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ABSTRACT 

Several disadvantages of boron isotope separation by the dimethyl ether 
process, which has been used on a production scale in the United States 
intermittently since 1945, led to engineering-scale studies of a more 
attractive alternative process baseu on a gas-liquid chemical exchange 
between boron trifluoride and a liquid complex formed between boron tri
fluoride and anisole. An engineering-scale test unit for the anisole 
process was operated essentially at· total reflux, with reflux supplied 
by complex formation and dissociation in auxiliaries located, respec
tively, at the boron-11 and boron-10 ends of the separation column. 
Additionally, an anisole still was employed for continuous solvent puri
fication. The 6-inch diameter isOtopie exchange ool1.1.mn was ];>?.eked to a 
height of 13.5 feet with 5/8-inch Pall rings. During this program, pres
sures of 20, 26, and 35 psia., anisole flow rates of 1.17, 1.75, and 2.0 
gpm., and temperatures from 63 to l05°F. 1-rere selected for the nineteen 
isotope separation tests. Correlations were developed for experimentally 
determined exchange column stage heights, which w·ere found to range from 
22 to I.J-3 inches, depending upon the combination of operating conditions 
used, and for exchange column pressure drops, which varied between about 
0.3 and 1.3 inches of water per foot of packing. One flooding test was 
performed at 28 psia. and 96°F. with the indicated flooding flow on an 
anicole basis being 2.7 gpm. Both complex formation and dissociation 
were carried out with very low boron losses. The total anisole degrada
tion rates during the tests appeared to be equivalent to between 3 and 7% 
of the anisole inventory in the still and decomposer systems per day. 
The choice of materials of construction appeared satisfactory on the 
basis of recycle liquid analyses. Stainless steel 304L was the primary 
construction material; however, stainless steel 316 and nickel packing 
materials were employed for the exchange column and for the higher tem
perature still and decomposer sections, respectively. Successful anisole 
purification and drying methods, as well as general system operability, 
were demonstrated. 
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ENGJ~ERING-SCALE STUDIES OF BORON ISOTOPE SEPARATION 

Because of the large thermal neutron capture cross-section of boron-10, 
research on boron i~ot~pe separation methods was begun in early 1943 at 
Columbia University\16), This research led to an equilibrium distilla
tion process, using a gaseous mixture of boron trifluoride and dimethyl 
ether, which was first applied on a plant scale at facilities operated 
for the Manhattan District at Whiting, Indiana(5) ~nd later for the 
Atomic Energy Commission at Model City, New York(i4J. Since the complex 
formed between boron trifluoride and dimethyl ether is volatile, it is 
not feasible to make a separation between the boron trifluoride and ether 
with ordinary, thermally refluxed operations. Furthermore, the system 
exhibits a relatively low effective single-stage separation factor, and 
flow is limited because of the need to operate at subatmospheric pres
sures in order to reduce operating temperatures to levels where the rates 
of ether degrada ti.on a.nii. 11olido formation a1·t: aeeeptable. With the di
methyl ether process, it has been found necessary to have a reboiler and 
condenser for each exchar~e column, and the single column height and 
operating tlu·oughput are further restricted because of the relatively 
small available pressure drop. 

These failings of the dimethyl ether process led to laboratory searches 
at the Oak Rtdge National Laboratory and elsewhere for a better process 
solvent. This work\10,17) showed several advantages of using anisole 
(methyl phenyl ether) instead of dimethyl ether as the complexing agent. 
Single-stage separation tests w-ere conducted to obtain basic data, and 
a small bench-scale recycle system, which was satisfactorily operated 
for a considerable period of time, yielded reasonable column separation 
performance data. The separation factor with anisole was found to be 
such as to allow· almost twice the separation per otage. The total plant 
length required for a specified separation would thus be considerably 
reduced by using the anisole system, provided reasonable stage lengths 
are obtained in comparison with the dimethyl ether process when identi
cal packing is used. 

Plant operation w·i th the anisole system can be conducted as a simple gas
liquid exchange in cascaded packed columns. Reboilers and condensers are 
not required for each column, liquid pumps can be used for intercolwm1 
transfer, and at most three gas compressors would suffice to make up the 
operating press1.1re drop for a whole cascade. The boron trifluoride
anisole complex can be dissociated in the decomposer system by heating 
at easily attained temperatures, i.e., below· 400°F .. • to Sllpply both gac 
reflux to Lhe boron-10 end of the system and anisole for recycle. Liquid 
complex refluxed to the boron-11 end of the system is formed in the re
combiner system at temperatures below 125°F. by contacting the gas leav
ing the end colwm1 and anisole recycled from the decomposer. Cooling is 
required in the recombiner to remove the heat of reaction and to control 
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the temperature at about that used in the exchange column. The isotopic 
exchange columns can operate at temperatures of 70 to 105°F. Preferably, 
operating pressures are above atmospheric to minimize gas recompression 
requirements and to reduce the column diameter required for a given 
throughput. Both operating temperatures and pressures in the exchange 
columns can be varied over considerable ranges, but generally speaking, 
as noted later, temperatures between 86 and 104°F. and pressures from 20 
to 35 psia. are favored. 

Initial larger scale studies of the anisole process performed at the 
Model City plant were unsuccessful, primarily because of solvent deteri
oration due, apparentl;y, to water inleakages and failure to purify the 
solvent continuously(9J. However, the Atomic Energy Commission's con
tinued interest in further production of boron-10 led to authorization 
of more complete studies of the anisole system at the Oak Ridge Gaseous 
Diffusion Plant. The main facet of the work was the engineering-scale 
effort described in this reportj however, the studies included laboratory
and bench-scale experiments designed to supply basic engineering data 
and to evaluate the problems of corrosion and solvent degradation. 

The size of the ~ngfneering::.:scare ~effortc was--'-largeJ..yc: dictated~by __ the nf::!ed_ 
to obtain stage separation data on plant-scale packing. Previously made 
conceptual plant evaluations had led to the recommendation that a high 
throughput, intermediate efficiency packing, such as the 5/8-inch Pall 
ring*' be tested. This type of packing is considered to be more economi
cal for work on the contemplated production scale than higher efficiency 
but lower throughput, more expensive, smaller packings. The exchange 
column section diameter was set at 6 inches, and the packed height was 
chosen to be 13.5 feet with two intermediate redistribution sections. 
The test operating temperature range for the exchange column was set at 
68 to 104°F. (i.e., 20 to 40°C.), with pressures between 20 and 35 psia. 
The required circulation rate for flooding tests had been estimated to 
be about 3.0 gpm. of complex. The auxiliaries were, however, sized for 
4 gpm. of complex to assure an adequate flow. 

Because of the uncertainties involved in the extrapolation of small-scale 
test results to full-scale plant design, the following areas were selec
ted for investigation during the pilot plant tests: (a) HTU's and flood
ing'data for this system for plant size packingj (b) solvent degradation 
in large-scale equipment at various temperatures and pressuresj (c) de
composition of the boron trifluoride-anisole complex on a production 
scale with essentially complete stripping of the gasj (d) recombination 
of anisole with b_oron trifluoride tails on a production scale with low 
boron trifluoride lossesj (e) effectiveness of and requirements for 
anisole drying and purification operationsj and (f) suitability of the 
materials of construction chosen for the various units. The results of 
these tests are presented after discussions of basic system technology 
and design. 

* Product of the U. S. Stoneware Company. 
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SUMMARY 

Boron isotope separation with the anisole process is accomplished by 
countercurrent gas-liquid contacting in cascaded, packed columns. 
Chemical exchange between the boron isotopes in the two phases results 
in enrichment of the liquid phase in boron-10. In addition to the ex
change columns, two auxiliary systems are required. The first is a 
decomposer, where the complex is dissociated by heating to supply both 
boron trifluoride gas reflux to the product end of the cascade and ani
sole for recycle. The stripped anisole, after distillation, is recir
culated to the second auxiliary system, the recombiner, where it is 
reacted with boron trifluoride tails to form the liquid complex that is 
subsequently refluxed to the boron-11 end of the cascade. Cooling is 
required in the recombiner to remove the heat of reaction and to control 
the temperature at about that used in the exchange columns. 

Tbe pj_J.ot plant utilized all of the systems required for a production 
plant and the only basic difference in equipment size was, of course, 
the one arising from the use of a single exchange column rather than 
cascaded towers. Sizing of the equipment for the engineering-scale 
test unit was based on the criterion of testing plant-scale packing to 
the flooding point with exchange column operating temperatures in the 
range of 68 to lOLi-°F. The packed height of the column was set at 13. 5 
feet of 5/8-inch Pall rings. When the equipment sizes were initially 
established, the predicted flooding flow rate was 2.1 gpm. of anisole, 
or 2.9 gpm. of complex, but accurate data on the viscosity and density 
of the complex were not available at that time. The auxiliaries were 
sized for 4 gpm. of complex to assure an adequate circulation rate. 

Based on consideration of degradation and corrosion results from both 
lahoratory- and bench-scale studies conducted prior to the pilot plant 
tests, it appeared that, while degradation rates were somewhat higher 
with stainless steel, stainless steel was more resistant than nickel to 
corrosive attack under anhydrous conditions. Thus, stainless steel was 
used for construction of the engineering-scale equipment and for packing 
in the low temperature columns. The more costly nickel packing was, 
however, used in the high temperature columns because it was felt that 
this would lessen degradation in these units. 

Nineteen isotope separation tests were made; and the independent variables 
used were pressures of about 20, 26, and 35 psia., anisole flow rates of 
1.17, 1.75, and 2.0 gpm., and temperatures from 63 to l05°F. The time 
required for each test was on the order of one day, and during the tests, 
samples were taken not only to determine the extent of' isotope separa
tion but also to assess the performances of' the decomposer, the recom
biner, and the still as well as the degree of anisole degradation. 

The exchange column stage heights observed in these tests fell in the 
range of 22 to 43 inches. They decreased markedly with increasing tem
perature and slightly with decreasing flow rate and decreasing pressure. 
Satisfactory correlations were developed to allow interpolation for 
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conditions not tested. In an exchange column flooding test conducted 
at 28 psia. and 96°F., flooding was found to occur at an anisole flow 
rate of 2.7 gpm. At flow rates below flooding, the observed pressure 
drops of 0.3 to 1.3 inches of water per foot of packing were generally 
lower than expected. A correlation for the pressure drop results also 
was developed. 

Both the complex formation and complex dissociatton steps were carried 
out with very low boron losses. The pilot plant reflux ratios, defined 
as material recycled per unit of that "lost", were on the order of 106 
at the recombiner end and 104 at the decomposer end. 

Based on gas-liquid chromatographic analyses of still reboiler samples, 
the anisole degradation rate appeared to be equivalent to about 3·7% of 
the ·high temperature anisole hold-up per day during the first nine tests 
and about 7% per day during the remaining ten tests. Although this in
crease during the latter runs seemed to be caused by operating near 36 
psia. during runs 10, 11, 12, and 13, it was coincident with an inad
vertent release of boron trifluoride from the decomposer to the still 
wnich""my "'naVe', alterea·,cc·'at -=-:reas t"ct'emporarfJ..Y:,· · tne'-' reac £fvrty·oT--:..:tl1e~
metal surface in the still, thereby providing an additional site for 
degradation. Furthermore, it is possible that similar changes could 
have occurred to the surfaces of the exchange column and exchange column 
packing, since this unit often reached temperatures as high as 200°F. 
during test start-ups. 

Based on analyses of recycled anisole, corrosion rates appeared to be 
low in all of the tests and the choice of materials of construction was 
satisfactory. Preliminary visual examination of the piping and equip
ment indicated some surface tarnishing but no serious attack. The 
achievement of tolerably low anisole degradation and corrosion rates ls 
thought to be due largely to the care taken to exclude water from the 
system. Successful drying, on a routine basis, to less than 50 ppm. 
water was demonstrated to be feasible using Molecular Sieves*. Addi
tionally, a separate anisole recycle loop was established to provide 
coolant :t'or condensers, recombiners, and gas coolers. Construction of 
the system was accomplished carefully employing TIG weldingt of equip
ment and connections and using helium leak detection to locate any leak 
sources. 

The general conclusion from the pilot plant program was that the anisole 
process should be applicable on a plant scale. Although fund limitations 
prevented testing of alternative column packings or tower internals 
arrangements and operation for extended periods of time, sufficient data 
were obtained to allow reasonably confident plant sizing. Further work 
was not felt to be needed at the present time. 

* Product of Union Carbide Corporation. 

t TIG welding is an inert gas-shielded, arc-welding process approved 
for use with several stainless steel alloys. 
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TECHNOLOGY AND DESIGN 

Since the isotopic exchange system for the separation of boron isotopes 
is essentially a conventional gas-liquid contacting operation, the cal
culation of separative potential is done by the same methods used for 
distillation operations. The exchange between a downflowing liquid com
plex of boron trifluoride and anisole and upflowing boron trifluoride 
gas results in the enrichment of the liquid stream in boron-10. 

The boron trifluoride gas reflux to the product end of.the exchange 
column is supplied by dissociating the column liquid effluent in an aux
iliary called the decomposer system. The stripped anisole from the de
composer is recirculated through a purification still to a second auxili
ary, the recombiner system, where it reacts with boron trifluoride tailq 
exiting from the exchange column. The recombiner must be cooled to re
move the heat of reaction, and the liquid complex formed in this unit is 
returned to the boron-11 end of the exchange column. 

Since the ratio, in an operating plant, of boron trifluoride withdrawn 
as product or tails to that returned to the column would be about 1 to 
300 at the decomposer end and 1 to 50 at the recombiner end, the decom
poser and recombiner must operate smoothly with little fluctuation and 
with low material losses. For example, the complex fed to the decomposer 
contains about 1 mole of boron trifluoride per mole of anisole. The 
product takeoff rate in a production facility would be equivalent to 
0.0033 mole of boron trifluoride per mole of anisole. If losses were 
to be held to about 3% of the product, then the amount of boron tri
fluoride lost from the decomposer must be held to 0.0001 mole of boron 
trifluoride per mole ot· anisole or 100 ppm. boron trifluoride on a mole 
basis. This corresponds to losses of about 10 ppm. boron on a weight 
basis. The recombiner efficiency requirement is perhaps a little more 
difficult to evaluate simply, but with a tails withdrawal rate ten times 
the product rate on a mole basis, 0.02 mole of boron trifluoride per 
mole of recirculated anisole would be withdrawn as tails. Assuming no 
requirement for tails, this material could be vented to a scrubbing sys
tem. With respect to the recombiner, the engineering-scale equipment 
requirements were more stringent, perhaps, than those of a production 
plant, since operation as close to total reflux as possible at both ends 
of the pilot plant was needed for data accumulation. 

The design of the engineering-scale test unit involved not only the more 
conventional problems in assessment of mass and energy transfer rates 
but also the problems of solvent degradation and corrosion. Discussions 
of the basic systems properties_, corrosion, anisole degradation, and 
systems design are presented subsequently in this section. 
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SYSTEM PROPERTIES 

Isotopic Enrichment 

Of the several methods of separation of boron isotopes which have been 
studied, the gas-liquid chemical exchange method utilizing the boron 
trifluoride-anisole complex seems to be the most promising. As mentioned 
previously, the exchange between the boron isotopes in countercurrent 
streams of gaseous boron trifluoride and liquid boron trifluoride-anisole 
complex results in the enrichment of boron-10 in the liquid phase: 

..... ( l) 

With a reported half-time of ~ss than 3 seco~ds this reaction is suit
able for application to continuous operations\l8j. 

The single-stage isotopic separation factor is defined by 

a= ....• ( 2) 

The separation factor has been experimentally d~~~rmined to vary with 
temperature according to the following equation\ J: 

l a 9.87537 - 0.02005 
oglO = T( °K.) .... ( 3)* 

This equati'on predicts a decrease in the separation factor with incr~as
ing temperature; however, exploratory work by Makarov and Panchenkov\12) 
suggests that total separation, considering not only the single-stage 
separation factor but also the stage length, reaches a maximum at about 
l05oF. 

The number of stages, N, in a separation column operated at total reflux 
is given by 

..... ( 4) 

* This equation represents a least-squares fit of the unweighed single
stage separation factors obtained at ORNL. Recently, another least
squares correlation, which yeighs the data considering the variances, 
has been developed by Drury\6). Over the range of conditions studied 
in the pilot plant, values predicted using the later equation, which 
will be published in the J. Chern. Phys., do not differ significantly 
from those obtained from equation ~ 

.,. 
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where 1\r the ratio of boron-10 to boron-11 at 
column, and 

~ = the ratio of boron-10 to boron-11 at 
the column. 

The stage length can then be found by dividing 

Properties of Boron Trifluoride, Anisole, and 
Boron Trifluoride-Anisole Complexes 

the isotopic top of the 

the isotopic bottom of 

the column length by N. 

The physical and chemical proverties of anisole and boron trifluoride 
have been presented by Barber~lJ, and selected values for these materials 
are presented in tables I and II. B9r0Q trifluoride is a colorless gas 
which has a pungent suffocating odor\ 13J. The gas is irritating to the 
respiratory tract and is corrosive to the eyes, skin, and mucous membranes. 
Since the level of detection by smell is about 1.5 ppm., and since boron 
trifluoride reacts readily either with moisture in ambient air or with 
ammonia vapors to form visible fumes, there are few problems associated 
w1th detection of' major leaK::>; however, it should be noted that a value 
of 0.3 pvm. has been suggested as a threshhold limit value for personnel 
exposure~ 20). 

TABLE I 

SELECTED PHYSICAL PROPERTIES OF BORON TRIFLUORIDE* 

Property 

Molecular Weight 

Melting Point 

Boiling Point (760 mm.) 
Crj.tj.cal Temperature 

Critical Pressure 

Gas Density (0°C.) 

SpecHj.c GravHy of Ga.s (0°C.) 

Density of Liquid(- 10l°C.) 

Density of Solid 

Specific Heat, Cp (278°K.) 

Viscosity of Gas: 

- 80°C. 

+ 80°C. 

Value 

67.81 

- 127°C. 

- 10l°C. 

12.25°C. 

49.2 atm. 

3-07666 g./1. 

2.38 

1.59 g./cc. 

1.87 g./cc. 

11.7 cal/degree-mole 

119 micropoise 

196 micropoise 

*Barber, E. J., Physical and Chemical Properties of Some Materials Used 
in the Anco and Elemental Boron Processes, Union Carbide Corporation, 
Nuclear Division, Oak Ridge Gaseous Diffusion Plant, October 8, 1962 
(K-1548). 
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TABLE II 

SELECTED PHYSICAL PROPERTIES OF ANISOLE* 

Property 

Molecular Weight 

Melting. Point 

Boiling Point (760 nun.) 

