variation in the operating temperature of the cell.

(d)  Corrosion of the anode and other cell components was reduced and
steel could be substituted for monel as the material of the cell body.

Water and ofher undesirable materials were eliminated during preparation
of the electrolyte by electrolysis of molten KF,HF using graphite electrodes
before the addition of anhydrous HF to produce KF.2+2HF.

This initial cell was imprdved in a later design (Figure 6) reported by
Cady et al. (1942). This cell used an electrolyte of KF.2HF and a perforated
diaphragm to allow the electrolyte to circulate more readily. 1In addition the
body of the cell was surrounded by a water jacket to allow closer control of
the operating temperature. Both nickel and graphite were used as anode
materials. An anode surface film did not form if the electrolyte was prepared
by pre-electrolysis of the KF.HF as described earlier. Cady et al. (1942)
preferred to use nickel anodes as they reduced arcing to the electrolyte, did
not disintegrate or develop a high resistance surface film or produce

volatile carbon compounds as did carbon anodes.



2.4 Other Electrolytes Used in Fluorine Cells

An ideal electrolyte for the preparation of fluorine should possess a low
melting point, a low vapour pressure of HF, high conductivity and allow elec-
trolysis to proceed with some tolerance of impurities. All metal fluorides
have high melting points and are unsuitable (Table 2). Several acid fluorides
have been investigated and the KF-HF system has been adopted universally
(Table 3). The properties of this system were investigated by Cady (1934) and
Neumark (1947) and have been described earlier. Caesium polyfluorides show the
most promise of all the other polyfluorides, however the cost of this material
is prohibitive.

Mathers and Stroup (1934) investigated several possible electrolytes other
than the KF-HF system with the following results:

(a) The mixed salts KZSnFG, KzTeF6, K2TiF6, KZMHFG’ KZPbFG’ KZSeFG and
KZSbF6 had melting points higher than the KF-HF system alone.

(b) NaF.HF and LiF.HF both decomposed before melting.

(c) NHAF.HF melted at 112°C but fumed vigorously and decomposed to
nitrogen and HF readily.

(d) The melting point of the KF-HF salt could be reduced slightly by
adding NaF, NaHFZ, PbF2 or SrF2 {(Meyer and Sandow 1921) however the overall
effect was not advantageous.

(e) The fluoride salts of rubidium and caesium showed most promise.

Mathers and Stroup (1934) prepared and used CsF.l-5HF as an electrolyte in
a cell made of magnesium with a graphite anode. Fluorine was evolved readily
with little HF contamination. The cell operated over the temperature range
19 to 100°C and the electrolyte proved easy to.regenerate. The very high cost
of the caesium salt prohibited further use of this promising material.

Neumark (1947) stated that the melting points of the caesium and rubidium
salts showed only a slight reduction over their potassium counterparts and

concluded that the potassium polyfluorides were the most suitable electrolytes.



3. DEVELOPMENT OF INDUSTRIAL FLUORINE CELLS

The wartime requirements for fluorine in Germany (for the manufacture of
chlorine trifluoride), England and the U.S.A. (for the manufacture of uranium
hexafluoride) initiated research and development into the industrial scale
production of fluorine. From 30 A laboratory scale cells, industrial scale
cells of 1000-2000 A capacity were developed to which present day production
cells operating at 5000-6000 A are directly related. These developments are
listed in Tables 4 and 5.

All three techniques, low, medium and high temperature, were examined for
possible development. The low temperature process was examined by Du Pont
(Calcott and Benning 1936) using an electrolyte of KF.8-10HF at room tempera-
ture. A 1000 A cell of this type reached a practical stage of development,
but excessive corrosion and low current efficiency caused this process to be
abandoned (Downing 1946). Similar experiments on a smaller scale (100 A) by
the Harshaw Chemical Company (Downing 195la) and ICI (Rudge 1941, Ferguson
1942, Rudge 194%a, Rudge 1956) were also unsuccessful.

The high temperature process was examined by Johns Hopkins University in
the U.S.A. (Fowler et al. 1947, Burford et al. 1951) and in Germany {Carter
et al. 1946, Karr 1946, Neumark 1947). A 600 A cell was developed by Johns
Hopkins using KF.HF electrolyte operating at 260°C. This cell operated
satisfactorily however excessive corrosion of the anode assembly and
difficulties experienced in the addition of HF resulted in the termination of
the project. The Germans had more success and developed a 2000 A cell. A
number of these were installed and operated on an industrial scale at
Falkenhagen from 1942-1945 (Carter et al. 1946, Karr 1946, Neumark 1947).

The medium temperature process was examined in England, France, Germany
and the U.S5.A. A single 2000 A cell was developed and operated efficiently in
Germany (Carter et al. 1946, Karr 1946, Neumark 1947). 1In the U.S.A. a large
effort was focussed in the period 1943-1946 on medium temperature cells

operating at 100°C with KF.2HF electrolyte. Several cells of 1000-2000 A

capacity were developed (Downing 1944, 1946, 195la, Williams et al. 1944,
Stevenson 1945, Trepper 1945, Schumb 1946, 1951, Downing et al. 1947,
Pinkston 1947, Schumb et al. 1947, Long et al. 1951), The design by the
Hooker Corporation (Murray et al, 1946, 1947, 1951) was chosen for further
development by the USAEC, resulting in the '"C" and modern "E" Cells'of 6000 A
capacity (Dykstra et al. 1955) which were installed at the Oak Ridge and
Portsmouth Gaseous Diffusion Plants (Smiley and Brater 1956, Goodyear Atomic

Corporation 1967a, 1967b). In addition to the USAEC, the Pennsylvania Salt
Manufacturing Co. and the Allied Chemical Corporation independently started



commercial fluorine production in 1946 (Neumark and Siegmund 1966). The former
company operated a number of 2000 A cells (Porter 1948) but additiomal inform-
ation is not available. The Allied Chemical Corporation developed cells of
4000-5000 A capacity and commenced operation in 1959 of the only commercial
fluorine production plant at that time in the U.S.A. at Metropolis, Tllinois
(Allied Chemical Corporation 1961, Neumark and Siegmund 1966, Siegmund 1967).

In England, Imperial Chemical Industries Limited also developed medium
temperature cells, commencing in 1948 with cells of 1000 A capacity and
progressing to capacities of 1400, 2000 and finally 5000 A in 1959 (Rudge 1956,
1962, 1966, 1971). Cells of basic ICI design of 5000 A capacity have been
operated since 1968 by the UKAEA (Rudge 1971, Rogan 1972a, 1972b). The French
developments are more recent, a cell of 1500 A capacity was developed and
operated from 1950-1955 (Level 1969) and more recently 6000 A cells similar to
the USAEC "E" cells have been used in the Pierrelatte Chemical Works {Bergeret
1965, Level 1969).

3.1 High Temperafure Ce}ls

3.1.1 General features

High temperature cells are attractive because by using graphite anodes
they offer operation at a high current density which results in a more compact
cell, a low operating voltage and freedom from severe polarisation problems.
These advantages have to be balanced against the increased corrosion rates
experienced at the higher operating temperature and the accurate control of
electrolyte composition and temperature which is necessary to ensure trouble-
free operation.

The German cell used Elektron alloy (98% Mg, 2% Mn) as the major material
of construction with graphite and silver being used for the anode and cathode
respectively (Carter et al. 1946, Karr 1946, Neumark 1947). The cell (Figure
~7) developed by Burford et al. (1951) at Johns Hopkins University used Monel
metal (a nickel-copper alloy) for the cathode and most other major components.
Graphite rods mounted in copper bus-bars were used as the anode.

The development of the American cell was terminated because of excessive
corrosion problems. Similar problems were overcome successfully (Neumark 1947)
in the German cell by continuous addition of HF to the electrolyte to ensure a
constant electrolyte composition and cell operating temperature. 1In the
American cell the HF was added intermittently (Burford et al. 1951) and this,
coupled with a low electrolyte inventory, caused wide fluctuations in electro-

lyte composition and temperature.



3.1.2 Anode comnstruction

Graphite was used without any special treatment for the anodes in both
the American and German high temperature cells. The life of the Siemens
graphite anodes used in the German cell was one year (Neumark 1947), those in
the American cell were replaced more frequently due to deterioration of the
electrical contacts. |

The anode of the American cell consisted of a series of graphite rods
inserted as a press-fit into holes bored into, but not through, a copper bus-
bar. This electrical connection was augmented by a pin which was inserted
axially into the centre of the top of each rod through a hole counter-bored in
the bus-bar. The pin was silver-soldered to the bus-bar. Despite these
precautions the contact resistance increased as corrosion products accumulated
and this problem caused the development of the cell to be terminated.

In the German cell, the anodes were made from specially shaped pieces of
graphite which passed through insulated packings in the cell cover plate
(Figure 8). The packing material was a cement of calcium fluoride, lead *
oxide (Pb304) and glycerine with gas-tight seals of mitred graphite (Carter
et al. 1946). To keep this assembly cool and to minimise corrosion problems
it was mounted in extension tubes above the cover plate.

3.1.3 Cathode construction

A thorough series of corrosion tests were carried out (Neumark 1947) prior
to the selection of a cathode material for the German cells at Falkenhagen.
The results of these tests are reported in Table 6. Silver was chosen for the
cathodes because of its resistance to corrosion by oxygen and anhydrous hydro-
fluoric acid and its very low corrosion rate during periods when the cell was
shut down. The slight corrosion which occurred during electrolysis was
tolerated because the recovery of silver from the electrolyte every 8 to 12
months was a simple operation with a good yield (Neumark 1947). Each cathode
consisted of two 1.5 mm thick perforated silver plates welded to a frame of
12 mm silver tube. The vertical sides of the frame extended through the cover
plate of the cell and were insulated and sealed in a manner similar to that
used for the anode assembly.

The American cell used the Monel cell tank as the cathode and this had a
life of 18 months. Sludge accumulated on the bottom of the cathode box and
was removed every 14 days when the anodes were replaced.

3.1.4 Tank and skirt comstruction

Both the Falkenhagen and Johns Hopkins cells used a solid skirt which was

mounted on the cover plate and dipped into the electrolyte to separate the
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gases as they were liberated. The Monel skirt of the Johns Hopkins cell
extended into the electrolyte as a grid diaphragm which was provided to prevent
broken anodes from shorting with the cathode. In the Falkenhagen cell, the

6 mm thick Elektron skirt extended into the electrolyte and was cut with
louvres to act as a diaphragm. The louvred area matched the area of the
cathode to avoid bipolar corrosion of the diéphragm.

Vastly different methods were provided to control temperatures in the
cells. The electrolyte tank of the Falkenhagen cell was encased in a light
gauge Duralumin box with 150 mm clearance between the box and the cell: tank.
Thermostatically controlled electrical resistance‘heaters were mounted in this
space in which air was circulated. The air temperature was controlled at 230
to 250°C. In the Johns Hopkins cell, the electrolyte tank was surrounded by a
mild steel jacket in which diphenyl oxide was circulated to regulate the
temperature. During shutdown periods the base of the jacket was heated by gas
burners and during operation the diphenyl oxide distilled and was condensed in
water-cooled condensers and returned to the cell.

3.2 Medium Temperature Cells

3.2.1 General features

The American studies on low, medium and high temperature cells resulted in
the selection of the medium temperature cell as the most practical source of
fluorine (Downing 1946, 195la, Pinkston 1947, Katz 1951). This cell has
relatively low rates of corrosion because of the temperature of operation
(90°C) and the low vapour pressure of hydrogen fluoride over the molten KF.2HF
electrolyte. In addition wide variations in electrolyte composition could be
tolerated with little change in operating temperature. Initially the éorrosion
of anodes made from nickel was a major problem, however this was overcome by
using ungraphitised carbon and this material is used for the anodes in all
modern medium temperature fluorine cells.

Mild steel and Monel are the most common materials of construction, mild
steel for the cathode and Monel for internal pafts such as the skirt, diaphragm
and cooling tubes. USAEC "C" and "E" cells (Figures 9 and 10) used Monel tanks
with mild steel cover plates (Dykstra et al. 1955, Vavalides et al. 1958, Clark
1960) whereas the British cells used mild steel for both items (Rudge 1956,
1966, 1971, Rogan 1972b).

3.2.2 Anode construction

{a) Metal anodes

Large scale (1000 A) medium temperature cells initially used nickel anodes

(Downing 195la, Rudge 1956). The nickel anodes produced fluorine without any
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polarisation problems and could cperate with electrolyte containing moisture.
However corrosion was severe and the anode current efficiency was 70 per cent
(Downing 1944, 1946, 195la, Carter et al. 1946, Long et al. 1951, Leech 1952,
Rudge 1949a, 1956, 1971, Neumark and Siegmund 1966). As a result of corrosion
the electrolyte became contaminated with dissolved or suspended nickel salts
which interfered with electrolysis and prevented the recovery of large quanti-
ties of electrolyte (Neumark 1947, Downing 195la, Rudge 1956). Consequently
the cells required frequent overhaul and replacement.

A typical cell using nickel anodes of 1500 A capacity was developed by
Du Pont (Downing 1944). The cell used an anode current density of 2050 A m~2
and the operating life of the anodes was 750,000 A h after which a sludge layer
of nickel corrosion products had accumulated to .0.2 m depth.

A particular advantage of the nickel anode cell was the use of a welded
anode assembly (the anode was welded to a steel support bar) which allowed the
anode to be submerged wholly in the electrolyte and so promoted circulation of
the electrolyte on a thermo-siphon principle (Downing 1944, 195la, Benning
et al. 1951). Nickel anode cells operated gemerally with an electrolyte of the
composition KF.2:3HF to reduce the nickel consumption (Downing 1944, 195la).

A number of materials have 'been tested unsuccessfully as anode materials
by Calcott (1943). Mild steel, copper, Inconel, 18-8 stainless steel, brass,
bronze, nichrome and magnesium passified when used as anodes; aluminium did
not passify but was rapidly consumed. Monel operated erratically at current
densities up to te 2370 A m-zfor short periods of time. Palladium produced
fluorine initially but eventually disintegrated. A mnickel anode containing
0.13% of graphitic carbon operated smoothly with a rate of corrosion of 2.1
kg F2/kg nickel compared with a rate of corrosion of 3.5 kg Fé/kg nickel for an
ordinary nickel anocde.

At the time nickel anode cells were constructed, research programs to find
a suitable form of carbon anode were already in progress (Neumark 1947, Downing
1951a, Rudge 1956). Graphite was tried initially but was found to disintigrate
rapidly in KF.2HF electrolyte (Downing 1944, Neumark 1947, Long et al. 1951,
Murray et al. 1951). A large number of non-graphite carbons were examined
(Calcott 1943, Downing 1944, McLaren 1951, Rudge 1956) before the development
of types which operated at high current efficiencies and replaced nickel as the
anode material in fluorine cells.

{b) Carbon anodes

The value of a type of carbon as an anode material may be described in

terms of its electrical resistance, physical strength, resistance to corrosive
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attack or other ageing phenomena, the stability of an electrical contact with
the material and the maximum current demsity which can be used before polarisa-
tion occurs (McLaren 1951). Unfortunately a thorough specification based om
these properties has not been developed. The selection of a suitable carbon
was based on trial and error methods which were complicated by the lack of
consistent properties in some types of carbon. Impurities in carbons were
claimed to be potential catalysts for either the generation of fluorine or
polarisation but, in general, correlations with anode performance were not
determined (Katz 1951, Ebel and Montillon 1952). For example the properties
may vary from batch to batch in a carbon of nominally the same type (Dykstra
et al. 1955), ‘

The USAEC E-type cells used Union Carbide YBD grade carbon (Dykstra and
Paris 1959, Powell et al. 1961) which is a hard ungraphitised material made
from petroleum coke. Earlier versions of this cell {the Hooker, modified
Hooker and C-type cells) used GA, GAA and YAA carbons which are similar
materials from the same company (Ebel and Montillon 1952, Dykstra et al. 1955,
Kelly and Clark 1967a, 1968a). Some of the properties of these materials are
listed in Table 7.

To avoid the possibility of variations in the current-carrying capacity
of GAA and YAA carbon anodes in the same cell {modified Hooker), attempts were
made to correlate resonant frequency, electrical resistivity, hardness, poro-
sity and spectrographic analysis. It was found that only resonant frequency
(which roughly correlates the rigidity of an anode with its electrical proper-
ties, thermal properties and hardness) could be measured swiftly on a
production basis and this property was used as a selection criterion. More
than 300 cells were operated without start-up difficulty under this program
(Dykstra et al. 1955), The selection of individual blades of YBD grade carbon
to be parallelled electrically in the C and E-type cells was consequently based
on a test of their resonant frequency. All blades used in a particular ancde
assembly were selected to be within 10 vibrations per second of each other
(Huber et al. 1958, Powell et al. 1961, Union Carbide Corporation 1968),

Higher frequencies were noted to give slightly longer-lived cells but it was
not possible to identify unsuitable anodes as the anode frequency test was
affected by carbon dimensions and density and other electrical properties
(Powell et al. 1961). It was suggested that adopting a resonant frequency test
is valid because this property is related essentially to the degree of graphit-
isation of carbon (Wada 1961).

Many attempts were made to improve the characteristics of the carbon used
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in anodes. In one experiment with type GA carbon of the National Carbon
Company, three anode blocks were pretreated before use. Pieces were subjected
to a reducing atmosphere, an oxidising atmosphere, a special increase in
density by impregnation and rebaking and, for comparison, one anode was left
untreated. It was found that the untreated and reduced materials gave a
similar performance whereas the performances of the oxidised and densified
carbons were poorer (Downing 1946, Ebel and Montillom 1952). Coated and
impregnated carbons were tried with varied success. Nickel plated carbon
anodes were found to perform poorly {(Calcott 1943) and a copper-sprayed carbon
anode was completely consumed beneath the surface of the electrolyte (Downing
1946). Copper plating the carbon anode over the contact area appeared to
offer improvement but the evidence was not conclusive (McLaren 1951). However,
copper impregnated carbon anodes exhibited a number of advantages (Williams

et al. 1944, Downing 1946, Pinkston 1947, Whitaker 1950, Long et al. 1951,
Katz 1951, McLaren 1951).

The latter anode was made by vacuum-impregnating a solid block of type
GA carbon with molten copper. With the impregnated carbon, there was a
reduction in the carbon/bus-bar contact resistance by a factor of up to 30
(Downing 1946). In terms of current carrying capacity, the impregnated
carbons were only slightly better than pure GA carbons initially, but after
four months operation the impregnated blades carried 447 more current (Katz
1951). The copper impregnated anodes were somewhat stronger than plain
carbon and were heavy enough to sink in the electrolyte if broken (Williams et
al. 1944, Pinkston 1947, Long et al. 1951). These advantages were verified by
the continuous operation of a number of 1000 A cells for over a year without
polarisation or loss of anode/bus-bar contact (Long et al. 1951). Despite
these apparent advantages this material was not investigated further probably
because the Harshaw Cell in which it was used was not developed beyond the
pilot plant scale,

The service life of thin (32 mm) YBD carbon anodes used in early produc-
tion cells (Dykstra et al, 1958) was improved by impregnating the carbonm with
a phenolic resin ('Karbate')., The service life was increased by 32.7% when
tested over an extended period. However, with the Karbate anode, the initial
depolarisation process was more difficult and the initial operating voltage of
cell was 0.4 to 0.8 volts higher (at 4000 A}, This relative over-voltage was
reduced over a long operating life having little significance after about 1000
hours service and it was suggested that Karbate anodes had advantages where

thin anodes were necessary (Dykstra and Paris 1959). It is of interest to
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note that in the USAEC E-type cell untreated YBD grade carbon 50 mm thick was
used and had sufficient strength {Dykstra and Paris 1959).

A more recent development has been the use of carbon anodes impregnated
with lithium fluoride, Tests on a laboratory scale showed that these elect-
rodes were considerably more effective in lowering the anode potential
(Watanabe et al. 1963a), see Section 4.1.6.

The carbon used in the German medium temperature cell at Leverkusen was
very hard and graphite free. The carbon when properly prepared possessed a
hardness rating similar to carborundum. A special pitch was used to impregnate
the carbon and produce a high breaking strength (see Table 7). Care was taken
in the selection of materials to choose those which were very resistant to
graphitisation. Anodes of good quality lasted 18 months (Karr 1946).

Rudge (1966, 1971) stated that British fluorine cells were equipped with
carbon anodes which were more highly permeable than those used in America and
were completely immune to polarisation under all practical conditions of
operation. The advantages of carbon of high permeability were first described
by Howell and Hill (1950), Rudge et al. {1952) and Wilson and Hill {1955) and
anodes of this material were used in industrial cells in the early 1950's
(Rudge 1956, 1962, 1966, 1971). The permeability* of a suitable porous carbon
can range from 1 to 30 whereas a carbon of the YBD type has a value of approx~
imately 0.05 (Davies and Rudge 1960, 1961, 1964a, 1964b, Rudge 1966, 1971),

The Carbide and Carbon Chemicals Co. (Katz 1951, McLaren 1951) also reported
good success with porous carbons and concluded that, apart from structural
difficulties, this type of carbon was a superior anode material, Tests
revealed that porous carbon could carry a current density of 1080 A m -2
without polarlsatlon whereas the type GA carbon was limited to a maximum of
270 Am (McLaren 1951). .

Advantages were claimed for a specially constructed anode using porous
material in the lower part with denser material near the top, the junction
being made below the electrolyte. This modification was claimed to reduce
(from 7.1 to 4.6%) the high proportion of hydrogen fluoride obtained in
fluorine generated with carbons of high permeability (Davies 1963).

(c) Carbon anode assemblies

Goode et al. (1964) stated that the deterioration of the anode contact,

expressed as the number of cubic feet of air per minute passing through one
square foot of carbon, one inch thick, under a Pressure equivalent to two

inches of water (see Table 11)
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that is the mechanical and electrical contact between the carbon anode block
and the metal hanger or bus-bar, was the greatest single cause of cell failure.
The anode contact was usually made within the cell and was subject to attack
by fluorine, electrolyte and hydrogen fluoride vapour. This form of construc-
tion and associated problems were avoided in laboratory cells by passing the
carbon anode through the cell cover plate and making the anode contact in a
non-corrosive atmosphere. This technique was not employed in large medium-
temperature cells.

The simplest form of anode connection consisted of a metal rod screwed
into the top of a block of carbon. The rod then passed through the cover
plate. This type of joint (Figure 11) was used successfully in the German
cell at Leverkusen because extremely hard carbon was used (Carter et al. 1946,
Karr 1946, Neumark 1947). A similar system with the addition of a clamping
ring around the top of the block of carbon proved to be successful in the
American Harshaw cell (Williams et al. 1944, Pinkston 1947, Long et al. 1951).

In other American cells, a series of carbon blocks were bolted with a
clamping plate to a common metal hanger bar as shown in Figure 12 (Downing
1946, 195la, Murray et al 1946, Osborne 1951, Stuart and Osborne 1951,

Dykstra et al. 1955, Smiley and Brater 1956, Vavalides et al. 1958, Huber et
al, 1958, Powell et al. 1960). Copper and chrome-molybdenum steel were used
for the hanger bar. Copper was the more corrosion resistant material (Smith
1943, Murray et al. 1946, Downing 1946) but steel had a comparable life at
one third the cost (Dykstra et al. 1955) and was sometimes preferred (Dykstra
et al. 1955, Vavalides et al. 1958). The above method of construction was
used initially by E.I. Du Pont de Nemours (Downing 1946) and the Hooker
Chemical Company (Murray et al. 1946, Osborne 1951, Stuart and Osborne 1951)
in assemblies in which the hanger bar was an inverted U-form as shown in
Figure 13.

Du Pont reported (for a submerged contact) that the contact failed due
to corrosion of the inner face of the copper holder by electrolyte which
seeped through the carbon and to corrosion of the steel clamping bolts (the
bolt heads and nuts in particular) which led to a gradual depreciation of
contact. Copper bolts were later used to prevent this corrosion (Downing et.
al. 1947). The deposition of corrosion products at the carbon-metal surface
and the relaxation of clamping pressure gave a high resistanée contact
resulting in an uneven distribution of current, local overheating and cracking
(Downing 1946), Attempts to alleviate the seepage of electrolyte by locating

the contact in the gas phase were unsuccessful due to swelling of the carbon
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above the electrolyte level (Downing 1946).

After experiencing similar problems, Hooker improved this method of
clamping by mounting the contact surface in the gas phase and by using a
carbon-water jointing compound. A thin layer of this compound was spread on
the carbon surfaces before clamping and caused to set by baking after the
bolts had been tightened. The joint was also improved by machining the carbon
clamping surface to give a flat even contact (Murray et al. 1946, Osborne
1951). This system gave a cell life of 2.5 x 106 A h in a 2000 A cell. The
success of this method was due entirely to the use of the anode compound which
prevented the penetration of electrolyte into the joint. 1If the compound was
not used, failure occurred due to the accumulation of a layer of potassium
bifluoride which swelled and broke the carbon directly under the clamping
plate (Murray et al. 1946).

The Hooker anode assembly was adopted by the USAEC and developed sub-
sequently in 4000 and 6000 A versions. The first development was the use of
a solid chrome-molybdenum hanger bar (which cost less than the channel type of
support), machined to a scratch-free finish, and the machining of the upper
53 mm of the carbon block to a smooth finish. The carbon blocks were clamped
in place between the solid bar and a separate copper contact plate using 115
N m of torque on 19 mm dia. chrome-molybdenum cap screws. The chrome-
molybdenum cap screws were selected after operating experience with Monel,
Everdur, copper and several types of steel cap screws, Most steels and Monel
were unsatisfactory because of high dissolution rates. Everdur and copper
were unsatisfactory because of torque limitations. The cap screw threads were
lubricated with a powdered graphite-chlorotrifluoroethylene polymer (Dykstra
et al. 1955). The use of the high torque assembly prevented electrolyte from
seeping between the carbon and the support and under normal operating
conditions the assembly had a service life of 5 x 106 A h in a cell of 4,000 A
capacity (Dykstra et al. 1955, Smiley and Brater 1956),.