Critical Temperature 

Critical Pressure 

Density (20°C.) 

Specific Heat (24°C.) 

Heat of Combustion 

Heat of Vaporization 

Viscosity (20°C.) 
0 =-o£Sur:f'i:fC'e ' 111ei1 s·ron --(~U" C':')' ·=·· ~ =-~··=· ~~- • = •. 

Flash Point (Cleveland Open Cup)** 

Auto Ignition Temperature** 

Value 

108.13 

-37.38oc. 

153. 75oC. 

384°C. 

38.8 atm. 

0.99402 g./cc. 

0.442 cal/g.-°C. 

905.2 Kcal/mole 

8.8 Kcal/mole 

1.086 cp. 
·" ·_ · -, ·35722=ay·nes/cm:~ ·~-~ · 

52oC. 

268°C. 

*Barber, E. J., Physical and Chemical Properties of Some Materials Used 
in the Anco and Elemental Boron Processes, Union Carbide Corporation, 
Nuclear Division, Oak Ridge Gaseous Diffusion Plant, October 8, 1962 
(K-1548). 

** As determined at the Oak Ridge Gaseous Diffusion Plant. 

Pure anisole is a colorless liquid with a vapor .. pressure of 3.05 nun. Hg 
at. room temperature. The toxicity of anisole is relatively low, and the 
Cleveland Open Cup flash point is 125°F. (52°C.) An effective solvent 
for many organics, its behavior as·. a Lewis base also accounts for the 
formation of the complex with boron trifluoride, which is a Lewis acid. 

Some physical properties of the boron trifluoride-anisole complex are 
shown in table III. Additional properties, including vapor pressure data 
and the variations of complex density and viscosity with mole fatio and 
temperature are presented by Barber(l) and by Barber and Madix 2). These 
data provided the information needed for the pilot plant equipment design 
calculations. 
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TABLE III 

SELECTED PHYSICAL PROPERTIES OF 
BORON TRIFLUORIDE-ANISOLE COMPLEXES* 

Property 

Molecular Weight of 1:1 Complex 

Melting Point** 

Density of 1:1 Complex (20°C.)** 

Viscosity of 1:1 Complex (20°C.)** 

Heat of Formation 

Value 

175-94 

3.0°C. 

l. 2350 g. /ml. 

5.41 cp. 

-12.3 ± 0.001 Kcal/mole 

*Barber, E. J., Physical and Chemical Properties of Some Materials 
Used in the Anco and Elemental Boron Processes, Union Carbide Cor
poration, J.llucle::tr Divi~ion, QA}f Ri rigA CiR.RAnllR m.ffusion Plant, 
October 8, 1962 (K-1548). 

** As determined at the Oak Ridge Gaseous Diffusion Plant. 

CORROSION 

The choice of appropriate materials of construction for the equipment 
used in the pilot plant was based upon a reconciliation of the problems 
presented by the corrosive actions of the chemicals involved in the 
process and those caused by the participation of various metals in the 
solvent degradation proce?s. 

The Hooker Electrochemical Company, in an investigation(8) of several 
of the problems associated with the anis.ole process, made corrosion 
tests on Hastelloy-C*, copper, Monel, stainless steel 316, and red brass. 
These tests were made under operating conditions simulating those ex
pected in a proposed pilot plant\ 9). The results, presented in table 
IV, indicate that, where there is a possibility of water entering the 
system, Monel and Hastelloy-C were superior to the other mat~rials testedj 
however, stainless steel 316 was better than Monel when low water concen
trations were maintained. Corrosion of Hastelloy-C was negligible in 
either case. 

* Product of Union Carbide Corporation. 
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TABLE IV 

SUMMARY OF HOOKER ELECTROCHEMICAL COMPANY CORROSION TEST RESULTS* 

Material Corrosion Rate, mils/yr. 

Series I: 0.007% Initial Water Content, 32-Day Test 

Hastelloy-C 0.02 

Copper 0.24 

Monel 0.21 

Stainless Steel 316 0.03 

Red Brass 0.33 

Series II: l.O% Initial Water Content, 18.7-Day Test 

Hastelloy-C 

Copper 

Monel 

Stainless Steel 316 

Red Brass 

0.02 

0.51 

12.42 

1.60 

* Hambrock, K. 0., Boron Isotope Separation with Anisole-Boron 
Trifluoride Complex, Hooker Electrochemical Company, August 26, 
1957 (HEC-80). 

C. G. Jones, of the Oak Ridge Gaseous Diffusion Plant, conducted a pre
liminary study designed to screen various construction materials on the 
basis of corrosion resistance. In this experiment, several metal strips 
were placed in an autoclave in which boron tri.fluoride-anisole complex 
containing 15 to 23 ppm. water was held at 295°F. for 20 days to effect 
degradation. The results of this experiment, shown in table V, indicate 
that stainless steel 316, Kanigen-plated mild steel 1020, A-nickel, and 
Monel resisted corrosion considerably better than stainless steel 347, 
stainless steel 304, and mild steel 1020. The low system water content 
was again seen to account for the durability of stainless steel 316. 

y 
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TABLE V 

SUMMARY OF ORGDP AUTOCLAVE CORROSION TEST RESULTS* 

Material 

Stainless Steel 316 
Kanigen-Plated Mild Steel 1020 

A-nickel 

Monel 

Stainless Steel 347 

Stainless Steel 304 

Mild Stee 1 1020 

Corrosion Rate, mils/yr. 

0.26 

0.50 

1. 31 

1.17 

2.97 
9.90 

43.6 

'*C. c. Jonas, Union Carhi.n~ Co:rporatj.on 1 Nuclear Division, Oak Ridge 
Gaseous Diffusion Plant, unpublished data. 

Extensive laboratory-scale corrosion studies performed at the ORGDP in 
glass colwrms containing sections to simulate the behA.vj_or of an anisole 
reboiler,(a)complex decomposer, and a recombiner have been described 
elsewhere 3 . However, the results of these studies are summarized in 
table VI. System water contents were low in all tests, but both nickel 
and Monel samples located near the recombiner section of the apparatus 
developed a generalized surface roughening during the tests. Stainless 
steel alloys were found to be more resistant to corrosion, showing no 
specific type of corrosive attack. Significantly, the protection offered 
to ctainless steel sampleR by a passivating oxide film was demonstrated 
in a test with stainless steel Pall rings depassivated with hydrofluoric 
acid. Immediately after start-up, a viscous, orange liquid formed on 
the surface of the rings in the region of the column characterized by a 
sharp temperature gradient. In a concurrent test in identical apparatus, 
however, no such liquid was formed on the surface of Pall rings which 
had not been depassivated. Thus, the immediate effect of depassivation 
of the stainless steel was apparent, but the fact that these materials 
may have become repassivated as the test progressed was suggested by the 
similarity in appearance of the rings used in the two tests after the 
first few hours of exposure. 

In these tests, it was noted that the slight corrosion of the various 
stainless steel alloys depended more on the sample location than on the 
specific alloy tested, with the worst attack occurring in the sharp tem
perature gradient region between the recombiner and decomposer sections. 
These results were confirmed in bench-scale anisole degradation tests, 
where no significant corrosive attack of stainless steel was observed 
in contrast to a definite intergranular attack found when nickel was used 
as the material of construction of the test loop. In the bench-scale 
tests, which are described in the following section, the rnost active site 



TABLE VI 'i 

~ 

SUMMARY OF ORGDP LABORATORY-SCALE CORROSION TEST RESULTS 

Exposure 
Time, 

Material Tested hr. Reccmbiner 

Nickel 200 744 lla 

Nickel, Pall Ring c 
1,944 4a 

Monel 1,200 3a 

Stainless Steel e 
1,032 la 

Stainless Steel, welded f 984 < l 

Stainless Steel 316, Pall Rings 

Depassivated 100 . la 

As-Received 100 < la 

a. Sample was coated with black deposits by end of test. 

[; 
[i' 
! ~ 

Coiro~ion Rate, mils/year 
r, Sample Location 

Uptier Lower Reboiler, 
D ~ D It f ecomposer ecomposer · n er ace 

r 
< lb < lb 

< lb < lb,d 

< l < l 

< l < l 

l 

< l 

~.; 
b. The sample was partially coated with a red deposit by end of; test. 

c. 

d. 

e. 

f. 

'• 

This Pall ring was exposed during both the nickel and Monel[:tests. 

Sample was slightly tarnished by end of test. 

Alloys 304L, 310, and 316 we~e tested. 

Alloys 304L, 316, 321, and 347 were tested. 

II 
\: 

Reboiler, 
Immersed 

< l 

< ld 

< 1 

< l 

1\) 
0\ 
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for corrosion again appeared to be the transition region between the cold 
recombiner and the hot decomposer. On the basis of these tests, stain
less steel 304L was chosen as the primary material of construction for 
the engineering-scale test units, with recognition of the fact that its 
use required that anhydrous conditions be maintained to prevent the 
formation of acids which would destroy the passive surface. The use of 
nickel packing in some of the equipment items resulted from information 
gained in anisole degradation tests rather than from the results of the 
corrosion tests. 

ANISOLE DEGRADATION 

The important problem of anisole degradati?n was investigated on both a 
laboratory- and bench-scale at the ORGDP~3J. In the laboratory tests, 
summarized in table VII, the rate of solvent degradation, determined 
during the previously mentioned corrosion tests, was found to be in
fJ,w;mced by the water content of the system, the metal surface area 
exposed, and not only the particular metal used but also the nature of 
its surface. When only a small metal area was exposed, the degradation 
rate was extremely low for all materials; however, the rate with stain
less steels appeared to be about twice that for nickel and Monel. With 
much larger surface areas exposed, the degradation rate for depassivated 
stainless steel 316 was found to be about four times that observed for 
as-received, i.e., oxide-passivated .• metal. 

A bench-scale, continuously operated, all-metal test loop containing a 
recombiner, decomposer, distillation system, and liquid pumps also was 
used in the degradation tests. The distillation system was used to 
fractionate the entire decomposer-stripped solvent stream in order to 
remove degradation products before the anisole was returned to the re
combiner. Operation of tne unit at decomposer pressures up to 40 psig., 
as shown in table YIII, indicated the following: 

1. The solvent degradation rate is higher with stainless steel than 
with nickel. 

2. The degradation rate increases with operating pressure and tempera
ture, but does not decrease at the same rate after operation at higher 
temperatures and pressures. Thus, operation at high temperatures 
and pressures apparently causes irreversible changes in the reactivity 
of the metal ·surfaces. 

3. Only a small amount of water inleakage is sufficient to cause severe 
degradation; however, the exclusion of water from the system to the 
practical limit of about 100 ppm. is only a necessary, not a suffi
cient, condition for inhibiting degradation. 

4. Complete distillation of the solvent can be used effectively to 
remove degradation products from recycled liquid. 
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TABLE VII 

ANISOLE DEGRADATION ,RATES DURING RUNS MADE 
IN LABORATORY GLASS COLUMNS 

Time Average Anisole 
After Degradation 

Start-Up, Rate*, 
Materials Under Study hr. ~ Charge Per Day 

Nickel 24 0.024 

168 0.004 

336 0.009 

528 0.007 

744 0.012 

Monelt 912 0.010 
- --~~-;o....--~- ~ ...... - ···X,-080--•'·'· ·--·-~-- . -C. "0;·006"· 

1,944 0.013 

1,944 0.008=F 

Stainless Steel 168 0.043 

1,032 0.017 

1,032 0.012§ 

Stainless Steel, 
TIQ-Welded 480 0.031 

Stainless Steel, 
As-Received Pall Rings 100 0.08 

Stainless Steel, · 
Depassivated Pall Rings 100 0.36 

* 90 ml. sample distillation except as noted. 

Estimated 
Exposed 

Metal Surface, 
sg_.cm. 

175 

175 
._...;, :=~-~;._~,...:;_ _:;.;>:..._~-·-:_.;_._~.:: 

250 

525 

5,875 

5,875 

t Monel coupons substituted for nickel using same anisole. 

* 717 ml. distillation. 

§ 897 ml. distillation. 

.· 

. "·-:.:::...::;.._:~_:..;:._~ 

~,;. 



TABLE VIII 

ANISOLE DEGRADATION RATES DURING BENCH -SCt.LE TESTS 

Still Bottoms Degradation 
Withdrawal Rate, Rate, 

Decom:12oser W9.ter %/Day of High %/Day of High 
Test Pressure, Temperature, Duration, Co:~ tent, Temperature Temperature 
No. Environment J2Sig. OF. hr. EEm. Anisole :Iold-UJ2 Anisole Hold-UJ2 

l Nickel 40 410 720 95 9 0.45 

2 Stainless Steel 40 410 195 * 6 t 

3 Stainless Steel 40 410 165 105 4 3 

4 Stainless Steel 40 410 126 100 8 (6 to 9*) 

5a Stainless Steel 20 370 450 60 10 l to 2 

5b Stainless Steel 40 410 281 70 3 l to 2§ 

6a Stainless Steel 20 370 732 100 2 - 5 0.4 

6b Stainless Steel 40 410 397 110 5 - 7 4.8 

6~ Stainless Steel 20 370 439 .35 3 - 5 1.2 

* Increased fr·)m 67 to 1,420 ppm. shortly before end of test. 

t Because of t:o.e water inleakage which occurred during this test, n·) attempt was mad.e to determine 
this value. 

* These results are based on only two analyses and therefore must b= considered less certain than 
the rates given for the other tests. For this reason_. the values are bracketed. Analysis of the 
final still pot residue provided the lower value. Other samples ~ere taken but were inadvertently 
discarded in the laborator~r. 

§. At the end of the test, degradation products were being formed in tne decomposer at a rate of about 
10% of the anisole passed through the decomposer. 

... 

1\) 
\.0 
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Laboratory work identified the degradation products in the solvents from 
the various bench-scale tests. The degradation products formed during 
two of the tests are listed in tables IX and X. From these data, the 
mechanisms presented in table·XI were formulated to account for the for
mation of the various compounds. The principal mechanism apparently· 
involves (i) a boron trifluoride-catalyzed Friedel-C.rafts type of alky
lation of the aromatic ring to give o- and p-methyl anisoles and m-cresol, 
and (2) a dealkylation of the anisole and substituted anisoles to form 
phenol and cresols.. These processes involve the cyclic utilization and 
regeneration of methyl fluoride and hydrogen fluoride. It was ·demon
strated that hydrogen fluoride forms an acidic complex with anisole and 
boron trifluoride which probably is the active intermediate for the listed 
reactions as well as a vehicle for recycling hydrogen fluoriqe between 
the exchange column and the decomposer system, thereby tending to propa
gate the degradation process once it is begun. 

Component 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE IX 

ANISOLE DEGRADATION PRODUCTS OBSERVED IN 
..... _ ... ~)i.EtJ1~!i:~§QALE .~~91'~1,·~=~ ... . . -~="· 

Composition 

o-Methyl Anisole (Methyl o-Tolyl 
Ether*) Azeotropet with Phenol 

o-, m-, p-Cresols; Mixed 

p-Methyl Anisole (Methyl p-Tolyl 
Ether*) 

Phenol 

Mixed Cresols and Phenol 

o-Methyl Anisole, Anisole; Mixed 

o-Methyl Anisole, p-Methyl Anisole, 
Phenol; Mixed 

Oils and Solids 

* Alternative names for compounds. 

Ofo of Total 
Degradation 
Products 

24.7 

23.1 

19~9 

15.9 

O.G 

5.6 

1.4 

0.8 

100.0 

t Azeotrope contained about 70 mole percent o-methyl anisole. 

r~ 
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1 

2 

3 

4 

6 

7 

8 

31 

TABLE X 

ANISOLE DEGRADATION PRODUCTS OBSERVED IN 
BENCH-SCALE TEST 3 

o of Total 
Degradation 

Composition Products 

a-Methyl Anisole 24.0 

o-, m-, p-Creools; Mixed* 22.0 

p-Methyl Anisole 21.3 

Phenol 21.2 

p-Met~yl Anisole; Phenol; Mixed 5.4 

Anisole, a-Methyl Anisole; Mixed 3.1 

a-Methyl Anisole, p-Methyl Anisole; Mlxed 2.4 

MiRr.ellaneous Solids 0.6 

100.0 

* The meta substitution appeared to predominate in the mixture. 

In summary, the degradation rate at 20 psig. with stainless steel equip
ment appeared acceptable. Even the rate at 40 psig. did not appear so 
high as to rule out operation at that condition; however, the differences 
in the behavior of nickel and stainless steel in the degradation tests 
did suggest the use of nickel in areas where corrosion would not be a 
significant factor. Thus nickel was chosen as the packing material for 
the high temperature columns in the engineering-scale equipment. 

ENGINEERING-SCALE ~QUIPMENT DESIGN 

Before proceeding with the presentation of the pilot plant test results, 
listed in the next section, brief design summaries giving the results 
of calculations and stating the assumptions made for each of the major 
equipment items are presented. More detailed specifications for the 
various units and flow schemes are included in the appendix. 

Sizing of the equipment for the pilot plant was based on the criterion 
of testing plant-scale packing to the flooding point with exchan@e column 
temperatures between 68 and l04°F. Six-inch diameter pipe was used for 
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TABLE XI 

PROBABLE REACTIONS IN THE DEGRADATION OF ANISOLE 

1. 1/3 BF3 + H20 ____. 1/3 H3B03 + HF 

2. HF +QocH3 ____. 0 OH- + CH3F 

anisole phenol 

CH 3 

0 OCH3 
4. HF + or 

CH3 

0 OCH3 

o-methyl anisole* 

or 

CH 3 QocH3 
p-methyl anisole* 

CH3 

QoH 

o-cresol 
_____. 

+ HF 

CH3 QocH3 
!::. CH3 QoH 

p-cresol 

5. CH 3F + (joH 
BF3 0 OH + HF .. 

!::. 
CH3 

m-cresol 

6. Phenol and Cresols 
!::. 

• Tarry Condensation Products 

+ CH3F 

*Alternative names are methyl-o-tolyl ether and methyl-p-tolyl ether. 
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the exchange column, resulting in a tower-diameter-to-packing-size ratio 
of about 9.6 for 5/8-inch Pall rings. The flooding point for the 6-inch 
column was preliminarily estimated to correspond to a complex flow near 
3 gpm.j however, at the time the design and fabrication of the auxiliaries 
were being performed, data for estimation of the flooding flow, particu
larly complex viscosity data, were lacking. Thus, to provide assurance 
of adequate circulation, auxiliary equipment, such as the recombiner, de
composer, and still, was sized to accommodate complex flows up to 4 gpm. 
This flow rate corresponds to about 3.2 gpm. of anisole and is near that 
required for a production facility with a product rate of 5 kg. of en
riched material per day. In thiG respect, the pilot plant exchange 
column diameter is about that expected for a plant operating at 2.5 kg. 
production per day. 

Exchange Column 

As mentioned above, the exchange colUmn diameter was fixed at 6 inches 
hy the OVE;!rall goals of the engineering-scale study. The height of the 
packed section was chosen to be 13.5 feet, with l.1qu1d redis LrluuLluu 
provided at 4.5-foot intervals. Several factors influenced the selection 
of ~l!e 5/8-inch Pall nngs from the many t.Y}leS of commercial and laboratory
scale tower packing materials. First, the available information concer
ning ·relative mass transfer efficiencies, hold-up and pressure drop char
acteristics, and allowable throughputs, as well as the availability of 
various packings in the required materials of construction, seemed to 
indicate that Pall rings were generally superior to the other types of 
rings and saddles commonly used in large-scale industrial operat1ons. 
Furthermore, although high efficiency, laboratory-scale packing, such as 
protruded packing, did offer the potential advantage over Pall rings of 
having low stage lengths (i.e., near 6 inches), it was felt that this 
advantage was outweighed, especially in a plant of the size envisioned 
for a production facility, by the significantly lower allowable through-
put per unit area, a greater tendency to plug, and, most important, the 
much higher unit cost. In short, it was desired to gain engineering 
data on the type of packing most likely to be selected for use in a 
production plant. 

Two items of major interest in the column design were the expected boron-
10 enrichment of the liquid stream at total reflux and corresponding 
stage lengths for the 6-inch column. Using a separation factor of 1.03 
and assuming, for design purposes, a transfer unit height of 18 inches, 
a value typical of' many gas-liquid systems using 5/8-inch Pall rings, 
the expected isotopic gradient at total reflux was from about 1'('% boron-
10 at the recombiner to about 22% boron-10 at the decomposer, as compared 
with a normal assay near 18.7% boron-10. Mass spectrographic methods 
were available to provide the analytical accuracy and precision required 
to allow evaluation of stage lengths. Of additional interest were the 
maximum flow rates allm.1able, since it was necessary to be able to flood 
the column. Table XII lists some anisole flow rates at which flooding 
could be expected for various operating pressures. These estimates were 
based on the use of 5/8-inch Pall rings and operat1on at the temperatures 
required to maintain a 1:1 mole ratio complex. 



Pressure, 
psi a. 

TABLE XII 

CAlCULATED EXCHANGE COLUMN FLOODING FLOWS 

Flooding Flow, 
gal. /min. (anisole)* 

l. 95 

2.55 

2.82 

*Based on a 1:1 complex at the required equilibrium temperature being 
contacted by a corresponding boron trifluoride flow. 

Since both stage length and column pressure drop are highly dependent on 
tower internals, such as liquid distributors and packing support_plates, _ 

--'-as well:' as -'on-'the type -of-paY:k:frig-i:i'sed~ -a---seri'-es'-o:f--tests· -was-made-prior-~---
to the pilot plant experiments to determine the performance of the com
mercially available internals suggested for use in the 6-inch co-lunin. 
These tests, using air and water, were performed in a 6-inch diameter 
column, 4 feet long and packed with 5/8-inch Pall rings. The results 
showed that the suggested support plates caused excessive pressure drop, 
limiting the throughput to about 65% of the predicted values, while over 
the range of flows 'tested, the distributors tended to supply almost all 
of .the liquid to the center of the bed. For these reasons, the inter-
nals were redesigned, as discussed in detail in the appendix. In 
order to reduce the pressure drop caused by the support plates and there
by allow the expected throughput, a corrugated screen support plate with 
a large area available for gas flow was employed. The addition of notched, 
liquid return tubes to the distributor served to provide for an even dis
tribution of liquid over the packed bed. 

Decomposer 

The decomposer's function is the dissociation of the boron trifluoride
anisole complex and the subsequent regeneration of gaseous boron tri
fluoride and liquid anisole. Additionally, to meet the specifications 
imposed on this process, the dissociati.on must be effected with less 
than 10 ppm., on a weight basis, of boron remaining in the anisole 
effluent. The decomposer was designed as two units, each having a 
column and reboiler, to be operated in series and at two temperature 
levels. This arrangement allowed approximately 80% of the design heat 
requirement to be supplied by 100 psig. steam, with the remaining load 
borne by electrical heating. Also, this method reduced the hold-up of 
anisole at the higher temperature required for complete complex disso
ciation, thereby probably minimizing degradation. 
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Anisole with less than 3 weight percent boron trifluoride can be obtained 
with temperatures near 260°F. in the low temperature section of the de
composer. Because of the ease of separation, a majority of the dissocia
tion was predicted to occur in the reboiler, with probably less than 7% 
of the complex breaking up in the column. The heat load for the low tem
perature decomposition step varies somewhat with operating pressure, but 
is near 400,000 Btu./hr. at the 4 gpm. complex flow rate that served as 
the design basis. With direct steam heating, the calculated required 
heat transfer surface was about 40 square feet, based on an overall heat 
transfer coefficient of 145 Btu./hr.-sq.ft.-°F. derived by conventional 
means. Excess area was provided because of uncertainties in the fouling 
tendencies of the process streams and lack of data concerning boiling 
coefficients. The excess area also allowed reduction of the boron tri
fluoride content of the liquor fed to the high temperature decomposer 
from the assumed design value of 3 weight percent, thus easing the load 
on that unit. 

The low temperature decomposer stripping column diameter was set aL 12 
inches to allow operation below a nominal 65% of flooding. About five 
feet of l-inch Pall ring packing was used to give an adequate number of 
mass transfer units for the range of operating conditions considered. 
Liquid hold-up in the low temperature section of the decomposer was esti
mated at 500 pounds. Of this hold~up, 478 pounds is retained in the re
boiler. The boron trifluoride ·hold-up was estimated to be less than 15 
pounds, 

In the high temperature section, the liquid is heated to approximately 
375°F. and boiled, at which point less than 10 ppm. of boron remains in 
the liquid. A maximum heating load of 90,000 Btu./hr., supplied elec
trically, was expected for the high temperature decomposer. Based on a 
heat flux of 21 watts per square inch, 8.7 square feet of surface was 
required. The actual surface area provided for heat transfer was ll 
square feet. A 6-inch diameter high temperature decomposer stripper, 
packed to a height of 3 feet with 5/8-inch Pall ring packing, also was 
employed. Liquid hold-up in the high temperature section was estimated 
to be approximately 100 pounds, with 95 pounds in the reboiler section. 
The boron trifluoride hold-up in this section is negligible. 

Before the boron trifluoride is returned to the exchange column, it is 
cooled to the exchange column operating temperature in a boron trifluor
ide cooler located at the top of the low temperature decomposer column. 
Also, a small amount of complex pro·bably is refluxed at this point. The 
cooler design consisted of two coils of finned tubing having about 25 
e:quare feet. of fin Rl.rrfArP. A.rP.A.. R~frigerated anisole "\'laS chosen as the 
coolant for the gas, which enters the unit at temperatures near l00°F. 

Recombiner 

The boron trifluoride-anisole complex used in the isotopic exchange column 
is formed in the recombiner. The complex formers, which flow counter
currently inside the tubes of the two shell and tube heat exchangers which 
serve as the basic parts of the recombiner, are the isotopically depleted 



boron trifluoride stream from the top of the exchange column and the 
·anisole stream from the purification still product tank. 

The major design consideration for this unit was the removal of the heat 
·of formation of the complex. Formation of the entire complex at 68°F. 

gives rise to; a refrigeration load' approaching 30 tons, while recombina
tion at higher temperatures geherates the problem of formation of com
plexes with boron trifluoride-to-anisole mole ratios lower than desired 

· as long as reasonable pressures are maintained. Thus, the use of two 
'temperature levels· in the recombiner represented a balance among the 
requirements of refrigeration and complex composition as well as the 
necessary heat transfer area for the various cases. 

Operating at an average temperature near ll0°F., the first heat exchanger 
was designed to provide for about 80% of the complex formation. At a 
complex production rate of 4 gpm., the estimated cooling load for this 
section was 250,000 Btu./hr. This section of the recombiner can be 
cooled w-ith approximately 35 gpm. of anisole coolant entering at room 
temperature. The second heat exchanger, which operates near the exchange 

: column,·temperatu-rey-i:s~--the~si-te--for-·-the- cooJ:ing"of·-the ·comp:lex;·as··well' 
as -·for the rest of the complex formation. The coolant chosen for this 
section, approximately 23 gpm. of refrigerated anisole, removes 106,000 
Btu./hr. Anisole was selected as-the primary coolant instead of water 
in order to eliminate the possibility of a water inleakage into the sys
tem, which would greatly increase solvent degradation and corrosion. 
Based on an estimated overall heat transfer coefficient of 70 Btu./hr.
sq. ft.- °F., the required heat transfer areas for the 110 and 68°F. sec
tions were 238 square feet and 71 square feet, respectively. Slight 
excesses in these areas were provided to allow greater operatlonal flexi
bility. 

The estimated numbers of transfer units required for mass transfer w·ere 
2.9 for the ll0°F. section and 1.8 for the 68°F. section. To provide 
for more intimate contacting between phases, 5/8-inch Pall rings were 
placed inside the tubes of the two exchangers. The HTU expected for 
both sections was about 1. 5 feet, an intermediate value between the HTU 's 
calculated for wetted-wall operation and those estimated for a completely 
packed, packed-bed absorption operation accompanied by a chemical reaction. 
The equipment design was, however, controlled by the heat transfer require
ments, and the lengths of the 110 and 68°F. sections allowed 3. 4 feet 
and 2.2 feet per transfer unit. A back-up complexing section for final 
stripping of boron trifluoride from the vent gas, consisting of a cooled 
coil of finned tubing, was designed for installation above the ll0°F. 
section. 

Anisole Still 

Purification of the process anisole mainly is required to remove high 
boiling degradation products, such as phenol, cresol, and the methyl
substituted anisoles. Condensable materials more volatile than anisole 
would tend to accumulate in the system between the decomposer and recom
biner and therefore would not be expected to reach the still. 



37 

Because the heat load for the still is rather high for the use of elec
tricity, steam was selected to provide the reboil heat. Since the maxi
mum available temperature differential with the 100 psig. plant steam 
was not considered adequate for reboiler operation with impure anisole, 
vacuum distillation was indicated. Furthermore, vacuum distillation 
seemed advantageous because the low temperatures involved reduced the 
~ossibility of further solvent degradation in the purification still. 
The nominal operating pressure of the still was chosen to be 300 mm. of 
mercury. 

At a total boilup rate of about 6 gpm., the estimated heat loads for 
the reboiler and condenser were about 370,000 Btu./hr., neglecting the 
quantity of reboiler feed which flashes because of the operating pres
sure difference between the decomposer and the still. Using a heat 
transfer coefficient of 100 Btu./hr.-sq.ft.-°F., the calculated reboiler 
area was 74 sq.ft. The 84 square feet of area actually provided allowed 
use of the same design used for the low temperature decomposer reboiler. 
The heat tl·ansfer coefficient and the required area estimated for the 
anisole-cooled condenser were 70 Btu./hr.-sq.ft.-°F. and 28 square feet, 
respectively. The still column, 16 inches in diameter, was packed to a 
height of 7 feet with 1-tnr.h Pall rings. Liquid hold-up for the still 
system was estimated to be 550 pounds with 478 pounds in the reboiler. 
Hold-up in the condenser was assumed negligible. 

Miscellaneour:; 

Other process equipment provided for the engineering-scale test unit in
cluded a double-pipe heat exchanger, located between the still and the 
still product tank, designed to remove approximately 200,000 Btu./hr. 
while cooling the anisole product to about l00°F. Additional still prod
uct cooling was provided for by external coils on the product tank. Also, 
three I+ gpm. diaphragm metering pumps were selected to feed the recom
biner, the exchange column, and the decomposer. 

Finally, coolant supply recirculation systems furnishing approximately 
100 gpm. of anisole at room temperature and 40 gpm. of anisole at 
30°F. were required. In the first system, water was chosen to cool the 
recycled anisole, while in the second loop a 12-ton refrigeration unit 
was incorporated to reach the required 30°F. 

PILOT PLANT OPERATING SCHEMES AND TEST RESULTS 

Following p:relj_minary drying and shakedown runs, nineteen isotope sepa
ration tests and one flooding test were made in the pilot plant equip
ment. In the separation tests, pressures of about 20, 26, and 35 psia.; 
anisole flow rates of 1.17, 1.75, and 2.0 gpm.; and temperatures from 
63 to l05°F. were employed, while the flooding test was carried out at 
28 psia. and 96°F. The time required for each test was on the order of 
one day, and during the tests, samples were taken not only to determine 
the degree of isotope separation but also to assess the performances 



of the decomposer, the recombiner, and the still as well as the extent 
of solvent degradation. 

OPERATING SCHEMES 

Initial Start-Up 

During installation of the process equipment, all of the columns were 
wet-packed using water. Although the water was drained from the system 
after the tower packing operations were completed, sufficient moisture 
remained to require that the first pilot plant operation be the drying 
of the surfaces of the units. For this reason, before any tests with 
anisole and boron trifluoride were begun, each equipment item and all 
lines were purged with dry nitrogen .until the exit dew point of the gas 
was below minus 50°F. Next, the performances of the still and the various 
instruments were checked, and some further drying was accomplished, by 
completing a shakedown procedure generally consisting of the following 
steps or operations: 

1. The coolant loops were filled with anisole and tested. 

2. The still reboiler and still product tank were filled with dry ani
sole (water content less than 50 ppm.). 

3. The still system was evacuated until the pressure was 300 mm. of 
mercury. Also, the remaining units were pressurized to about 10 
psig. with nitrogen. 

4. The still was operated at total reflux while pressure drops, allow
able boilup rates, and the.required steam pressures were established. 

5. Still product take-off was begun and, simultaneously, the recombiner 
feed pump was started. 

6. When enough anisole had been circulated to the recombiner to fill its 
.reservoir .partially, the exchange column feed pump was started. Then, 
similarly, when the exchange column reservoir began to fill, the de
composer feed pump was started. 

7. The decomposer reboilers were allowed to fill to their normal opera
ting levels and then were heated. The subsequent opening of a valve 
between the high temperature decomposer reboiler and the still re
boiler completed the loop . 

. 8. Anisole was circulated through the entire system while the following 
checks were made: 

a. All instruments were tested. For example, temperature indica
.tors were checked with a potentiometer, and temporary level up
sets were imposed in order to determine the responses of the 
level controllers. 
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b. Each sample point was tested to see if samples could be with
drawn easily. 

c. Vent lines, the scrubber, and the pressure relief systems were 
checked. 

d. Periodic samples were analyzed for water buildup. When the 
anisole contained more than 500 ppm. water, the system was 
shut ~own and drained, and the anisole was dried and then re
turned to the system for additional circulation. This cycle 
was repeated until all instruments were working as designed 
and the last traces of moisture were removed, as indicated 
by anisole sample water contents below 50 ppm. 

Routine Start-Up 

After the preliminary operations had been completed, the isotope separa
tion experiments were begun using start-up techniques very similar to 
the procedure outlined above. However, for each test, boron trifluoride 
at the desired operating pressure was used rather than nitrogen to pres
surize the system, temperatures were fixed at the predetermined values 
by adjusting the heating and cooling rates, and the system recycle flow 
rate was established by selecting the appropriate setting on the recom
biner feed pump control. 

Sampling 

During the tests, periodic sampling was required to monitor the perfor
mances of the various units. The specific reasons and generalized pro
cedures for obtaining these samples are listed below: 

l. Exchane.;e Column SAmples 

During each test, concurrent gas samples were withdrawn at about 
4-hour intervals from both the top and bottom of the exchange column; 
these samples were analyzed for the ratio of boron-10 to boron-11. 
Sampling was accomplished by twice filling the small sample cylin
ders with boron trifluoride and evacuating using a salt-soda lime 
trap for gas disposal. After the two rinses, the tubes were filled 
a third time to provide the sample. Sampling was continued until 
it was clear from the deviations of the results that both steady
state and isotopic equilibrium conditions had been attained. The 
averagesof the ratios were then used with equation (4) to determine 
the stage height for the given experiment. 

2. Decomposer Samples 

The most important decomposer samples were taken from the high tem
perature decomposer liquid effluent. These samples were analyzed 
for boron, to indicate the amount of enriched product being lost to 
the still and, additional~y, were intermittently checked for iron, 
nickel, and chromj.um concentrations, in order to aid in revealing 
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qualitative evidence of any major corrosive attack. Also, a few 
samples of the liquid flowing from the low temperature reboiler 
into the high temperature stripping column were analyzed for boron. 
These .results allowed a determination of the effectiveness of the 
low temperature decomposer section in dissociating the complex. 

3. Recombiner Samples 

Analyses of samples of the recombiner vent stream were used not 
only to reveal the amount of boron trifluoride-being lost through 
this unit, but also to provide semiquantitative estimates of the 
severity of anisole degradation, since the gaseous degradation 
product, methyl fluoride, tended to accumulate in the recombiner. 
Additionally, although the density of the recombiner exit liquid 
stream was continuously measured and recorded by ~ gamma ray attenua
tion device, independent density determinations were made for peri
odic liquid samples taken from this stream in order to verify the 
performance of the instrument, since the density was used to estab
lish the mole ratio or boron trifluoride to anisole in the complex. 
In qr_d,~r_-~to, ensur;e.:corepresentative oCOmplex~samples ,. the-"samples.c were' -
obtained from a continuous flow-through sample loop connected across 
the high and low pressure sides of' the exchange column feed pump. 
Finally, as a matter of interest, the individual performance of each 
of the two recombiner units was assessed by intermittent density 
analyses of liquid complex flowing between the 110 and 68°F. sections. 

4. Purification Still Samples 

The concentrations of degradation products and of iron, nickel, and 
chromium in samples of the still feed, waste, and product streams 
were used to calculate the anisole degradation rate, to help indi
cate-any major corrosive attack, and to evaluate the efficiency of 
the still. Also, the still product stream's water content was de
termined frequently to verify the existence of anhydrous conditions 
in-the system. 