A larger (4000 A - 6000 A) cell of a similar design (Vavalides et al.
1958) obtained an improved life of 16 x 106 A h by increasing anode thickness
from 32 to 50 mm and by the use of construction materials of superior corrosion
resistance {Simmons et al. 1956). Pressure plates of AISTI 4140 steel were
trled in this cell but were a total failure, giving a cell life of only 5.2 x
-10 A h (Vavalides et al. 1958). Cell life was then doubled to 32 x 106 Ah
by increasing the size of the heads of the clamping bolts (89 x 19 mm dia.)
from 29 to 38 mm. This modification increased the life of the bolt but also

demanded the use of bolts manufactured to close tolerancesﬂ Such bolts were
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necessary to ensure even bolt pressure at the torque of 170 N m required to
produce the same bolt tension (Huber et al. 1958, Powell et al. 1960). 1In
addition the contact resistance of each bolt in the anode assembly was
measured and was required to be within the range 85-100 pQ (Huber et al. 1958,
Union Carbide Corporation 1968).

The final improvement in this type of anode assembly was the use of
countersunk slot head bolts (of AIST 4140 steel) torqued to 163 N m (joint
resistance of 49-65 u}) with the bolt headlprotected by a carbon plug, see
Figures 14 and 15 (Powell et al. 1960, Cable et al. 1962). This system has
given cell lifetimes of 85 x 106 A h in the 6000 A USAEC E-type cell, failure
being due to excessive corrosion of the anode bars., In this cell, copper
hanger bars were reintroduced because of their greater corrosion resistance
(Kelly and Clark 1968a). The latest French 6000 A cell uses a similar type of
anode assembly with a copper hanger bar (Bergeret 1965, Level 1969).

In addition to the above methods of construction several alternative
schemes were investigated. In one case, an external anode contact and support
(from the cell cover) was developed (Finley 1953) which increased the anode
flexibility and cooling and reduced the cost of the anode assembly in compari-
son to the cost of that used in the modified Hooker cell (Dykstra et al. 1955),
This method was not developed further, probably because of the later improve-
ments to the original clamping method.

Bottom-entering anodes sealed with frozen electrolyte were unsuccessful
due to corrosion of cooling water connections (Rudge 1956, Hertz and Nugent
1961) though this idea has been used in laboratory cells,

Anode structures made entirely of carbon were tried to overcome the
corrosion of metal/carbon contacts and a maximum life of 6.1 x 106 A h was
obtained in a 6000 A cell. Failures occurred through two major causes.
Firstly the low tensile strength of the carbon allowed the structures to crack
and secondly the carbon-carbon contact points overheated and deteriorated
rapidly in the fluorine atmosphere (Goode et al. 1964).

Little information is available on the anode assemblies developed for
other medium temperature cells. The Aliied Chemical Corporation cell (Figure
16) used a system similar to the USAEC cells in which the carbon anodes were
suspended from copper clamps and were held in place by bolts and backup plates
(Neumark and Siegmund 1966). Rudge (1971) reported that the anode assemblies
used in ICI cells fitted into twelve rectangular openings in the cell cover.
Each anode assembly consisted of a flat plate of mild steel, to the underside

of which was attached the rectangular skirt and inside which was located a
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pair of anode blocks. The life of the anode was reported to be 19 x 106 Ah
in 1400 A cells (Rudge 1956) and 66 x 106 A h in 5,000 A cells (Rudge 1971).

Only the patent literature gives some indication of methods that were
used in ICI cells to attach the anode blades to their supports. Rudge and
Howell (1951) described a method of forming the electrical connection to
carbon anodes which involved electro-depositing a layer of copper or nickel on
the upper part of the anode and, after cleaning, welding the electrical
conductor to the electroplated region. The thickness of the electro-deposited
layer was 3.2 to 4.2 mm and the deposition current had a density of 21.5 to
86 A l:n-2 at the carbon surface. It was found later (Rudge and Howell 1953)
that the deposited layer did not have a uniform thickness, was very hard and
in a state of strain. 1In addition, the process of electro-deposition was
time consuming and involved saturation of the carbon anode with an aqueous
electrolyte which had to be removed before the anode could be used. An
improved electrical connection was developed by spraying a 4.2 mm thick layer
of copper or nickel on the upper part of the anode. The non-ferrous elec-
trical conductor was welded to the sprayed metal layer or alternatively the
electrically continuous junction was made by placing the conductor in
contact with the pre-sprayed carbon and spraying metal over both carbon and
conductor while the two were held firmly in their final relative position
(Rudge and Howell 1953).

No details are available concerning the UKAEA cells except that they are
of the basic ICI design (Rudge 1971).

3.2.3 Cathode construction

Steel cathodes were used in American, British and French industrial cells,
whereas the German cells at Leverkusen used Elektron alloy. The latter was
probably chosen following experience with its use in high temperature cells
at Falkenhagen (Carter et al. 1946, Karr 1946, Neumark 1947). Tests showed
that both steel and copper performed successfully as cathode mate}ials, steel
bhaving a slightly higher rate of corrosion at 0.18 mm per month. However
steel was preferred because of its greater availability (Downing 1944,
Dowming 1951a).

The design of the cathode assembly in the USAEC cells remained very
similar to that used in the original Hooker cell (Murray et al. 1946, Dykstra
et al. 1955, Dykstra et al. 1958, Henderson et al, 1962). The assembly used
in the E-type cell is shown in Figure 17. The cathode is in the form of a
box of 9.5 mm thick mild steel which surrounds the anode assembly. The

electrical comnection to the cathode is made through:three electrode posts of
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copper or steel which are brazed or welded to the steel box. In the Allied
Chemicai Corporation cell, Figure 16, (Neumark and Siegmund 1966) and the
Pennsylvania Salt Manufacturing Co. cell (Porter 1948), the rectangular steel
cell body was used as the cathode.

The cathode assembly of the Leverkusen cell {Carter et al. 1946, Karr
1946) consisted of a total of ten separate sheets of metal arranged in rows of
five on each side of the centrally mounted anodes.

The British cells of the ICI design were initially constructed with the
cell body functioning as the cathode (Rudge 1949a). 1In more recent develop-
ments (Davies and Rudge 1961, Rudge 1971) separate cathodes which were
internally cooled by the circulation of water were employed. It is claimed
that this technique promotes operation at a lower anode temperature and
consequently at a higher power efficiency. In the latest UKAEA cells, cooling
coils act as the cathodes and the cathode connections are made to the case

under the cell (Rogan 1972b).

3.2.4 Cell tank construction

(a) Tank materials

Early American experience with industrial cells indicated that Monel was
the preferred material for construction of the tank, however steel was satis-
factory if operating conditions were controlled carefully (Downing 1946). All
cells constructed prior to 1950 had mild steel tanks which usually operated at
cathode potential to minimise corrosion (Downing 1944, 1946, 195la, 19§ib, N
Williams et al. 1944, Stevenson 1945, Trepper 1945, Murray et al, 1946,
Whitaker 1950, Benning et al. 1951, Osborne 1951, Stuart and Osborne 1951).

In developing larger cells, several materials were examined for tank construc-
tion including low carbon-low silicon steel, nickel-electroplated steel,
magnesium alloy and Monel (Dykstra et al. 1955)., The service lives of these
materials are listed in Table 8. As a result of this survey, the tanks of the
USAEC C and E-type cells (Figure 18) have been constructed of Monel (operating
at zero potential) and have given service lives in excess of 80 MA h in a

6000 A cell (Huber et al., 1958, Powell et al, 1960)., Monel has also been used
in the French cells (Bergeret 1965, Level 1969).

Other American cells developed by the Allied Chemical Corporation
(Neumark and Siegmund 1966) and the Pennsylvania Salt Manufacturing Co.
(Porter 1948) used mild steel tanks operating at cathode potential.

The German cell operated at Leverkusen had a tamk (Figure 19) of Elektron
{magnesium) alloy following the practice established with the high temperature
cells used at Falkenhagen (Neumark 1947),
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British cells, of both ICI and UKAEA (now BNFL) design, used mild steel
tanks exclusively (Rudge et al. 1952, Wilson and Hill 1955, Rudge 1956, 1966,
1971, Davies and Rudge 1960, 1961, 1964a, 1964b, Rogan 1972b).

(b) Cell cover materials

The cell cover (Figure 20) was constructed of mild steel in most produc-
tion cells (Downing 1944, 1946, 195la, Porter 1948, Long et al. 1951, Dykstra
et al. 1955, Rudge 1956, 1971, Vavalides et al. 1958, Neumark and Siegmund
1966, Kelly-and Clarke 1967a, 1968a). The use of metals of higher corrosion
resistance was generally unnecessary as corrosion of metal exposed only to the
gases above the electrolyte was less severe than if the metal was immersed in
the electrolyte. Downing (1946, 195la) explained that this difference was due
to the electrolyte dissolving away the protective coating which formed on
metals exposed to gases.

Other materials that were used for the cell cover were Elektron alloy in
the Leverkusen cell (Carter et al. 1946, Karr 1946) and Monel-clad mild steel
in the French (Bergeret 1965, Level 1969) and one of the USAEC series of cells
(Huber et al. 1958). There is no evidence to suggest that these materials
were significantly better than mild steel. Lifetimes of steel covers in excess
of 75 and 485 MA h were reported for 1400 A and 5000 A ICI cells, respectively
(Rudge 1956, 1971).

(c) Cooling and heating systems

The voltage for decomposition of hydrogen fluoride to fluorine and
hydrogen is 2.85 volts. Cells operate at between 8 and 12 volts, the excess
voltage being required to overcome the resistance of the electrolyte, electrode
connections in the cell and the over-voltages at the electrodes. For a 6000 A
cell, it follows that from 30.9 kW to 54.9 kW of heat must be removed for the
cell to operate at a constant temperature. Also, when the cell is shutdown it
is necessary to supply heat to keep the electrolyte molten, Consequently,
facilities have to be provided for both cooling and heating the cell,

Early American cells used water cooling with steel coils fitted inside
the tank. These coils corroded rapidly and sometimes failed and diluted the
electrolyte with water (Downing 195la, 1951b). Subsequent cells were con-
structed with mild steel cooling iackets (Williams et al. 1944, Pinkston 1947.
Downing et al. 1947, Whitaker 1950, Long et al, 1951, Downing 1951a, 1951b,
Benning et al. 1951, Osbornme 1951, Stuart and Osborne 1951) with the addition
of either internal vertical fins (Downing 1944, 1951a, Trepper 1945, Stevenson
1945, Downing et al. 1947) or steel cooling pipes running through the cell as
in the Hooker cell (Murray et al. 1946, 1947, long et al. 1951, Downing 1951b)
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to increase the rate of heat transfer.

The construction of the larger modified Hooker, USAEC C and E-type cells
demanded increased heat transfer capacity which was attained by increasing the
number of internal cooling tubes (using Monel in place of steel) (Dykstra et
al. 1955, Smiley and Brater 1956, Huber et al. 1958, Vavalides et al. 1958,
Clark 1960), by decreasing the width of the water space in the jacket to
increase the water velocity (Smiley and Brater 1956, Dykstra et al, 1958),
and by placing baffles in the water jacket (Dykstra et al. 1955, Vavalides et
al. 1958). The use of a mild steel jacket with baffles and internal Monel
tubes in the C-type cell (Huber et al. 1958, Dykstra et al. 1958) provided an
adequate heat transfer area but corrosion of the jacket was a serious
problem (Clark 1960). The accumulation of corrosion products caused flow
restrictions, a decrease in heat transfer capaéity and frequent plugging of
the cooling jacket outlet requiring the premature removal of the cell for
maintenance (Clark 1960). This problem was overcome in the E-type cell by
using a water jacket constructed of thin gauge Monel with vertical corruga-
tions to provide strength and to promote turbulence and heat transfer (Clark
1960)., In addition, a multiple-pass cooling system within the jacket and an
increased number of smaller diameter cooling tubes allowed more efficient
heat transfer (Clark 1960). The other American cells of Allied Chemical
Corp. (Neumark and Siegmund 1966) and Pennsylvania Salt Manufacturing Co.
(Gall and Miller 1947, Porter 1948) relied only on the use of a mild steel
water jacket.

The French cells at Pierrelatte use mild steel cooling jackets with
additional cooling from Monel U-tubes suspended through the cover of the cell
between the two anodic compartments (Level 1969).

The first industrial cell comstructed by ICI relied on water cooled
coils in the cell and natural convection from the cell walls to dissipate
heat (Rudge 1956). In the latest ICI and UKAEA (BNFL) designs, improved
temperature control is achieved by the use of a water jacket comstructed of
mild steel and internally cooled cathodes {(Davies and Rudge 1961, Rudge 1966,
1971, Rogan 1972b). The body of the ICI cell is jacketed on the sides and
separately on the bottom, Twenty-four pancake coils connected to inlet and
outlet headers divide the cell transversely and function as the water-cooled
cathodes. Dykstra et al. (1955) also reported a better distribution of
cooling in a test cell with water-cooled cathodes; in addition the heat
transfer coefficient of this cell was found to be larger than that of a cell

with cooling tubes by a factor of 2 to 3. A similar result was reported by



22

Hertz and Nugent (1961).

The German cell at Leverkusen used a different cooling system (Figure 21)
which had the advantage of continuous electrolyte circulation (Carter et al.
1946, Karr 1946). At one end of the cell compartment a screw propeller was
fitted which caused the electrolyte to circulate along a 125 mm Elektron pipe
beneath the cell and up into a separate compartment in which a nickel cooling
coil and the HF feed pipe were located. Additional cooling capacity was
provided by a nickel cooling tube inserted in the transfer pipe under the cell.
The disadvantage of this system was the need to heat the electrolyte circula-
tion pipe during shut-down periods (Karr 1946).

3.2.5 Skirt and diaphragm construction

Skirts are used to separate the hydrogen and fluorine above the electro-
lyte. The solid metal skirt is welded to the cell cover plate and extends
vertically downwards into the electrolyte. In some cells the skirt extends
further into the electrolyte as wire mesh or a perforated plate, this exten-
sion is called the diaphragm and acts to direct the flow of the gases as they
are liberated,

Early American industrial cells used both mild steel and Monel skirts
(Downing 1944, 1946, Williams et al. 1944, Stevenson 1945, Trepper 1945,
Murray et al. 1946) which were maintained at cathode potential to reduce
corrosion. Plant experience showed that Monel was more resistant to corrosion
than steel (up to four times greater life), however, the rate of corrosion of
steel skirts was decreased considerably if the hydrogen fluoride content of
the electrolyte was less than 42% (Downing 1944, 195la, Katz 1951). The most
frequent source of failure of the skirt was corrosion of the weld connecting
it to the cover plate. Improved techniques of welding were developed to
overcome this problem (Downing 1944, 195la, Katz 1951).

The USAEC C and E-type cells used Monel skirts (6.3 mm thick) welded to
steel cover plates which were insulated from both electrodes (Dykstra et al.
1955, Huber et al. 1958, Vavalides et al. 1958, Henderson et al. 1962, Kelly
and Clark 1967a, 1968a). The French cells used a similar system (Bergeret
1965, Level 1969).

Magnesium alloy skirts were tried experimentally in USAEC cells; they
proved superior to steel but replacement of a Monel skirt was simpler and less
expensive (Dykstra et al. 1955). The German cell at Leverkusen used thick
(60 mm) magnesium alloy skirts bolted to the cell cover plate which was
insulated from the electrodes (Karr 1946, Neumark 1947);

The Allied Chemical Corporation cell used a magnesium alloy .skirt which
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was part of the cell cover casting and was insulated from both electrodes
(Neumark and Siegmund 1966). The cell developed by the Pennsylvania Salt
Manufacturing Co. used a ;teel skirt welded to the cover plate which was
bolted to the cell tank-cathode (Gall and Miller 1947, Porter 1948).

Initially ICI cells had skirts of mild steel which operated at anode
potential and suffered from corrosion (Rudge 1956). In subsequent ICI and
UKAEA cells, which were developed from the ICI design, Monel skirts have been
used (Rudge 1956, 1966, 1971, Davies and Rudge 1960, 1961, 1964a, 1964b,
Davies 1963, Rogan 1972b).

Diaphragms were not used universally. They were not used in the ICI,
UKAEA, Allied Chemical, Penmnsalt and German cells (Karr 1946, Porter 1948,
Rudge 1956, 1966, 1971, Davies and Rudge 1960, 1961, 1964a, 1964b, Neumark and
Siegmund 1966). In the ICIL and German cells, tests on a laboratory scale
showed that the diaphragm was unnecessary (Carter et al. 1946, Rudge 1949b,
1956, Rudge and Hill 1952). However, diaphragms were.used in the majority of
American cells.

. Monel diaphragms, as perforated plate or wire mesh, were used in the
Du Pont and Harshaw cells (Stevenson 1945, Trepper 1945, Downing 1946, Williams
et al, 1946). Monel was chosen after corrosion tests were carried out to find
the most suitable material {(Calcott 1943, Downing 1944). Magnesium and Dowmetal
showed higher corrosion resistance but these materials tended to become brittle.
Steel was not satisfactory as corrosion products plugged the mesh or perfora-
tions (Downing 195la). These tests also showed no relationship between cell
efficiency and the free area of the diaphragm, however the cell efficiency was
lower with no diaphragm present. It was also necessary to place the diaphragm
equidistant from the anode and cathode to prevent bipolar corrosion (Schumb
1946, 1951, Downing 1946, Murray et al. 1946).

The Hooker cell was developed originally with a solid metal diaphragm
incorporating screen windows set opposite the anode. Bipolar corrosion was
severe and a continuous steel screen was introduced to overcome this problem
(Murray et al. 1946). The modified Hooker cell used perforated Monel plate
diaphragms following the experience with the Harshaw and Du Pont cells (MclLaren
1951, Dykstra et al. 1955). Subsequently the USAEC C and E-type cells used
woven Monel wire mesh screens welded to a Monel frame with suitable strengthen-
ing pieces to provide rigidity (Figure 22). The diaphragm in these cells was
attached to the skirt but insulated from it (to reduce bipolar currents) using
Teflon gaskets, sleeves and washers (Huber et al. 1958, Vavalides et al. 1958,

Kelly and Clark 1967a, 1968a). With this arrangement, corrosion was reported
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as negligible (Dykstra et al. 1955). Powell et al. (1961l) stated that the
diaphragm was not necessary to separate gases in these cells (some cells were
operated without them), but it did prevent broken anode blades from arcing
and damaging the cell.
A similar arrangement was used in the French cells at Pierrelatte and
a lifetime of 3 to 4 years was reported (Bergeret 1965, Level 1969).
3.2.6 Insulation and gasket materials

Insulation and gasket materials used commonly in industrial cells are
listed in Table 5. Since the development of PTFE, this material, in the
shape of concentric rings, has been widely used as an insulator in packing
glands (Figure 23) which support the anode and cathode conductor posts. The
pure polymer was generally loaded with from 25 to 50 per cent powdered
calcium fluoride and placed in the bottom of the packing gland to reduce the
likelihood of rapid attack (Downing 1946, 1951a, Dykstra et al. 1955, Huber
et al. 1958, Kelly and Clark 1967a, 1968a). The diaphragm was insulated from
the skirt by a PTFE gasket and the same material in the form of washers and
sleeves was used to insulate bolts from surrounding materials (Huber et al.
1958, Vavalides et al, 1958, Kelly and Clark 1967a, 1968a). However in ICIL
cells, the anodes were insulated from the skirt assembly and from the cell
top by means of Neoprene gaskets (Rudge 1971),

Rubber or Neoprene gaskets were used in most cells to form a seal between
the cell body and the cell tank (Downing 1946, 195la, Dykstra et al. 1955,
Rudge 1956, 1971, Huber et al. 1958, Vavalides et al. 1958, Neumark and
Siegmund 1966, Kelly and Clark 1967a, 1968a, Level 1969). This type of
gasket, when'compressed, was satisfactory for fluorine service as the rubber
exposed to fluorine formed an organic fluorocarbon which expanded and resis-
ted further penetration of fluorine (Dykstra et al. 1955). However, thin
sheets of material were used to-minimise the surface area exposed to the gas
(Rudge 1971).



25

4. POLARISATION

In fluorine cells, this term has been used to describe the phenomenon
which occurs when the potential required to operate the cell rises markedly
from its normal value, the current drops sharply and little or no fluorine is
produced. Anode polarisation has been the single greatest cause of cell
failure throughout the development of fluorine cells (Downing 1946, McLaren
1951, Ebel and Montillon 1952, Rudge 1956, 1962, 1966, 1971, Powell et al.
1961).

Ebel and Montillon (1952) stated that a mormal fluorine generator always
exhibits polarisation and excessive polarisation (or anode effect) is a
troublesome problem usually encountered during start-up of a cell, occasionally
during the life of the cell and at cell failure.

In addition to the polarisation of the anode, a similar phenomenon has
occurred at the cathode in cells of poor design.

4.1 Anode Polarisation

Anode polarisation was a feature of all cells developed in America prior
to 1950 and a number of theories and means of preventing or curing this
phenomena were advanced (Katz 1951, McLaren 1951). The occurrence of polarisa-
tion was reduced (but not eliminated) in later American cells by implementing
refined versions of the more successful techniques developed previously
(Dykstra et al. 1955, Jacobson et al. 1955, Penland 1955, Smiley and Brater
1956, Vavalides et al, 1958, Huber et al. 1958, Powell et al. 1961, Goodyear
Atomic Corporation 1967a).

The cells developed by ICI used a type of anode carbon which was free
from polarisation difficulties (Rudge et al. 1952, Wilson and Hill 1955, Rudge
1956, 1962, 1966, 1971, Davies and Rudge 1960, 1961, 1964a, 1964b). The
superior performance of this carbon was attributed to its high permeability
which was approximately 20-50 times greater than that of the carbon of the
American cells.

Despite the significant effects of anode polarisation, only the works of
Rudge (1947, 1949a, 1949b, 1956, 1962, 1966, 1971) and Watamabe et al. (1961a,
1961b, 1963a, 1963b, 1964) present a systematic attempt to explain the mechan-
ism of fluorine generation and hence anode polarisation in electrolytic cells.

4,1,1 Mechanism of fluorine generation

Rudge (1949a) and Watanabe et al, (196la) stated that the mechanism of
fluorine evolution from an electrode is determined by the contact angle at the
electrode/electrolyte/gas interface (see Figure 25). The smaller the contact

angle (6), the more the electrolyte wets the amode. A contact angle as high
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as 1400-150o has been reported by Rudge (1949a, 1962, 1966) and Watanabe et al,
(1961a), verifying the earlier observations of the non-wetting characteristics
of carbon anodes in high temperature cells by Fredenhagen and Krefft (1929) and
Fredenhagen (1930, 1932), and in medium temperature cells by Cady et al. (1942).
However if the carbon is not at an anodic potential, the carbon is wetted by
the electrolyte (Cady et al. 1942, Rudge 1962, 1966, 1971). Rudge (1962, 1966,
1971) and Watanabe et al. (1961a) proposed that this change in the anode
surface is the result of the formation of a thin film of the intercalation
compound carbon monofluoride (CF)x° The presence of this compound was demon-
strated by a number of investigators (Ridorff and Ridorff 1947, Watanabe et al.
1964, 1971, Rudge 1971).

The existence of a large contact angle (non-wetting condition) has a
number of significant effects; the shape of the gas bubbles produced at the
anode surface is lenticular, or flattened, and the tendency for them to break
away from a vertical electrode with low Permeability and rise through the
electrolyte is very much reduced. As a consequence, the transfer of gas to
the electrolyte surface usually takes place by a process of coalescence and
transfer of gas from bubble to bubble or by the bubbles sliding up the face
of the electrode under the influence of buoyancy forces (Rudge 1947, 1949a,
1956, 1962, 1966, 1971, Watanabe et al. 1961a, 1963a},

4.1.2 Mechanism of anode polarisation

Anode polarisation has been attributed to the mechanism of fluorine
evolution at the surface of the anode (Rudge 1947, 1949a, 1956, 1962, 1966,
1971, Katz 1951, Watanabe et al. 196la, 1963a). Watanabe et al, (196la) and
Wilson and Hill (1955) have proposed that the condition of electrolysis is
determined by the rates of adsorption of fluorine gas on the electrode surface
(i.e. local formation rate at the electrode) and desorption of fluorine from
the surface. The rate of adsorption of fluorine depends directly on the
current per unit area of anode (current density) and the current efficiency,
The desorption rate is influenced by the contact angle (wettability) at the
anode surface, the ease of desorption decreasing as the contact angle increases.
Watanabe et al. (1961a) demonstrated that the contact angle is also a function
of the current density, the angle increasing as the current density increases.
Polarisation occurs at a limiting current density when the rate of adsorption
is greater than the rate of desorption of fluorine. Watanabe et al. {1961a)
stated that at low current densities, fluorine leaves the anode surface in the
ways described above. However, as the current density, and consequently the-

contact angle and rate of fluorine generation, is increased, a constant value
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of the contact angle is reached. Further growth of bubbles can only occur by
an increase in the length of bubble perimeter with a resultant reduction in
the area of the anode in contact with the electrolyte, this causes a further
increase in current demsity at the areas not covered by gas (Rudge 1966, 1971).
At this increased current density, fluorine accumulates on the available anode
area and produces anode polarisation (Ebel and Montillom 1952, Watanabe et al.
196la, 1963a, Rudge 1956, 1962, 1966, 1971). -

Rudge (1966, 1971) proposed that the sheathing of the anode surface by
bubbles of fluorine at the onset of polarisation was a transient unstable
state. Under these conditioms, the effective anode area is so low that the
current and consequently the rate of fluorine production fall spontaneously
and the gas contained in the bubbles is discharged into the pores of the
carbon. Rudge stated that as this occurs, the electrolyte approaches the
surface of the electrode until only surface asperities are in physical contact
with the electrolyte and the small residual current which flows, even in the
polarised state, corrésponds to this small part of the surface which remains
in contact with the electrolyte. Any increase in the current further reduces
the effective anode surface unless the fluorine generated can travel through
the pores of the carbon anode.

4.1.3 Anode effect

An increase in the internal resistance of a fluorine cell at the anode
can produce two effects. 1f the voltage cannot rise appreciably above the
normal operating voltage the cell polarises (the current decreases). Alter-
natively, if a sufficient increase in voltage takes place, polarisation leads
to the 'anode effect' (Leech 1949, Katz 1951, Watanabe et al. 196la, Rudge
1966, 1971). Rudge (1966, 1971) offered the following explanation of the
anode effect. If the voltage is jncreased sufficiently across a cell which
is in the polarised state, the current incTeases in spite of the high elec-
trical resistance. The current flowing 1s now restricted to such parts of
the anode that are not masked by gas. These electrical 'bridges' become
overheated because of the very high local current density and eventually
break down. In the act of breaking the contact at these points, minute arcs
or sparks are produced. This disturbance produces an unstable condition and
equilibrium is re-established by the electrolyte coming into contact with the
anode in other spots, possibly where the local temperature is somewhat lower.
These events are repeated with high frequency over the anode surface and
explain the shifting arcs and sparks which are a feature of the phenomenon,

while the local liberation of energy may be so high that the gas becomes
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incandescent. If the carbon of the ancde is capable of reacting readily with
the anode gas at high temperature, a 'clean' easily wetted surface is produced
and electrolysis resumes its normal course.

Ebel and Montillon (1952) stated that if the anode is burned and a ney
surface developed, the limiting current density of the anode may increase,
but there is a maximum to which a limiting current density can be increased
by this means. If the current density of an anode whose surface is fully
developed is exceeded, the electrical discharge across the gas film overheats
the gas and perpetuates the anode effect by expanding the gas. However if the
current is lowered, electrolysis will continue until the limiting current
density is exceeded. .

4.1.4 Causes of anode polarisation

Since the development of carbons capable of carrying high currents,
pelarisation is generally produced by other factors which cause the actual
current to exceed the limiting current density. Anode polarisation can be
provoked by the rapid addition of HF. Controlied fegular addition overcomes
this problem as discussed in Section 5.2.3. Ebel and Montillon (1952), Hertz
and Nugent (1961) and Goode et al. (1964) stated that the most serious cause
of polarisation is the loss of anode surface by anode breakage or by failure
of the electrical contact of the anode. However, anode surface may be lost in
the following ways (Dovming 1946, Katz 1951, McLaren 1951, Ebel and Montillon
1952);

(1)  Sludge may build up on the bottom of the cell and partially cover

the blades.

(2) Dispersed solids or impurities in the electrolyte may coat out
on the anode and render such areas ineffective,

(3) The electrolyte may freeze out on the anode.

(4) Local overheating could be responsible for a change in the process
by which the fluorine gas escapes,

{5)  The presence or absence of critical impurities (water in
particular) could affect the wetting characteristics of the
electrolyte and lower the limiting current density by
altering the pattern by which fluorine gas escapes. Low concen-
trations of HF have been shown to produce conditions where the
anode was less wetted (Watanabe et al. 1961a).

(6) Local polarisation of the cathode could occur and render facing

anodes inoperative,
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4.1.5 Methods of overcoming anode polarisation in British cells

Rudge (1956, 1962, 1966, 1971) claimed that the use of carbon anodes with

a high permeability eliminated the problem of anode polarisation from ICI and
UKAEA cells. This type of carbon allows fluorine to escape to the surface of
the electrolyte via interconnected pores in the carbon anode and eliminates
the férmation of bubbles on the face of the anode. This system is only
possible if the pores of the electrode are mot flooded by the electrolyte.
Flooding occurs if the contact angle is greater than 90° and the surface
tension forces of the electrolyte within the pores exceed the hydrostatic
head of electrolyte over the carbon anode. The surface tension force is
directly proportional to the surface tension of the liquid and the cosine of
electrode/electrolyte contact angle and is indirectly proportional to the
radius of the peores in the anode. If the contact angle is greater than 900,
the use of a carbon with a suitable pore size, depending on the depth of
immersion, allows flooding to be avoided (Rudge 1966, 1971),.

Rudge (1966, 1971) demonstrated by the simultaneous operation of a
number of anodes of different materials that the performance of an ancde is
related directly to its permeability (Table 11).” However, some care must be
exercised in interpreting these results as a total permeability to air was
used to characterise the carbon, whereas it is the effective permeability
(the contribution of suitable pore sizes) which determines the number ogjpores
which are not so large as to be flooded. In addition, changes in the surfaéé
to volume ratio of electrodes of different shapes and sizes must be considered.

Precise specifications of the carbon used in the ICI and UKAEA cells are
not available. Rudge (1966) reported that the electrical resistance and
fragility of a carbon increase with its permeability and consequently a
carbon with a very high permeability may not be the best choice. Carbon
anodes having a permeability of about 1.0 (see Table 11 for units) have been

operated at ICI in a long term works-scale trial for periods in excess of 19
2

months without polarisation difficulties at current densities up to 2310 A m
The carbon was more robust than most grades of 'Carbocell' and had about one-
third the electrical resistivity. Anodes having a permeability of 2 were also
operated under the same conditions without any replacements for over 30 months
(Rudge 1966). An additional feature of operation with highly permeable carbon
anodes is that rigid controls of the electrolyte composition and the impurity

level in the HF feed are not required to maintain the resistance of the anodes
to polarisation (Rudge 1956, 1962, 1966, 1971). In addition, ICI cells do not

require conditioning except that cells with fresh electrolyte, which may
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contain up to 0.5% water, must be started up at a low load because the resist-
ance is abnormally low until water is removed by electrolysis (Rudge 1971).

The disadvantage of using carbons having a high permeability is that the
fluorine discharged through the intercomnected pores can have an abnormally
high hydrogen fluoride content, 20 to 30 vol. %, corresponding to the partial
pressure of hydrogen fluoride over the electrolyte at the temperature of the
anode surface. A high surface temperature is caused by poor heat transfer
from the face of the anode (Rudge 1971). In practice, the temperature of the
anode surface (and the concentration of hydrogen fluoride in fluorine) was
reduced by using water-cooled cathodes and a smaller anode/cathode separation
to reduce the energy consumed by the resistance of the electrolyte (Davies and
Rudge 1960, 1961, Rudge 1971). 1If desired, a further reduction in the anode
surface temperature can be achieved by controlling the level of certain
impurities in the electrolyte (see Section 4.1.7) such that a proportion of
fluorine is liberated as free bubbles and provides sufficient turbulence (and
heat transfer) to reduce the surface temperature of the anode {Davies and
Rudge 1961, 1964a, 1964b, Rudge 1966, 1971).

In the absence of additives to induce the evolution of free bubbles of
fluorine, a number of methods were proposed to reduce the hydrogen fluoride
content of fluorine liberated at anodes of high permeability. In one method,
fluorine is bubbled through electrolyte in a separate compartment of the cell
where the partial pressure of hydrogen fluoride is lower (Hill and Rudge 1957)
or alternatively, a composite anode (described in Section 3.2.2 (b)) using
perous material inm the lower part with denser material near the top may be
used (Davies 1963),

4.1.6 Methods of overcoming polarisation in American cells

Polarisation was overcome in American cells by the addition of lithium
fluoride to the electrolyte or by operation with nickel or carbon anodes at a
low current density. Alternatively the application of a high voltage was used
to condition both the surface of the anode and the electrolyte. The basic
function of these practices was to remove water from the electrolyte as this
impurity was suspected of causing polarisation (Williams et al. 1944, Downing
1946, 195la, Murray et al. 1946, 1951, Long et al, 1951, McLaren 1951, Katz
1951, Dykstra et al. 1955, Jacobsom et al. 1955, Penland 1955, Huber et al.
1958). .

Rudge (1949a, 1962, 1966) demonstrated that a large contact angle between
the electrolyte and anodes of any.permeébility leads to polarisation problems.

Unlike the British cells, American cells used carbon anodes having a low
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permeability and Rudge (1971) claimed that the reason for the successful opera-
tion of the latter cells was almost certainly the presence of deliberately
added, or adventitious, impurities in the electrolyte which have the effect of
bringing about a reduction in the anode/electrolyte contact angle.

The methods adopted to achieve satisfactory operation of American cells
are described below.

(a) Conditioning the electrolyte with nickel anodes

Preliminary operation of cells with nickel anodes was found by the Du Pont,
Harshaw, Pennsylvania Salt Manufacturing and Hooker companies to reduce the
occurrence of anode polarisation (Williams et al. 1944, Trepper 1945, Murray
et al., 1946, 1951, Gall and Miller 1947, Katz 1951, Long et al, 1951). The
practice of the Hooker and Du Pont companies was to use nickel anodes for 3 to
5 x 10£I A h (1000-1500 A cell) before operations with carbon electrodes
(Trepper 1945, McLaren 1951) of more specifically Katz (1951) reported Du Pont
practice was to condition a cell for 66 A h per kg of electrolyte capacity.

In addition, cells which had polarised functioned normally after operating for
a short time with nickel anodes (Downing 1951b). The success of this condit-
ioning technique was attributed initially to the removal of water from the
electrolyte although it was later found that even practically anhydrous
electrolyte required conditioning (Downing 1946). Katz (1951) stated that

the opinion at the Harshaw Chemical Company was that the presence of n;pkel
also aided in wetting the carbon anode. Conditioning of the electrolyE; could
also be accomplished with carbon electrodes by rumning at low current densities
(Downing 1946). However nickel anodes removed water more effectively as
fluorine bubbled through the electrolyte with no tendency to adhere to the
electrode surface (Rudge 1949a). Experiments at ICI also confirmed that the
use of an auxiliary nickel anode decreased anode polarisation (Rudge 1949b).

The practice of conditioning the electrolyte with nickel anodes was not
employed in cells constructed after 1950 because the practice of bubbling
fluorine through the electrolyte during preparation to remove moisture was
adopted. This technique reduced the moisture content of the electrolyte to
0.001 - 0.003% (Dykstra et al. 1955, 1958, Huber et al. 1958, Goodyear Atomic
Corporation 1967a, 1967b), whereas electrolytes used prior to 1950 contained
from 0.05 to 0.2% water {DuPont de Nemours and Co. 1944, Trepper 1945,
Stevenson 1945). In addition the amount of water introduced into the electro-
lyte by the continuous feeding-bf hydrogen fluoride was reduced considerably
by the use of acid of 99.95% purity (Dykstra et al. 1955, Jacobson et al. 1955,
Smiley and Brater 1956, Vavalides et al. 1958, Huber et al. 1958) whereas
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alkylation grade hydrogen fluoride of 99.2% purity containing 0.35% water was
used previously (Trepper 1945, Stevenson 1945).
(b) The addition of lithium fluoride to the electrolyte

Lithium fluoride was often added to prevent polarisation of cells using
carbon anodes of low permeability (Williams et al. 1944, Trepper 1945,

Downing 1946, 195la, Schumb 1946, 1951, Pinkston 1947, Schumb and Stevens 1947,
Whitaker 1950, Long et al. 1951, Katz 1951, Ebel and Montillon 1952, Dykstra
et al. 1955, Penland 1955, Jacobson et al. 1955, Huber et al. 1958),

Initially quantities of lithium fluoride equivalent to approximately 2 to &%
of the weight of the electrolyte were added to the electrolyte during prepara-
tion, but later practice was to add 2.3 kg (0.17%) of lithium fluoride (in

6000 A cells) if the presence of excess moisture was suspected (Dykstra et al.
1955, Penland 1955, Jacobson et al. 1955, Huber et al. 1958).

Lithium fluoride was first added to the electrolyte with the intention
of reducing its melting point and consequently its losses of hydrogen fluoridé
by vaporisation (Schumb 1946, 1951, Schumb et al. 1947, Downing 1946), 1Its
apparent ability to reduce polarisation was discovered by chance (Katz 1951).
However, the addition of lithium fluoride had the definite disadvantage of
causing sludging in cells (Schumb 1946, 1951, Schumb et al. 1947). The
effectiveness of lithium fluoride as a depolarising agent was attributed to
a number of factors including a supply of colloidal particles (Schumb 1946,
1951, Schumb et al. 1947), improvement of the wetting characteristics of the
electrolyte (Downing 1946, Schumb et al. 1947, Pinkston 1947) and its ability
to act as a carrier ion to remove impurities from the electrolyte (Katz 1951).
Rudge (194%9a, 1949b) stated that the addition of lithium fluoride had a very
transient effect because such materials rapidly settle out, Rudge (1949a)
proposed that this effect was possibly due to increased wetting of the anode,
although the contact angle was never reduced below 900. Ebel and Montillon
(1952) stated that, in the final analysis, the use of lithium fluoride
reflected on the experience of operating persomnel who found it helpful in
conditioning cells, although low current treatment (500 A for one hour) was
still required (Penland 1955, Dykstra et al. 1955). .

The use of lithium fluoride was less common in later cells owing to the
exacting raw material specifications (moisture and impurities) and careful
preparation of the electrolyte which were considered essential for polarisation-
free operation (Dykstra et al. 1955, Smiley and Brater 1956, Huber et al. 1958,
Vavalides et al. 1958, Powell et al. 1961), However, the continuing 'practice

of adding lithium fluoride possibly promoted a more rapid removal of water in
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conjunction with the mormal conditioning procedure at a low current.

The beneficial effects of lithium fluoride, often demonstrated by opera-
ting experience, were eventually confirmed by Watanabe et al. (196la) who
found that the addition of lithium fluoride to the electrolyte in sufficient
quantities (> 1%) to form a colloidal dispersion was effective in preventing
anodic pelarisation. However if a colloidal solution was not formed, the
incidence of polarisation was not affected., This was attributed to the
adsorption of colloidal particles onto the surface of bubbles at the anode/
electrolyte interface which facilitated the separation of the gas bubble from
the anode surface by increasing the wettability of the electrolyte on the
anode surface and decreasing the difficulty of the liberation of the fluorine
gas (Watanabe et al. 1963a). These effects were reduced as colloidal lithium
fluoride particles coagulated. Additional experiments revealed that the use
of an anode impregnated with lithium fluoride was more effective than the
direct addition of lithium fluoride to the bath (Watanabe et al, 1963a).

(c) The adjustment of the operating voltage

Special techniques for the elimination of polarisation were developed
which relied on the manipulation of the operating voltage of the cell. With
one technique, newly-assembled 6000 A cells were started up at 1000 A and
operated at that level for 2 hours. The current was then increased by
increments of 500 A every 2 hours until an equilibrium condition at 6000 A
was established., The cell would then operate under production conditions
without polarisation (Huber et al, 1958). A similar system was also used in
the French cells (Level 1969). Low current conditioning of this type was
also used in conjunction with the addition of lithium fluoride (Dykstra et al.
1955, Penland 1955).

An alternate procedure involved the startup of one half of the cell at .
500 A with an increase to 3000 A within 15 minutes. A typical cell polarised
almost immediately and operated at 15 to 45 volts. The polarised condition
usually terminated within 15 minutes with an immediate reduction to 7 to 9
volts. If the voltage did not decrease within the 15 minute period, the cell
was shut down. Lt could then be restarted and operated at the normal voltage
without further difficulty. Following this step the other half of the cell
was subjected to the same treatment. Only half the cell was conditionmed at
one time to avoid half-cell polarisation after installation (Dykstra et al.
1955, Penland 1955, Vavalides et al. 1958, Huber et al, 1958, Goodyear Atomic
Corporation 1967a). Similarly polarisation or anode effect, when encountered

during cell operation, was removed by a 15 to 20 minute treatment at 38 to 40
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volts, using a current density of 321 to 375 A m-2 (Dykstra et al. 1955,
Powell et al. 1961).

Operation at low voltage removed water from the electrolyte without the
sludge produced by the use of nicke! anodes, whereas the high voltage
technique burned and developed a new anode surface (Ebel and Montillon 1952).

4.1.7 The influence of electrolyte purity on anode behaviour

Rudge (1966) conducted & series of experiments to determine the influence
of electrolyte purity on anode behaviour and found that the concentrations of
water and nickel were by far the most important and were interdependent. The
results of this investigation were summarised as follows:

Water

The addition of 2% of water to the electrolyte prevented polarisation of
carbon anodes with a low permeability until the water was consumed by electro-
lysis. The presence of water was presumed to cause, probably by oxidising the
carbon, the partial or complete removal of the carbon monofluoride film which
resulted in the large anode/electrolyte contact angle, Similar beneficial
effects of large amounts of water had previously been noted by the Du Pont
company (Katz 1951) and Davies and Rudge (1961).

Nickel

The addition of nickel salts had no effect provided the water concentra-
tion was between 2 and 0.1%. When the water content of the electrolyte was
below 0.1%, the presence of nickel in the electrolyte caused wetting of the
anode and breakaway of fluorine bubbles from the surface. This effect
resulted from the migration of nickel salts to the anode surface.

An anode operating in an electrolyte containing only 7 ppm of nickel eventually
acquired a coating of electrolyte containing 105 ppm of nickel. It appeared
that in order to produce this effect the nickel had to be in a high state of
oxidation, possibly as KZNiFe’ which was red in colour and unstable in the
presence of water. Exposure of the electrolyte to the atmosphere resulted in
the rapid pickup of water and disappearance of the red colour as the nickel
returned to a lower valency state. In this condition, the nickel was no longer
effective in causing the wetting of the anode. Only nickel salts in suspension
were capable of bringing about wetting of the anode. IFf the addition of nickel
fluoride was not continuous, the salt eventually settled out and its effect
disappeared. '

Other Impurities

The fluorides of copper, irom, sodium, lead and calcium and potassium

silicofluoride were found to produce virtually no improvement in the wetting of
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carbon anodes by KF. 2 HF electrolyte. However, a concentration of 2%
potassium sulphate produced some attack of the carbon anode while 5% resulted
in complete disintegration,

Rudge (1966, 1971) provided the following explanations for the effect of
nickel on the successful operation of the carbon anodes in the American cells.
Low concentrations of nickel were introduced continuously into the electrolyte
by corrosion of the Monel skirt or diaphragm and the very low water content of
the electrolyte ensured that suspended nickel salts were converted to, and
remained in, a high valency state. Similarly the practice of conditioning a
cell by the use of nickel anodes not only served to reduce the water content,
but also added nickel in the appropriate form. Watanabe et al. (196la) have
also attributed the effects of conditioning with nickel_aﬁodes to the forma-
tion of colloidal nickel fluoride., The high voltage technique of depolarisa-
tion, as well as preparing a new anode surface by combustion, also accelerated
the corrosion of the Monel cell components and added nickel salts to the
electrolyte, The technique of operating at a low current removed water and
transferred sufficient nickel into solution to promote wetting by the electro-
lyte and operation at higher current densities.

The concentrations of water and nickel salts that cause electrolyte to
wet any type of carbon anode, and hence permit the use of carbons of a low
permeability, detract from the performance of carbons of higher permeability
(Davies and Rudge 1961, 1964a, 1964b, Rudge 1966). 1If the latter type of
carbon is wetted by the electrolyte, fluorine cannot pass through the pores of
the carbon but leaves the anode surface as bubbles in the usual manner. The
possibility of this occurrence has prevented the use of small anode to skirt
gaps in industrial sized cells operating with carbons of high permeability
(Davies and Rudge 1964a, Rudge 1966). However the evolution of a proportion
of fluorine as bubbles is sometimes encouraged in ICI cells to reducé the
hydrogen fluoride content of the fluorine (see Section 4.1.5). The composi-
tions of electrolyte required for either mode of cell operation have been
patented by ICI. To ensure a proportion of fluorine is liberated as bubbles
the electrolyte must be 'substantially' dry (less than 0.1% water) and contain
from 30 to 200 ppm of nickel (Davies and Rudge 1964a). Alternatively, to
ensure substantially no evolution of fluorine as free bubbles, the electrolyte
must contain greater than 0,1% by weight of water or 0.1 to 1.0% of water if
the concentration of nickel salts is from 30 to 300 ppm {Davies and Rudge
1964b). As wetting of the anodes is not necessary, the use of electrolyte of

high purity and hydrogen fluoride with a low water content is not usually
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critical in ICI cells (Rudge 1956, 1962, 1966, 1971, Davies and Rudge 1964b).
Although the UKAEA (BNFL) cells are of basic ICI design (Rudge 1971), the
hydrofluoric acid used in the former cells has to satisfy a demanding specifi-
cation with regard to water and combined sulphur content (Rogan 1972b).

4.2 Cathode Polarisation

The most serious form of cathode polarisation is induced by bipolarity of
the skirt, but at a low current density the bipolarity has little effect on
the performance of the ceil. As the current density is increased, the anodic
area of the skirt becomes passive and reaction ceases, this causes a sudden
rise in the skirt to cathode voltage. The cathodic face of the skirt remains
active and the anode to skirt voltage does not change greatly. If the rate of
evolution of hydrogen in the anode compartment reaches a sufficient rate,
explosive interaction with fluorine results (Schumb 1946, 1951, Schumb et al.
1947). Typical voltages produced by this condition are shown in Table 10 and
for comparison voltages obtained during normal operation are given in Figure
24,

Other causes of cathode polarisation are low electrolyte temperatures and
low concentrations of hydrogen fluoride. Under these conditions, the electro-
lyte may freeée out on the cathode creating an additional resistance to the
flow of current (Downing 1946, 195la, Murray et al. 1946, 1951).

Bipolarity of the diaphragm may also result in cathode polarisation. The
former condition can be caused directly by incorrect positioning of the
diaphragm or indirectly as the result of interference to electrolyte circula-
tion. Poor electrolyte circulation promotes local overheating and corrosion
resulting in the formation of sludge which blocks the diaphragm and induces
bipolarity (Murray et al. 1946, McLaren 1951, Finléy 1953). Poor circulation
over the cathode surface is also sufficient to create polarisation (Schumb
1946, McLaren 1951) and in extreme cases the deposition of impurities
(corrosion products) on the cathode may result and accentuate the effect
(McLaren 1951).

The causes of cathode polarisation were identified and overcome in the
initial period of the development of fluorine cells. Modern cells, by

following good design practice, do not suffer from this problem.
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5. OPERATING CHARACTERISTICS OF FLUORINE CELLS

In addition to the major problem of anode polarisation numerous other
minor problems affect the performance of fluorine cells. These problems and
their inter-related nature are presented in Table 9 which is based on a
study by Finley (1953) describing the relationship between malfunctions
and the design and operating features of a modified Hooker cell (McLaren 1951,
Ebel and Montillon 1952, Dykstra et al. 1955, Smiley and Brater 1956).

5.1 Bipolar Corrosion

This type of corrosion cccurs in a solid metal skirt which is placed
between the anode and cathode. The surface of the metal exposed to the anode
becomes cathodic and the opposite side anodic. This results in severe corro-
sion of the cathodic side (Schumb 1946, Downing 1946, Murray et al. 1946,
Rudge 1956). This condition arises if any material shadows the cathode from
the anode and becomes more serious as the rate of corrosion increases. The
problem was overcome by positioning the cathode below the level of the skirt
(Downing 1946, Pinkston 1947),

¥

5.2 Composition and Temperature of Electrolyte

A high hydrogen fluoride content in the electrolyte promotes corrosion,
misting and anode polarisation (Downing 1946, 1951la, Murray et al. 1951, Ebel
and Montillon 1952). Operation at an excessive temperature results in
increased corrosion and a high vapour pressure of HF, particularly with anodes
of high permeability (Murray et al. 1946, 1951, Smiley and Brater 1956, Rudge
1956, 1966, 1971, Davies and Rudge 1961, Goode et al. 1964, Goodyear Atomic
Corporation 1967a). With comparatively low HF concentrations, the major
operating problem is that solids may separate from the electrolyte if the
temperature becomes too low. If this occurs, the solid crystals are very
difficult to redissolve after normal conditions have been restored (Pinkston
1947, Downing 195la, Murray et al. 1951). 1In addition, low temperature and HF
content decrease the conductance of the electrolyte and hence increase the cell
operating voltage leading to cathode polarisation (Downing 1951a), as discussed
in Section 4.2.

5.2.1 Corrosion '

Plant data obtained during operation of cells with mild steel bodies,
using electrolyte containing 40% HF, indicated a corrosion rate only 1/10 to
1)5 as great as was found at concentrations of about 44%. Experimentai runs
on a smaller cell showed acid concentration influenced corrosion rate but not
to the same extent (Downing 1946, 195la). As a result of these findings, most

cells operated prior to 1950 (see Table 4) used electrolyte containing 39.0 -
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40.57, HF at a temperature of 95 - 11000. The German cell at Leverkusen was an
exception (Carter et al. 1946, Karr 1946); the low operating temperature of
this cell (72 - 900C) and the use of magnesium to limit corrosion was probably
a result of the high HF content (46.3%) of the electrolyte.

In later American, USAEC, ICI, UKAFA and French cells, the optimum electro-
lyte concentration was regarded as 40 - 41,5% HF (Dykstra et al. 1955, Rudge
1956, 1971, Vavalides et al. 1958, Huber et al., 1958, Davies and Rudge 1960,
1961, 1964a, 1964b, Bergeret 1965, Goodyear Atomic Corporation 1967a, Level
1969, Rogan 1972b). Further plant scale tests showed that “concentrations
below 40% HF can be responsible for permanently higher voltages; concentrations
above 437 grossly accelerate corrosion with a consequent deterioration of
anodic contacts and increase of sludge formation" (Huber et al. 1958). The
optimum temperature range for a cell operating with 40 - 41.5% HF in the
electrolyte was reported as 88 - 99°C, although it was stated that a cell
could operate satisfactorily in the range 82 - 115°%¢ (Goodyear Atomic
Corporation 1967a). However, a low range of operating temperatures (80 - 8500)
was used in the ICI cells (Rudge 1966, 1971). This action was probably
necessary to reduce the high carry over of HF encountered with porous carbon
anodes (Hill and Rudge 1957, Davies and Rudge 1960, 1961, 1964a, 1964b, Davies
1963, Rudge 1966, 1971).