Routine and Final Shutdown 

Weekend and other temporary shutdowns were effected by turning off the 
main process pumps, reducing the heat input to the decomposer, and, in 
most instances, shutting down the still. Final shutdown procedures were 
equally straightforward, but were oriented toward removing all boron 
trifluoride from the system. This was accomplished by: 

l. Valving the exit gas lines from the decomposer and the exchange 
column to the scrubber system, and subsequently reducing the system 
pressure to atmospheric. 

2. Stopping the recombiner feed pump. 

3. Transferring all remaining complex from the recombiner and exchange 
column to the decomposer for dissociation. 
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Using this procedure, all boron trifluoride was forced to the scrubber, 
and all anisole was routed from the decomposer through the still and, 
finally, to the still product tank. The still reboiler was drained and 
the system was then purged to remove the remaining anisole vapor. 

EXCHANGE COLUMN PERFORMANCE 

Isotope Separation and Stage Heights 

The conditions for and results of the separation tests arc listed in 
table XIII. As can be seen, the stage heights were observed to decrease 
markedly with increasing temperature and slightly with decreasing flow 
rate and decreasing pressure. For example, at an anisole flow rate of 
2.0 gpm., the largest stage height found was 40.1 inches at a pressure 
and temperature of 35.9 psia. and 74.6°F.; the smallest HTU at this flow 
was 23.3 inches at 20.1 psj_a. and 103.7°F. The data from all tests are 
reprooonted Vf?.ry closely j_:n the :r911ge studied by either of the following 
equations: 

H'l'U ..... ( 5) 

HTU .... ( 6)* 

where HTU stage height, inches, 

p system pressure, psia., 

Gl "' boron trifluoride flow rate, lb./hr. -sq. ft., 

Ll complex flow rate, lb./hr. -sq. ft., 

ex = single-stage separation factor, 

IJ.L = complex viscosity, l b . / ft . -hr. , and 

PL complex density, lb./cu.ft. 

The groupings of variables used in equati9ns ( 5) and ( 6) were suggested 
by the Murch equation, described by Perry\l9J. The addition of the 
pressure term was felt necessary to extend the correlation to non
atmospheric operation. A comparison of actual HTU 1 s and HTU 1 s calcu
lated using equation (5) is shown in figure l. 

* It is interesting to note that experimental data concerning Pall rings 
presented in U. S. Stoneware Company data sheet GR-242 show the mass 
transfer coefficient to vary with the 0.19 power of liquid rate in the 
range of interest. 



TABLE XIII 

EXCHANGE COLUMN OPERATING CONDITIONS AND RESULTS ,.• 

Anisole Stage Complex· Complex Pressure Drop, Mole Ratio, 
Temperature, Pressure, :Flow, Isotope Separation Height,,, BF

3
/Anisole* Viscosity, in. of Water 

Run •F. ]2Sia. ID2m· Ratio* Factort in. CJ2. ft. of ]2aCkin!:1; 

1 62.8 25.0 1.17 1.1270 1.0320 42.7 I! 1.0 5.9 0.30 

2 87.1 25.5 1.75 1.1600 1.0285 30.6 0.95 3-7 0.59 

3 86.8 33.4 l. 75 1.1500 1. 0292 33·3 r 1.0 4.0 0.57 
4 92.4 25.5 1. 75 1.1742 1. 0284 28.2 0.92 3-3 0.59 

5 98.0 25.8 1. 75. 1.1870 1.0276 25.7 0.90 3.0 0.62 

6 104.8 25.1 1. 75 1.1979 1.0267 23.6 0.85 2.6 0.52 

7 101.2 25.2 1.17 1.2050 1.0272 23.3 0.90 2.9 0.29 

8 104.2 26.6 1.17. 1.2110 1.0268 22.4 0.87 2.7 0.27 

9 ~.9 26.4 1.17 1.1707 1.0294 29.8 . 0.98 4.0 0.29 
10 74.6 35-9 2.0 1.1310 1.0309 40.1 1.0 4.8 0.72 

.11 tl3.4 35.4 2.0 Li415 1.0296 35.8 1.0 4.2 0.90 

12 tl9.5 34.9 2.0 1.1540 1.0288 32.1 0.99 3-7 0.92 

13 104.2 35.2 2.0 1.1752 1.0268 26.5 0.92 2;8 0.83 
14 77.3 26.4 2.0 1.1394 1.0305 37.3 1.0 4.6 0.93 

15 94.0 26.2 2.0 1.1.528 1.0282 29.8 0.90 3.2 0.84 

16 104.8 26.5 2.o 1.1:750 1.0267 26.5 0.86 2.6 0.82 

17 75.8 20.1 2.0 1.1521 1.0307 34.6 o:98 4.6 1.34 
18 94.7 20.1 2.0 1.1868 1.0281 26.2 0.88 3.1 1.11 

19 103.7 20.1 2.0 1.2024 1.0268 23.3 (' 0.84 2.6 1.01 
. i: 

* (B10jB11 in Product)/(B10jB11 in T~ils). 

t Predicted from equation (3). 

* Average of mole ratios predicted by on-line density meter, laboratory analyses~ and pressure and temperature conditions when 
these data were available. 1· 
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Exchange Column Pressure Drops 

In the exchange column flooding test, flooding was found to occur at an 
anisole flow rate of about 2.7 gpm., a value which agrees well with the 
flooding rate predicted for the specific test conditions using the gen
eralized ~ressure drop correlation presented by the U. S. Stoneware 
Company~4J •. This correlation consists of a family of curves, with pres
sure drop as the parameter, based on two groupings of variables: 

X .••.• ( 7) 

and 

where 

L, G liquid and gas flow rates, lb.jsec.-sq.ft., 

PL' pg = liquid and gas densities, lb./cu. ft., 

F packing factor = 71 for 5/8-inch Pall rings, 

1-l liquid viscosity, cp.' 

"' 
= water density/liquid density, and 

gravitational constant= 32.2 (lb.mass/lb.force)(ft./sq.sec.). 

Although this correlation seemed valid for estimation of the flooding 
rate, agreement between the actual pressure drops and values predicted 
by this correlation was poor for many of ,the separation tests, as can 
be seen in figure 2. Efforts to modify the correlation by the inclu
sion of a surface tension term in equation ( 7) and by changes in the 
packing factor used in equation (8) were largely unsatisfactory. 

Better r~sults, shown in figure 3, were obtained when a modified ver
sion of the Kozeny-Carman relation presented by Morton and associates(l5) 
was used to correlate the pressure drop data: 

f •• 0 0 • ( 9) 
·,, 
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where 

f friction factor (6.PgE3 ) /( Zpu2S), 

Re = Reynolds number = (pu)/(f.lgS), 

6.P = pressure drop, lb~ force/sq.ft., 

g =gravitational constant= 32.2(lb.mass/lb.force)(ft./sq.sec.), 

E = porosity, cu.ft./cu.ft. = void fraction of dry packing minus 
liquid hold-up, 

Z = bed length, feet, 

p =effective gas density, lb./cu.ft., 

u "' oUJ:Jt=rr.i.c.i.~l g~.s velocity, ft./occ.; 

S surface area of packing, sq.ft./cu.ft., 

flg gas viscosity, lb./ft.-sec., and 

A,B constants related to the type of packing u::;eu. 

This approach includes modification of the gas density in the loading 
region by introducing an "effective" gas density to account for liquid 
entrainment. The values suggested by Morton for the constants, A and 
B, resulted in pressure drop preuietions that were about twice the 
actual values. For this reason, two least-squares analyses were carried 
out to determine the values of these constants which would be predicted 
by the actual data. In the first case, least-squares values for both 
A and B were solved for and founcl to be minus 8.40 and plus 0.547, re
spectively. The second case involved setting the coefficient of the 
laminar term, the constant A, to 16 and subsequently finding the least
squares value for B. In this instance, -B was found to be 0.461 and, 
furthermore, it was found that the variance was extremely close to that 
encountered in the first case, thus illustrating the significance of the 
turbulent term. In both cases, the hold-up was estimated using the 
method of Jesser and Elgin(ll). 

The uncertainties and rather tedious procedures involved in estimating 
hold-ups and effective gas densities led to a simpler empirical corre
lation, involving only flow rates and densities, similar to the one used 
by Treybal(7). The equation arrived at was: 

( 19. 86L) I PL 
= A (10) . 

0.6436 
) - B .•••. ( 10) 
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where 

& pressure drop, in. H20jft., 

L,G := liquid and gas flow rates, lb./sec. -sq. ft., and 

PL' pg liquid and gas densities, lb./cu.ft. 

2 For values of G /P less than 1, A and B were found to be 0.1543 and 0, 
respectively. Forgather cases, values determined for A and B were 0.225 
and 0.367. 

The overall agreement between actual and predicted pressure drops is 
slightly better with equation (10) than with equation (9), but although 
equation (10) does fit the data well in the range of conditions studied 
in the pilot plant tests, as shown in figure 4, it is strictly an em
pirical equation. For this reason, equation (9) would probably be pre
ferred for estimation of pressure drops under conditions which do not 
fa:J,.l j_Q, .. th~ 20 ~t_O_c, 35. psia., 63~tO clO_)~K-,o;.caDd"-h-17-.:•--tO -2, QLgpill'.- of- an-i..;.·'
sole ranges, but extrapolation in either case should be exercised with 
caution. 

DECOMPOSER PERFORMANCE 

The operating conditions for the decomposer are shown in table XIV. Tem
peratures of the low temperature and high temperature reboilers were near 
295 and 350°F., respectively, and the heat loads, varying somewhat with 
pressures and flows, were between about 190,000 and 330,000 Btu./hr. for 
the low temperature unit and between about 14 and 20 kw. for the high 
temperature reboiler. The heat load for the boron trifluoride cooler 
was small, ranging from 800 to 4,700 Btu./hr. The estimated overall 
heat transfer coefficient for the low temperature reboiler decreased 
from 600 to 250 Btu./hr.-sq.ft.-°F. after the first few runs, while the 
average estimated coefficient for the boron trifluoride gas cooler was 
near 2 Btu./hr.-sq.ft.-°F. Pressure drops through the low temperature 
stripper were near 0.35 inch of water per foot for most of the tests; 
although the average pressure drop across the high temperature column 
was higher, i.e., 0.72 inch of water per foot; both of the columns 
appeared to operate smoothly and below the flooding point. 

Samples indicated that the boron trifluoride content of the low tempera
ture decomposer liquid effluent was less than 0.1 weight percent, a 
value well below the design limit of 3%. Also, for most of the runs, 
boron lost through the high temperature decomposer to the still as a 
trimer of boron oxyfluoride, (BOF)~, was also within the design limits 
of the pilot plant as far as separ~tion data collection at essentially 
total reflux was concerned. In these runs, the boron content of the 
still feed stream was below 10 ppm., corresponding to decomposer reflux 
ratios of 104 and estimated production facility product losses, based 
on a 300 to 1 ratio.of reflux to product, of about 1 to 2%. However, 
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TABLE XIV 

DECOMPOSER OPERATING CONDITIONS AND PERFORMANCE 

- Column Pressure Drop, Amount of Estimated 
Heat Transfer 

inches of water Heat Loads Boron in Coefficients, 
foot of :12ackins Te~eraturez °F. Low High 

BF3 
Decomposer Estimated 

Btu.Lhr.-sg.ft.-°F. Low High Low High Temperature Temperature Effluent Decomposer Product 
Temperature Temperature Temperature Te:nperature ~eboiler, Reboiler, Cooler, Liquid, Reflux Loss*, BF3 U-Tube 

Run Stri~r StriJ2J2er Reboiler Reboiler Btu.Lhr. kw. Btu.Lhr. ~- Ratio ~ Cooler Reboiler 

1 0.30 0.7) 293.0 345.6 193,000 19.9 2,000 3-5 2.9 X 10 4 1.0 1.8 511 
2 0.32 0.67 299.6 345.0 283,000 18.7 2,100 3.0 3-3 X 10

4 0.9 1.7 

3 0.3) 0.74 299.0 )68.0 288,000 20.4 2,400 2.0 5.0 X 10 4 0.6 2.1 575 
4 0.3) 0.74 300.0 345.0 286,000 19.1 1,000 4.0 2.5 X 104 1.2 1.1 654 

5 0.3) 0.74 300.0 346.0 284,000 19.4 1,600 1.3 681 
6 0.31 0.74 299-9 345.4 280,000 19.2 1,500 4.0 2.5 X 104 1.2 1.2 600 

Vl 

7 0.28 0.74 302.0 347.0 191,000 18.6 l:lOO 0.6 661 0 

8 0.26 0.75 295.2 347.8 188,000 19.2 1,000 6.0 l. 7 X 10 4 1.8 0.7 219 

9 0.28 0.70 295-2 349.3 193,000 18.6 1,600 6.0 l. 7 X 10 4 1.8 1.4 225 
10 0.35 0.75 291.0 373-0 328,000 21.1 2,700 2.4 289 
11 0.39 0.69 287.0 375-0 325!000 16.2 1,700 221 
12 0.)6 0.73 287.4 374.0 324,000 17.4 1,600 43 2.3 X 103 12.9 5.4 221 

13 0.)6 0.43 291.4 374.3 318,000 17.4 4,700 5.1 271 
14 0.)6 0.56 290.1 350.0 327,000 14.6 2,300 46 2.2 X 103 13.8 5.4 256 
15 0.34 0.55 286.9 349.9 315,000 14.5 1,300 2.2 203 
16 0.32 0.50 290.6 352.1 314,000 14.8 900 1.2 252 
17 0.46 1.20 301.8 3)2.5 333,000 19.9 2,200 4.3 267 
18 0.44 0.88 299.0 3)4.0 321,000 17-2 1,400 8 1.2 X 104 2.4 2.0 290 
19 0.45 0.93 299.2 3)1.8 317,000 17-5 Boo 8 1.2 X 104 2.4 0.9 294 

* Estimated value based on a production facility operating at a reflux ratio of 300 to 1. 



51 

during runs 12 and 14, the boron content of the still feed increased to 
about 45 ppm., reducing the decomposer reflux ratio to 103 and increasing 
the estimated product loss to about 13%. It is not known if this in
creased boron loss was due to increased anisole degradation or to some 
undetected operating fluctuation of the high temperature unit, but in 
subsequent tests, the boron losses did return to below 10 ppm. 

RECOMBINER PERFORMANCE 

Since the recombincr operating conditions varied con~iderably with the 
exchange column requirements for the various tests, and since tempera
ture profiles of the two recombiner units were not obtained, a quanti
tative assessment of the heat transfer performance of the recombiner 
was not possible; however, the fact that the units appeared to operate 
both smoothly to produce complex with the desired composition and effi
ciently with negligible boron losses implies that the design procedure 
and chosen 1H:n·atuet.er3 diecuscad prev:i .. ousl.y were t;;~,t least adequately 
correct. Samples indicated that about 80% of the complex was produced 
in the higher temperature unit, with the remaining complex formation and 
any necessary cooltng taking place in the smaller, low temperature unit. 
Boron losses through venting from the recombiner were extremely low 
throughout all the tests and, in many instances, the boron trifluoride 
content of the vent stream 'Was below the limit of detection (less than 
0.1%). 'rhe losses corresponded to reflux ra.t:i.os at the recombiner end 
of the pilot plant of 106 or greater. 

PURIFICATION STILL PERFOTIMANCE 

The purification still operating conditions are summarized in table XV. 
At a pre~~ure of about 6 psia., st:i.ll reboiler temperatures varied from 
about 260 to 290°F., depending upon the concentration of degradation 
products in the reboiler. Temperatures just below the condenser ·were 
near 260°F. for all runs. Heat loads for the condenser varied from 
238,000 Btu./hr. to 430,000 Btu./hr. On the other hand, heat loads for 
the reboiler were less, appearing to be between 180,000 and 389,000 
Btu./hr., because from 15 to 40% of the hot feed flashed as it went 
from the pressurized decomposer to the vacuum-operated still. The 
average estimated beat transfer coefficient for the reboiler was near 
120 Btu. /hr. -sq. ft. -°F. The ratio of liquid boiled up to that removed 
as product was between 1.6 and 3.6, depending on the system circulation 
rate. The anisole concentration in the still feed was from 84 to 93 
weight percent with the methylated anisoles constituting the major im
purity; Lhe anisole content of the still product was generally above 
97%. The anisole concentration in the product stream did decrease to 
about 85% in the last few tests because of a large concentration of re
boiler impurities, especially the methylated anisoles which have boiling 
points near that of anisole. This situation could be remedied easily 
in a production plant by adding more stages to the still column and was 
not felt to hurt the pilot plant separatton data since these compounds 



TABLE XV 

PURIFICATION STILL OPERATING CONDITIONS AND PERFORMANCE 

Estimated Reboiler Estimated 
TemEerature 1 ~F. Heat Transfer Boil up Product 

Pressure, Top of Heat Loadsz Btu.Lhr. ; Coefficient, . Rate, Rate, 
Run :as;i.a. Reboiler Column Condenser Reb oiler " I o lb./hr. lb.Lhr· Btu. hr.-sq.ft.- F. 

1 6.00 258.4 258~4 312,000 284,000 118 2,050 575 
2 6.00 260.6 258.9 430,000 389,000 162 2,830 860 

3 6.00. 263.0 262.0 272,000 221,000 i 93 1,790 860 l 

4 5.85 264.0 250.8 342,000 303,000 142 2,250 860 

5 6.00 263.0 259.5 345,000 305,000 143 2,270 860 
6 5.91 261.2 2)8,0 240,000 200,000 116 1,580 860 

7 5.90 261.3 260.0 251,000 223,000 103 1,650 575 \.Jl 

8 5.80 262.2 248.2 227,000 199,000 105 1,490 
1\) 

575 
9 5.70 262.4 249.8 253,000 225,000 121 1,660 575 

10 5.,82 272.2 255.2 271,000 216,000 112 1,780 980 
11 6.00 269.5 . 258.5 254,000 196,000 94 1,670 980 
12 6.00 269.6 2;9.6 238,000 180,000 ~· 89 1,560 980 
13 6.08 272.3 259.1 260,000 204,000 . 105 . 1,710 980 
14 5.89 274.1 255.2 351,000 310,000 . 166 2,310 980 
15 5.93 274.9 257.1 364,000 323,000 166 2,390 980 
16 5.82 280.1 259.3 273,000 234,000 112 1,800 980 
17 6.00 290.0 261.0 276,000 253,000 106 1,820 980 
18 6.00 288.0 260.0 293,000 268,000 108 1,930 980 
19 5.90 288.1 260.0 334,000 311,000 120 2,200 980 
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form complexes with boron trifluoride having separation factors similar 
to those for anisole. 

During the tests, still bottoms were withdrawn at rates varying between 
1 and 7% of the high temperature anisole hold-up per day and at anisole 
compositions ranging from 30 to 50%. Finally, although the pressure 
.drops for the packed still column section alone were not available, the 
column appeared to operate below the flooding point. 

ANISOLE DEGRADATION 

Chromatographic analyses of still reboiler samples provided the primary 
source of information concerning anisole degradation. The degradation 
products observed were essentially the same as those listed in tables 
IX and X, but small amounts of one additional compound, m-methyl anisole, 
were also found. Based on these analyses, the anisole degradation rate 
appeared to be about 3· 7% of the high temperat1,1,re ?.nisole bol <'l-11p per 
day during the first 9 runs and about 7% per day during the remaining 
tests. Although this increase apparently was caused by operating at 
about 36 psia. during runs 10, 11, 12, and 13, it was coincident with 
an inadvertent release of boron trifluoride from the decomposer to the 
still during a start-up. This release may have temporarily changed the 
reactivity of the metal surface in the still, thereby providing an addi
tional site for degradation. Other possible factors are mentioned later. 
Both the increase in degradation rate with increasing pressure and the 
failure of the degradation rate to return to the value observed at lower 
pressures were noticed in the bench-scale tests mentioned previously. 
It is interesting to note that degradation rates based on boron losses 
to the still and rates based on the quantity of methyl fluoride found 
in the recombiner vent were on the order of 1% or less of the high tem
perature anisole hold-up per day during the first 9 runs and from 2 to 
4% per day during runs 10 through 19; however, the methods used in these 
U.eterminations are felt to be less accurate than the method based on 
actual still reboiler sample analyses. These numbers do have a signi
ficance, though, in that they allow at least a qualitative verification 
of th5!')\'iifferent degradation mechanisms, as discus::;eu by Barber and 
Madix\<-). 

The question of anisole degradation at room temperatures and at tempera
Lures near the exchange column operating temperatures-remained essen
tially unanswered by these studies because it was impossible to distin
guish between degradation in the auxiliary units and degradation in the 
column. ·However, analysis of one boron trifluoride-anisole complex 
sample allowed tu ::;La.uU. aL room temperature in a nickel sample tube for 
133 days did indicate an anisole degradation rate near 0.5% per day 
under these conditions. On this basis and in the absence of further 
information, it was felt that reasonable degradation rates for a produc
tion facility could be estimated by applying the 0.5% per day rate to 
cohunn inventory and summing with the results of using the ). 7 to 7. O% 
per day value for still and decomposer inventories. 
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CORROSION 

Since the pilot plant units were not inspected metallurgically follow
ing the·tests, no actual corrosion rates and mechanisms are available. 
A limited visual examination did not reveal any serious attack. Also, 
although the metallo-organic compounds resulting from corrosive attack 
generally are rather insoluble, samples of the stripped anisole stream 
exiting from the decomposer were periodically analyzed for iron, nickel, 
and chromium concentrations in order to provide an indication of major 
corrosive attack. In all cases, including the runs during which degra
dation seemed most severe, the concentrations of these elements. were 
found to be below the lower limit of detection (less than 0. 5 ppm.). 

·Thus, it appeared that no serious corrosion was occurring. Based on 
analyses of still bottoms, essentially all of the metallic impurities 
fed to the still remained in the reboiler. This was expected because 
of bench-scale test results. 

MISCELLANEOUS RESULTS 

With only a-few minor ex~ept"ions during-the initial shake(fown't-es-fs,·ail 
auxiliary equipment, such as metering pumps and instruments, functioned 
well. Molecular Sieve traps effectively reduced the water content of 
all anisole charged to the pilot plant system to below 50 ppm., and the 
system water content remained near this value during all tests. 

Finally, the isotopic equilibrium time was less than 5 hours and may 
have be.en less than· 2 hours. The rapidity with vlhich isotopic equilib
rium was reached reflected the relatively small product hold-up in· the 
decomposer and exchange column as compared with the hold-up which would 
be present in a production facility with many columns. 

CONCLUSION 

The pilot plant goals previously outlined were attained with the collec
tion of engineering-scale data concerning stage heights, exchange coltimn 
flooding and pressure drop characteristics, solvent degradation, complex 
dissociation and recombination, anisole drying and purification, and the 
performance of selected materials of construction. 

Stage height~ wlth 5/B~inch Pall rings were found to be larger than 
originally assumed, but not so high as to rule out the use of this pack
ing in a production facility. In fact, although a detailed economic 
analysis was not made, it appears that the cost per stage still would 
be lower for Pall rings than for high efficiency protruded packing, at 
the higher flows, primarily because of the higher cost and the smaller 
allowable flows characteristic of the. latter. Additionally, at least 
some compensation for the increased stage heights is offered by the 
c.olumn pressure drop results. Although the maximum allowable or flood
ing flow rate was essentially the same as had been estimated originally, 
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the pressure drops below the flooding point were significantly lower 
than initially anticipated. This means that stable operation of a pro
duction facility now appears to be possible at a higher percentage of 
flooding than was previously expected, thereby either increasing the 
maximum practical operating throughput for a given column diameter or 
reducing the column diameter required for a specified flow rate. In 
short, the combined experimental HTU and pressure drop results served 
both to lengthen and to narrow the previously envisioned production 
plant. 

The anisole degradation rates both before and after the high pressure 
separation tests were greater than the rates suggested by earlier bench
scale degradation test results; however, it should be mentioned that the 
turnover time for the pilot plant was on the order of l hour, whereas 
that for the small-scale system was approximately l day. Furthermore, 
degradation in the pilot plant was increased, perhaps, not only by the 
release of boron trifluoride to the still as previously indicated, but 
also h;~r t.he hi.gh temperatures (near 200°F. ) encountered in the exchange 
column during start-ups of the tests, when the complex formation reaction 
zone moved through the uncooled column to the recombiner. For these 
reasons, it seems possible that the surfaces of both the still and the 
exchR.nge column could have been altered sufficiently to allow these 
units to act, at least temporarily, as degradation sites. In this re
spect, operation of a product. ion facility would be more similar to the 
small-scale tests, since turnover times would be increased and since 
numerous start-ups and changes of operating conditions would not be neces
sary. On this basis, the anisole degradation rates observed in the pilot 
plant tests could possibly be considered to be maximum values for the 
ends of the process, with an even further reduction in degradation pos
sible by operating the decomposer at a lower pressure and temperature and 
then compressing the gas to reach the pressure desired in the first ex
change column. Compressor costs, of course, would strongly influence 
their location in the process. In any event, anisole degradation at the 
lower temperatures expected in the exchange columns seems to require 
some further study. 

With the use of two temperature levels in the dissociation and the re
combination steps, boron losses at both ends of the plant were encoura
gingly low. It should be mentioned that, even if the decomposer opera
tion were less efficient, laboratory work showed that enriched material 
lost to the still could be recovered from the still botl:.oms as boric 
acid. Continuous distillation of the anisole proved to be effective in 
isolating anisole from its degradation products as long as still reboiler 
impurities remained below about 50%. Additionally, adsorption on Molecu
lar Sleves was sufficient to reduce to tolerable limits the water con
tent of all anisole charged to the system. 

During the tests, there was no evidence to indicate any severe corrosion; 
therefore, the choice of materials of construction seems satisfactory 
for this process, with the possible exception that further degradation 
tests might result in the substitution of nickel packing for stainless 
steel packing in the exchange columns. 



Finally, system operation was generally smooth, and none of the problems 
of surges, pressure excursions, and other instabilities reported in 
earlier studies of this process(9) were encountered. In short, no 
apparent technological barriers to the application of the anisole pro
cess on a production scale w·ere found. 
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APPENDIX 

PILOT PLANT EQUIPMENT AND PROCESS DESCRIPTION 

The boron isotope separation pilot plant consists of an isotopic exchange 
column, decomposer and recombiner units, a purification system, two 
coolant loops, auxiliary equipment such as pumps, and, of course, the 
required instrumentation. In this appendix, each of these items is 
discussed in detail with respect to both its role in the system flow 
scheme and the relevant construction details. Before proceeding with 
the specific explanations, however, a summary of the flow pattern is 
presented. 

The process flow sheet is figure 5. As can be seen from this drawing, 
the boron trifluoride-anisole complex leaving the exchange column is 
pumped to the feed plate of the low temperature stripping column. Com
plex flowing down through this packed column is stripped by contact with 
hot anisole and boron trifluoride rising from the steam heated low tem
perature decomposer reboiler and the high temperature decomposer column. 
The low temperature decomposer column contains a combination off-gas 
cooler and reflux condenser section mounted above the feed plate. 
Stripped complex from the low temperature reboiler flows by gravity to 
the packed high temperature decomposer column, where it is further 
stripped by contact with vapors rising from the electrically heated high 
temperature decomposer reboiler. Liquid anisole is withdrawn from the 
reboiler and flows by system pressure differential to the vacuum-operated 
anisole purification still. 

Continuous measurement of the liquid level in the reservoir at the 
bottom of the exchange column is required to hold a constant inventory 
at this point and to prevent the diaphragm pump from either entraining 
column gas or allowing accumulation of liquid in the column. The pump 
is set so as to pump slightly more fluid than that which is required to 
hold a constant inventory, and the level measurement instrumentation is 
used to actuate a small control valve which allows recycle of material 
around the pump as needed to hold the desired level. Similarly, a con
trol is required to maintain the liquid in the high temperature reboiler 
at a constant level thereby preventing release of product gas to the 
distillation column. 

The anisole product from the purification still is removed from a flow 
splitter, which is mounted between the still .column and condenser, and 
flows from there into the still product tank. The rate of product re
moval is adjusted automatically so that a constant level can be maintained 
in the still reboiler. Still bottoms are periodically withdrawn as 
dictated by analyses of degradation product concentrations in the re
boiler. Since the still operates at a controlled vacuum, product is 
withdrawn into an evacuated storage tank which is vented to the still 
equipment. From this tank, the purified anisole is metered to the re
combiner. This automatically controlled anisole flow establishes the 
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overall system recycle rate; therefore, a highly accurate diaphragm 
metering pump is utilized. Venting of the recombiner, which is neces
sary for removal of inerts and volatile degradation products, is con
trolled from the recombiner head pressure while the addition of boron 
trifluoride to the system is accomplished manually whenever it is neces
sary to adjust the complex composition as indicated by the continuous 
density measurement of the recombiner liquid exit stream. Completing 
the circuit, the complex formed in the recombiner is then pumped from 
a small surge volume into the exchange column. The liquid level in the 
recombiner surge volume is monitored continuously and is held constant 
by recycling around the pump in the manner described previously for the 
exchange column. It should be noted that in the pilot plant the recom
biner and decomposer operate at essentially the same pressure as the 
exchange column, since neither a gas compressor for pumping from the 
decomposer nor a throttling valve for reducing the pressure between the 
exchange column and the recombiner was provided. 

The coolant interchange flow sheet is figure 6. Two interchange loops 
are used, one of which supplies refrigerated anisole at about 30°F. to 
tp~ l9y temp~t:t:ture __ por~_!<?n , ():f_ tf.l~~-r;ep?I_ll"l?!:tle..r _ ap9:_ ~<? _1:;1:J.e _ }:>o_r_on t;~_if_),l:l_or:::. __ 
ide cooler; the other furnishes anisole cooled with water to about 73°F. 
to the purification still condenser and the higher temperature recombiner 
unit. 

The refrigerated anisole loop consists of a hold tank, a pump, and a re
frigeration unit connected in series. For operation at higher tempera
tures, a portion of the anisole by-passes the refrigeration system and 
then blends with the effluent from that system in order to maintain the 
desired coolant temperature. The water-cooled anisole loop employs a 
hold tank, a pump, and a water-cooled shell and tube heat exchanger in 
series. Flows in both loops are varied by manually adjusting valves. 

In summary, the four major systems of the pilot plant, i.e., the isotopic 
exchange system, the decomposer system, the recombiner system, and the 
anisole purificat_ions system, have approximately 700 square feet of heat 
exchange surface area and 42 feet of packed column height. These process 
equipment sizes, coupled with the numerous valves, instruments, pumps, and 
other auxiliaries, show that this unit is indeed comparable in size, 
except for the exchange column length, to production equipment. The 
various equipment items are described in the following sections. 

EXCHANGE SYSTEM 

Boron trifluoride-anisole complex leaves the recombiner reservoir through 
l-inch stainless steel pipe and flows through a cooling bath into the 
suction side of the exchange column feed pump. To prevent flashing in 
the pump, the manufacturer recom!nended that the suction pressure be main
tained at least 5 psi. above the vapor pressure of the liquid being 
pumped. Since space limitations prevented installing the recombiner 
equipment high enough over the pump to provide a liquid head sufficient 
to increase the suction pressure by the required amount, a cooling bath 
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designed to reduce the temperature and therefore the vapor pressure of 
the suction stream was necessitated. The exchange column feed pump 
effluent is fed through a l-inch line contain_ing. a pulsation dampener 
to the top liquid distributor plate of the column, from which it flows 
countercurrently to a gaseous stream of boron trifluoride sent to the 
bottom of the column through 2-inch pipe from the decomposer. Gas exit
ing from the top of the column is re~urned to the recombiner through a 
2-inch line, while any make-up gas required is fed to the lower or middle 
section of the column through either of two 3/4-inch lines. 

Equipment Description 

l. Exchange Column, B-100, Figure 7 

Purpose: To provide a site for the isotopic exchange between the 
boron isotopes in countercurrent streams of gaseous boron 
trifluoride and liquid boron trifluoride-anisole complex, 
w~th the resu~ting enrichment of boron-10 in the liquid 
phase. 

Design Basis: Operating Temperature - 68 to l04°F. 

Operating Pressure - 5 to 35 psig. 

Diameter - 6 inches 

Total Height - 17 feet 2-l/2 inches 

Packed Height ~ 13 feet 6 inches 

Packing Support Plates - 3 

Liquid Distributors - 3 

Hold-Down Plates - none 

Pat.:klng - 5/ 0-lndl Pall L'ings 

Insulation - none 

Materials of Construction -

Column: Stainless Steel 304L 

Packing: Stainless Steel 316 

The isotopic exchange column consists of four sections of 6-inch 
diameter, schedule 4os, stainless steel 304L pipe, flanged and seal 
welded. The upper section of the column, 13 inches long, is the 
site of liquid entrance and gas exit. Liquid flows into this sec
tion thruugh a l-inch nozzle located on the side and is directed 
downward toward the distributor by a l-inch standard 90° ell. The 
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gas exit line is 2 inches in diameter and. is connected to the top 
of the 6-inch standard weight weld cap used to form the top head of 
the column. This line contains a manually operated, l-inch stain
less steel gate valve for use in connecting the unit to the scrubber 
system if required. 

The three remaining column sections, each 5 feet 4-l/2 inches long, 
contain the 13.5 feet of 5/8-inch, stainless steel 316 Pall rings. 
Each.section contains 4.5 feet of the packing, as well as a packing 
support plate and a liquid distributor. The internals were modified 
after preliminary air-water tests had proven them to be unsatisfac
tory, and the modifications are shown in figure 8. The bases of the 
new support plates were fabricated in half-sections from l-inch 
lengths of 5-inch pipe. Packing support which did not restrict gas 
flow then was provided by attaching corrugated, 2 by 2-mesh, stain
less steel screen (with corrugations 1 inch deep and 1/2 inch apart) 
to the bases. The liquid distributors were modified to provide for 
a more even distribution of liquid to the bed. This was accomplished 
by drilling additional 1/4-inch diameter holes in the bottoms of the 
U .. S .. ~Stoneware .Gompany.c.:Fc:igure:..::8l+_5~0:r:if_ice~d-istributors,_and_c_then~ -· ... 
inserting 1/4-inch stainless steel tubing through each hole. The 
tubing, which was extended 1 inch below the plates, also was slotted 
at the top. Sections of stainless steel welding rod were tacked 
across the gas risers to prevent sweeping any packing by the dis
tributor plate during the flooding tests, thereby eliminating the 
need for a hold-down plate. 

The principal gas feed to the column is through a 2-inch nozzle 
located below the support plate in the bottom·section of the column; 
however, boron trifluoride make-up lines, 3/4 inch in diameter, are 
similarly attached to the remaining column sections. Finally, three 
coils of 5/8-inch copper tubing are wound around the three main 
column sections to furnish either heating or cooling, but these lines 
were not required during the tests. 

2. Exchange Column Reservoir, B-101, figure 7 

Purpose: To provide a location for liquid level control instrumen
tation and to hold the contents of the column during tem
porary shutdowns. 

Design Basis: Diameter - 6 inches 

Height - 2 feet 3 inches 

Capacity - about 3.5 gallons 

Cooling Provided - none 

Insulation - none 

Material of Construction - stainless steel 304L 



The exchange column reservoir is a section of 6-inch diameter, 
schedule 4os, stainless steel 304L pipe, integrally connected to 
the bottom of the column by flanging and seal welding. Bubbler-type 
liquid level instrumentation is located in this unit, and a l-inch 
complex exit line extends from the bottom of the 6-inch standard 
weight weld cap used to form the bottom head of the reservoir. 

DECOMPOSER SYSTEM 

Boron trifluoride-anisole complex, enriched in boron-10, exits from the 
exchange column reservoir throllgh the previously mentioned low tempera
ture bath and flows to the suction side of the decomposer feed pump. 
Using a <'U.aphragm metering pump, the complex then is delivered through 
l-inch pipe to the top of the low temperature decomposer stripper. Flow
ing downward through this packed column, the complex is contacted with 
boron trifluoride gas and anisole vapors rising from the other decompo
ser sections. The partially stripped liquid stream then passes into the 
.3hell of the low tompara.t"l.1re reboj_ler."' which cont.atm; a steam-h~ated U
tube bundle. Most of the complex dissociation occurs in this unit. An 
overflow leg maintains a constant liquid level in the low temperature 
rehoi.1er, and the liquid drains downward from the leg through a high . 
temperature stripper colwnn and into the electrically heated, high tem
perature reboiler for final stripping of the boron trifluoride. Liquid 
and gas lines connecting the various decomposer units are made of l-inch 
and 4-inch stainless steel 304L pipe, respectively, except for a 2-inch 
gas line connecting the high temperature stripper and low temperature 
reboiler. 

A constant level is maintained in the high temperature reboiler, and 
the exit anisole stream flows through a seal leg and control valve into 
the still reboiler. After passing over a finned-tube cooler, the gas 
stream leaving the decomposer system is returned to the bottom of the 
exchange column through 2-inch stainless steel pipe. 