5.2.2 Misting

The contamination of the product gases with a mist of fine solid
particles is a common problem which was more pronounced in the first industrial
cells. Analyses showed that the mist was entrained particles of electrolyté
{Downing 1946, 195la, Level 1969) and excessive misting was promoted by high
hydrogen fluoride and iron concentrations in the electrolyte (Downing 1946,
1951a, Katz 1951). These causes of misting were eliminated partially by the
use of electrolytes having a lower HF content and of materials of construction
of greater corrosion resistance. However, the entrainment of electrolyte
still occurred and was overcome by using large off-take lines for the product
gases (Bergeret 1965, Kelly and Clark 1967a, 1968a) and providing mist elimina-
tors in the lines after the cell (see Section 6.3).

5.2.3 Effect on anode polarisation

Although a fluorine cell will operate satisfactorily over a reasonable range
of electrolyte compositions and temperature (Katz et al. 1955), it was found that
rapid additions of large amounts of HF can often result in polarisation of anﬁdes
of low permeability (Williams et al. 1944, Murray et al. 1946, Downing 1946,
1951a, Downing et al. 1947). Volatilisation of hydrogen fluoride was proposed
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as the direct cause of this effect (Ebel and Montillon 1952) although the
results of Rudge (1966) suggest that sudden increases in the local water
content of the electrolyte could be responsible. This form of ancde polaris-
ation was eliminated and improved cell performance was gained by the use of a
metered continuous feed of HF to the cell (Ebel and Montillon 1952, Penland
1955, Dykstra et al. 1955, Jacobson et al. 1955, Smiley and Brater 1956,
Huber et al. 1958, Dykstra et al. 1958, Neumark and Siegmund 1966, Kelly and
Clark 1967b, Goodyear Atomic Corporation 1967a, 1967b, Level 1969, Rogan
1972b).

5.3 Circulation of Electrolyte and the Accumulation of Sludge

In the early development of fluorine cells, good circulation of electro-
lyte was thought to be desirable to maintain a uniform composition (Downing
1946). Later developments showed that the rate of dispersion of HF is high by
comparison with the rate of evolution of fluorine and good circulation is not
essential to maintain a uniform electrolyte composition (Downing 1946, Ebel and
Montillon 1952)., However, good circulation is necessary to promote the rapid
dissipation of heat from the cell (Downing 1946, 195lb, Schumb 1946, 1951,
Benning et al. 1951, Ebel and Montillon 1952, Dykstra et al. 1953, Davies and
Rudge 1961, 1964a, Rudge 1966, 1971). A temperature difference of up to 15 K
was observed between the centre and edge of a 2000 A cell. With another type
of cell using a central cathode, a temperature difference of 10 K was observed
with a solid cathode, however with a perforated cathode {allowing a greater
circulation of electrolyte) the temperature was more uniform (Downing 1946).
Temperature variations in a cell can result in the adverse effects described
in Section 5.2,

Downing (1946) and McLaren (1951) stated that the circulation of electro-
lyte was seriously hindered by sludge which accumulated on the base of the
cell and blocked the openings in the diaphragm. Sludge is produced by the
build-up of corrosion products in the cell. By choosing materials of construc-
tion which are more resistant to corrosion, most of the problems of sludging
were reduced considerably in the French and USAEC C and E-type cells (Mclaren
1951, Dykstra et al. 1955, Vavalides et al. 1958, Powell et al, 1961, Level
1969), Tests demonstrated that sludge produced in these cells tends to pack in
the space between the cathode and the diaphragm hindering the movement of
electrolyte and causing the diaphragm to become cathodic (Powell et al. 1960).
The E-type cell has a diaphragm which is offset towards the anode (Kelly and
Clark 1967a, 1968a); this arrangement was probably used to reduce the
frequency at which the cell required desludging.
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Provisions are made in the designs of cells to incorporate clear paths
for electrolyte circulation which is promoted by the gas bubbles evolved at
the electrodes and by the convection currents set up due to heat generated in
the cell (Schumb 1946, Benning et al. 1951, Osborne 1951, Stuar* and Osborne
1951, Dykstra et al. 1955, Smiley and Brater 1956). 1In cells with porous
carbon anodes, circulation currents are reduced in strength as fluorine
percolates through the anodes instead of rising through the electrolyte.
Cooled cathodes were introduced to improve heat dissipation in this type of
cell (Davies and Rudge 1961, Davies 1963, Rudge 1966, 1971).

A number of systems have been proposed to improve electrolyte circulation.
Forced circulation of electrolyte was used in the German cells at Leverkusen
(Carter et al. 1946, Karr 1946) and this system was claimed to provide a
uniform temperature and concentration in the electrolyte and to sweep the
anode to remove bubbles of fluorine (Ebel and Montillon 1952). Ebel aﬁd
Montillon (1952) also suggested improvements to the standard cell to promote
increased circulation (Figures 26 and 27).

5.4 Anode to Cathode Separation and the Position of the Skirt

Ebel and Montillon (1952) stated that the optimum anode to cathode
spacing is a function of fluid flow, electrical resistance, and the possi-
bility of fluorine-hydrogen gas mixing. Large cathode to anode spacings
allow the electrolyte to circulate more easily and decrease the chance of the
gases mixing, but the resistance of the electrolyte is directly proportional
to and increases with the distance between the electrodes (Schumb 1946, 1951,
Downing 1946, 195la, Ebel and Montillon 1952, Smiley and Brater 1956, Davies
and Rudge 1960, 1961, 1964a, 1964b, Rudge 1966, 1971).

In production cells, it is desirable to achieve as high an energy
efficiency as possible and to accomplish this the anode to cathode spacing,
and in consequence the resistance of the electrolyte, is kept to a minimum,
A number of authors presented data demonstrating the advantages gained by
decreasing electrode separation (Ebel and Montillon 1952, Davies and Rudge
1960, 1961, Rudge 1971) but only the experiments of Davies and Rudge (1960)
and Rudge (1971) fully investigated the situation. Rudge (1971) found that
the voltage saving in a 200 A cell for a decrease in electrode separation
from 55.9 to 34.9 mm varied between 1.2 and 2.3 V, depending on composition
and temperature of the electrolyte. For electrolytes in a similar condition,
the voltage across the cell decreased from 12.1 to 10.3 volts. It was also
found that for a given separation of the electrodes, the working voltage was

not always directly proportional to the separation; variations in the
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circulation of electrolyte, overvoltages at the electrodes and non-uniform
temperatures in the electrolyte were believed to be the cause of this effect.

If adequate cooling and circulation of the electrolyte can be maintained,
the minimum spacing of the electrodes and the optimum position of the skirt
(and hence the diaphragm) is determined by the migration of hydrogen and
fluorine from their respective electrodes. The Hooker, modified Hooker and
the USAEC C and E-type cells (carbon anodes of low permeability) used an
electrode separation of 38 mm (see Table 5). The diaphragm was placed at the
same distance from both electrodes in all cells except in the E-type where the
diaphragm and skirt were 12.5 mm from the anode, and 20.5 mm and 18.8 mm
respectively from the cathode. These figures correspond closely to minimum
electrode separations of 30.5 to 38 mm recommended by Davies and Rudge (1961,
1964a) for cells with carbon anodes of low permeability.

The first large cells (1400 - 2130 A) constructed by ICI had a large
distance (64 mm) between the electrodes (carbon anode of high permeability),
no diaphragm and the skirt placed 11 mm from the anode (Rudge 1956, Davies and
Rudge 1961, Rudge 1966). 1In later cells of 2500 - 5000 A capacity (carbon
anodes of high permeability), the separation of the electrodes was decreased
to 31.6 mm but the anode/skirt gap was maintained at 11 mm although operation
was possible at gaps as low as 6.4 mm under certain conditions of electrolyte
composition (Davies and Rudge 1964a, 1964b, Rudge 1966). Carbon anodes of
high permeability permitted operation of 2500 A cells where the electrolyte
composition was carefully controlled at anode/skirt gaps as low as 1.52 to
3.05 mm (Davies and Rudge 1961, 1964b).

Small gaps between anode and skirt can be tolerated with carbon anodes of
high permeability because of the discharge mechanism of fluorine at the anode
and these anodes can have advantages over those of lower permeability (see
Section 4.,1.5). However, from the latest information on the American and
British cell designs, the minimum anode/skirt gap for completely safe opera-
tion with both types of carbon is approximately 11 to 12.5 mm (Rudge 1966,
1971, Kelly and Clark 1967a, 1968a).

The mechanism of hydrogen discharge at the cathode requires a larger
clearance between the cathode and the skirt than is necessary between the
anode‘and the skirt. Hydrogen is evolved at the surface of the cathode as
free bubbles which do not migrate through the electrolyte very far in the
horizontal direction (Katz 1951, Rudge 1971). It was found that this migration
increased greatly if the hydrogen fluoride content of the eléctrolyte was low

(Katz 1951). The mechanism of the evolution of hydrogen from the cathode is
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not affected markedly by the condition of the cathode or electrolyte and
experiments have shown (current densities were not quoted) that 95% of the
bubbles liberated at a cathode (305 mm deep) do not move more than 19 mm from
the face of the cathode (Rudge 1971). The cathode/skirt gap used in USAEC E-
type and latest ICI cells is close to this figure and improvements in cell
performance by reducing this separation would seem unlikely.

Further significant decreases in the separation of the electrodes will
have to be accompanied by improvements in methods of heat removal from the
inter-electrode space (Ebel and Montillon 1952).

5.5 Current Density

The current per unit area of an electrode is expressed as the current
density at the electrode, Operation at a high current density provides the
maximum amount of fluorine for a fixed cell volume and, therefore, reduces
the capital cost of a fluorine cell. McLaren (1951) and Ebel and Montillon
(1952) used the term limiting current density specifically to describe the
current at which an anode polarises, but in fact a variety of limiting current
densities exist under different circumstances which, if exceeded, can produce
a number of unfavourable operating conditions,

The area of the cathode is generally sufficient to avoid problems caused
by high currents, however problems still occur and these are more prevalent
in cells without a diaphragm. At a high current density, sufficient hydrogen
bubbles may be produced to enter the fluorine compartment (Rudge 1962, 1966),
More commonly a brisk evolution of hydrogen combined with a small vertical
separation between the top of the cathode and the bottom edge of the skirt
may lead to hydrogen bubbles crowding within this space and so increase the
chance of hydrogen flowing past the skirt (Davies and Rudge 1960, 1961, 1964a,
1964b). Typical cathode current densities are not often reported in the
literature, however the USAEC E-type cell operated at a density of approxi-
mately 1250 A m-2 (Kelly and Clark 1967a, 1968a)} whereas an earlier Du Pont
cell (Downing 1944) functioned safisfactorily at 2070 A m'2 {note that the
cathode densities of 460 to 770 A m-2 for American cells given by Rudge (1971)
appear to be incorrect). ICI cells were operated at considerably lower cathode
current densities than the American cells, densities of 540 and 360 A m-2 were
reported for 1400 A and 5000 A cells respectively (Rudge 1956, 1971).
Operation at low densities may have been necessary to minimise the chance of
hydrogen mixing with fluorine as diaphragms were not used in these cells.

The anode current density is an important factor which affects the opera-

tion of a fluorine cell in a number of ways. For any cell or type of carbon
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anode, limiting current densities exist which, if exceeded, produce the
following effects (Schumb 1946, Downing 1946, McLaren 1951, Osborne 1951,

Ratz 1951, Ebel and Montillon 1952, Finley 1953, Powell et al. 1960, Hertz and
Nugent 1961, Cable et al. 1962, Goode et al. 1964, Rudge 1962, 1966, 1971):

(a) Polarisation of the anode.

(b) The entry of fluorine into the hydrogen compartment.

(c) An excessive anode temperature leading to a high electrolyte

temperature and high hydrofluoric acid losses.

(d} Failure of the anode connections to carry current and deterioration

of the carbon-metal coﬁtacts at the anode hanger bar.

The American C and E-type cells (with carbon anodes having a low permea-
bility) operated at an anode current density of approximately 1500 to 1600 A m"2
without polarisation difficulties (Vavalides et al. 1958, Huber et al. 1958,
Kelly and Clark 1967a, 1968a) and it was reported that this type of carbon was
used at current densities of 3750 A m-2 in laboratory and experimental genera-
tors (Ebel and Montillon 1952). Failure to find a suitable method of support-
ing the carbon anode and providing an electrical contact has probably prevented
higher anode current densities being obtained in production cells. Anodes of
permeable carbon were found to operate without polarisation at higher current
densities than the non-permeable types (McLaren 1951, Katz 1951, Davies and
Rudge 1961, Rudge 1966, 1971). However, this advantage was not obtained in
industrial scale cells until the cooling of the cells was improved (Rudge 1956,
Davies and Rudge 1960, 1961). The highest current densities that were reported
for ICI cells are 2300 A m-2 for a long-term works-scale trial (Rudge 1966) and
1800 A m-2 for a production cell (Rudge 1971). - The relatively short lifetime
of the anodes in the ICI cells (Rudge 1971) suggests that the current carrying
capacity of permeable carbons is also limited by the method of supporting the

anode,



44

6. INDUSTRIAL PRODUCTION OF FLUORINE

Plants for the production of fluorine have been described by Carter et al.
(1946), Karr (1946), Neumark (1947), Jacobson et al. (1953), Penland (1955),
Smiley and Brater (1956), Giffels and Vallet (1956a, 1956b), Rudge (1956, 1962,
1966, 1971), Dykstra et al. (1958), Huber et al. (1958), Bergeret (1965),
Goodyear Atomic Corporation (1967a, 1967b) and Level (1969). A flow diagram
of a typical modern plant is given in Figure 1. The plant has a bank of medium
temperature fluorine cells which are supplied with hydrogen fluoride, direct
current electricity and, initially, a charge of electrolyte. The product
gases are filtered to remove any entrained mist of electrolyte and refrigerated
to reduce the HF vapour to 2 - 3 vol. % and passed through sodium fluocride
traps for further HF removal. The recovered HF is recycled. Following this
treatment, the hydrogen is vented or burned and the fluorine perhaps compressed
before distribution and further processing. Facilities are also provided for
the disposal of large quantities of fluorine and hydrogen fluoride in emerg-
encies.

6.1 Hydrogen Fluoride Feed Systems

Table 12 lists the various techniques which were developed for feeding
hydrogen fluoride into a fluorine cell. A typical arrangement is shown in
Figure 28 in which hydrogen fluoride was supplied in bulk to a tank farm which
was remote from the production area (Jacobson et al. 1955, Penland 1955, Smiley
and Brater 1956, Huber et al. 1958, Goodyear Atomic Corporation 1967a, 1967b).
For a plant containing forty 6000 A cells, three steel storage tamks of 50 m3
capacity each were used, the tanks were approximately 7.95 m long and 2.75 m
in diameter and were designed for an internal gauge pressure of 689 kPa. Each
tank was provided with connections to pipework for the supply, discharge and
draining of hydrogen fluoride. 1In géneral mild steel piping was used
(Goodyear Atomic Corporation 1967b). Liquid hydrogen fluoride was transferred
to and from the storage tanks by a regulated surface pressure of dry nitrogen
or air with a dew point less than -51°% (Smiley and Brater 1956). The tanks
were mounted on strain gauge load cells, the weight being recorded in the
control room, and located in a concrete catch basin which drained to a dilution
pond. The capacity of the basin was sufficient to retain the contents of the
three storage tanks in the event of leakage or breakage. A simple shelter was
usually built over the tanks to prevent the heat of the sun from increasing
the vapour pressure of hydrogen fluoride unduly. Hydrogen fluoride was
transferred from the storage tanks to a day tank from which liquid hydrogen

fluoride was supplied continuously to a vaporiser, usually a steel pressure vessel with



45

a steam or hot water jacket (Jacobson et al, 1955). The day tank was mounted
on platform scales with a continuous weight recording system to measure the
feed rate of hydrogen fluoride. The day tank was maintained at a gauge
pressure of 90 - 103 kPa for feeding liquid HF by pressurisation with dry
nitrogen.

In another system (Penland 1955, Huber et al. 1958, Goodyear Atomic
Corporation 1967a, 1967b), a day tank was not used and hydrogen fluoride was
transferred continuously from the storage tanks to the vaporiser system. The
rate of flow was automatically controlled to maintain a constant liquid level
in the vaporisers and the rate of use was determined by the loss in weight of
the storage tanks. The rate of steam flow toc the vaporiser jacket was
controlled to maintain a vapour pressure of HF of 70 kPa (gauge). For a plant
with forty 600C A cells, the vaporiser station consisted of two mild steel
vaporisers, each capable of supplying 364 kg h-1 of hydrogen fluoride.
Additional tank connections and piping systems were provided to each vaporiser
for venting, draining and purging. Altlough only high purity hydrogen fluoride
was used, impurities such as water accumulated in the vaporisers and conse-
quently the vaporisers were shut down periodically and the residue discarded
(Jacobson et al. 1955, Goodyear Atomic Corporation 1967a, 1967b). Wastes
drained from the vaporisers were passed through a water-spray scrubber,
volatile gases were vented to the atmosphere and the acidic liquid and
suspended solid wastes were diluted to about 10 per cent hydrogen fluoride
solution and discharged to a neutralisation pit. Waste products from the
storage area were treated by the same equipment (Goodyear Atomic Corporation
1967b).

The hydrogen fluoride vapour leaving the vaporiser was fed into the
cathode compartment of the cell through a dip tube below the electrolyte
level. 1In general hydrogen fluoride was added continuously to the cell, the
rate of addition was regulated by monitoring the level of electrolyte in the
cell which was maintained within fixed limits. The level is related directly
to the composition of the electrolyte which was checked periodically by
sampling. In one method, the rate of hydrogen fluoride addition was metered
and manually adjusted by a needle valve to maintain a constant electrolyte
level which was checked manually (Jacobson et al, 1955, Penland 1955, Smiley
and Brater 1956, Goodyear Atomic Corporation 1967a, 1967b). Before metering,
the hydrogen fluoride vapour had to be heated to 93°C to breakdown the
association compounds of high molecular weight (Giffels and Vallet 1956a).

A second method involved the use of a level control device (Huber et al.
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1958, Henderson et al. 1962) which was described by Kelly and Clark (1968b).
This device consisted of a probe which passed into the cell and terminated at
the desired operating level of electrolyte. The base of the probe was heated
and its temperature detected by a thermocouple. The extent to which the end
of the probe was covered by electrolyte affected the transfer of heat from the
probe and in consequence its temperature. The output of the thermocouple was
used through a controller and relay to operate a solenoid-actuated valve on
the hydrogen fluoride supply line. By such a method, the electfolyte level
could be controlled in the range T 6.4 mm and hydrogen fluoride concentrations
within ¥ 0.5% (Huber et al. 1958).

Irrespective of the type of feed system used, nitrogen was introduced
automatically to the feed line if the hydrogen fluoride pressure dropped below
a predetermined value (34.4 kPa gauge) or if the flow was shut off. This
prevented suck-back of electrolyte into the hydrogen fluoride feed system
(Jacobson et al. 1955, Dykstra et al. 1958, Goodyear Atomic Corporation 1967a).

Only the ICI, UKAEA and Leverkusen cells used a feed of liquid hydrogen
fluoride to the cell (Carter et al. 1946, Karr 1946, Rudge 1956, 1966, f971,
Rogan 1972b). 1In the ICI and Leverkusen cells, the level of electrolyte was
maintained by the intermittent addition of hydrogen fluoride. However in the
BNFL cells (Rogan 1972b), the hydrogen fluoride content of the electrolyte was
controlled by automatic addition to maintain a preselected level. The necessary
control was achieved by using a transducer to monitor the change in pressure on
a dip pipe caused by variations in level (maximum variation allowed was 4.8 mm)
and to transmit a signal which actuated the hydrogen fluoride feed valve.

6.1.1 Alarm systems

The following alarm circuits were considered necessary for the hydrogen
fluoride feed system of a plant containing forty 6000 A cells (Goodyear Atomic
Corporation 1967a).

(a) There was a low level alarm for the contents of the hydrogen
fluoride storage tamks. When the alarm registered the area operator switched
storage tanmks to assure an ample supply of liquid feed to the vaporiser.

(b) Each vaporiser had a high level alarm. 1f the alarm was activated,
the control valve in the feed line was closed manually. If the level did not
drop in a reasonable time, isolating valves were closed and, if necessary, the
other vaporiser was used.

(c) A high pressure alarm was installed for each vaporiser which
automatically shut off the steam supply to the jacket and vented the vapo;iser

heating shell.



47

(d) A low pressure alarm was installed in the feed line to the cells.
If this alarm was activated, the level of HF and the pressure in the vaporiser
were checked.

6.2 Electrolyte Preparation

Table 13 describes the processes which have been used to prepare electro-
lyte. In American plants, electrolyte was prepared by adding hydrogen fluoride
gas to high purity potassium bifluoride powder in an agitated reaction vessel
which was jacketed to allow removal of the heat of reaction. The electrolyte
was treated with fluorine to remove impurities, particularly water which was
reduced from 1000 to 400 ppm before the electrolyte was used in the cell
(Huber et al. 1958, Dykstra et al. 1958, Goodyear Atomic Corporation 1967a,
1967b). 1In addition to the electrolyte preparation vessel, blow case receivers
were provided to handle either 'good' or contaminated electrolyte from the cell,
The contaminated electrolyte was discharged from the blow case to waste
disposal drums and the hydrogen fluoride salvaged. The electrolyte to be
re-used was discharged from the other blow case to an electrolyte settling
tank. After settling, the electrolyte was piped to the electrolyte preparation
system for re-use. The sluage and sediment from the tanks were discharged to
disposal drums (Goodyear Atomic Corpofation 1967b).

The French used a different process in which the Fremy salt was placed in
a basket suspended in the reaction vessel. The salt was irrigated by addition
of liquid hydrogen fluoride and the refluxing effect of hydrogen fluoride
vapour to produce electrolyte of the required composition (Level 1969),

6.3 Treatment of Cell Off-Gases

Fluorine and hydrogen pass from the cells through separate systems which
must be maintained at a similar pressure to eliminate the possibility of these
gases mixing and exploding within the cell. 1In addition both gases leave the
cell carrying approximately 10 vol. % of hydrogen fluoride and a mist of
electrolyte which becomes a dust if cooled. The entrained electrolyte must be
removed to protect valves, pumps and other equipment downstream of the cells
and hydrogen fluoride must be recovered and recycled to provide essentially
pure fluorine for further processing and to reduce production costs. Table 14
lists the various methods that have been used to remove hydrogen fluoride from
fluorine and hydrogen.

The off-gas systems used in American production plants at Oak Ridge
(Tennessee), Paducah (Kentucky) and Portsmouth (Ohio) were described by
Jacobson et al. (1955), Penland (1955), Smiley and Brater (1956), Dykstra et
al. (1958), Huber et al. (1958) and Goodyear Atomic Corporation (1967a, 1967b).
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The systems were very similar and this general arrangement was later used at
the Pierrelatte Chemical Factory (Bergeret 1956, Level 1969). Such a system
for a plant containing forty 6000 A cells is described below.

The gas headers from the cell were used as the first electrolyte separa-
tors. These headers were grossly oversized for the flow of gas to allow
entrained electrolyte to settle out without blocking the pipe. Because a
relatively high voitage is applied to the terminal cells in a series arrange-
ment, electrically insulated flanged joints were used between the celléand the
headers (McGuffey et al. 1962). At the end of the headers, entrainment
segarators were used to remove electrolyte still present. In the American
plants the separators were cylindrical mild steel vessels consisting of a
cyclone section and a filter section,(the filtering medium being a Monel-wool
pad or porous Monel tubes (McGuffey et al. 1962). In the French plant (Level
1969), electrolyte was removed by incorporating an electrostatic precipitator .
using nickel wire at a potential of 15,000 volts. Initially, no provisions
were made for the removal of electrolyte in ICI plants (Rudge 1956), however,
a small catch pot and a cyclone to protect the automatic control valve were
later considered necessary (Rudge 1971). From the entraihmeqt separators,
both the fluorine and hydrogen passed through surge tanks of 14 m3 volume
which were provided to dampen pressure fluctuations resulting from either
blower operations or explosions within the cell.

At this point the fluorine and hydrogen systems differed slightly. The
fluorine flowed through a bank of three special sintered metal filters with a
piping arrangement that allowed the filters to be purged and replaced one at a
time. These filters were placed ahead of the five stage centrifugal compressor
(positive displacement lobe-type blowers were used previously (Jacobson et al.
1955) and a Corblin double membrane compressor was later preferred in the
French installation (Level 1969))to protect it from electrolyte particles. A
build-up of electrolyte caused an unbalanced condition which resulted in
vibrational failure of either the compressor or the seal. For the hydrogen
system, filters were placed either before or after a standard rotary lobe
blower. This type of compressor was not as prone to vibrational failure and
consequently was located ahead of the filters to make sure that the pressure
in the hydrogen system did not fall below atmospheric (Penland 1955). This
precaution was not considered necessary in other plants (Huber et al. 1958).
Sealing was anticipated to be a major problem with the rot%ry lobe compressor
but blended copper and PTFE rings were found to require very little mainten-

ance.
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Pressure inbalances between the two gas systems were avoided by using a
pressure control system. The equalising of the pressures was accomplished by
regulating control valves in the suction header of the fluorine compressor and
in a recycle line about the hydrogen blower. The datum for the system was the

pressure in the hydrogen surge drum which was carefully controlled to t 0.5 kPa
relative to atmospheric pressure; the pressure in the fluorine surge drum was
maintained at t 0.5 kPa relative to the hydrogen pressure.