Equipment Description 

J.. High Temperature Reboiler, B-200, Figure 9 

Purpose: To provide the heat necessary to raise the stripped liquid 
stream to 340°F. and to complete the complex dissociation. 

Design Basis: Operating Temperature - 340 to 375°F. 

Operating Pressure - 5 to 35 psig. 

Description of Unit - electrically heated heat 
exchanger 

Shell Diameter - 8 inches 

Total Length - 10 feet 4 inches 
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Heat Transfer Area ..,. ll square feet 

Heating Required - 90,000 Btu./hr. 

Heat Transfer Medium - electrical 

Insulation - 4-inch thick magnesia 

Material of Construction - stainless steel 304L 

The high temperature decomposer reboiler is a horizontally mounted 
vessel made from 8-inch, Schedule 40, stainless steel 304L pipe, 
enclosed at each end by 8-inch standard weight weld caps. Four-inch 
and l-inch nozzles, located on the top of the reboiler, provide for 
vapor exit and liquid inlet, respectively. Also located on the top 
of the reboiler is a 4-inch inspection port, while a l-inch line for 
anisole exit is positioned at the bottom. Electrical heaters cover 
the bottom half of the unit, and the entire reboiler is lagged with 
4 inches of magnesia. A constant liquid level is maintained in the 

. :r~J~pilex_.by.;._instrumentation....,.located .. :,in~an=-adjacen-t,;L'-9-:i:nclPd±ameter;,'··-·····--"-· 
27-inch long seal leg. 

2. High Temperature Stripper, B-201, Figure 10 

Purpose: To provide a site for the partial dissociation of the 
boron trifluoride-anisole complex. 

Design Basis: Operating ~emperature - 260 to 375°F. 

Operating Pressure - 5 to 35 psig. 

Diameter - 6 inches 

Total Height - 5 feet 8-3/8 inches 

Packed Height - 2 feet 10 inches 

Packing Support Plates 1 

Liquid Distributors - 1 

Hold-Down Plates - none 

Packing - 5/8-inch Pall rings 

Insulation - 2-inch thick magnesia 

Materials of Construction -

Column: stainless steel 304L 

· Packing: nickel 



The 5-foot 3-3/8-inch long high temperature stripper is a section 
of 6-inch diameter, Schedule 4os, stainless steel 304L pipe enclosed 
at both ends with 6-inch standard weight weld caps. A 2-inch nozzle 
located in the top allows gas return to the low temperature stripper. 
Liquid drains into the column from the low temperature reboiler 
through l-inch pipe and is directed downward to the distributor by 
a l-inch, 90-degree ell. The packed height is 2 feet 10 inches of 
5/8-inch Pall rings, and the packing support and liquid distributor 
plates are identical to those used in the exchange column and shown 
in figure 8. Four-inch and l-inch nozzles located in the bottom of 
the column connect with vapor ann. liquid lines leading to the high 
temperature reboiler. Two-inch thick magnesia insulation is used. 

3. Low Temperature Reboiler, B-202, Figure 11 

Purpose: To provide the heat required for most of the complex dis
sociation. 

Design Basis: Operating Temperature - near 300°F. 

Operating Pressure - 5 to 35 psig. 

Description of Unit - U-tube bundle, shell and tube 
heat excnanger 

Bhell Diameter - 20 inches 

Tube Diameter - 1 inch 

Total Length - 10 feet 3-9/16 inches 

Tube Length - 16 feet before bending 

Number of Tubes - 20 

Heat Transfer Area - 84 square feet 

Heating Required - 400,000 Btu./hr. 

Heat Transfer Medium- steam (up to 100 psig.) on 
tube side 

Insulation - 2-inch thick magnesia 

Material of Construction -

Steam Head: steel 

Other: stainless steel 304L 

The low temperature decomposer reboiler is a shell and tube heat 
exchanger containing 20 U-tubes; heat is Rupplied by steam on the 
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tube side. The reboiler shell is fabricated from 20-inch, schedule 
10, stainless steel 304L pipe with an overall length of 10 feet 
3-9/16 inches, while the U-tubes are l-inch diameter, 0.083-inch 
wall, stainless steel 304L tubing. The tubes are welded to a l-l/2-
inch thick stainles·s steel 304L tube sheet which, in turn, is welded 
to the shell. The steam side head is a 20-inch diameter flanged 
and dished steel head, 3/'d inch thick, welded to a 7-5/16--inch 
length of 20-inch diameter steel piping containing two l-l/2-inch 
diameter steam nozzles. The steam head is flanged to the tube 
sheet and sealed with a compressed asbestos gasket. 

Liquid enters the top of the reboiler through l-inch pipe, while 
gas exits through a nearby 4-inch line. Also at the top is a 4-
inch inspection port. A l-inch drain line extends from the bottom 
of the unit to the bottom of an overflow leg, 3 inches in diameter 
and 26-l/2 inches high, which is designed to keep the reboiler 
liquid level constant and above the tubes. A l-inch line extending 
from the overflow device carries liquid to the high temperature 
stripper. 

4. Low Temperature Stripper, B-203, Figure 12 

Purpose: To provide a site for partial dissociation of the boron 
trifluoride-anisole complex. 

Design Basis: Operating Temperature - 100 to 260°F. 

Operating Pressure - 5 to 35 psig. 

Diameter - 12 inches 

Total Height - 6 feet 8 inches 

Packed Height - 4-l/2 feet 

Packing Support Plates - l 

Liquid Distributors - 1 

Hold-Down Plates - l 

Packing - l-inch Pall rings 

Insulation - 2-inch thick magnesia 

Materials of Construction -

Packing: nickel 

Other: stainless steel 304L 



The low temperature stipper, made of schedule 20, stainless steel 
304L pipe, has a diameter of 12 inches and an overall length of 6 
feet 8 inches. The unit, which is sealed at the bottom by a 12-inch 
standard weight weld cap, contains 4-l/2 feet of l-inch nickel Pall 
rings supported by a 12-inch, U. S. Stoneware Company Figure 796H 
"Gas-Injection" support plate. The top of the bed is provided with 
both a hold-down plate and a packing support plate. The hold-down 
plate consists of a ribbed stainless steel ring, ll inches in dia
meter and l/2 inch high with two-by-two mesh stainless steel screen 
welded to the ring. The entire assembly is then integrally attached 
to a 12-inch, U. S. Stoneware Company Figure 798 "Weirflow" liquj.d 
distributor by three l/4-inch stainless steel rods, 7 inches long. 
The 4-inch gaG line from the low temperature reboiler enters the 
column immediately below the support plate and the liquid drains 
from the bottom to the reboiler through l-inch pipe. Gas leaves 
the column through the boron trifluoride cooler. 

5. Boron 'l'ri!'luori<ie Cooler, Bu204, Figure 12 

P11rpose: To cool the boron trifluoride exiting from the decomposer 
and to reflux small amounts of complex to the low tempera
ture strippe::r-. 

Design Basis: Operating 'l'emperature - 70 to l05°F. 

Operating Pressure - 5 to 35 psig. 

Description of Unit - finned tube heat exchanger 

Shell Diameter - 12 inches 

Tube Diameter - l inch 

Total Height - 2 feet 8 inches 

Tube Length- 39 feet 3 inches (total for 2 coiled 
tubes) 

Heat Transfer Area - 26 square feet 

Cooling Required - less than 12,000 Btu./hr. 

Coolant - anisole 

Coolant Flow - 10 gpm. 

Coolant Temperature - 30°F. 

Insulation - 2-inch thick magnesia 
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Material of Construction -

Tubes: stainless steel 316 

Other: stainless steel 304L 

The boron trifluoride cooler is a continuation of the low tempera
ture decomposer stripper and is joined to that vessel by lap-joint 
flanges with a seal ~eld. The shell of this cooler is built in the 
same manner as the shell for the low temperature column and is simi
larly capped. Coolant for. this section is delivered through two 
tubes coiled in the annular space between the shell and a 16-inch 
section of 6-inch, schedule 40, stainless steel pipe concentrically 
located ins ide the shell. The tubes are l-inch, integrally finned, 
stainless steel 316 tubing with a wall thickness of 0.083 inch. 
Two l-l/2 inch nozzles provide for coolant entrance and exit. A l
inch line located below the cooling coils delivers complex to the 
low temperature column, and a 2-inch nozzle at the top of the cooler 
allows for boron trifluoride exit to the exchange column. 

'~- " ;_, ......... _ ><-~~- • 

RECOMBINER SYSTEM 

Boron trifluoride from the top of the exchange column and anisole from 
the still product tank are reacted in the recombiner units to form com
plex. The smaller of the two primary units is used to saturate fully 
and to cool the complex, while ·the larger unit is the site of most of 
the complex formation and, for this reason., bears most of the cooling 
load. The larger unit also contains a cooling coil to provide a site 
for complexing with fresh anisole any boron trifluoride remaining in 
the exit gas stream. Boron trifluoride enters the bottom of the smaller 
recombiner unit through 2-inch stainless stee.l pipe, while anisole is 
pumped from the still product storage tank through a l-inch stainless 
steel line across the cooling coils of the larger unit. A diaphragm 
metering pump is used to supply a steady liquid stream, and the liquid 
feed line is equipped with a pulsation dampener. Liquin flows by grav
ity from the larger unit into the smaller recambiner section, in which 
complex saturation is completed. The two recombiner sections are con
nected by a 2-inch gas line and a l-l/2-inch liquid line; unabsorbed 
gases are removed through a 2-inch vent line from the top of the recom
biner system at a rate controlled so as to keep the system pressure at 
tne desired value. A diaphragm-operated control valve is employed. 

Complex leaves the recombiner system through a l-inch line and enters a 
reservoir, where a constant liquid level is maintained. A radiation
type density meter provides a continuous check of the composition of 
the complex in the reservoir. 



Equipment Description 

1. Recombiner, B-300, Figure 13 

Purpose: To provide a site for about 20% of the complex formation 
while cooling the complex to the desired operating tem
perature. 

Design Basis: Operating Temperature - 68 to 104°F. 

Operating Pressure - 5 to 35 psig. 

Description of Unit - shell and tube heat exchanger 

Shell Diameter - 16 inches 

Tube Diameter - 1 inch 

Total Height - 7 feet 1 inch 

Tube Length - 4 feet 

Number of Tubes - 109 

Heat Transfer Area - 115 sq.ft. 

Cooling Required - about 106,000 Btu./hr. 

Coolant - anisole 

Coolant Flow - 25 gpm. 

Coolant Temperature - 30°F. 

Insulation - 2 inches of hair felt covered with 
aluminum sheet 

Materials of Construction -

Shell: steel 

Other: stainless steel 304L 

This section of the recombiner, which is the smaller of the two pri
mary recombiner units, is a shell and tube heat exchanger with tubes 
filled with 5/8-inch stainless steel Pall rings in order to present 
a greater contact surface for mass transfer. The main body of the 
shell is 4 feet long and is fabricated from 16-inch, schedule 30, 
steel pipe. The 16-inch flanged and dished stainless steel 304L 
heads are welded to 7-1/2-inch lengths of 16-inch, schedule 10, 
stainless steel 304L pipe and then flanged and seal welded to the 
outside of the tube sheets. Two 23-1/2-inch diameter, stainless 
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steel 304L tube sheets, 1-1/2 inches thick, are welded to the shell. 
Each tube sheet is drilled to accommodate one hundred nine l-inch, 
stainless steel 304L tubes on a 1-1/4-inc;!h triangular pitch. The 
tubes, each 4 feet long with a wall thickness of 0.083 inch, are 
welded into the tube _sheets at both the top and bottom of the unit. 
The tops of the tubes are extended 3/8 inch above the tube sheet to 
allow for two 1/4-inch deep V-notches, 180 degrees apart, in each 
tube. The notches function as flow distribution weirs to provide 
the same liquid flow rate to each tube. There are three segmental 
baffles, spaced 1 foot apart, in the shell, and two 2-inch shell 
nozzles are used for coolant entrance and exit. The shell is insu
lated with 2 inches of hair felt covered with aluminum sheet. 

The upper head of this unit contains a 2-inch gas line, as well as 
a 1-1/2-inch line for delivery of complex from the other recombiner 
unit. This liquid feed line, after entering the head, is bent in a 
15-1/4-inch circle and is sealed at one end. Twenty-one 1/8-inch 
holes are drilled on the outside of the torus to force liquid to 
discharge against the side of the head rather than to allow it to 
flo>i <li_!'ect:LY. _in_to __ ~orne ___ of the_i:;ubes_L_tgerepy_ si:;arv_il_lg_ oth~I'..S ~ ___ The,. 
botfoo-head:--c-oiitains~ a: --2-:in-Ci1"i)oroi1--t:ririti'orid.e·e;rry:·-nazz1e- ~ci-a.~-·· 
l-inch complex drain line leading to the recombiner reservoir. 

2. Recombiner, B-301, Figure 14 

Purpose: To provide a site for 80% of the formation of the anisole
boron trifluoride complex; 

Design Basis: Operating Temperature - ll0°F. (average) 

Operating Pressure - 5 to 35 psig. 

Description of Unit - shell and tube heat exchanger 

Shell Diameter - 16 inches 

Tube Diameter - 1 inch 

Total Height - 11 feet 6-7/8 inches 

Tube Length - 10 feet 

Number of Tubes - 109 

Heat Transfer Area - 288 sq.ft. 

Cooling Required - about 250,000 Btu./hr. 

Coolant - anisole 

Coolant Flow - 35 gpm. 

Coolant Temperature - 70°F. 
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Insulation - 2 inches of hair felt covered with 
aluminum sheet 

Materials of Construction -

Shell: steel 

Other: stainless steel 304L 

Except for three differences, this section of the recombiner is iden
tical to the sma.ller unit described previously. First, the shell and 
the stainless steel 304L tubes are 10 feet long, thereby necessitat
ing nine shell baffles. Second, three shell nozzles allow various 
coolant flow patterns; and third, the upper head contains a cooler, 
B-302, which is described next. 

3. Recombiner, B-302, Figure 14 

Purpose: To precool the anisole inlet stream to the recombiner and 
to remove, if necessary during final stripping, any reaction 
heat. 

Design Basis: Operating Temperature - 70°F. 

Operating Pressure - 5 to 35 psig. 

Description of Unit - finned tube heat exchanger 

Shell Diameter - 16 inches 

Tube Diameter - l inch 

Total Height - 21-7/8 inches 

Tube Length - 32 feet 3 inches (total for 2 coiled 
tubes) 

Heat Transfer Area - 22 sq.ft. 

Cooling Required - less than 20,000 Btu./hr. 

Coolant - anisole 

Coolant Flow - 5 gpm. 

Coolant Temperature - 30°F. 

Insulation - none 

Materials of Construction -

Tubes: stainless steel 316 



72 

Other: stainless steel 304L 

This section of the recombiner is integrally associated with the 
larger recombiner unit and is joined to that vessel with a flange 
and seal-weld arrangement. The shell of this section is 16-inch, 
stainless steel 304L pipe, and the top consists of a 16-inch, flanged 
and dished, stainless steel 304L head. Coolant is distributed through 
two tubes coiled in the annular space between the shell and the 
9-l/2-inch diameter sleeve enclosed by the shell. The tubes are l
inch, integrally finned, stainless steel 316 tubing, and are attached 
to two l-l/2-inch nozzles for coolant supply and discharge. Unabsorbed 
gas is vented through a 2-inch line located at the top of the unit. 

Anisole enters the recombiner through a l-inch line which, after 
penetrating the shell, is bent on a 15-l/2-inch diameter and is 
sealed at the end. This line is perforated to deliver anisole to 
the cooling coils. As the chilled anisole flows from the coils, it 
is deflected to the outside of the shell by a 14-7/8-inch outside 
diameter, 2-3/4-inch high truncated cone fastened to the bottom of 
the sleev~-~· Tlt:Ls .~rrangement.cpreven-ts--prefe-I'en:t.J:al"' delivery ~of the· 
anisole to any of the tubes of the larger recombiner section. 

4. Recombiner Reservoir 

Purpose: To provide a site for liquid level and density instrumen
tation and to hold the contents of the recombiner during 
temporary shutdowns. 

Design Basis: Diameter - 6 inches 

Height - 41-l/2 inches 

Capacity - about 5 gallons 

Cooling Provided - none 

Insulation - none 

Material of Construction - stainless steel 304L 

The recombiner reservoir is fabricated from 6-inch, schedule 40, 
stainless stee+ 304L pipe, 41-l/2 inches high. The flat, stainless 
steel end plates are l/4 inch thick. This unit is equipped with 
both liquid level and density instrumentation. Complex inlet and 
outlet nozzles are l-l/2-inch pipe. 

PURIFICATION STILL SYSTEM 

Anisole from the seal leg used at the high temperature decomposer re
boiler flows to the still reboiler through a l-inch line. An air jet 
ejector maintains the still system pressure at about 6 psia., so no 
pumps are required for the transfer. A 4-inch vapor line and a l-inch 
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liquid return J.j_ne connect the reboiler to the packed still column, and 
in turn, a 3-inch vapor line connects the column to the condenser. Non
condensables are removed from the condenser through the jet, and a con
stant nitrogen purge is used at this point to minimize pressure cycling 
and to provide a means for pressure recovery should the jet pull the 
system down too far. A check valve in the jet suction line prevents 
backflow of air into the condenser. Condensed liquid dra1ns to a flow 
splitter, from which a part is routed through a double.pipe heat ex
changer to a water-cooled product tank. The product rate is automatic
ally set so as to maintain a constant level in the reboiler. A dia
phragm control valve io uoed to throttle the flow to the product tank 
with the remaining condensate being refluxed through l-inch pipe and a 
rotameter. The flow splitter assures that at least half of the boilup 
is returned to the column as reflux. At rates determined by analytical 
results, still bottoms are withdrawn from the reboiler through a l-inch 
line connected to an evacuated waste drum. 

:J!:.9.~~P.!ll.~.~.:t?. .. .Pescription 

1. Still Reboiler, B-400, Figure 15 

Purpose: To provide the heat necessary for the continuous distilla
tion of the process anisole. 

Design Basis: Operating Temperature - 250 to 300°F. 

Operating Pressure· - 6 psia. 

Description of Unit - U-tube heat exchanger 

Shell Diameter - 20 inches 

Tube Diameter - l inch 

Total Length - 10 feet 3-9/16 inches 

Tube Length - 16 feet before bending 

Number of Tubes - 20 

Heat Transfer Area - 84 sq.ft. 

Heating Required - about 400,000 Btu./hr. 

Heat Transfer Medium- steam (up to 100 psig.) 

Insulation - 2-inch thick magnesia 

Materials of Construction -

Steam Head: steel 



Other: stainless steel 304L 

Except for a 1-1/2-inch rather than a l-inch liquid entrance nozzle 
on the top of the reboiler, the specifications for this unit are 
the same as those discussed previously for the low temperature de
composer reboiler. 

2. Still Column, B-401, Figures 16 and 17 

Purpose: To separate anisole from its high boiling degradation 
products. 

Design Basis: Operating Temperature - 260 to 290°F. 

Operating Pressure - 6 psia. 

Diameter - 16 inches 

Total Height - 10 feet 5-7/8 inches 

Packing Support Plates - l 

Liquid Distributors - l 

Hold-Down Plates - l 

Packing - l-inch Pall rings 

Insulation - 2-inch thick magnesia 

Materials of Construction -

Column: stainless steel 304L 

Packing: nickel 

The purification still column is. fabricated from 16-inch, schedule 
10, stainless steel 304L pipe and is 10 feet 5-7/8 inches long. 
The 6-foot 9-inch deep bed of l-inch nickel Pall rings is supported 
at the bottom by a U. S. Stoneware Company Figure 796H "Gas-Injection" 
support plate, while liquid distribution is effected at the top of 
the bed using a U. S. Stoneware Company Figure 798 ''Weirflow" dis
tributor. A hold-down plate, illustrated in figure 8, is attached 
to the distributor in the same manner described for the low tempera
ture decomposer stripper. The ends of the column are enclosed by 
16-inch diameter flanged and dished heads which are flanged and 
seal welded to the column.· Liquid return and vapor feed to the 
condenser are provided for by l-inch and 3-inch lines connected 
to the top of the column, and l-inch and 4-inch liquid and gas 
nozzles at the bottom of the column connect it to the reboiler. 
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3. Still Condenser, B-402, Figure 18 

' Purpose: To reflux distilled anisole to the flow splitter. 

Design Basis: Operating Temperature - 260°F. 

Operating Pressure - 6 psia. 

Description of Unit - shell and tube heat exchanger 

Shell Dj_ameter - 8 inches 

Tube Diameter - l inch 

Total Length - 9 feet 7-l/8 inches 

Tube Length - 8 feet 

Heat Transfer Area - 65 sq.ft. 

Cooling Required - less than 425,000 Btu./hr. 

Coolant - anisole 

Coolant Flow - 70 gpm. 

Coolant Temperature - 70°F. 

Insulation - 2-inch thick magnesia 

Materials of Construction -

Shell: steel 

Other: stainless stP.el 304L 

The anisole purification still condenser is a shell and tube heat 
exchanger which is mounted at an angle of 30 degrees from horizontal. 
The main part of the chcll consists of an 8-foot long sec.: l;lon of 
8-inch, schedule 40 steel pipe. The stainless steel heads) made 
using 8-inch standard weight weld caps, are connected to the shell 
by flanges, and the joints are seal welded. Two l-l/2-inch shell 
nozzles allow coolant entrance and exit. Liquid and vapor recycle 
to the still c..:olwrm are provided for by 3-inch and l-inch nozzles 
in the lower head. Thirty-one l-inch, stainless steel 304L tubes, 
arranged on a l-l/4-inch triangular pitch, are welded to l-l/2-j_nch 
thick tube sheets. Segmental baffles are spaced 2 feet apart. 



4. Still Product Cooler 

Purpose: .To cool the still product anisole from 260°F. to near the 
desired operating temperature. 

Design Basis: Operating Temperature - 150 to 260°F. 

Operating Pressure - 6 psia. 

Description of Unit - double pipe heat exchanger 

Anisole Line Diameter - 1 inch 

Jacket Diameter 2 inches 

Jacketed Length - about 50 feet 

Heat Transfer Area - 20 sq.ft. 

Cooling Required - less than 200,000 Btu./hr. 

Coolant - water 

Coolant Flow - 5 gpm. 

Coolant Temperature 

Insulation - l-inch thick anti-sweat 

Materials of Construction -

Anisole Side: Monel 

Coolant Side: steel 

The stainless steel anisole product line from the flow splitter is 
joined to a l-inch diameter Monel line. The line is then jacketed 
for about 50 feet in four sections wi~h a steel pipe whose diameter 
is 2 inches. Water coolant flows countercurrently in the annulus. 
The outlet from this double pipe heat exchanger is, in turn, connected 
to the still product tank, and the entire.assembly is lagged with 
l-inch anti-sweat insulation. 

5. Still Product Tank, B-403 

Purpose: To provide a reservoir. for the purified anisole used to 
form complex in the. recombiner as well as to perform 
additional product cooling if required. 

Design Basis: Diameter - 30 inches 

Height - 62 inches 
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Capacity - 200 gallons 

Heat Transfer Area - 10 sq.ft. 

Cooling Provided- less than 25,000 Btu./hr., as re
quired 

Coolant - water 

Coolant Flow - 2 gpm. 

Coolant Temperature - 70°F. 

Insulation - 2-inch thick hair felt covered with 
aluminum sheet 

Materials of Construction - stainless steel 3J6 

The sto.inle::;::; steel 316 still product tank, 30 inches in diameter and 
62 inches high, is equipped with an external cooling coil of l-inch 
stainless steel tubing which is welded to the sides of the tank. 
Anisole enters the top of the tank through a l-inch line which can 
be valved, as desired, either to the still product cooler (during 
normal operation), to the high temperature decomposer reboiler (if 
it is necessary for some reason to by-pass the still), or to a 
Molecular Sieve trap (during charging operations). 'I'he tank is in
sulated with 2-inch thick hair felt and covered with aluminum sheet. 
A sight glass is used to determine the liquid level. 

COOLANT SUPPLY SYSTEMS 

A flow of approximately 100 gallons per minute of anisole at 70°F. is 
supplied to the still condenser and to the large recombiner unit by one 
of the two primary coolant loops. Using a seal-less centrifugal (canned
motor) pump, the anisole is pumped from a 60-gallon; stainless steel 316 
storage tank to the tube side of a water-cooled, shell and tube heat ex
changer. From this unit, the anisole is delivered through l-l/2-inch 
and 2-inch lines to the process equipment items before being returned 
to the sight-glass equipped storage tank. The lines are equipped with 
gate valves to allow adjustment of the flow rates as necessitated by 
chanees in process conditions. 

The refrigerated anisole supply loop is similar, except that 40 gallons 
per minute of anisole at 30°F. is directed to the smaller recombiner, 
the boron trifluoride cooler, and the anisole chiller located atop the 
larger recombiner. Again, a seal-less centrifugal pump delivers anisole 
from an identical storage tank to a shell and tube heat exchanger, but the 
coolant used in this exchanger is evaporating refrigerant-22 supplied by 
a 20 hp. water-cooled condensing unit. Anisole flow rates from the evapo
rator to the process vessels are adjusted using gate valves, and addition
ally, the temperature of the coolant stream is maintained automatically 
at the desired level by instrumentation which causes the refrigeration 



system to be by-passed either partially or completely if the temperature 
decreases below the set point. 

A third, smaller coolant loop is required, as mentioned before, to cool 
the liquid streams entering the suction sides of the exchange column and 
decomposer feed pumps. Refrigerant-22 is furnished by a 1-ton conden
sing unit and is delivered through copper tubing to a glycol bath, where 
it evaporates, cooling the bath as well as the·complex flowing through 
two Monel coils located in the bath and connected to .the pump suction 
ports. 

The refrigeration units used in the refrigerated anisole supply system 
and in connection with the glycol bath were Copelametic* models W2WM-2000 
and KSL-lOOC, respectively. The storage tanks and heat exchangers were 
obtained from plant surplus and thus were not designed for this specific 
application. No attempt was made to collect data from the heat exchanger 
units, since they were undoubtedly oversized, and for this reason, de
tailed descriptions would serve no useful purpose here. 

AUXILIARY EQUIPMENT 
---~ --··---·-·-' 

The principal auxiliary equipment i terns were the three di·aphragm meter
ing pumps used to feed the recombiner, exchange column, and the decom
poser and the seal-less centrifugal pumps used in the coolant interchange 
systems. However,. other i terns· including pulsation dampeners, an en-

· trainment separator, and Jl'lolecular Sieve traps were utilized and are 
discussed here. 

Equipment Description 

1. Anisole Pump, B-500 

Purpose: To deliver a known steady stream of anisole to the recom
biner. 

Design Basis: Operating Temperature - 65 to 100°F. 

Process Fluid - anisole 

Description of Unit - diaphragm metering pump 

Capacity - 4 gpm. 

Suction Pressure - 5 psi. above vapor pressure 

Discharge Pressure - 50 psi~. 

Motor Horsepower - l 

· * ~roduct of the Copeland Refrigeration Corporation, Sidney, Ohio. 
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Materials of Construction -

Diaphragm: stainless steel 316 

Reagent Head: stainless steel 316 

Valve Housings: stainless steel 316 

Valve Seats: stainless steel 316 

Gaskets: Teflon* 

Valves: Hastelloy-C t ball checks 

The recombiner feed pump is a Lapp Pulsafeeder* positive displace
ment diaphragm metering pump rated to deliver a constant flow of 
liquid at flows from 0 to 4 gpm. and at discharge pressures at least 
as high as 50 psig. Suction and discharge ports are 1-1/2 inches 
in diameter, and the pump is driven by a 1-hp., 1800-rpm., totally 
enclosed motor wired for operation in a )-phase, 60-cycle, 220/440-
volt, ac. circuit. Ball check valves are employed in the reagent 
head, and internal prP.ssure relief is provided. Adjustment of the 
stroke establishes the desired anisole flow rate and thereby sets 
tqe system recycle rate. 

2. C()mplex Pumps, B-501 and B-502 

·purpose: To deliver a steady flow of boron trifluoride-anisole 
complex to the exchange column and decomposer. 

Design Basis: Operating Temperature - 65 to 100°F. 

Process Fluid - boron trifluoride-anisole complex 

Description of Unit - diaphragm metering pump 

Capacity - 4 gpm. 

Suction Pressure - 5 psig. above vapor pressure 

Discharge Pressure - 50 psig. 

Motor Horsepower - l 

Materials of Construction -

Same as for anisole pump, B-500 

* Product of E. I. du Pont de Nemours and Company, Incorporated. 

t Produt:t of Union Carbide Corporation. 

:J: Product of the Lapp Insulator Company, Incorporated. 
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The exchange column and decomposer feed pumps are identical to the 
recombiner feed pump but are installed differently. In order to 
ensure the maintenance of constant liquid levels in the recombiner 
and exchange column reservoirs, each of these pumps is connected in 
parallel with a by-pass line containing a diaphragm-operated control 
valve with a coefficient of 2.5. The pumps are set to operate at a 
capacity higher than that necessitated by the recombiner feed pump 
setting. The control valves are activated by changes in the reser
voir levels to allow either increases or decreases in the amount of 
liquid recycled around the pumps, as required. 

3. Coolant Supply System Pumps, B-503 and B-504 

Purpose: To supply anisole coolant to various process equipment 
items. 

Design Basis: Operating Temperature - up to 200°F. 

Process Fluid - anisole 

Description of Unit·- seal-less centrifugal (canned
motor) pump 

Capacity - 150 gpm. (B-503) and 60 gpm. (B-504) 

Suction Pressure - flooded 

Discharge Pressure - 50 psig. 

Motor Horsepower - l-l/2 

Materials of Construction -

Wetted parts are stainless steel 316, except for 
Viton-A gaskets and graphite bearings 

Both coolant system supply pumps are Series G Chempump* seal-less 
centrifugal pumps. All wetted parts are made of stainless steel 316 
with the exception of Viton-A gaskets and graphite bearings. These 
pumps are identical except for slight differences in impeller diame
ters due to the different capacities; both pumps are driven by totally 
enclosed motors operated in 3-phase, 60-cycle, 220/440-volt ac. 
circuits. 

4. Pressure Relief Systems 

Pressure relief systems were provided for the exchange column, the 
decomposer, the recombiner, and the purification still. Each relief 
system consists of a 50 psig. Monel rupture disc, a pressure gauge, 

* Product of Chempump Division, Crane Company. The 60 and 150 gpm. 
pumps were Models GA and GC, respectively. 
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and a 60 psig. pressure relief valve installed in series with the 
rupture disc on the process side. This arrangement allowed design 
safety criteria to be satisfied and also protected the system from 
possible air inleakages through the valve. The pressure gauge was 
included to .indicate penetration of the rupture disc. 

5. Pulsation Dampeners 

Since complex is discharged from the recombiner and exchange column 
feed pumps in pulses, dampeners were installed on the discharge lines 
from these units. The dampeners were fabricated from 6-inch diameter 
stainless steel pipe, 2-1/2 fee·t long, with 1/4-inch thick stainless 
steel end plates. These units are pressured with nitrogen so as to 
provide, after pressure equalization with the system, compressible 
gas volumes above the liquid levels to dampen out the surges. A dam
pener was not installed on the decomposer feed line, since it was 
not felt that a surging flow would detract from its efficiency. 

6. Entrainment Separator 

A knock-out drum type entrainment separator was installed on the 
discharge line from the purification still condenser to allow re
turn of liquid forced to the top of the condenser. This device is 
a stainless steel chamber, made from 6-inch diameter pipe and 1-1/2 
feet long, with nozzles at the middle for vapor entrance, at the top 
for vapor exit, and a.t the bottom for liquid return to the still. 

7. Molecular Sieve Traps 

The shells of the Molecular Sieve traps, used to dry anisole before 
charging it to the system, are 6-foot long sections of 6-inch steel 
pipe. Two units, each containing about 50 pounds of Linde Type 4A 
Molecular Sieves, were required to allow use of one while regenera
ting the other. Flow rates were 3 gpm. for rough drying to below 
about 300 ppm. water and 1 gpm. during final water removal to below 
50 ppm. The beds were regenerated first by steaming to remove ani
sole and other organics and then by heating and purging with dry 
nitrogen to remove the water. 

INSTRUMENTATION 

The pilot plant instrument diagram is figure 19, with explanations of 
the various symbols used and descriptions of the instruments given in 
table XVI. Also, the instrumentation used in the coolant loops is il
lustrated in figure 6. Although there were exceptions, in general the 
instrumentation scheme called for recording system temperatures, flows, 
column pressure drops, and complex density, while both recording and 
contr.oJJj_ng pressures and liquid levels. 
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Temperature Measurement and Control 

Iron-Constantan thermocouple assemblies connected to multipoint tempera
ture recorders were used to sense and to record the temperatures at the 
following points in the system: 

Exchange Column · - 3 internal and 4 external (wall) 
points 

High Temperature Decomposer Reboiler - I internal point and 1 external 
point 

High Temperature Decomposer Stripper - 2 internal points 

Low Temperature Decomposer 

Low Temperature Decomposer 

Recombiner Reservoir 
-- ·-- ··'.- --· -··- --·-

·Still Reboiler 

Still Column 

Reboiler 

Stripper 

Anisole Line from Still Product 
Tank to Recombiner 

Boron Trifluoride Line from 
Decomposer to Exchange Column 

Boron Trifluoride Line from Exchange 
Column. to·Recombiner 

point 

- 1 internal point 

- 3 internal points 

· -· 1 internal point 

- 3 internal points 

~ 1 external point 

- 1 external point 

- 1 external point 

and 1 external 

Additionally, dial-type thermometers were used to indicate the tempera
ture of the coolant streams, and single-point controller-recorders were 
used to ·control the temperatures of the glycol bath and the refrigerated 
anisole stream exiting from the coolant system, as has be·en discussed 
previously. 

Flow Measurement and Control 

Since the pilot plant operated at essentially total reflux, liquid and 
gas flows :through each unit were controlled by setting the recombiner 
feed ~etering pump to deliver the desired amount of anisole and subse
quently maint~ining constant liquid levels throughout the system. How
ever, in order to provide a check on steady'operation, orifice assemblies 
connected-to differential pressure transmitters and, in turn, to penu
matic recorders, were installed in the liquid line between the still 
product tank and the recombiner and in the gas line between the decom
poser and the exchange column. Also~ a 1.5 to 15 gpm. liquid rotameter 
·indicated the amount of anisole refluxed to the still column. Two-tenths 
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to 2.0 std. cfh. gas rotameters were used in the purge streams to the 
many instrument taps and in the nitrogen line connected to the inlet 
side of the still system ejector. 

Pressure Drop Measurement 

Pressure drops across the exchange column, high and low temperature de
composer strippers, and the still column were measured and recorded by 
connecting differential pressure transmitters coupled with pneumatic 
recorders to taps at both the tops and bottoms of these columns. An 
additional pressure drop gauge was used intermittently to coni'irm the 
exchange column values. 

Density Measurement 

The density of the boron trifluoride-anisole complex was measured using 
an Ohmart Corporation Model PG-l00-6-090150 density meter. This instru
ment contained a 150-millicurie Cesium-137 source which emitted a 0.66 
MEV gamma from a shielded holder affixed to the liquid line between the 
recombiner and exchange column. Directly across from the source holder, 
on the other side of the line, was an electronic measuring cell which, 
accorrline; to the intensity of the impinging gamma .• generated a signal 
for an as::;ociated electronic recorder. Since the extent of gamma-ray 
attenuation was proportional to the density of the complex filling the 
line, changes in this densj_ty, and thus in the mole :r·C:Ltio of boron tri
fluoride to anisole, could be easily detected. Analytical results were 
used to correlate chart readings with the approximate specific gravity, 
but the chief value of the unit lay in its ability to allow a continuous 
indication of changes in complex composition and, therefore, of system 
performance. 

Pressure Measurement and Control 

The operC:Lting pressure in the exchange column, decomposer, and recombi
ner sections of the system was controlled by venting accumulated inerts 
from the top of the recombiner whenever the pressure exceeded the set 
point. This was accomplished by using the output of a pneumatic 
controller-recorder, which was connected to C:L·pressure transmitter at 
the top of the recombit1er system, to open a diaphragm-operated control 
valve on the vent line. Pressures in the exchange column and in the 
decomposer were similarly measured, but no control was necessary at 
those points. 