A different system of pressure control was used in the ICI and UKAEA
plants. Practice at ICI was to control automatically the pressure on the
fluorine side of the cell at 62 Pa relative to atmospheric pressure by a control
valve in a bypass on the booster fan. The pressure on the hydrogen side of the
cell was controlled at the same figure by a lute into 10 per cent caustic
potash liquor. Surge tanks were not considered necessary (Rudge 1971). 1In
the BNFL plant, the pressure of the fluorine and hydrogem in the cells was
controlled at 0.49 kPa relative to atmospheric pressure. Fluorine leaving the
cells passed through a surge vessel which minimised pressure fluctuations and
allowed smoother operation of the electrolyte level and pressure control
systems (Rogan 1972b). _

In the American plant fluorine and hydrogen containing hydrogen fluorine
at gauge pressures of 17.2 and 6,9 kPa respectively then passed from the
compressors to identical systems for the recovery of hydrogen fluoride. Each
system consisted of three Monel condensers maintained at -85°C to condense the
hydrogen fluoride. 1In the case of fluorine, the hydrogen fluoride content was
reduced from 11 to 4 vol. %; for hydrogen from ¢ to 3 vol. %. Removal of the
hydrogen fluoride was limited by its polymerisation properties to a level of
2 vol. %. As an alternative, if a low level of contamination was required (as
low as 0.05 vol. %, Level 1969), sodium fluoride tray absorbers were used
instead of condensers or as a secondary absorption system (see Table 14).

Condensed hydrogen fluoride was accumulated in run down tanks of 0.586 m3
capacity (American plant) and transferred at regular intervals with nitrogen
pressure to the vaporising system. From the condensers, the fluorine was
passed for further processing or to a fluorine storage facility. Hydrogen
from the condenser system was scrubbed with water to remove the final traces
of hydrogen fluoride and then passed through an entrainment separator to
remove water, a meter and a dual installation of flame arrestors from which
the hydrogen was discharged to atmosphere, The meter consisted of a special
hydrogen analyser and wet test gas meter to check the total plant efficiency
(Katz et al. 1955).
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6.3.1 Alarm and control systems

The following instrumentation and alarm systems were provided for the
off-gas treatment systems in a plant containing forty 6000 A cells (Goodyear
Atomic Corporation 1967a, 1967b).

(a) Pressure switches were attached to the fluorine and hydrogen surge
drums and activated high pressure indicating lights if the pressure settings
were exceeded.

(b) Adjustable high and low audible alarms were incorporated with the
cell voltage recorder teo detect large changes in voltage.

(c) The two fluorine pumps were equipped with an audible alarm to
indicate when both pumps were off, an interlock which prevented the operation
of either pump unless an emergency shutdown circuit was energised and a second
interlock with the fluorine header control valve.

(d) The hydrogen pumps were similarly equipped.

(e) An emergency shutdown circuit activated by any of the following
conditions:

(i) High or low fluorine pressure in the gas header.
(ii) High positive or high negative differential pressure
in the fluorine header.

(iii) Operation of five emergency shutdown controls,

The relays for the pressure conditions were provided with time delays which
were adjustable between 0 and 60 seconds. Activation of the emergency shut-
down circuit switched off both fluorine pumps, both hydrogen pumps and the
main and conditioning rectifiers.

6.4 Cell Handling and Cleaning Facilities

Fluorine cells have a short operating life and must be removed from
service and overhauled (Goodyear Atomic Corporation 1967a, 1967bh). Goodyear
Atomic Corporation (1967a, 1967b) reported that the following steps were
necessary in the reconditioning process (production plant containing forty
6000 A cells, with up to 50 cells per month requiring rebuilding):

(a) The cell was removed from its operating station and transported to
the cell neutralisation area. Cell handling equipment consisted of an over-
head monorail system with two electrically operated five-ton capacity hoists
for cell disassembly and assembly, and two special fork-lift trucks capable
of accurately positioning the cells in the cell room.

(b} The electrolyte was removed from the cell via a blow case transfer
system using pressurised air from the plant air system.

{(c) The cell cover was removed and all parts nmeutralised.
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{d) The cell was dismantled into its various components.

{e) The shell and/or cover were transferred to a separate building for
cleaning.

(£f) The cell was reassembled with new or reconditioned parts.

(g) The cell was steamed and air dried to remove moisture and
electrolyte was added,

(h) The cell was transported to the cell conditioning area and placed

on-stream in the cell room.

The cell neuwtralisation facility consisted of a shell-dumping device,

a dip tank, spray piping and a neutralising pit, and a tank and pump for
caustic solutions. The installation was primarily a system for washing the
cell or cell parts with a caustic solution; the cell head was neutralised in
a dip tank and the shell was washed on a rotating fixture in a spray system,
Both drain pits discharged in a sludge pit from which the effluent passed to
a neutralisation pit. The air exhaust system from the cell neutralisation
area was equipped with a scrubber system to remove the relatively high

>(2 vol, %) concentration of hydrogen fluoride fumes anticipated in this area.

The cleaning processes were carried out in a separate building which
contained eight large tanks and an overhead crane. The contents of the tanks
were (in the following order) alkali and warm water (6400), "troxide' (for
copper), ‘troxide' (for steel), chromic acid and cold water, ammonia and hot
water (8800). The cell cathodes, head and shell were cleaned by immersion in
baths of alkali and acid in the following order (Union Carbide Corporation
1968):

(1) Alkali - All items were stored overnight. The cathode was then
scraped free of sludge and soaked for a second similar period. All items
were rinsed in warm water after this treatment.

(2) '"Troxide' - All items were socaked in 'troxide' solution for 30
minutes, One bath was used for steel items another for copper alloys. All
items were then rinsed in cold water. At this point the cathode was dipped
in a bath of ammonia to neutralise the 'troxide®'. All items were then rinsed
in hot water to promote drying. After this treatment the cathode was consid-
ered to be clean,

(3) Chromic Acid - The Monel skirt on the head was dipped into a
chromic acid bath and the Monel shell was splashed with chromic acid in
the final etching treatment. Both items were then washed in cold water; the
head was stored at this point and the shell was washed finally with hot water

to promote drying before storage.
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A cell-purging station was also provided for the cleaning of cells prior
to refilling with electrolyte. The station consisted of a system for intro-
ducing steam for cleaning purposes and air for drying after cleaning was
accomplished. Liquids from the station were piped to an outside draimage
system and vapours were vented to the atmosphere.

6.5 Storage and Transportation of Fluorine

McGuffey et al. (1962) described the procedures used in the compression
and storage of fluorine at the Oak Ridge Plant of the Union Carbide Corporation.
Modified piston-type compressors, or diaphragm compressors either in series
or parallel with the piston-type compressors, were used to compress the
fluorine to a gauge pressure of 516 kPa, The compressors were located in a
special enclosure and were designed to ensure safe operation and freedom from
fires. The discharge from the compressors was connected to piping using a
flanged joint and an aluminium gasket. Further downstream piping was of all
welded construction. Valves were operated by extension hand wheels through
the enclosure.

Fluorine gas was stored in three tanks, each having a capacity of 16.8 m3,
which were housed in individual cubicles. All tanks had double valving
operated by extension handwheels on both the inlet and discharge piping. The
individual cubicles protected the tanks and valves against weather, restricted
unauthorised entry, and simplified the ventilation system. Two exhaust
blowers with a capacity of 23 m3 sﬂl removed air from the cubicle and provided
a forced draft to a 24.4 m disposal stack. Vent lines from the tanks were also
connected to the stack to dilute any release of fluorime. Each vent line was
equipped with two valves, normally locked open, followed by three Monel safety
heads and rupture disks in series to protect each storage tank from damage due
to excessive pressure. The first disk protected the middle disk from corrosion
by fluorine, and the third disk protected the middle disk from atmospheric
corrosion.

Fluorine was transported long distances in steel tanks mounted on trailers.
The tanks had a capacity of 4.14 m3 and a maximum working gauge pressure of
516 kPa, the tanks had double valving but bursting disks were not used
(McGuffey et al. 1962). At Allied Chemical Corporation, fluorine gas was
shipped in steel cylinders at a pressure of 2.75 MPa, the maximum capacity of
a cylinder was 2.72 kg (Neumark and Siegmund 1966, Siegmund 1967). Bulk
quantities of liquid fluorine were shipped in loss-free Dewar-type tanks
(2,260 kg net payload), consisting of three concentric shells and heads

(Neumark and Siegmund 1960). The inner stainless steel shell contained the
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product, the intermediate stainless steel shell was filled with liquid nitro-
gen and the outer shell of carbon steel was evacuated and filled with an
insulating powder. Siegmund (1967) stated that the.design of the tank was
based on the difference in boiling points of liquid nitrogen and liquid
fluorine, -195.5 and -187.5°%¢C respectively, and fluorine was kept loss-free at
the expense of boiling liquid nitrogen. A cabinet at the rear of the trailer
contained instrumentation, valves and auxiliary equipment. Sound and visual
alarms were provided to warn of a low level of liquid nitrogen and additional
safety was provided by alarms to indicate a high pressure of fluorine. This
system carried over 363 Tg ﬁ without incident {Neumark and Siegmund 1966,
Siegmund 1967).

6.6 Disposal of Fluorine and Hydrogen Fluoride

Methods used in fluorine production plants for the disposal of waste
fluorine and hydrogen fluoride are listed in Table 14.

6.6.1 Fluorine disposal

Navratil (1968) presented a literature survey which described many methods
for the disposal of fluorine, however the following systems were used most
commonly on a large scale (Schmidt 1967, Navratil 1968).

(a) Scrubbing with water or caustic solution (Landau and Rosen 1948,
Burford and Hamilton 1951, Liimatainen and Levenson 1953, Liimatainen and
Mechan 1955, Rudge 1956, 1962, 1971, Smith 1957, Milford 1958, Camozzo and
Pizzini 1960, Ruch 1960, Henderson et al. 1962, Neumark and Siegmund 1966),

(b) Direct burning with fuels such as methane or propane (Compton 1946,
Landau and Rosen 1951, Long 1955).

(c} Reaction with solid disposal agents such as charcoal, alumina,
limestone, lime and soda lime. (Landau and Rosen 1951, Liimatainen and
Levenson 1953, Schmidt 1959, Houstom 1960, Schmidt 1967, Davratil 1968, Pulley
and Harris 1972).

(d) Reaction with superheated steam (Schmitt 1952, Smiley and Schmitt
1954).

The merits of various liquid scrubbing systems were compared by Ruch
(1960). Water, although an excellent absorbent for HF, was unsatisfactory for
fluorine as an intermediate compound (OFZ) was sometimes formed which reacted
more slowly than fluorine. The fluorine reaction with water was also reported
to be unpredictable and occasionally produced violent explosions. In additionm,
the accelerated corrosion rate of Monel equipment whén exposed to aerated
dilute hydrofluoric acid and the need to neutralise the resulting acid made

the use of water undesirable. Both sodium and potassium hydroxide solutions
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destroyed fluorine satisfactorily but a potassium solution was better for two
Treasons.
(1) Potassium fluoride formed by the adsorption of fluorine was more

soluble than the equivalent sodium salt.

(2) The oxide of fluorine (OFz) reacted slowly in the presence of sodium
but this compound and fluorine both react quickly with potassium hydroxide
solution. (This disadvantage of sodium hydroxide can be overcome by having a
sufficient residence time in the system.)

A concentration rangé of 5 to 10% potassium hydroxide was usually
selected because experiments showed that, in this range, the potassium hydrox-
ide concentration did not have an appreciable effect on the overall mass
transfer coefficient. The cost of disposal by caustic soda or potash solutions
can be reduced by using lime to regenerate the caustic and precipitate a solid
fluoride waste, calcium fluoride. The feasibility of this regeneration process
was demonstrated commercially by Landau and Rosen (1948), Ruch {1960) conclu-
ded that although several types of equipment for contacting liquid and gas
were available, a spray column was the most suitable for use with the potassium
hydroxide-fluoride system and standard equipment could be used as the corrosion
effect of the fluoride ion is negligible under normal operating conditions
(Smith 1957). With a spray system, the concentration of fluorine in the outlet
gas was reduced to a few parts per million for any inlet concentration of
fluorine if sufficient contact time (60 seconds) was provided (Burford and
Hamilton 1951, Liimatainen and Levenson 1953, Liimatainen and Mechan 1955,
Smith 1957)}.

The reaction of fluorine with hydrocarbons produced a mixture of carbon
and hydrogen fluorides as products. The carbon compound was inert and was
vented after hydrogen fluoride had been scrubbed from the gas stream with
water or alkaline solutions. This system had the disadvantage of requiring
the combustion of some fuel at all times and was particularly unsuitable for
widely varying loads (Landau and Rosen 1951).

Alumina, limestone and soda lime beds were used to dispose of fluorine on
a small scale by an adsorption process but ultimately the beds must be regen-
erated and the fluorine disposed of chemically (Liimatainen and Levemson 1953,
Davratil 1968). Ruch (1960) investigated several solid disposal methods and
concluded that they were inferior to other methods and unsatisfactory for
fluorine service as their efficiency rapidly decreased due to the formation of
a surface coating of reaction products., In addition the solid beds become

plugged with the reaction products, with a resulting increase in the pressure
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draop.

The use of charcoal beds for the disposal of fluorine was initially
avoided because the large amount of heat evolved made the design of equipment
difficult and the existence of an explosive reaction product was suspected
(Landau and Rosen 1951). More recently, tests have shown that fluorine can be
readily and efficiently reacted with charcoal to form an inert carbon tetra-
fluoride product (Schmidt 1959, 1967, Houston 1960, Pulley and Harris 1972).
It was found that explosive reactions could be eliminated by the use of low
surface area amorphous (nom-activated) charcoal, such as wood charcoal
{Pulley and Harris 1972). Operation of carbon-fluorine disposal systems for
a number of years at the Lewis Research Centre, Ohio, was summarised by
Schmidt (1967) as follows:

(i) Fluorine or fluorine diluted with nitrogen may be disposed of
efficiently.

(ii) The maximum flow rate increased with a decrease in the charcoal
particle size.

(iii) A charcoal moisture content as high as 30% had no appreciable
effect on efficiency after the moisture was driven off by the heat of reaction.
(iv) No evidence of charcoal-bed poisoning was indicated.
(v) For pure fluorine, the concentration of fluorine in the effluent

gas was generally in the range 10 to 150 ppm.

As a result of more recent work, Pulley and Harris (1972) concluded that,
to obtain the best results, purified dry charccal should be used and the bed
should be maintained at a temperature exceeding 12100, preferably near 315%.
Under these conditions fluorine concentrations from 0.1 to 10 per cent were
readily reduced to less.than 50 ppm fluorine.

Fluorine was successfully reacted with superheated steam on a pilot
plant scale but the need to provide a spray tower for the disposal of the
resulting steam-hydrogen fluoride gaseous mixture made this method unattrac-
tive (Schmitt 1952, Smiley and Schmitt 1954, Smith 1957). |

6.6.2 Hydrogen fluoride disposal

The following systems were used for the disposal of hydrogen fluoride:

(a) Scrubbing with caustic solution (Landau and Rosen 1948, 1951,
Liimatainen and Levenson 1953, Liimatainenr and Mechan 1955, Rudge 1956, 1971,
Smith 1957, Ruch 1960, Camozzo and Pizzini 1960, Molyneux 1970).

(b) Scrubbing with water (Compton 1946, Landau and Rosen 1951, Schmitt
1952, Smiley and Schmitt 1954, Penland 1955, Smiley and Brater 1956, Giffels
and Vallet 1956b, Ruch 1960 Goodyear Atomic Corporation 1967h).
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(c) Absorption by a limestone bed. (Reilley 1951, Liimatainen and
Levenson 1953, Gilbert et al. 1953, Ruch 1960).

(d) Absorption by sodium fluoride (Compton 1946, Froning et al. 1947,
Porter 1948, Smiley and Brater 1956, Jacobson et al. 1956, Rudge 1956, 1971,
Watson 1957, Tyner 1958, Dykstra et al. 1958, Ravenscroft and Rudge 1959,
Camozzo and Pizzini 1960, Level 1969, Rogan 1972b).

(e) Bubbling through a lime slurry was reported by Reilley (1951), but

this method has not received any further attention.

Hydrogen fluoride can be effectively destroyed by scrubbing with caustic
solutions using the same process as for fluorine (Smith 1957). Alternatively,
water can be used as the scrubbing fluid but the additiomal corrosion and
disposal problems mentioned previously are encountered (Reilley 1951, Ruch
1960).

Giffels and Vallet (1956b) described a scrubber designed to destroy any
hydrogen fluoride present in gases vented from the hydrogen fluoride feed
system of a fluorine plant. The scrubber was a wet cell air washer with a
single bank of spray nozzles, one bank of 101l mm deep wet cells and ome bank
of 51 mm deep dry cell moisture eliminators. The medium for both cells was
Saran fibre and the spray nozzles were fabricated of hard rubber. The casing
of the scrubber was constructed of PVC coated steel and all pipes and flanges
were unplasticised PVC.

A packed limestone bed absorbed hydrogen fluoride more readily than
fluorine, owing to formation of a slow-reacting intermedliate compound in the
latter case. Hydrogen fluoride was absorbed with both high efficiencies and
capacities initially but a rapid decrease in efficiency occurred as a calcium
fluoride layer formed on the surface of the limestone particles (Liimatainen
and Levenson 1953). As a result, the utilisation of limestone was of the
order of 50 to 75 per cent (Reilley 1951, Liimatainen and Levenson 1953).

Sodium fluoride traps (see Table 14) are very efficient and are generally
used to remove hydrogen fluoride from fluorire (Rudge 1971)., Froning et al.
(1947) showed that the efficiency of absorption does not decrease until about
80 per cent of the sodium fluoride is converted to the bifluoride. The spent
absorbent is then regenerated by heating to 300°C and driving off the
absorbed hydrogen fluoride (see Table 14). Rudge (1971) stated that absorp-
tion on potassium fluoride is an obvious alternative but was not used because

of a tendency to produce liquid products.
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6.7 Equipment Design

6.7.1 Materials of construction

The resistance of various materials to corrosion by fluorine and hydro-
fluoric acid under a wide ramge of controlled conditions were reported by
Lafferty et al. (1947), Myers and Delong (1948), Doescher (1949), Landau and
Rosen (1951), Zima and Doescher {1951), Landau (1952), Brown et al. (1953),
Pray et al. (1953), Gundzik and Feiler (1954), Schussler (1955), Braun et al.
(1957), Price and Douglass (1956, 1957), Steindler and Vogel {(1957), Ericson
et al. (1958), Worthington (1958), Bennet (1959), Shuler (1959), Boyd and
White (1960), Jackson (1960), White and Fink (1960), Miller et al. (1962),
Cabaniss and Williamson (1963), Miller et al. (1963), Singleton et al. (1965),
Vincent et al. (1969a, 1969b) and Meile et al. (1971).

McGuffey et al. (1962) described materials (Table 15) used for the hand-
ling of fluorine at the Oak Ridge Gaseous Diffusion Plant constructed by Union
Carbide. Carbon steel was used up to 205°C for all pipes and fittings in the
system and no replacement because of corrosion was necessary in 12 years.
Monel piping used in an earlier system showed no significant corrosion after
17 years of continuous service. For service above 205°C, Monel was the most
corrosion-resistant material. Monel was also used for orifice plates,
impellers, instrument parts and bellows where corrosion deposits could cause
operational difficulties. At low temperatures (-85°C), copper and Everdur
tube sheets were used in contact with fluorine-hydrogen fluoride mixtures and
no leaks had developed after 12 years of service. The fluorine plant
constructed by the Goodyear Atomic Corporation at Portsmouth, Ohio was based
on the Union Carbide design (Penland 1955, Goodyear Atomic Corporation 1967b)
and detailed specifications of all pipes, flanges, gaskets, instruments and
valves can be obtained from detailed bills of material published by Giffels
and Vallet (1956a, 1956b) which are summarised in Table 16.

Plant practice at Allied Chemical Corporation was described by Neumark
and Siegmund (1966) and Siegmund (1967), see Table 17. Carbon steel was used
for pipes and fittings in gaseous service and, in sizes up to 2.5 cm, flare-
tube or compression-type fittings were also satisfactory. It was recommended
that valves should have plugs and seats of dissimilar metals.

Information on materials suitable for the industrial handling of hydrogen
fluoride has been published by Hill and Knott (1960), Stauffer Chemical
Company (1964), Forry and Schrage (1966), Thornton (1970) and Impérial
Chemical Industries Limited (1971). Some of the available data are summarised

in Tables 18, 19 and 20. A significant amount of this data was taken from a
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publication by the Manufacturing Chemists' Association (1970) and this article
should be consulted for recommended practices om all phases of the handling of
hydrogen fluoride. For general piping, Imperial Chemical Industries recommend
steam quality seamless pipe constructed of mild steel with flanged joints.
Copper is recommended for small scale work and joints made by compression
fittings are allowed. Mild steel is also a satisfactory material of construc-
tion for pressure vessels containing anhydrous hydrogen fluoride, provided
that high standards of construction are observed (Hill and Knott 1960, Forry
and Schrage 1966, Thornton 1970). However, despite the data on corrosion
which are available, the Stauffer Chemical Company (1964) advised that prior
to the final selection of materials, any situation should be investigated by
corrosion tests under conditions similar to those to be encountered. Those
variables which have the greatest effect on corrosion were stated to be:

Degree of agitation

Flow‘and/or turbulence

Aeration

Temperature and pressure

Erosion which removes protective film

Fluctuations in any of the above

Organic and inorganic impurities (may inhibit or accelerate action)

6.7.2 Fabrication techniques

Rapid corrosion is promoted by the presence of slag or porosity in welds
for fluorine and hydrogen fluoride service. A high quality of welding was
obtained by strict adherence to good welding practice and the development of
special welding techniques (Dykstra et al. 1955, Barnett 1959, Clark 1960,
Phillips 1961, Edwards 1961, Chilenskas and Gunderson 1965, Smiley 1965,
Smiley et al. 1966, McGraw 1967, Schmidt 1967, Henry Wiggin and Co. 1971),
Schmidt (1967) described in detail a welding procedure adopted at Lewis
Research Centre for fluorine or fluorine-oxygen service. Welding was performed
by a qualified welder using a shielded arc process with an inert gas backup to
prevent the pipe from being contaminated with slag which could not be removed
by normal cleaning procedures. The weld was protected by a purge with argon
or helium gas before welding was started, but during welding the purge was
reduced to prevent blowout -of the weld. An appropriate filler rod was added
on the first pass and the remaining passes were metal-arced to minimise
distortion and carbon precipitation in susceptible alloys and to increase
welding speed. After the first pass, the weld was inspected carefully for

cracks, craters, pinholes or slag. Craters, cracks and rough spots were



59

ground out before the weld was continued, Welded joints were stress relieved,
if nmecessary, by heat treating and then radiographed. Welds with poor pene-
tration, flux or slag inclusions, pockets, bubbles or surface flaking were not
permitted,

Similar welding practices were adopted for equipment in HF service.
Thornton (1970) stated that all vessels routinely in contact with HF or trace
acid service were specified to be postweld heat treated whether or not
applicable codes required this., Such vessels were also 100 % radiographed for
further assurance of quality, particularly for freedom from slag inclusions in
welds and plates as the silicon content of the metal and the slag from welding
were major scurces of corrosion. No major repair welding was permitted without
re-radiographing and re-heat treating the repair.

6.7.3 Procedures prior to plant operation

All equipment, lines and fittings for fluorime service must be cleaned
thoroughly to minimise uncontrollable fluorime reactions with grease, oil or
any foreign matter. McGuffey et al. (1962) stated that pipe and fittings were
vapour degreased and acid cleaned. Subassemblies were shop-fabricated and
acid cleaned so that only field closure joints were in the as-welded condition.
Each valve was disassembled, degreased, and inspected for acceptable materials.
Gaskets and thin-wall assemblies such as rupture discs were degreased and
installed with clean cotton gloves. The practice at Allied Chemical
Corporation (Siegmund 1967) was to flush the assembled system with a non-
aqueous degreasing solvent such as trichlorotrifluoroethane.

After cleaning, piping 3 inches (approx. 78 mm i.d.) and smaller was
soap tested at gauge pressures up to 345 kPa using dry air or nitrogen. A
hydrostatic test was applied to larger pipe and also for those parts of the
system which operated at higher pressure. After testing the components were
dried with air until a dew point of -40°C in the exhausted air was reached.

At this point the system was purged and filled with nitrogen to ensure that no
volatiles were present (McGuffey et al. 1962). By contrast, Siegmund (1967)
reported that Allied Chemical Corporation practice was to pressure test
fluorine systems before cleaning. The final step before operation consisted
of slowly displacing the dry nitrogen in the system with gaseous fluorine at
essentially atmospheric pressure. This procedure was intended to remove the
last traces of foreign material (and prevent an uncontrollable fluorine
reaction) and to form a passive fluoride film on metal surfaces. The dis-
placement of nitrogen was continued until there was evidence of strong

fluorine gas at the exit end of the system. The system pressure was gradually
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brought up to the working level over a period of 2 hours, and held at that
level for 2 hours to complete the passivation process (McGuffey et al. 1962,
Neumark and Siegmund 1966, Siegmund 1967). The duration for which the system
was held at working pressure was apparently important as earlier practice was
to hold working pressure for only 5 to 10 minutes (Allied Chemical Corporation
1961).