The pressure in the purification still was controlled by using an abso
lute pressure transmitter, pneumatic controller-recorder arrangement to 
provide an operAting signal for a control valve located on the air line 
feeding the alr-jet ejector. All remaining pressuresof interest, such 
as steam pressures and coolant loop pump discharge pressures, were in
dicated using gauges . 
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Liquid Level Measurement and Control 

Liquid levels in the still reboiler, recombiner reservoir, exchange 
column reservoir, and high temperature decomposer reboiler were held 
constant during system operation by using "bubbler" arrangements. These 
units were assembled by locating purged pressure taps in the reservoirs 
above and below the desired liquid level. Lines from these taps were 
connected to differential pressure transmitters, since the pressure 
differences were proportional to the liquid heads above the lower taps. 
Transmitter outputs were fed to pneumatic controller-recorders connected 
to various control valves. For the recombiner and exchange column sys
tems, the control valves were placed on by-pass lines installed in paral
lel with the complex pumps wnich were located immediately below the 
reservoirs. Decreases in levels caused these valves to open; thereby 
increasing the amount of liquid recycled as explained in a previous 
section. 

The level control valve for the still reboiler, on the other hand, was 
located on the still product line so-that decreases in reboiler level 
could be met by increasing the amount of liquid returned to the still 

"'''as',._re:f±ux~.~-cccF-inal-l:y~,-"cthe_high,._:t,emp~r~~rtur~ _decg!Qp.os er. lev~ 1 . control valve 
was located so as to stop liquid removal in. the event-thatthe~hfgn tern.:..
perature decomposer reboiler level fell below the set point. This was 
important not only because the electrical heaters made it imperative to 

.maintain liquid in the reboiler at all times, but also because this unit 
provided the seal between the pressurized portion of the system, which 
contained boron trifluoride, and the evacuated part, which did not con
tain boron trifluoride. For this. reason, a float-type level controller 
was inst~lled in the high temperature decomposer reservoir and was con
nected to the main control valve th~ough a solenoid arran-gement in order 
to serve as a back-up for the primary level control unit. 



S;ymbol 

PT-101 

PF.C-102 

PCV-103 

PI-104 

FI-105 

LT-106 

LRC-107 

LCV-108 

FIC-109 

FIC-110 

CI-lll 

TE-112 

TE-113 

TE-114 

,-

TABLE :0/I 

KEY TO INSTRUl-1ENTA':'ION 

Service 

Still Column Pressure Control 

Still Column Pressure Control 

Still Column Pressure Control 

Still Column Vent Pressure Indica-
tion 

Nitrogen Flow to Reflux Condenser 
Vent 

Level Control in Still Reboiler 

Level Control in Still Reboiler 

Level Control in Still Reboiler 

Bubble System, High Side of LT-106 

Bubble System, Low Side of LT-106 

Liquid Flow from Reflux Condenser 

Still Reboiler Internal Temperature 

Still Column Lower Section Internal 
Temperature 

Still Column Middle Section Inter-
nal Temperature 

DescriptioJ Input Range Output Range 

Absolute PreE-sure Transmitter 0-20 psia. 3-18 psig. 

Pneumatic Recording Controller 3-18 psig. 3-l8psig. 

Diaphragm Operated Control 
Valve with CV = 2.5 

Pressure Gauge 

Purge Rctameter with Constant 
Differential Regulator 

Differential Pressure Trans
mitter 

3-le psig. 

30 in. vac. 30-0-100 
to 100 psig. 

0.2 to 2.0 
std. cfh. 

0-l psig. 3-18 psig. 

Pneur:~ati::: Recording ·Controller 3-18 psig. 3-18 psig. 

Diaphragm Operated C-ontrol 
Valve with CV = 2.5 

Purge Rotameter with Constant 
Differen~ial Regulator 

Purge Ro~ameter with Constant 
Differential Regulat,::>r 

Liquid Rotameter 

Thermocouple Assembl:' (I/C) 

Thermoco1:ple Assembl;f (I/ C) 

Thermocouple Assembly (I/ C) 

3-18 psig. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
std. cfh. 

l. 5 to 15 
gpm. 

(X) 
\11 



TABLE XVI 
(Continued) 

KEY TO INSTRUMENTATION: 

Symbol 

TE-115 

FE-116 

FT-117 

FR-118 

TE-119 

DT-120 

DT-121 

DR-122 

LT-123 

Service 

Still Column Upper Section Internal 
Temperature 

Purified Anisole Flow to Recombiner 

Purified Anisole Flow to Recombiner 

Purified Anisole Flow to Recombiner 

Anisole Pump Discharge Temperature 

Complex Feed Density Measurement 

Complex Feed Density Measurement 

Complex Feed Density Measurement 

Complex F.eed Level Control 

LRC-124 Complex Feed Level Control 

LCV -125 Complex Feed Level Control 

FIC-126 Bubble System, Low Side of LT-123 

FIC-127 Bubble System, High Side of LT-123 

PT-128 Recombiner Pressure Control 

I. 

Descr~ption Input Range Output Range 
I' 

Thermocouple Ass~mbly (I/C) 
I. 

Orifice Assembly;' 

Differential Pressure Transmit- 0-72 in. 
i ter 

' Pneumatic Pressu:re Recorder 
v Thermocouple Ass1~mbly ( I/C) 
~ 

Source and Detector Section, 
> Radiation-Type ~~nsity Meter 
t·· 

Indicator Sectidp, Radiation-
Type Density Mei~r 
Density·Recorde~ 

water 

3-18 psig. 

0-10 mv. 

0-10 mv. 

Differential PrJssure Transmit- 0-1 psig. 
ter 

Pneumatic ~ecorging Controller 3-18 psig. 
~ 
c· 

Diaphragm Operated Control 
Valve with CV =[;2. 5 

Purge Rotameter!' with Constant 0. 2 to 2. 0 
Differential Re~ulator std. cfh. 

Purge Rotameter1 with Constant 
Differential Regulator 

~: 

Pressure Trans~itter 
I 

0.2 to 2.0 
std. cfh. 

o-65 psia. 

3-18 psig. 

3-18 psig. 

18-3 psig. 

3-18 psig. 

(X) 
0\ 
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TABLE XVI 
(Continued) 

KEY TO INSTRUMENTATION 

Symbol · .Service 

PRC,-129 Recombiner Pressure Control 

PCV-130 Recombiner Pressure Control 

TI-131 Recombiner Coolant Outlet Tempera
ture 

TI-132 Recombiner Coolant Outlet Tempera
t·:lre 

TI-133 

TI-134 

TE.;.l35 

TI-136 

PI-137 

PI-138 

PI-13·9 

Still Product Tank Inter~al Ten
perature 

Recombiner Coolant Outlet Tempera
ture 

Recombiner Reservoir Internal 
Temperature 

Recombiner Outlet Liquid Tempe~a
ture 

Boron Trifluoride to Recombine~ 
Pressure 

Exchange .Column Relief Pressure 
Indication 

Recombiner Relief Pressure In~ica
tion 

PdT-140 Differential Pressure Across 
Exchange Column 

Description 

Pneumatic Pressure Recording 
Controller 

Diaphragm Operated Control 
Valve with CV = 2.5 

Temperature Indicator, Dial 
TyJle 

Temperature Indicator, Dial 
TyJle 

Temperature Indicator, Dial 
TyJle 

Temperature Indicator, Dial 
TyJle 

Thermocouple Assembly (I/C) 

Temperature Indicator, Dial· 
Type 

Pressure Gauge 

Pressure Gauge 

Pressure Gauge 

Differential Pressure Trans
mitter 

Input Range Output Range 

3-18 psig. 18-3 psig. 

3-18 psig. 

0-200°F. 

0-100 psig. 

0-100 psig. 

0-100 psig. 

0-l. 5 psig. 3-18 psig. 



TA;BLE XVI. 
(Continued) 

KEY TO INSTRUMENTATION . 

Symbol Service 

PdR-141 Differential Pressure Across 
Exchange Column 

LT-142 · Exchange Column Reservoir level 
Control 

LRC-143 Exchange Column Reservoir level 
Control 

I..CV-144 Exchange Column Reservoir Level 
Control 

FIC-145 Bubble System, Low Side of LT-142 

FIC-146 Bubble System, High Side of LT-142 

PT-147 Pre~sure, Bottom of Exchange 
Column 

PR-148 Pressure, Bottom of Exchange 
Column 

FIC-149 Purge System, PT-147 

TE-150 Boron Trifluoride Temperature at 
Exchange Column Outlet 

TE-151 Skin Temperature, Top Section of 
Exchange Column 

TE-152 Internal Temperature, Top Section 
of Exchange Column 

Description 

Pneumatic Presfsure· Recorder 

Differential Pressure Trans
mitter 

Pneumatic Pres'sure Recording 
· Controller ' 

Diaphragm Oper,ated Control 
• Va.lve with CV ~ 2. 5 

Purge Rotamete~ with Constant 
Differential R~gulator 

Purge Rotameter with Constant 
Differential R~gulator 

I \ 

Pressure Transmitter 

Pneumatic Pressure Recorder 

Purge Rotameter with Constant 
Differential Regulator 

Thermocouple A~sembly (i/c) 

Thermocouple A~sembly (I/C) 

Thermocouple Assembly (I/C) 

Input Range Output Range 

3-18 psig. 

0-l psig. 3-18 psig. 

3-18 psig. 18-5 psig. 

3-18 psig. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
std. cfh. 

0-65 psia. 

3-18 psig. 

0.2 to 2.0 
std. cfh. 

3-18 psig. 



TABLE XVI 
(Continued) 

KEY TO INSTRUMENTATION 

Symbol Service IescriJ2tion Input Range Output Range 

TE-153 Skin Temperature, Middle Section of Thermocouple Assembly (I/ C) 
Exchange Column 

TE-154 Internal Temperature, Middle Thermocouple Assembly (I/C) 
Section of Exchange Column 

TE-155 Skin Temperature, Lower Section Thermocouple Assembly (I/C) 
of Exchange Column 

TE-156 Skin Temperature, Lower e.ection Thermocouple Assembly (I/C) 
of Exchange Column 

TE-157 Internal Temperature, Lower Section Thermocouple Assembly (I/C) (X) 

of Exchange Column \0 

TE-158 Boron Trifluoride Temperature at Thermocouple Assembly (I/C) 
Exchange Colwnn Inlet 

PI-l59 Low Temperature Str~pper Column Pressure Gauge 0-100 psig. 
Relief Pressure Ind~cation 

FE-160 Boron 'I'riflucride Flow to Exchange Orifice Assembly 
Column 

FT-161 Boron Trifluoride Flow to Exchange Differential Pressure Trans- 0-2 psig. 3-12 psig. 
Column mitter 

FR-162 Boron Trifluoride Flow to Exchange Pneumatic Pressure Recorder ;.-18 psig. 
Column 

PT-163 Boron Trifluoride Pressure to Pressure Transmitter 0-65 psia. 3-18 psig. 
Exchange Column 

PR-164. Boron Trifluoride Pressure to Pneumatic Pressure Recorder 3-18 psig. 
Exchange Column 



TABLE XVI 
(Continued) 

·KEY TO INSTRUMENTATION 

Symbol ServJce 

LT-165 -Level Control, High Temperature 
Reboiler 

LRC-166 Level Control, High Temperature 
Reboiler 

LCV-167 · Level Control, High Temperature 
· Reboiler 

FIC-168 Bubble System, High Side of LT-165 

FIC-169 Bubble System, Low Side of LT-165 

TE-170 Skin Temperature, Hl.gh Temperature 
Reboiler. 

Description 

Differential Pressure Trans
mitter 

I 

Differential Pressure Control-
ler ' 

Diaphragm Oper~ted Control 
Valve with CV F: 2.5 

' ?urge RotameteT with Constant 
Differential R~gulator 

Purge Rotameter with Constant 
Differential Regulator 

r 

Thermocouple Assembly (I/C) 

TE-171 Internal Temperature, High Tempera- Thermocouple Assembly (I/C) 
ture Reboiler 

TE-172 Internal Temperature, High Tempera
ture Stripper Column 

TE-173 Skiri Temperature, High Temperature 
Stripper Column 

TE-174 

TE-175 

TE-176 

Internal Temperature, High Tempera
ture Stripper Colurrrr1 

Internal Temperature, Low Tempera
ture Reboiler 

Internal Temperature, Low Tempera
ture Stripper Column 

. r: 

Thermocouple A~sembly (I/C) 
I. 

f: 

Thermocouple I Assembly (I/C) 

Thermocouple ~ssembly (I/C) 

Thermocouple Aissembly (I/C) 
t: 

Thermocouple Assembly (I/C) 

Input Range Output Range 

0-1 psig. 3-18 psig. 

3-18 psig. 3-18 psig. 

3-18 psig. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
std. cfh. 

\0 
0 



TABLE XVI 
(Continued) 

KEY TO INSTRT~~TATION 

Symbol 

TE-177 

TE-178 

PCV-179 

PI-180 

PI-181 

PT-182 

PR-183 

PI-184 

PI-185 

Service 

Internal Tem~erature, Low Tempera-
ture Stripper Column 

Internal Tem~erature, Low Tempera-
ture Stripper Column 

Boron Triflucride Makeup Press·c.re 
Control 

Boron Triflucride C~·linder Pressure 

Boron Triflucride C~·linder Red·;;:ced· 
Pressure 

Low Temperature Stripper 8olWTh~ 
Pressure 

Low Te~perature Stripper 8olumn 
Pressure · 

Anisole Pump Surge Tank Pressure 

Complexed Feed Pump Surge Tank 
Pressure 

PCV-186 Steam Pressure Reduction to Still 
Reboiler 

PI-187 Steam to Still Reboiler Pressure 
Indication 

PCV-188 Steam Pressure Reduction to Decom
poser Reboiler 

PI-189 Steam to Deccmposer Reboiler Pres
sure Indication 

Description 

Thermocouple Assembly (I/ C) 

Thermocouple Assembly (I/ C) 

Cylinder Regulator 

Pressure Gauge 

. Pressure Gauge 

Absolute Pressure Transmitter 

Pneumatic Pressure Recorder . 

Pressure Gauge 

Pressure Gauge 

Self-Contained Pressure Regu
lator 

Pressure Gauge 

Self-Contained Pressure Regu
lator 

Pressure Gauge 

Input Range Output Range 

0-65 psia. 

;.-18 psig. 

0-100 psig. 

0-100 psig. 

0-100 psig. 

0-100 psig. 

3-18 psig. 



TABLE XVI 
(Continued) 

KEY TO.INSTRUMENTATION 

Symbol 

TR-190 

TR-191 

Service 

System Temperatures 

System Temperatures 

LS-192 High Temperature Reboiler Level 
Control Override 

LCV-193 High Temperature Reboiler Level 
Control Override 

TI-194 Condenser Coolant Outlet Tempera~ 
ture 

TI-195 Boron Trifluoride Cooler Coolant 
Outlet Temperature 

TI-196 Water~Cooled Anisole Coolant Hold 
Tank Inlet Temperature 

TI-197 Water-Cool~d Anisole Coolant Tem
perature 

TI-198 Water Coolant Inlet Temperature 

TI-199 Water Coolant Outlet Temperature 

TI-200 Refrigerated Anisole Coolant Out
let Temperature 

TI-201 Refrigerated Anisole-Coolant Inlet 
Temperature 

.• 

Description 

20-Point L and N Speedomax for 
I/C Couples 

! 
12-Point L and ,:N Micromax for 
I/C Couples ' 

Level Switch 

Three-Way Sole:Qoid Valve. 

Temperature In9-icator, Dial 
Type 

Temperature Indicator, Dial 
Type 

Temperature In~icator, Dial 
Type 

Temperature Indicator, Dial 
Type 

Temperature In~icator, Dial 
Type ~ . 

Temperature In1icator, Dial 
Type 

Temperature In~ic a tor, Dial 
Type· 

Temperature Indicator, Dial 
Type 

Input Range Output Range 

100 to 600°F. 

0-200.°F. 



TABLE XVI 
(Continued) 

. ' 

KEY TO INSTRUMENTATION 

Symbol 

TE-202 

Service 

Refrigerated Anisole Coolant Outlet 
Temperature 

TRC-203 Refrigerated Anisole Coolant Cutlet 
Temperature 

TCV-204 

PI-205 

PI-206 

Refrigerated Anisole Coolant Outlet 
Temperature 

Coolant Pump Discha~ge Pressure 

Coolant Pump Discharge Pressure 

PdT-207 Differential Pressure Across Still 
Equipment 

PdR-208 Differential Pressure Across Still 
Equipment 

TE-209 Decomposer Feed Exit Temperature 
from Glycol Bath 

TRC-210 Decomposer Feed Exit Temperature 
from Glycol Bath 

PdT-211 Differential Pressure Across High 
Temperature Stripper 

PdT-212 Differential Pressure Across Low 
Temperature Stripper 

XX-213 Pressure Selection, Output of 
PdT-211 or PdT-212 

Description Input Range 

Temperature Elenent - Gas Filled 
Bulb 

Temperature Recorder Controller 0-300°F. 
Taylor Fulscope 

Diaphragm Operated Control 
, Valve 

Pres sure Gauge 

Pressure Gauge 

Differential Pressure Trans
mitter 

Pneumatic Pressure Recorder 

Thermocouple Assembly ( I/C) 

Single Point L and M Micromax 
Recorder Controller for I/C 
Couple 

Differen~ial Pressure Trans
mitter 

Diffe~ential Pressure Trans
mitte~ 

Three-Way Switching Cock 

3-18 psig. 

0-100 psig. 

0-100 psig. 

0-3 psig. 

3-18 psig. 

0-1 psig. 

0-1 psig. 

Output Range 

3-18 psig. 

3-18 psig. 

3-le. psig. 

3-12 psig. 

\0 
\.N 
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Symbol Service 

·PdR-214 Differential Pressure Across 
or Low Temperature Stripper 

FIC-215 Purge System, PdT-140 

FIC-216 Purge System, PdT-212 

FIC-217 Purge System, PdT-212 

FIC-218 Purge System, PdT-211 

FIC-219 Purge System, PdT-2ll 

TABLE XVI 
(Continued) 

p 

KEY TO INSTRUMENTATION 

High 

Descri;etion 
I. 

Pneumatic Pres~ure Recorder 

Purge Rotameter with Constant 
Differential Regulator 

Purge Rotameter with Constant 
Differential R~gulat~r 
Purge Rotameter with Constant 
Differential R~gulator 

Purge Rotameter with Constant 
Differential Regulator 

Purge Rotameter with Constant 
Differential Regulator 

t: 
;· 

' . : 

In;eut Range Out;eut Range 

3-18 psig. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
std. cfh. 

0.2 to 2.0 
\0 

std. cfh. + 
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Figure 14 

RECOMBINER, B-301 AND B-302 

Reference Drawing E-P-130195 
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Figure 16 

PURIFICATION STILL COLUMN, 
B-401, SHEET 1 

Reference Drawing E-P-13019V 
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Figure 17 

PURIFICATION STILL COLUMN, 
B-401, SHEET 2 
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