6.8 Safety Practices and Equipment

The experience of Allied Chemical Corporation and Union Carbide
Corporation at the Oak Ridge Gaseous Diffusion Plant showed that the industrial
handling of fluorine does not present any problems greater than those associ-
ated with other reactive or toxic chemicals., McGuffey et al. (1962) reported
that not a single lost-time injury occurred during a 17 year period of
fluorine handling at Oak Ridge. Allied Chemical Corporation reported a
similar record (Neumark and Siegmund 1966, Siegmund 1967). These records
were mainly as a result of considerations of safety in both plant design and
operational procedures leading to the observance of rigid material and welding
specifications and strict cleaning and purging practices (Huber et al. 1958,
McGuffey et al, 1962, Neumark and Siegmund 1966, Siegmund 1967). Huber et al.
(1958) stated that the most serious potential hazards were associated with
liquid hydrogen fluoride and molten electrolyte and emphasised the importance
of an extended period of’showering and surgical scrubbing in the event of
possible exposure to liquid hydrogen fluoride of any cbncentration. The
Manufacturing Chemists' Association (1970) also stressed the importance of
showering and prompt removal of contaminated clothing following contact with
liquid acid of concentrated vapours. The Association stipulated that readily
accessible, well marked and frequently inspected rapid-action safety showers
must be available. They should be capable of supplying large quantities of
water under moderately high pressure. Blankets should be located near the
safety showers. Special eye washing fountains, bubbler drinking fountains or
hoses with a gentle flow of tap water of drinking quality should also be
available for eye irrigation. They should be readily accessible in the work
area and should be inspected frequently.

Other accessories considered necessary for hydrofluoric acid handling
are:

(a) Clean water in ample quantities

(b) Hose conneftions for flushing spilled acids

(¢) Soda ash or lime for neutralising spilled acids

“(d) Adequate facilities for washing protective clothing before removal.
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The Manufacturing Chemists' Association (1970) summarised the most
important factors in the prevention of injury by hydrofluoric acid and these
factors are equally applicable to the handling of fluorine,

(a) All contact of gas, vapour or liquid with eyes, skin, gastro-

intestinal tract or the respiratory system must be prevented.

(b) All employees must be fully aware of the hazardous nature of the

products and properly trained in routine operations and emergencies.

(c) Adequate ventilation must be provided in operational areas at all

times. Under normal conditions, good natural ventilation may be
sufficient, otherwise mechanical ventilation should be provided.
The maximum allowable concentration values for continucus
8 hour exposure for fluorine and hydrogen fluoride set by the
American Conference of Government Industrial Hygienists (1970)
are 0.1 ppm and 3 ppm respectively. Emergency exposure limits
for these materials were established by the Committee on Toxicology
of the National Research Council (U.S.A.), these were reported by
Siegmund (1967) and are listed in Table 24. Siegmund (1967)
suggested that extrapolation of these figures shows that exposure
to 12 ppm of fluorine for five minutes would cause no irreparable
damage.

(d) An adequate supply of approved personal protective clothing must

be acquired and maintained in perfect condition while it is being
used in operations or while it is in a convenient storage locatiom
for use in emergencies. Locations of such equipment should be
marked clearly. However, it is warned that personal protective
equipment is not an adequate substitute for good, safe working
conditions, adequate ventilation and intelligent conduct on the
part of employees.

6.8.1 Ventilation

The fluorine plants operated by the Union Carbide Corporation,Goodyear
Atomic Corporation, Allied Chemical Corporation, La Societe des Usines
Chimiques de Pierrelatte have forced ventilation systems designed to provide
fresh air for personal comfort and safety (Smiley and Brater 1956, McGuffey
et al, 1962, Bergeret 1965, Goodyear Atomic Corporation 1967a, 1967b, Siegmund
1967). The fluorine production facilities at Oak Ridge (Tennessee) and
Portsmouth (Ohio) were eacp housed in single buildings in which the ventilation
systems were designed to provide both normal and emergency rates of air change

(see Table 22) in several areas of the process which were considered to be
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critical in the event of chemical leakage. These areas were maintained at
negative pressure with respect to their surroundings to ensure any releases
were localised and withdrawn with the exhaust air and discharged through a
20.8 m stack which vented above adjacent buildings. At the top of the stack,
a venturi section introduced sufficient air to provide a 50 per cent dilution
of the exhaust gas (Smiley and Brater 1956, McGuffey et al. 1962, Goodyear
‘Atomic Corporation 1967b)., The ventilation system was designed to provide a
noise level below 70 decibels to ensure satisfactory working conditions
(Goodyear Atomic Corporation 1967b). 1In addition to the main ventilation
system, spot ventilation and hoods were provided as required. Despite these
precautions routine air-monmitoring was considered to be a necessary adjunct to
the overall safety program (Smiley and Brater 1956). Details of two commercial
detection devices suitable for monitoring small concentrations of fluorine and
hydrogen fluoride in air have been described by Neumark and Siegmund (1966)
and Siegmund (1967).

Virtually no information is available on the ventilation systems at the
Allied Chemical Corporation's plant and the Pierrelatte Chemical Factory.
Bergeret (1965) stated that as a result of cell arrangement in the latter
installation, the flues ventilating the electrolysis hall were kept close to
each line of cells. This arrangement enabled continued cleaning of the working
areas occupied by operators. The clean air entered by ventilators in the
walls, crossed pipework and was discharged, after purging the equipment, by
orifices which led into ventilation pipes below the floor. The normal rate
of air change was three changes per hour but in the case of a large leak, this
rate was doubled,

6.8.2 Protective clothing - handling of hydrogen fluoride

Hill and Knott (1960), Stauffer Chemical Company (1964), Forry and

Schrage (1966), Thornton (1970) and Imperial Chemical Industries {1971)

described protective clothing suitable for various operations involving the
handling of hydrogen fluoride. The practices adopted followed closely the

recommendations published by the Manufacturing Chemists' Association (1970)

which are summarised below:

Employees should wear full coverage of clothing at all times. Working
Bareheaded, with shirt sleeves rolled up, or in an undershirt is exceedingly
hazardous. Rubber shoes soled with Neoprene or an equally resistant material
or rubbers made of same materials, a hat or protective head covering, a full
face mask or chemical goggles with plastic lenses and gauntlet-type gloves

made of Neoprene, plasticised polyvinyl chloride (0.71 ¥ 0.025 mm thick) or an
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equally resistant material, should be used at all times in operating areas.
Full protective equipment recommended when making repairs, conmnecting and
disconnecting tamk cars, discharging containers, etc., consists of am acid
hood with plastic window, an acid coat, rubber, Neoprene or plasticised poly-
vinyl chloride overalls and gauntlet-type gloves made of Neoprene, plasticised
polyvinyl chloride or an equally resistant material. When leakage is abnorm-
ally large and the hydrofluoric acid vapor concentration is high or unknowm,
positive pressure hose masks, air line masks or self-contained breathing
apparatus should be used. The highest degree of protection is afforded by
the use of an acid-proof air inflated suit with a mask and safety belt
included.

Recommended Types of Protective Clothing

Chemical safety gopgles

Positive eye protective equipment such as cup-type rubber or soft plastic
framed goggles equipped with plastic or impact-resistant glass lenses should
be worn whenever there is danger of hydrofluoric acid coming in contact with
the eyes. Goggles should be carefully fitted by adjusting the nose piece and
head band to ensure maximum protection and comfort.

Spectacle-type safety ggggles

Metal or plastic rim safety spectacles with side shields which can be
obtained with prescription safety lenses or suitable all-plastic safety
goggles may be used where continuous eye protection is desirable, as in
laboratories. These types, however, should not be used where complete eye
protection against hydrofluoric acid is needed.

Face shields

Plastic shields (full length 204 mm minimum) with forehead prétection
may be worn in addition to chemical safety goggles, where complete face
protection is desirable. Chemical safety goggles should always be worn as an
added protection where there is danger of material striking the eyes from
underneath or from around the sides of the face shield.

Respiratory protection

Severe exposure to hydrofluoric acid may occur during equipment cleaning
and repairs, when decontaminating areas following spills, or in case of failure
of piping or equipment. Employees who may be subject to such exposures should
be provided with pioper respiratory protection and trained in its use and care.
Available types are described below.

' (a) Self-contained Breathing Apparatus which permits the wearer to

carry a supply of oxygen of air compressed in the cylinder, and the self-
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generating type which produces oxygen chemically. These allow considerable
mobility, The length of time a self-contained breathing apparatus provides
protection varies according to the amount of air, oxygen or regenerating
material carried. Compressed oxygen should not be used where there is danger
of contact with flammable liquids, vapors, or sources of ignition, especially
in confined spaces such as tanks or pits,

(b) Positive Pressure Hose Masks supplied by blowers requiring no
internal lubrication. The wearer must be able to use the same route for exit
as for entrance and must take precautions to keep the hose line free of
entanglement. The air blower must be placed in an area free of contaminants.

(c) Air-line Masks supplied with clean compressed air. Unless equipped
with 'demand' valve and a small reserve cylinder of'coﬁpressed air, these are
suitable only where conditions will permit safe escape in case of failure of
the compressed air supply. These masks are usually supplied with air from a
plant air system or from a compressor. The safer method is a plant air system
which is specified and carefully maintained to furnish 'breathing air'. Local
oil separators may be needed even with such a system. Local compressors may
be used but care is needed to make sure that the air intake is safely located.
Compressors not requiring intermal lubrication are preferred for this service.

(d) Industrial Canister Type Gas Masks, equipped with full face pieces
and approved by the U.S. Bureau of Mines, fitted with the proper canister for
absorbing hydrofluoric acid. These will afford protection against concentra-
tions not exceeding 2 per cent by volume when used in accordance with the
manufacturer's instructions. The oxygen content of the air must not be less
than 16 per cent by volume. The masks should be used for relatively short
exposure periods only. They may not be suitable for use in an emergency,
since, at that time, the actual vapor comcentration is unknown and an oxygen
deficiency may exist., The wearer must be warmed to leave the contaminated
area immediately on detecting the odor of a harmful vapor. This may indicate
that the mask is nct functioning properly, the vapor concentration is toc high,
the canister is exhausted or the mask is not properly fitted.

- NOTE: Where carbon monoxide or other gas having little or no odor may
be encountered in addition to hydrofluoric acid, the mask should be equipped
with an 'all purpose canister' and a 'timing device' or a colorimetric
window indicator as approved by the U.S. Bureau of Mines. Whenever the
concentration of contaminants might exceed the filtering capacity of the
canister, a self-contained or supplied-air unit must be used.

(e¢) Hats. Safety or 'hard' hats will provide protection against
g
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accidental liquid leaks, falling tools or other objects. Brimmed felt hats
may be substituted for safety hats where the danger of falling objects is

remote.

6.8.3 Protective clothing - handling of fluorine

Clothing and protective equipment suitable for use in fluorine plants
are generally similar to the types recommended for use with hydrogen fluoride.
The specific practices adopted at most fluorine plants have been consistent
although a relaxation of requirements was evident after a number of years of
operation,

Oak Ridge Gaseous Diffusion Plant

Safety clothing (coveralls, safety shoes, and safety glasses) were worn
in the cell room. 1In addition acidproof goggles or safety glasses and a face
shield were worn when cells were being filled, electrolyte levels or samples
were being taken or electrical switching was being done. Only minor work was
done on a fluorine cell while it was in operation, and personnel were required
to work from an insulated stand and to wear insulated rubber gloves in
addition to other protective clothing (Jacobson et al. 1955). 1In most
releases of fluorine or HF, Army assault masks provided sufficient protection.
For extreme cases oxygen-generating masks were required. Filter-type respira-
tors were used during the handling of potassium bifluoride powder (Huber et al.
1958),

Protective clothing such as Neoprene gloves, suits, gas masks and oxygen
masks, protective goggles or face shields, and footwear were available where
needed for both routine and emergency operation. Purging and testing of
equipment contents before opening was standard procedure (Smiley and Brater
1956).

For normal operation with low pressure fluorine, the operator wore
safety glasses and polyvinyl chloride gloves, but if the pressure was above
17.2 kPa gauge, a Fluorethene face shield was worn also. Respirators
equipped with an M-11 canister were provided, and for emergencies additional
protective gear, such as combat masks and impermeable suits, were used.

An impermeable suit of PVC, calendered to both sides of a nylon base,
was developed, The suit completely covered the wearer, and fresh air was
supplied through a hose connection for both respiratory and cooling purposes.
A sound powered telephone was built into the mask, Replaceable fabric gloves
dip-coated with PVC were attached to the sleeves by a simple but foolproof
method of sealing., A tapered hollow cone inside the cuff of the glove was

seated downward to match another tapered cone attached to the sleeve. The
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suits, procured from the Mine Safety Appliance Co., were used during vessel
inspection, and experience showed that clean PVC could withstand a jet of pure
fluorine. These suits were therefore available for extreme emergencies,
rescue work, and vessel inspection.

The Mine Safety Appliance Co.'s Gasfoe respirator with GMA chemical
cartridge was satisfactory for nuisance concentrations, and was tested up to
500 ppm of fluorine. The M-9 combat mask with the M-11 canister was safe for
concentrations up to 5000 ppm provided there was sufficient oxXygen in the
atmosphere and the body was protected by an impermeable suit (McGuffey et al.
1962).

Portsmouth Gaseous Diffusion Plant

During the entire transfer operation of hydrogen fluoride, 'Neoprene
Supreme’ type rubber gloves were worn and an assault mask was kept at stand-by.
A 'Gra-Lite' suit and hood were worn when making and breaking all connections.
Gloves and a face shield were worn in the cell room at all times (Goodyear
Atomic Corporation 1967a).

Allied Chemical Corporation's Plant at Metropolis

Neoprene gloves, coats and boots were recommended for over-all body
protection for short intervals of contact with low-pressure fluorine and
hydrofluoric acid. All protective clothing was designed and used in such a
manner that it could be shed easily and quickly. Safety glasses were worn aﬁ
all times and face shields made of conventional materials, or preferably
transparent, highly fluorinated polymers, such as Aclar or Kel-F were worn
whenever operators approached equipment containing fluorine under pressure,
For respiratory protection, a face mask with a self-contained air supply,
such as a Scott Pak, was available (Neumark and Siegmund 1966, Siegmund 1967).

6.8.4 First aid procedures

Toxicity

Fluorine is a highly toxic gas, it has a sharp penetrating and character-

istic odor detectable in low conéentrations. Because of this, the inhalation
of seriously toxic quantities is unlikely. In contrast with thermal-type burns
produced by contact with high fluorine concentrations on the skin, experience
has shown that lower fluorine concentrations on the skin produce a chemical
type burn resembling those produced by hydrofluoric acid (Matheson Co. 1966).
Braker and Mossman (1970) recommend that the first aid treatment to be followed
for fluorine is that for hydrofluoric acid and fluorine-containing compounds
which form hydrofluoric acid on hydrolysis by moisture.

Hydrofluoric acid is strongly corrosive. Both the liquid and vapour are
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dangerous when in contact with the eyes, skin, or mucous membranes and, if
taken by mouth; the liquid will have a corrosive effect on the gastro-
intestinal tract. Either the liquid or vapor of anhydrous hydrogen fluoride
in contact with any part of the body immediately causes serious and extremely
painful burns if not properly treated. Concentrated aqueous solutions may
also cause early sensations of pain; however, dilute solutions may not give
any indication of pain or visible effect until hours after skin exposure,
during which time the fluoride ion has already penetrated the skin causing
possible destruction of tissues and, if severe enough, possible later develop-
ment of skin ulcers. One does not become accustomed to low vaper concentra-
tions. The vapor has such a sharp and penetrating odor that the inhalation
of seriously toxic quantities is not likely unless the victim is trapped in
such a location that escape from the vapor is impossible. In such an emerg-
ency and for escape purposes only, breathiﬁg through cloth or dry clothing
may reduce the concentrations of vapors sufficiently to save one's life.

First Aid

The Manufacturing Chemists' Association (1970) recommended the following
first aid actions for exposure to hydrofluoric acid.

General Principles

Speed in removing the patient ffom the contaminated atmosphere and in
removing hydrofluoric acid from the skin or eyes is of primary importance.
First aid must be started immediately in all cases of contact with hydro-
fluoric acid in any form. All affected persons should be referred to a
physician, even when immediate injury seems slight, and the physician should
be given a detailed account of the accident.

Specific Actions

(a) General First Aid after Skin Contact with Liquid or Vapor

Workers who have had contact with hydrofluoric acid should be subjected
immediately to a drenching shower of water. The clothing should be removed
as rapidly as possible, even while the victim is in the shower, and medical
assistance obtained immediately, It is essential that the exposed area be
washed with copious quantities of water for a sufficient period of time to
remove all hydrofluoric acid from the skin. Following this, an iced aqueous
or alcholic solution, 0.13 % (1:750), of benzalkonium chloride ('Zephiran'
Chloride); an ice-cold saturated solutiom of magnesium sulfate (Epsom Salt);
or iced 70 % alcohol should be applied for at least 30 minutes, If the burn
is in such an area that it is impracticable to immerse the part, then the

iced solution should be applied with saturated compresses, which should be
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changed at least every two minutes. The physician should be available by then
to administer further treatment before the completion of the iced solution
treatment, 1If, however, a physician is not available by that time, the treat-
ment with one of the iced solutions should be continued for two to four hours.
It is then permissible to apply a generous quantity of paste made -from powdered
magnesium oxide and glycerine, freshly prépared. This is prepared by the
adddition of U.S.P. glycerine to U.S.P. magnesium oxide to form a thick paste.
Oils and greases should not be applied except under instruction from a
physician.

{b) Contact with Eyes

The magnesia paste recommended for hydrofluoric acid burns should be used
only for skin burms, not for eye burns. If liquid hydrofluoric acid has
entered the eyes or if the eyes have been e;posed to strong concentrations of
the vapour, they should be irrigated immediately and copiously with clean water
for a minimum of 15 minutes, The eyelids should be held apart during the
irrigation to insure contact of water with all the tissues of the surface of
the eyes and lids. A physician, preferably an eye specialist, should be called
in attendance at the first possible moment. If a physician is not immediately
available, instill one or two drops of 0.5 % pontocaine solution, or an equally
effective aqueous topical anaesthetic followed by a second irrigation for 15
minutes. No oils or oily ointments should be instilled unless ordered by a
physician,

(c) 1f Taken Internally

Ingestion of hydrofluoric acid causes severe burns of the mucous membrane
of the mouth, throat, esophagus and the stomach. Here copious irrigation is
not feasible and no attempt should be made to pass a stomach tube except by
the attending physician, The patient should be encouraged to drink a large
quantity of water without delay. After the hydrofluoric acid has been diluted
with water, milk or 2 ounces of milk of magnesia may be administered for their
demulcent or soothing effect.

{(d) Inhalation

A worker who has been su;pected of a possible severe exposure to gaseous
hydrofluoric acid should be carried at once into an uncontaminated atmosphere.
Even in the absence of symptoms, a worker must not be permitted to return to
work for at least 24 hours after a severe exposure because of the potential
danger of developing severe edema of the lungs. A physician should be called

immediately and first aid started at once.

If breathing has stopped, begin artificial respiration (mouth to mouth



69

resuscitation). Before starting, remove patient's dentures, if present, and
clear the mouth and throat of any foreign material to allow free passage of
air.

If inhalation-equipment and a trained attendant are available, oxygen
administration should be started at once.

All individuals breathing hydrofluoric acid vapor should be examined by a
physician and held under observation for at least 24 hours following exposure.
It is possible for a delayed reaction of a serious nature to occur even in
persons inhaling only mild to moderate concentrations of hydrofluoric acid
vapor.

' Patients should remain quiet -~ preferably lying down and kept warm and
comfortable, Stimulants should not be given unless ordered by a physician,

Under no circumstances should a patient be permitted to return home or
back to work until examined and discharged by a physician who is aware of the
nature of his exposure.
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TABLE 2

MELTING POINTS OF METAL FLUORIDES

{After Weast 1970)

Compound Melting Point (°C)
NaF 988
CuF : 908
ZnF2 872
MoF, 856
PbF, 855
KF | 846
LiF 842
RbF 775
CsF 682
HgF 570

| AgF 435




TABLE 3

MELTING POINTS OF ALKALI POLYFLUORIDES (OC)

Sou;:iaof Neumark [Winsor and Cady| Cady |Prideaux and Webb|Mathers and Stroup

Compound (1947) (1948) (1934) (1937) (1934)

KF.HF 239 239

RbF.HF 210 204-205

CsF.HF 169 176 | 142

CsF.1+5HF 60 30

KF. 2HF 71.9 71.7

RbF. 2HF 62.5 51.6

CsF. 2HF 38.0 50.2

KF. 2» 5HF 64.0 64.3

CsF.2+5HF 24.0

KF. 3HF 65.8 65.8

RbF, 3HF 52.0 0

CsF. 3HF 33.0 32.6

KF.4HF 72 72

RbF. 4HF 32

CsF.4HF Below 0O 0
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TABLE 6

CORROSTON OF CATHODE MATERIALS IN KF.HF ELECTROLYTE AT 250°¢

(After Neumark 1947)

Corrosion rates in g/mzlday are reported as follows:

WOC Without Current Flow

WC

With Current Flow

Material

woC

[

Comments

Silver

lead

Copper

Iron

Nickel

Brass

Magnesium

38

% HF 48.72
50.00
51.16

12

28

10

In
the
Melt

0.86
0.7
2.0

Liquid-
Gas
level

0.06
0.18
1.39

180

5.5

90

Slightly soluble in the electrolyte
and is redeposited on the cathode in
form of fine needles. When silver
concentration in melt reaches a cer-
tain point, corrosion velocity is
extremely slow. During electrolysis,
continuous corrosion and redeposition
takes place and a metallic silver
sludge accumulates on the bottom of
the cell.

Redeposited lead is more spongy than
silver needles and corrosion at the
liquid level line is much more
severe than in the case of silver.

Corrosion is considerably increased
if electrolyte contains some S0O,.

Corrosion product cannotzbe recovered
(current density 500 A/m”).

Corrosion product is scluble in water
(current density 500 A/mz).

Corrosion is especially heavy on the
liquid level line (current density
500 A/m2). Without current flow a
dense coating of magnesium fluoride
is formed which prevents further
attack.




TABLE 7

PHYSICAL PROPERTIES OF CARBON ANODES

(After Karr 1946, Dykstra et al 1955, Huber et al. 1958)

pe of Carbonl
Property CAA YAA

YBD GRIESHEIM (lLeverkusen)

Bulk Density (g cmf3) 1.55 1.70

Resistivity

(2/m for a wm~ cross

section)

43 33

Flexurei Strength 2.1 2.18

(kg mm “)

Hardness

- Breaking Strength Typically 4 to 4.5
5, ve |

(kg mm™

1.55 - 1.5-1.55

50-65 ‘

Equivalent to
Carborundum

6

TABLE 8

SERVICE LIVES OF CELL TANKS

(After Dykstra et al. 1955)

Material of Cell Tank

Service Life

Ampere Hours (A h)

Steel
Nickel~Plated Steel
Magnesium Alloy

Monel

12 % 106

20 x 106
20 x 106

>40 x 106




TABLE 9

THE INTER-RELATIONSHIP BETWEEN DESIGN FEATURES AND

RESULTING MALFUNCTIONS IN FLUORINE GENERATORS

Conditions for which

Generators are

Removed '"from Service

Complete Failure of
Anodes

Excessive voltage

Excessive electrolyte
temperature

Sludge

Corrosive Penetration
of Separating Walls

Intermediate Causes
and Evidence of

GCenerator Malfunctions

Polarized anodes

(After Finley 1953)

Reason for Condition

Polarized anodes
Broken anodes

Polarized anocdes
Broken anodes
Corrosion product
films at anode-bus
bar junctions
Cathode polarization

Localised over heating
Hydrogen-fluorine
recombination

Cooling surface in-
adequate in area and
location

Sludge

Excessive voltage

Corrosion

Broken anodes
Corrosion
Hydrogen-flucrine
recombination

Reason for Condition

Broken anodes

High electrolyte
moisture content
Localised over heating
Corrosion preduct films
at anode - bus bar
junction

Possible Effects

Excessive electrolyte
temperature

Corrosion Varia-
tions of HF
concentration in
electrolyte
Variations of
electrolyte level

Excessive electrolyte
tempe rature
Cathode polarization

Hydrogen-fluorine
recombination
Increase in
electrolyte moisture
content.

Possible Effects

Complete failure
of anodes
Excessive voltage
Induced bi-polar
potentials
Localised over-
heating



Broken anodes

Cathode Polarization
Corrosion product films

at anode - bus bar
junction

Hydrogen fluorine
recombination

Induced bi-polar
Potentials

Localised over
heating

Corrosion

TABLE 9 (Cont'd.)

Corrosion product
films at ancde - bus
bar junction
Hydrogen fluorine
recombination

Poor design of anode
assembly.

Sludge

Poor design of anode
assembly

Corrosive penetration
of separating walls
Plugs in product and
purge gas lines

Poor design of gas
separators

Variation of electrolyte
level '

Polarized anodes
Corrosion product films
at anode - bus bar
Junction

Poor design of cathode
Poor design of anode
assembly '
Insufficient cooling

Insufficient cooling
Polarized anodes
Corrosion product films
at anode - bus bar
junction

Localised over heating
Excessive electrolyte
temperature '
Induced bi-polar poten-
tials

Poor design of anode
assembly '
Poor design of gas
separators

Complete failure
of anodes
Polarized anodes
Excessive voltage
Induced bi-polar
potentials
Localised over
heating,

Excessive voltage

Excessive voltage
Broken anodes
Polarized anodes
Complete failure
of anodes

Induced bi-polar
potentials.

Excessive electrolyte
temperature

Broken anodes

Plugs in product

and purge gas

lines

Corrosion

Corrosion

Excessive electrolyte
temperature

Polarized anodes

Corrosive penetra-
tion of separating
walls

Electrolyte misting
Electrolyte salts
and impurities



Corrosion (Cont'd.)

Plugs in Product and

Purge Gas Lines

Electrolyte misting

TABLE 9 (Cont'd.)

Variations of HF
concentration in
electrolyte

High moisture con-
tent of electrolyte
Electrolyte misting
Electrolyte salts
and impurities

Hydrogen-fluorine
recombination
Electrolyte misting

Corrosion
Electrolyte salts
and impurities

TABLE 10

Hydrogen-fluorine
recombination

Plugs in product
and purge gas lines
Variations of HF
concentration in
electrolyte
Variations of
electrolyte level

VOLTAGES PRODUCED BY CATHODE POLARISATION

(After Schumb 1946)

Skirt to Cathode | Ancde to Skirt | Current
Voltage Voltage (A)
1.8 6.0 - 33.0
14.0 7.5 27.5
15.0 7.6
16.5 8.0 15.1
17.0 8.2"

*
Wavers followed by explosion



TABLE 11

RELATIONSHIP BETWEEN AIR PERMEABILITY OF CARBONS

AND THEIR TENDENCY TO POLARISE

(After Rudge, 1966, 1971)

Period of Operation Before
Polarisation (h)
Grade of Carbon Permegéility* Current Density (A/mz)
770 1540 3080
"Carbocell" 204+ : 18.0 >242 >99 24
"Carbocell"™ 30+ 16.0 >242 >99 24
"Carbocell" 40+ 19.0 >242 >99
“Carboce 11" 50+ 3.2 >242 >99
"Carbocell" 60+ 2.3 181
"Carbocell" C+ 0.08 3.4
GA1260 + . 0.06 1.2
British Acheson 0.5 1.3
(Ungraphitised)

Test Conditions:

Anode size 19 mm diameter and 48.4 mm long
Electrolyte composition KF 60%, HF 40% (+ 0.3%)
Initial water content of electrolyte 0.24% (+ 0.05%)
Electfolyte temperature 85.5°C (+ 2.5K)
+ Products of the National Carbon Co. of America
* Permeability is expressed as the number of cubic feet of air per
minute passing through 1 square foot of carbon 1 in. thick under a
pressure equivalent.to 2 in. of water. Measurements were made on
specimens 1 in, diameter and 1 in. long.

To convert to .{/s per m2 per m under a pressure equivalent to

500 Pa multiply above figures by 0.129.




161 29pny

qL96T

2377) puw AT7ey
‘w961 uotIwredio)
103y aveipood
‘a956T

181184 pOW ST3IITD

SS6T"1% 35 aaqny
9661
103w1g puw Kaijuwmg

go61 193104

whel 0D puw
sanoway ap juodng

1561
‘1w 32 BooT ‘4wel
“T® 39 SWOIITIM,

- 1661
‘9u61° e 32 Awazny

9961 1awy
‘gngl IY 18 2333%)

s3ouazIFIY

paufialAp 6}
13437 23410339313

2qoad atdnoa
-bmzayy pIIGIY ¥
£3INIVaJ IVFAIP I3
‘pasn £ FIFAIP
Buranswawm TIAST ¥

#agn Iedded
tertazan v Bulaweq
IW0TJ. T9Y°TU ¥ J@
B0 IOBOD 103WIFPOT
Tea9] TWnstA

¥ jo pTe 1 WA
ATTVnuyn pafToIzUod
5T Suriawp)

197qqnq wedoviyfa
% Aq peupwzalep

$1 TaAal 93470239977 .

133 Mpouve

¥ puw nadoalfu
Sajpsn 2d1d as1qqnq
@ Aq penjuiziep ST
TaA31 93ATOX309 [T

waBoxaju Lip
Faysn 1vjamonwm
pue adyd a97qqnq
v £q pIBTWUIIISP
43T 23410330213

Juzpwaz
Tarw] Aq peutwaalap

uoTyjsodmoy 93470139913

1183
jo juemmainbay gH
Pujutmaanxd jo pogIan

JUT Pasy auY
0311 A1#nONUTITOD
pa1q o1 waBoay TR

ATTI®9T3vm
-03NE® PISNPOIITT

1 uweBoaatu

falned way o

ROTG €TIWI IUFT IR
oy sanssaad wqg 31

uaBo1370 30 uwaals
£NOntII002 MOTE ¥
Win poppY €T JH

JH 3o

Suppeaz as33v puw
21039q aaZoilFu YA
ydaas $3 SUBIT 1370

Uty
poey a3 o3 paonp
-0X3UT §F WaBo1IR

dH 30 Aowg
=35Ng JO UOTITEARII

29013 1ouoy
YITA I939uwi0or I-TY

3391d 973130

12798 TO YUwL

saTwdE TO Yuw]

§ITYOE WO SIIPUTTAD

dR 3o "M N7l

1aaa1 93d1029%a1a
A0Taq wugsT

jusmawdwos apoyaw)

Iug awdwod
IpoyIW 3O 1WA

23410219973 JO 19497
I A0TIG TUOOT

b ]

1192 30 23U303 U]

adyd
1993t *q°R BT #/1

udeaydeyp

an 30 Wo339q
Y FAOQR TAQS
Jwmavdmod
apouw 3o 1way

ad3d 1esas
ad3d 199w Aaway
R13X3 *g*N ‘Ul 9/1

119 3q3 o
WO330q FAOGE WHOG

od3d 19935 Laway
w13xa *g'N "UT 9/¢

T9AaT 23470132912
M0T2q TEOOZ

#d3d uoiy

T8> w3
39 WRI30q I AAOqE
wn gg *xoaddy

e 1 wdood
pus sywawday ¥ 0f

odyd
monyssalwx “g*N 'OF 1

1a1ang 39 wdad ()

w1ITeed {4)

ays puw TVLINIWH (¥)
TT#) 03U} suf] peal

a8 wan g°cT

210€331d pand

J£6 9,57 e 1190 candmey perd JH
satss dod a3ned
wdA SL puw OR3P
s7p sanadny 2an3dn: wnugavid
o3nwd way Q1§ ‘FRTIY dINNEAIZ
meang wrls meas mnipa Bujiwen
pazovowf /¢ woajed pazanawf ¢ /1 moagog poyiaN Bujaved
T TNy |
T35 13938 PTWH 70 T9TIRIWK
sanyviadoe]
L5 Fuprezedp
23ne? .
afnvd  wgw O5Y w3 £01-68°x¢addy aaneseagd Supieaady
q2Ty ey ] y3yg w7y
‘eip WlTg pUR wIp W21 SUCTEUINT]
24 09g *xozddy 1 oms1 L379wde)
TS EIA 1as8eA TaEE9A 2ezTi0dws
TWOTIPUTTAC TEOTIASA | TROAPGTTA? TwOIIeA T#OTIpRETAd TE01II94 3o uogadiaaesg
292ti0dwa aaz1z0dwA 29zFaodea A_e3 29170933 £I3pUT{A> WOIF 290FPIVA? WOIJ Arddng 1192 3©
pa93 JH PINbYTT ¥ meiy pag #7 4H ¥ way pay ¥ JH ® W3 Py EF 4H woly Py S} JH pa3 st inodes JH pa3 8T JH pInbr1 poula 2ievd
*p37] STIIEOPUL uotivaodon *0n awalony *0n SulaniIwauoy *0) pUW SINOWIN 03| *on rEsTweyde1rlIvaIz OIRIISAIT )
11wg wvyuRAjAsuOlg ap n0g ng ‘I3 1B IRyy Aavysisy Iaqool| 932ITRPUTULGIWI DL »dA} 1193

Twormey) Tvizadoy

2fwo3y Ivakpoon

IPIYIN) TOTU)

71 T14vL

dH 40 ONITIGRVH aNV X14dS




5961 1313813

QL96T uorIvaodroy
ITWOIY Iveipoon
94961

WIVTD puw AT

BSET T* 13 Jaqny

961700 pur
$Inomay ap jung ng

1561
‘1% 19 BuoT fepg]
“Iv 32 SWRITIIA

1681
‘9061 1w 39 Aexiny

9%61 1awx
96T 1R 12 1371wy

sowaaazay

1192

¥ o3 Bnieewd azogeq
SIIYNIETH pIvd(oI1091a
ST 33410232972 ay)

P339%2%{ €7 ALPA
ITING Worlog

TvFia3vo u¥tazo03
A0IRL 01 pImTAS
WYl % Ioay ap

PU¥ Inoy w0 103
#13338 03 pamoiw

8T 23410132912
) sopImTde 133y

sazniwe  Twpseds

I03W1T8% ay3 zapan
TIESIA B3 IO mozyoq

99%)1ne

epI1o%

R 33 3o
33WFANE M IIpUn

a3 o3 44 spasy 2apmod Y3 motaq TOTITPPY JH Y3l yo owzane agy s10afozd yoypya
wdid pauow +gey cuy | FPUIIXD JUFIPIIG 103 ad1d pung 23pun UY paj ST 4R [adpd w s7 auzy pasg SUTT Pedd IH
Yy raey
wo 1INy ‘9391dwod
payDITAr ¥ 203yl q.-.ﬂo.._u_—vv- a1 . vo#.nonnww
\£°5 UTIDAS 3ag) ‘pegzonbyy ot 1%3jy ‘o “33_u" uunnuo._"o%.ﬁ M._w mmu
*83402308] 3 wioy 03 gy FANIXTD EW UCOF FW dH 30 wOTITpPTY WITR quEy 03 papp _vou-n By A1TwotOmpOen
UIT™ PIXRIIIL ST M3 TH £€*0 I¥ $330301 Zutanp peamitde 1y Cary 30 By QOST | *T -wu:_u sm ‘pappw uotidiaogeg

‘pearnbai uoy3wailde oy

103138 aTppEg

ST zapacd fro03m 3y

‘20793128 z977edoig

UG WY gH TTv 333y

833014 PUP UOTIM TRy

SATEA

F#TT32 puw ONip
2imdna wnutyerd
‘3308 van gi¢

393124 Ay9gwg

ERINIATW
2338m mIwy Za3en puw meNS weeag owesg pInld Supreon/Muraven
pazansel paianowf paranowl pazaoel payeyan| poyIsy
B} Taseas 97 TISEAp 27 TaEEIL 8T Tassap ST Tessap Burroos/Surivay
3,56 In3viadam
3,8¢1 9,701 2, 817-011 o3 og 3@ vvu._-unqu fujawandy
o2ned eay go1 3Ine? w3y £o1-28 sineeaid Pupinzsdp
18938 19938 1amg AOTIw BOIINATY *13810) O TTIRIWVH
43Ty mp w23y wy 'y
"Wip WoR"| TP W77 SO Ismawig
B oscy ™ oo9t 2 ooz L B 74 f379vdwy
Fawl wuwy Aoy Noey, e dn-sxwn 195584 UOITINII
1w RAPUTTLD 19313234 T¥2TIpUTTAD TwoT13aA |Twstapurrio Twsmiaes [rwopapayida Twaraaap | Teroads 10 wums 1109 19733ds 10 17133 ¥ung Te88a) UOTIIWRY
Eiyl
dH" 3% paispuod dH' DN pezapacd dH" 44 pezapacd Po¥ JH"JM pazapaod 40" paxaspacd
JH'TA @ITm NI pRIIRII I A pa3dmz YITA pajdwol A pazowea A pajows1 IR M pIowex
Pa3Iowe1 §F J§ pynby 8T JH snoasen §7 4 enoeswy 87 20 pInby1 £ JH sno’swy 1 JH snoase) &F dH $noaswy POYIBR T8V
A1o3omy uot3wiodio]) *9D IWBTINN ‘0] pur SanomN ro3 o) TwoL uIEARTIAF]
T3 TRYD 933w a2a9|d WOy Iwakpoon FPTqaw] uogun 9p uod ng *1°3 PR ARFIVH | -m2y2013931T 19300 | FFIICNPUTNIGARL*D T adLl 119D

ILATORLIATE 20 NOLIVEvVdIdd

LT ITEVL




watied AW furwmIned
asqaowqe Azwpuades

o918 PITH (Q)
aspaod N SOIWIUOD

21u93u02

spyaoniy waloapin
g onpel
13YIa0g ©F PIN B
uwd s32t1ad awN
s paawd 1an0)
v ‘peajnbaz

g7 wopyvzsuaten
saczeq sufionil
3o ™ oze'l
Sujaweil 30
»1qede> £F JWN 30
%y g0z JorurNIned
19qQniss ¥ jUBL
-sBueiie Awzy sswd

460°0 93 IuWIU0R
35 eyl a2npax

o1 pasn ST D,001
aw dexy Jwy ue
‘poanbaz 31 (9)
‘saqmy palzIvg
g3 A avBusyoxa
398 PAVPUNIE

2T INFUIPUL)
*qusly Butivaz
=211391 a3 T (1

1asuapues Iyl
Suiaejus 310399
pajoodaad 8F s¥D
*3uaa Supyezs
=211393 a3 OF £1

s3a11ed FeN 30 yidep
mngs ® g padawmyd
218 YA sAwa3

Y 3O 2DVIING Iy
a3A0 EITINE UF MO
sv su3 9923Ip 1
PaT3jwq §7 13q1osqE
syl °*tdmy
ROTTFYS @ YITr
PP1317 uBRy W 2°%

x “FIP W 9t I
Jaieyd 18935 PlTO ®
s1 aaqa0sqw YL {4}
. *Aplh- W
auaTAgIF0I0 IO TLY
pur 237 fap 3o
UEOTS @ UF PIS1sUM]
s1102 1added

*TRACWSL
JH 7a(do

210w 103 £1FOD
aa3%s TRUISIXD Lq
uunﬂ 0} PITI0d 5%
w 19°0 13m0%
£,001 01 paieay
$7 PG 3o w 14°Q
15173 "o3wid
19%o1u snozod

¢ uo paiieddns
21w $39719d geN
wn g *Suol

o s+ ‘adyd
joucH *g°N "Wl ¥
s1 zaM0l {(q)
*g1aBuwyaxs 3wan
¢ uj patroo3ddad
21w 5ased ssacoad
ayl ‘saqn3
2addos um g1

puw s7lays Jauca
FARY $1ISUIPVOY
*g1 woaad
furivaoduas 4Aq
Dp5E- 1T PILIN
<01 £I35UIPUOD

.uooo._ 3% paiwaado
21W 5130}
*gyaTtad uxa 4
gyaoddns U205
juow ysam 71 ¥
Sas3®aly FDUEIFTSIT
[ A ) L
paledly aav Yyum
s1anou( ate aawmy
saemol ‘*Huol
wzg*t *adid 13235
pafuwiytgcN ul

¢ a1 sasmol (Q)
*zaquey? 3o}

fa1p pasoio ‘paBiwy
¢ UL PITIWIST]

§1 1193 gL 1709
asddoy mm 1 # uf

71y pue gy
Sujuirea INQ
azoaj juIulEALY
s1UL  "(DofB1-)
nadixe pInbil

u} pasisme] sem
yoTym 109 13aoue
y3noayy passwd
NIV SEM BUfAORTL
(gL~} 303

Aap pazixaalnd

AqQ papunozans
1700 nO1}

oe yInoays passed

sudwdinby

uy pazvsLuc:

1sqiosqe fawarad|sidyytom v ni pasn uodld 3,08+ 3¢ uodxy “Dg08~ IV y3noxyy passed 1900l U] PIAOMRI 3,08- 3% pastiapuod
#9318 PTIN (?}] ~  #F 1apmod jgwy§ saivzsde lasuapto] |savwIado larudpuc) §7 snjaoniy () ST dH 3%oH (¥) £1 34 (®) sam aujzontd 3o voradiaageq
[=] 0T

aagqaoeqy
Aaspuoosag (4) sdwal 4R {2) Teqaaeqe Avzl (9) Jen WITS s1a003 JUN oML ()

2eqromqe Jssuap assuapuod | payswd aamol (q) FLC IIEUIPULD UOTIRFUIpULY
Aswarag (®) aaqaosqe Lwal =uoa 1¥I3avd (1) 138UIPUOD 1PIIANF TeIIaRg (%) Iasuapuod (e) Ya T4 panoed 1aMol 3H TeIzael (w) aBens om] pas[l 595822013
aujaenty 3o
1°0 4 4 [94 (4 1070> st o> IUSIVOY A Twull
. . . . - (L'10a) 2ulaonia
L% =y 8-9 0Z-01 z1-01 11 o1 S1-§ 30 JuaILe) 4R

*p3] setaasnpul Az0359g 1eSTURYD uoyswaodiod "oy awRTINN =0y awaqonit | *op Futaniowgnuey ‘0D PUF SINOERN wIENNIIANT :

yegevearnl teoTweyd 1vizadul 33391331914 TR0V 1WIAPOCD apyqie) uojan apiqi®) woTLR | 11BS RIumAlAsuuad| ap Jued ng ‘I'F 37438 NPUTEaQIRS D" adil 1192

aupzonyd wo1y IprIoniy uaBoipdy jo Twacusy (1)

e ————— e e ——T el P — R

JATBOMLd NIDOWAAR QXY ANTUOMId 30 TvS0as1d

21 316VL




(6961 12407
*g961 Imaalaeqg)

‘tIkis panj 11e0

S 03 PRIAANNA €T JH
posuspucd 1Y *AoMms
sty 03 paswalei puw
I8IWM YITA PIGQNRIOE W
s} uwsBozpAy  "D,08-

he pesuspuod A1Teraawd sy
wwe13s ueBoapdy sy ul
spraont; ueloxipdy wyy

(1461 ‘o561 adpny)

‘uoyInyfos

HOA LOT 3 Fv 90335983

£q gasn0y Arads

) oY PIYQnISE IR
wrelys uwedoapiy sy uj
spjaonTy ueloapdy sy

Puv suTIONTF INEN

(42961
woIviedioy
Itmoy awadpoen)

‘pajuaa puw x3jea

(A paqqniss uap

87 waBoapdy ‘syuny
»Sex03s JH @ 01 Nowq
sanssead wadozan

g peaaaysuwely

&3 N pIsuapued

TIY D508~ 3w
pasuspuod L11wiiawd st
wes31s ueBoiply ayy ug
aptaonty ualoxpiy syy

(Z961°1% 37 U0SIIPTIN)

*yBy m gg'1 x

*eIP Wm COZ T FIAOL
“zamay ayy jo dog ayy
av peey Sesds suo 4Aq
prangraasip €7 pIabyy
$19u0N 3O PIIINIISTOD
ST 29M03 Byl

"HOA FO uorINTof %ol-g
Pare (uB1u w gge1 x ‘wpp
mi gOZ) Iam0y Anads ®
U P#QQRIdE $F INFAONTY

*uaBoipiy
30 Twsoderp Ay
203 PISD $7 l3uanq ¥

(9661°1e 39 wxasnig
‘EEE1"1V 13 SIPITeARL)

‘pasn JIe £ITTZOU

x}s Jo w03 ¥ {431y
LR Tl
a0y Avads Tauwoy

% UT HOX JO nojinjos
20T-§ R pRIOwRI

$] JWTIONTI $$30XFT
“azaydsomw O} PIJuIA ST
dH Supuiwaucs weldoipiy

*(0961°1% 12 PIOJTIH
Y1561 uosIem ‘9561
aayv1g pue f3y7og)

"pIsSn 21w safzzoU

x78 30 {T0d ¥ (4B
W gOtE PO W HOf)
2amoy Awadg Touoy ® ul
HOX 30 UOTINTOS YT~
s paidwer g7 supaonyy
S§POX3  *pIIuaA pue
231eM LIIA PIQQNIDE ST
(UoFIwsUapuOY Aq [wAGURI
dH 333w) uaBoapdy
*ssad0ad ayi o3 pILine
81 JH pasuapuno)

(8961 193204)

‘wa3sis Bupalavas puw
IISIIPUCT PITOOD IIjEM ¥
Ul PFIDIITOD Fem (Fim0]
AwN woa3) 4H patiacdwp

"RIgAs (wrodeip
. TwoTweyd w Bujen Aq
paioaisap swn auyaenyg

(9961 uoadmo))
*Pasn sem JUTONIq %10

—%ooH W 15 = o5

.N-_z %5 2ursn 1aqQAIds
puoses = T30 Loaysep
0] ‘alzzou Kwads
E891q ® YITA 10)O1P2
TIPOOM ¥ WIA 1M

uy uojydzcsqe Aq pedea
~153F F13A (SUTACRTY
pur) mpraonty uadozpiy
‘asuing

peulSisap A11vwideds

¥ U ITR pu¥ JuNMINQ

30 samxie ¥ Bujuing Aq
pafo1sap swa sutionid

Alogowg
TRIY) 93I01IXINES

PV STiwnpul
1oy (eiaadet

uoy3wzodio)
ITWoAY 1Weipoon

0D 1wATONN
3pFRIE) uoTOn

*on 1wsTInN
2p1938) cotupD

*0D IWITINN
ap1q1¥) uoyup

*0n Suzingdwynuwy
1185 wTuUNATAsUUSg

*0n puw
SANOWSY Ip W03 N I3

sujionld puw Iptionlg uaBoapiy jo yesodsig (7)

"096%
92961 BS6T°IT 32 ma3enig "I¥ 32 Pao3ITTH
6961 T9a9] wywiedio) “9C6T | “L561 uosIEM ‘ggel
qzL61 uwloy TL61 »3pny £961 3sasZang | w0y Iwadpocy *I® 19 sapyIEAms | a293mag puw Asyrug gweT 133204 9551 wojdwop 9961 23wy sacuaeay
*sujzonty 3o x 49
30 aBwsswd a3 48
*gyuom aaye fawssaden 203 SIIGYNIIS I3
9 £1sa3 padsetdaa 5] uojiwasuaday y3noayy passwed 5|
‘pravaduadez aq o aq Isn 8337 Td ‘geRo137u JO MOTZ "2000£| D500T 2v ualoayju
dWN M3 afqwus 03 AN w4l Cpayuaa [TTvws v Zupuiwmiuyem 03 17 Bupaedy| 3o uesizs MoIs ¥
B293WNY TWITIIV0I0 ‘uotiezsusles uay3y ¥ AW 49,4917 PUR D, 0SE-00 03 PUR wealls 3jo|toutaonyy jo Iy gu
U3 TA peplacad 13maad sdvaz a3 3w 11v 30 aBesswd aanol gy Bupaeay| I9mel ayil Buiney jo alzsswd iy
8T Iaqaosqw YIWUsq FIUIIRS a3 4q paywxauaBez | Aq paysiTdwodow s1 Aq pajwasuaBax| 1s1)e pajwiausiaa FiTiIaIwy
fawwrad agl|1estaioes pHpERgS 6T ey ayr |iwn 3o uolieasurlay s7 dey L St JWN YL 30 uoljwaaualay

aujion]] woz} apjiony; waBoapip yo Twacwey (1}

2ATHONTA RADOWAAR GNY ININOMNT1Z 30 Tvs04S1d

T°P,3u00) #1 F1avl




TABLE 15

MATERIALS OF CONSTRUCTION FOR HANDLING FLUORINE -

OAK RIDGE GASEOUS DIFFUSION PLANT

(After McGuffey et al. 1962}

Gauge Pressure, 0 to 5 psi (0 to 34 kPa); Temp., to -85°C

Item Size (in.} Specification
Pipe (to —44°C) All Steel, seamless, ASTM
Al06 normalised.
Pipe (-44° to -84°¢) All Copper, seamless, stan-
dard weight, ASTM B&42.
Tube 1/8-1 Copper, seamless, ASTM
‘ B88, Type K.
Fittings : All Copper, wrought, per
ASA B-16.22.

Gauge Pressure,-o to 5 psi (0 to 34 kPa);
Temp., 205° to over 540°C

Pipe - All
Fittings - All
Flanges All

Gaskets (177°C max.) All
Valves All

Meonel, seamless, ,
Schedule 40, ASTM B165.

Monel, 2000-1b. forged,
made from ASTM B127,
B165 or Bl64, grade A
material, butt weld
ends.

Monel, forged from ASTM
B127 or Bl64 material,
150-1b. dimensions to
MSS-SP=-42.

Teflon, ring-type,
impregnated with 30%
calcium fluoride.

To 315°C max; Globe,
Monel body with integral
seats, rising Monel stem
with phosphor-bronze
inner bellows, screwed,
demountable bonnet with
aluminium gasket,




TABLE 15 (Cont'd.)

Gauge Pressure, 0 to 75 psi (0 to 520 kpPa);
Temp., -18 to 205°C

Item Size (in.) Specification
Pipe 1-1/2 and | Steel, seamless, Schedule
under 80, ASTM A53 or Al06
grade A,
Pipe 2 and over| Steel, seamless, Schedule
80, ASTM A53 grade A.
Fittings - 1-1/2 and | Steel, forged 3000-1b.
over ASTM Al05, socket weld
ends, per ASA B-16.11.
- 2 and over | Steel, forged, seamless,
: ASTM A234 grade WBP,
butt weld ends, per
ASA B-169,
Flanges All Steel, forged 150~1b.
' ASTM A181, grade 1,
slip-on, per ASA B-16.5
Gaskets All Teflon, ring-type,
impregnated with 30%
CaF.. S
2
Bolts, nuts All Steel, ASTM A307 grade B.
Valves 1/4-2 Globe, Monel body with
integral seats, rising
Monel stem with phosphox-
bronze inner bellows,
screwed, demountable
bonnet with aluminium
gasket,
2-6 Gate, 150-1b, steel,

Monel trim, flanged,
. Teflon packing.




TABLE 16

MATERIALS OF CONSTRUCTION FOR HANDLING

HYDROFLUORIC ACID AND FLUORINE - PORTSMOUTH

GASEOUS DIFFUSION PLANT

(After Giffels and Vallet 1956a)

Hydrofluoric Acid and Hydrogen Fluoride Vapour

(A) Steel Piping System

- Maximum Service Conditions : 120 psig (825 kPa gauge); -
180C to 499C.

Pipe:
1 -~ 1-1/2 in, and - shall be seamless steel, Schedule 80 to
under applicable sections of ASTM A-83 Specification
with tests certified to applicable sections of
ASTM A-106 Gr. B Specifications.
2 in, and over - shall be seamless steel, Schedule 80, ASTM
A-53 Gr. B.
Copper Tubing: - shall be as tabulated below.
Tube o.d. Wall Thickness
in.) (in.)
1/4 .035
3/8 .035
1/2 .049
5/8 .049
3/4 .049
7/8 .065
1-1/8 .065

Up to 1-1/8 in. o.d. Incl. - shall be seamless copper tubing meeting all the
requirements of ASTM B-68 Type DHP, and shall
be coiled, light annealed after coiling, suit-
able for bending and flaring, embrittlement
tested, and with ASTM tolerances for tube o.d.
and thickness.

All coiled tubing shall be furnished in the longest available lengths
(100 ft.minimum), shall be dehydrated, and shall be shipped with the ends sealed.
All copper tubing supplied in coils shall be submitted to a 100 psig
internal air pressure while submerged under water. Any portion showing leaks
shall be cut out and rejected, and the remainder shall be retested until no

leaks are apparent.



Pipe Fittings:
1 - 1-1/2 in. and
under

2 in. and over

Copper Tubing Fittings:

Weld-0-Lets:

1 -~ 1-1/2 in. and
under

2 in. and over

Couplings:

2 in. and under

Unions:
2 in. and undér (to be

used on tank car
station only)

Flanges:

1/2 in. and over

Bolting:

Gaskets:

Electrical Flange Insulation

TABLE 16 (Cont'd)

shall be 3000 1b. forged steel, ASTM A-181 Gr.
1, socket weld, to ASA Bl16.11 (bored for
Schedule 80 pipe).

shall be Schedule 80 steel, ASTM A-181 Gr. 1,
seamless butt weld, to ASA B16.9.

shall be seamless wrought copper, solder-joint
type, to ASA B16,22,

shall be steel, ASTM A-181 Gr. 1, socket weld
Bonney Weld-0-Let (bored for Schedule 80 pipe),

-shall be steel, ASTM A-181 Gr. 1, Schedule 80,

butt weld, Bomney Weld-0-Let.

shall be 3000 1b. forged steel, ASTM A-181 Gr.
1, socket weld, to ASA B16.11 (bored for
Schedule 80 pipe).

shall be standard weight forged steel, ASTM
A-181 Gr. 1, socket weld, steel to monel seat,
(bored for Schedule 80 pipe).

shall be 150 1lb. forged steel, ASTM A-181 Gr. 1
raised face, slip-on or welding neck type
(bored for Schedule 80 pipe), to ASA B16.5

or shall be 300 1b, forged steel, ASTM A~181
Gr. 1, ring joint, slip-on or welding neck type
(bored for Schedule 80 pipe), to ASA B16.5.

The flanges shall be used with positive shut-
off valves only.

shall be square head machine bolts and hex nuts,
conforming to ASTM A-307,

shall be Teflon, impregnated with 30% calcium

‘fluoride, ring type gaskets to be used with

raised face flanges or full face type gaskets
to be used with flat face flanges,

or shall be soft irom, oval shaped rings to be
used with ring joint flanges.

shall be phenol formaldehyde or Teflon plastic
insulating sleeves and washers which shall be

used where steel flanges are connected to monel
flanges.



Safety Bands and Shields:

Valve Stem Packing:

Sclder:

Valves:
Gate Valves:

3 in. and under

Globe Valves:

3 in. and under

Plug valves:

1/2 in. to 3 in,
inclusive

Positive Shut-off Valves:

1 in. to 3 in.
inclusive

Pressure Relief Valves:

SMMD Valves

1/2 in, to 2 in.
‘inclusive, 3 in.

TABLE 16 (Cont'd)

shall be polyethylene protective bands and
shields for all flanges and valves in all
lines (except vent lines).

shall be chevron type Teflon rings.

shall be silver solder, U.S. Navy Specification
47-8-13 Grade 4.

shall be 150 1b. cast carbon steel body and
monel trim, wedge type gate valve with raised
face flanged ends,0.S. and Y.,bolted flanged
body and stuffing box, Teflon bomnet gasket,
and Teflon stem packing. The wedge, stem and

.seat shall be monel.

shall be 150 lb. cast carbon steel body and
monel trim, globe valve with raised face

flanged ends, 0.S. and Y., bolted flanged bonnet
and stuffing box, Teflon bonnet gasket, and
Teflon packing rings. The stem, disc and seat
shall be monel.

shall be 150 1b, all monel, non-lubricated
type plug valve with raised face flanged ends,
Teflon sleeve, and Teflon diaphragm.

shall be 300 1b. steel body and monel trim "'Y"
type valve with ring joint flanged ends, bolted
ring joint flanged bonnet,0.S. and Y.,Teflon
packing, fully guided plug, multiple seating,
and back seating bushing.

shall be bellows-seal type, angle pressure
relief valve with 150 lb., raised face inlet
and outlet flanges, vapour tight bonnet for
spring and stem assembly, and packed lifting
gear. All parts in contact with the process
flow shall be of monel construction, and gas-
kets for the monel parts shall be Teflon. No
packing of the valve will be acceptable,

shall be socket end, bellows-seal type globe
valve with a forged monel body, monel seat with
machined surface, double bellows sealed monel
stem, and a screwed phosphor bronze bomnet.
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(B) Monel Piping System

- Maximum Service Conditions: 65 psig (446 kPa gauge); - 96°C to 48°C

4 in, and under - shall be seamless monel, Schedule 40, ASTM
B-165.
Copper Tubing: - as for mild steel piping system
Pipe Fittings:
1-1/2 in. and under - shall be 2000 1b. forged monel, ASTM B-164

Class A, socket weld (bored for Schedule 40
pipe), to ASA Bl6.11.

2 in. and over - shall be Schedule 40 Monel, ASTM B-165, butt
weld, to ASA B16.9.

Copper Tubing Fittings: - as for mild steel piping system

Weld-0-Lets:

1-1/2 in. and under - shall be monel, ASTM B-164 Class A, socket
weld, Bonney Weld-O-Let (bored for Schedule 40)
2 in. and over - shall be Schedule 40 monel, ASTM B~164 Class A,
Couplings: butt weld, Bonney Weld-0-let.
2 in. and under - shall be 2000 1b. forged monel, ASTM B-164

Class A, socket weld (bored for Schedule 40
pipe), to ASA Bl6.11.

Flanges:

1-1/2 in. and under - shall be 150 1b. forged monel, ASTM B-164
Class A, socket weld type, raised face, to ASA
B16.5.

2 in, and over - shall be 150 1b. forged monel, ASTM B-164
Class A, welding neck or slip-on type, raised
face, to ASA Ble.5,

- or shall be standard weight seamless monel lap
joint stub ends (ASTM B-165) with 150 1b.
forged carbon steel lap joint flanges (ASTM
A-181 Gr. 1).

Gaskets:

For temperature to - shall be Teflon envelope type with asbestos

1509C insert.

For temperature over - shall be copper'envelope type with asbestos

1500C insert.



Bolting:

For temperatures above
150°¢

For temperatures minus
29°C to 250°C

For temperatures minus
60°C to minus 29°C

Electrical Flange Insulation:

Safety Bands and Shields:

Valve Stem Packing:

Sclder:

Valves:
Gate Valves

3 in, and under

Glove Valves

3 in. and under

HGP Valves

/4 in.

TABLE 16 (Cont'd)

bolts shall be ASTM A-193 Gr. B7a; nuts shall
be ASTM A-194 Gr.4.

bolts and nuts shall be ASTM A-307.

bolts shall be ASTM A-320 Gr. L7; nuts shall
be ASTM A-194 Gr. 4. '

shall be phencl formaldehyde or Teflon plastic
insulating sleeves and washers which shall be
used where monel flanges are comnected to
steel flanges.

shall be polyethylene protective bands and
shields for all flanges and valves in all
lines (except vent lines).

shall be chevron type Teflon rings.

shall be silver solder, U.S. Navy Specificat-
ion 47-58-13 Grade 4.

shall be 150 lb. all monel wedge type gate
valve with raised face flanges, O0.A. and Y.,
bolted flanged body and stuffing box, Teflon
bonnet gasket, and Teflon stem packing.

shall be 150 1b. all monel globe valve with
raised face flanges, 0.S.and Y., bolted flanged
bonnet and stuffing box, Teflon bonnet gasket,
and Teflon packing.

shall be a stemless, bellows-seal type globe
valve suitable for high vacuum service which
shall be supplied with a monel body, monel
spindle, phosphor bronze bellows, Kel-F seat,
Kel-F gasket, and a knurled and chromium
plated brass cap. The valve shall be furnished
with copper tubing (ASTM B-68 Type DHP with

1/4 in. o.d. x 0.035 in. wall thickness) stubs
for soldered corrections.



TABLE 16 (Cont'd)

Plug Valves

ki to 3hxinclusife -~ shall be 150 1lb. all monel, non-lubricated
type plug valve with raised face flanged ends,
Teflon sleeves, and Teflon diaphragm.

Pressure Relief Valves - As for Steel Piping System
SMMD Valves - As for Steel Piping System
Fluorine

Steel Piping System

- Maximum Service Conditions: 100 psig (690 kPa gauge); 370°C
Unless stated, pipes and pipe fittings are the same as those used in the
Steel Piping System for hydrofluoric acid and hydrogen fluoride vapour.

Bolting: - shall be square head machine bolts and hex
nuts, conforming to Paragraph 212 of Section 2
of ASA B3l.1 Code for Pressure Piping .

Gaskets:

For temperatuges to - shall be Teflon, impregnated with 307 calcium
360°C fluoride, ring type gaskets to be used with
raised face flanges or full face type gaskets
to be used with flat face flanges.

For temperatures over - shall be copper envelope type with asbestos

360°C insert,
Valves:
Gate Valves
1-1/2 in. and under - shall be 150 1b., cast carbon-steel body and

monel trim, wedge type gate valve with socket
weld ends,0.S.and Y., bolted flanged bonnet and

_ packing gland, Teflon bonnet gasket, and Teflon
ring packing. The wedge, stem and seat shall
be monel,

2 in, and over - shall be 150 1b. cast carbon steel body and
monel trim, wedge type gate valve with raised
face flanged ends,0.S.and Y., bolted flanged
body and stuffing box, Teflon bonnet pasket,
and Teflon stem packing. The wedge, stem and
seat shall be monel.

Needle Valves

1 in. and under - shall be suitable for 150 lb. service and shall
be bar stock globe type needle valve of monel
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Needle Valves

1l in. and under -~ construction with screwed ends, integral seat

{Cont'd) and plug, inside, screw, and rising stem and
wheel., The valve shall be supplied with an
indicator and indicator wheel.

Pressure Relief Valves - same specification as used in the Steel Piping
and SMMD Valves System for hydrogen fluoride,




“TABLE 17

RECOMMENDED MATERIALS FOR ‘HANDLING FLUORINE -

ALLIED CHEMICAI. CORPORATION

(After Neumark and Siegmund 1966, Neumark 1967)

MATERTALS

Component

Gaseous Service

Liquid Service

Lines, fittings
and flanges

Storage tanks
Valve bodies
Valve seats

Valve plugs

Valve packing

Valve bellows

Gaskets

Nickel

Monel

Copper

Brass

Stainless steel, 300 series

Aluminium 2017, 2024, 5052
6061

Mild Steel (low pressure)

Stainless steel, 300 series
Aluminium 6061
Mild steel (low pressure)

Stainless steel, 300 series
Bronze
Brass

Copper .

Aluminium 1100

Stainless steel, 300 series
Brass

Stainless steel, 300 series
Monel

Tetrafluoroethylene polymer

Stainless steel, 300 series
Monel
Bronze

Aluminium 1100

Copper .
Tetrafluoroethylene polymer
Lead

Red Rubber (< 34 kPa gauge)
Neoprene { < 34 kPa gauge)

Monel

Stainless Steel, 300 series
Copper

Aluminivm 2017, 2024, 5052

" Monel

Stainless steel, 300 series
Aluminium 6161

- Monel

Bronze
Stainless steel, 300 series

Copper
Aluminium 1100
Monel

Stainless steel, 300 series
Monel

Tetrafluoroethylene polymer

Stainless steel, 300 series
Monel
Bronze

Aluminium 1100
Copper
Tetraflucroethylene
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EQUIPMENT

Valves

Gauges

Temperature

Flowmeters

Fluorine valves should have plugs and seats of dissimilar
metals to prevent galling. For liquid fluorine service
packless valves with stainless steel bodies of the bellows
type with a secondary P.T.F.E. stem packing are preferred.
For gaseous service {low pressure) P.T.F.E. - packed gate
and globe valves with carbon steel or bronze bodies are
commonly used. A dual packing gland is used for high
pressure service.

Pressure is measured with stainless steel Bourdon-type
gauges, or alternatively pressure transducers are used
in which the transducer-pickups are standard all-
stainless-steel units,

Standard thermocouples, such as the stainless-steel
shield type, inserted through a threaded compression
fitting welded into the line are used for all tempera-
ture measurement.

Gas flow rates are measured with orifices or rotameters
(Standard Pyrex rotameters with stainless steel or
aluminium balls have been used). Orifices or venturi
meters are used for liquid flow.




TABLE 18

RESISTANCE OF HATERIALS TO HYDROFLUORIC ACID AND

HYDROGEN FLUORIDE VAPOUR ~

IMPERIAL CHEMICAL INDUSTRIES

(After Imperial Chemical Industries Limited 1971)

the non-metallic inclusions at a minimum is the best.

Dry HF Gas 80-100% HF 65-80% HF Below 65% HF
Mild Steel Excellent Excellent Satisfactory |Unsatisfactory
(1)
Chemical Unsatisfactory| Unsatisfactory)Unsatisfactory]Satisfactory
Lead
Copper Excellent Excellent Excellent Satisfactory
(2) '
Monel (3) Excellent Excellent Excellent Satisfactory
Magnesium Excellent Excellent Excellent Excellent
Cast Iron Unsatisfactory|Unsatisfactory|Unsatisfactory|Unsatisfactory
Platinum Excellent Excellent Excellent Excellent
Silver (4) Excellent Excellent Excellent Excellent
% Polythene Satisfactory |Satisfactory |[Satisfactory [Satisfactory
; ('Alkathene')]
i Natural - Unsatisfactory|Unsatisfactory|Unsatisfactory
Rubber
Neoprene (5) - Unsatisfactory|Unsatisfactory|Satisfactory
Glass or Unsatisfactory|Unsatisfactory|Unsatisfactory |Unsatisfactory
+ Ceramics
NOTES
1, Some steels are more resistant than others - a deoxidised steel with

2. Copper is attacked in the presence of sulphur dioxide, oxygen or
oxidising agents.

3. One of the most resistant alloys, but is attacked in the presence of
sulphurous acid. '

4, Silver is attacked in the presence of sulphides and appreciable
quantities of sulphuric acid.

3. Neoprene is the most resistant of the synthetic rubbers.

Jointing Materials Polythene {for pressures less than 138kPa gauge and

temperatures less than 25°C); bonded stainless steel/
polythene gasket (for higher pressures).




Gland Packings

Valves

Pressure Gauges

TABLE 18 (Cont'd.)

Copper braided graphitised asbestos, Cereclor
impregnated packing ring and P.T.F.E. (particularly
for valves).

Forge& steel ,and for fine comntrol work a needle-
valve with a monel metal spindle.

Diaphragm type should be employed. Monel metal
diaphragm chamber with a silver protected steel
diaphragm or alternatively a mild steel chamber
with a monel diaphragm. 1f moisture is present
P.T.F.E. coatings should be employed.



TABLE .19

RECOMMENDED MATERIALS FOR HANDLING HYDROFLUORIC ACID (HF CONTENT > 60%) -

STAUFFER CHEMICAL COMPANY

(After Stauffer Chemical Company 1964)

MATERIALS

Piping
Fittings

Unions

Valves

Pressure Gauges

Pipe Joints

Gaskets

Pumps

Extra heévy seamless steel.
Extra heavy forged steel.

Forged steel screw type with steel to steel seats or for-
ged steel flanges with gaskets,

Forged steel with outside screw and yoke.

Provided with steel Bourdon tubes, or to be of the
diaphragm type with steel diaphragms.

Screwed connections recommended. Threads to be cut true
to form and taper. Screwed joints should be lubricated
with a mixture of graphite and oil to prevent freezing.

If gaskets are necessary polyethylene is preferred; it
is optional to use soft copper, soft iron, soft silver,
negprene or saraf.

For anhydfous hydrofluoric acid centrifugal, rotary, or
positive pressure pumps, fabricated of steel or Monel are
satisfactory.

EQUIPMENT

Valves

Te flon-1ined plug valves are used on tank trailer cars.




TABLE 20

CORROSION RESISTANCE OF MATERIALS TO HYDROFLUORIC ACID -

STAUFFER CHEMICAL COMPANY

(After Stauffer Chemical Company 1964)

Degree of Corrosion Anhydrous H F 70, H F
Fairly Resistant Cast Iron (Zq:C) Cast Iron (252C)
Polyethylene (25 g) Steel (2500)
Polystyrene (0~25C) | Copper (25°C)
Nickel (50°c)
Polyethylene (2500)
Polystyrene (25°C)
Resistant Steel (0-25°C) Monel (50°C)
Extremely Resistant Copper (20°¢) Magnesium (25°%¢)
Monel {25-50"C)
Nickel  (50°C)
Magnesium (25°C)

CODE:

Fairly Resistant

Resistant

Extremely Resistant

Notes

For Metals

0.127-0,763 mm
penetration/year

0.025-0.127 mm
penetration/year

less than 0,025 mm
penetration/year

For Plastic Materials

Resistance of plastic
materials was judged
mainly visually by
observing swelling and
distertion,

(a) Copper and copper alloys are subject to attack if sulfur
compounds are present,

(b} Magnesium is severely attacked by weak HF mists which form

when strong HF is exposed to moist air.

(c) Cast iron must be free from sand inclusions.

Some castings

are subject to severe pitting because of non-uniformity of

composition.

(d) In handling weaker acid in the 0-30% range, tubber-lined or

lead equipment is normally used.

Butyl rubber and neoprene

have better resistance to hydrofluoric acid attack than natural

rubber.

Silver gives excellent service whenever the cost is

warranted and polystyrene or polyethylene are completely
resistant but subject to their temperature limitations.
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L]
Part No. Nomencl ature MMM.E._R& Materia!

1 Lug 5 Stent
2 Head plate - 1 Copper
3 Head plate gasket 1 Mov__.:.ﬂ and asbestos
4 Clamp {lange 1 tesl
-] Cathode-box flange 1 Mone!l
3 Coolant-box gasket 1 Leud
? Anode bar 1 Copprr
- Skirt 1 Mone®
9 Disphragm-cage bar & Mone!
10 Coolant-box rib 10 Stest
11 Cathode-box 1 Monwtl
12 Copper dowel pin 19 Copprer
: 13 Carbon rods 19 Carbon
9 14 Diaphragm-cage bottem 1 Monel
i5 Diaphragm-cuge end 2 Mone!
-~ 16 Thermocoupie wall 1 Monel
o 17 Coolant drain pipe 1 iron
18 Coolant box 1 Stec|
¥, 19 Regeneration tube 4 Munel
Ad 0 Mone! bolt 4 Monel
St 1 Coolant-box flange 1 Steel
22 Plange bolt-end 6 Stecl
43 23 Flange nut-end 6 Brass
= 24 Head-plate clamp 28 Stoel
54) - s Clamp stud 23 Steel
~ T, 26 Clemp washer 28 Steel
- 27 Clamp nut - Brass
(s 28 Flange nut-side 22 Bruss
53 et 29 Flange bolt-side 22 Steel
f 30 Packing glund 4 Copper
31 Packing nut & Hrass
£3 32 Packing 4 TFE
33 Condenser elbow 2 Stesl
M4 Condenser flange 2 Brass
_,H“_ as Thermocouple aut 1 Stee!
6 Diaphragm clamp ring 3 Bronze
§9) a7 Lock ring 3 Bronae
k1] Packing 3 TFE
? » Cathode riser ring 3 Bronze
o 40 Packing 3 TFE
2 41 Cathode tube 3 Copper
.H 0 42 Anode tubwe {daphragm rder) 3 Monet
43 Anode packing gland 2 Brons=~
T () 44  Packing 4 TFE
45 .  nsclation sleeve 2 Mice
e () 46 Anode packing nut 2 Brasn
- 47 Spacer 2 Bakelite
43 (3) 48 Clamp—block bolt and nut 4 Steol
= 49 Clamp—block 2 Copper
(24 O, 5¢ Anode bus bar 1 Copper
~ 51 Ancde bus bar boit and nut 2 Steel
T D 52 Anode bar riser 2 Copper
— §3 Gas cutlet fitting 1 Brongze
0, 54 Hydrogen outlet i Brass
55 Valve-scat plate 1 Bronze
56 Valve plunger 1 Bruass
57 Specer 2 Brans
58 Specer nut L] Bruss
59 Bushing 1 Braks
60 Guide plate 1 Bruss
61 Valve stem 1 Brusas
62 Valve spring 1 Steet
63 Gas outlet tube 1 Copper
64 Blbow 2 Bruss
MM Nipple 2 Monsl
T 2 Bravk
67 inspectivn-port bolt -] Sienl
58 Inspection-purt vaver 1 Brasu
69 Inepection-port gasiet 1 TFE
70 Inspection-port ring 1 Bronz:e
71 Coolant overflow 2 fren

* For vne fluorine cell

FIGURE 7. HIGH TEMPERATURE CELL OF JOHNS HOPKINS UNIVERSITY (After Burford et al. 1951)



TABLE 21

CONCENTRATIONS OF FLUORINE AND HYDROGEN FLUORIDE

ALLOWED IN A WORKING ENVIRONMENT

(After Siegmund 1967)

Hydrogen
Basis of Exposure Time of Fluorine Fluorine
Exposure ppm
ppm
Maximum allowable concentration, & hours 0.1 3
continuous 8 hour exposure
(American Conference of Government
Industrial Hygienists, 1970)
Emergency exposure limits 60 mins 1 8
(Siegmund 1967) 30 mins 2 10
10 mins 3 20
TABLE 22
VENTILATION RATES - OAK RIDGE AND PORTSMOUTH GASEOUS DIFFUSION PLANTS

(After Goodyear Atomic Corporation 1967b, Smiley and Brater 1956)

Air Changes per Hour for
Area Normal Use Emergency Use At Pressure

HF Condenser Room 6 20 Negative
Cell Rooms 30 60 Negative
Cell Neutralisation Rooms 50 100 Negative
Cell Maintenance Room 6 30

Electrolyte Makeup Room 25 50 Negative
Hydrogen and Fluorine Pump Rooms 25 50 Negative
HF Vaporizer Room 25 30 Negative

Other areas and rooms were provided with from six to twelve air
changes per hour.







LIQUID

ANHYDROUS
HYDROFLUORIC
ACID
TANK FARM
FREMY'S SALT
KF.HF HF
| VAPORISER

!

ELECTROLYTE | FLUORINE D.C.
PREPARATION | CELLS S POWER
KF. 2HF -~ SUPPLY
FLUORINE | HYDROGEN
DEMISTER DEMISTER
FOR REMOVAL OF FOR REMOVAL OF
ELECTROLYTE ELECTROLYTE

! | !
REFRIGERATION

FOR REMOVAL OF
HYDROFLUORIC ACID

REFRIGERATION
FOR REMOVAL OF

HYDROFLUORIC ACID

DISPOSAL
(by burning, etc.)

COMPRESSION
( optional )

DISTRIBUTION
(to UFg plant etc.)

FIGURE 1. FLOW DIAGRAM OF A FLUORINE GENERATION PLANT
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FIGURE 2. PHASE DIAGRAM OF THE POTASSIUM FLUORIDE
-HYDROGEN FLUORIDE SYSTEM (After Cady 1934)
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(After Leech 1956)
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FIGURE 6. MEDIUM TEMPERATURE CELL OF CADY et al. (1942)

{(After Cady et al. 1942)
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FIGURE 10. HALF SECTION OF USAEC E-TYPE CELL
(After Kelly and Clark 1967 a, 1968a)
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FIGURE 11. ANODE CbNNECTlON - LEVERKUSEN CELL
(After Karr 1946)
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FIGURE 12. ANODE CONNECTION - USAEC C-TYPE CELL
(After Vavalides et al. 1958)
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FIGURE 13. METHOD OF ANODE SUPPORT -



FIGURE 14. ANODE CONNECTION - USAEC E-TYPE CELL -
(Aftor_ Cable et al. 1962)
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FIGURE 15. ANODE ASSEMBLY - USAEC E-TYPE CELL
(After Kelly and Clark 1967 a, 19684a)
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FIGURE 16. SECTION OF THE ALLIED CHEMICAL CQRPORATION CELL
(After Neumark and Siegmund, 1966)
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FIGURE 19. TANK CONSTRUCTION - LEVERKUSEN CELL
(After Karr 1946)
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FIGURE 20. CELL COVER - TYPICAL USAEC CELL
(After Dykstra et al. 1958)
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FIGURE 21. COOLING SYSTEM - LEVERKUSEN CELL (After Karr 1946)
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FIGURE 22. DIAPHRAGM ASSEMBLY - USAEC E-TYPE CELL
(After Kelly and Clark 1967 a, 1968aq)
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FIGURE 23. PACKING GLAND - TYPE USAEC CELL
(After Huber et al. 1958)
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FIGURE 24. CHARACTERISTIC CELL VOLTAGE CURVES
(After Ebel and Montillon 1952)
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FIGURE 26. SCHEMATIC SKETCH OF ELECTROLYTE FLOW
(STANDARD CELL)(After Ebel and Montillon,

1952)
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FIGURE 27. IMPROVED CIRCULATION AND REDUCED

ELECTRODE SPACING (MODIFIED CELL)
(After Ebel and Montillon 1952)
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