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( 7 1 ) W e , U N I T E D S T A T E S 
DEPARTMENT OF ENERGY, Washing-
ton, District of Columbia 20545, United 
States of America, a duly constituted 
department of the Government of the 
United States of America, established by the 
Department of Energy Organization Act of 
1977 (Public Law 95-91), do hereby declare 
the invention, for which we pray that a patent 
may be granted to us and the method by 
which it is to be performed, to be particularly 
described in and by the following statement: 

It has been the practice to (a) withdraw 
hot, liquid UF6 from various systems, (b) 
direct the UF6 into storage cylinders, and (c) 
transport the filled cylinders to another area 
where the UF6 is permitted to solidify by 
natural cooling. However, some hazard 
attends the movement of cylinders contain-
ing liquid UF6, which is dense, toxic, and 
corrosive. 

As illustrated in terms of one of its applica-
tions, the invention is directed to withdraw-
ing hot liquid UF6 from a system including 
(a j a compressor for increasing the pressure 
and temperature of a stream of gaseous UF6 
to above its triple point and (b) a condenser 
for liquefying the compressed gas. A net-
work containing block valves and at least first 
and second portable storage cylinders is con-
nected between the outlet of the condenser 
and the suction inlet of the compressor. After 
an increment of liquid UF6 from the con-
denser has been admitted to the first cylin-
der, the cylinder is connected to the suction 
of the compressor to flash off UF6 from the 
cylinder, thus gradually solidifying UF6 
therein. While the first cylinder is being 
cooled in this manner, an increment of liquid 
UF6 from the condenser is transferred into 
the second cylinder. UF6 then is flashed from 
the second cylinder while another increment 
of liquid UF6 is being fed to the first. These 
operations are repeated until both cylinders 
are filled with solid UF6, after which they can 

be moved safely. As compared with the pre-
vious technique, this procedure is safer, fas-
ter, and more economical. The method also 
provides the additional advantage of remov-
ing volatile impurities from the UF6 while it 
is being cooled. 

This invention relates generally to 
methods for handling fluid uranium hexaf-
luoride. More particularly, it relates to 
methods for withdrawing liquid uranium 
hexafluoride from a system and storing it as a 
solid in a plurality of containers. 

In the United States gaseous diffusion 
plants for the separation of uranium 
isotopes, uranium hexafluoride (UF6) is 
employed as the process gas. Certain diffu-
sion plant operations entail the withdrawal 
and storage of process gas. One routinely 
employed technique for accomplishing the 
withdrawal and storage comprises directing a 
stream of the gaseous UF6 into a compressor, 
which increases the pressure and tempera-
ture of the UF6 to above its triple point. The 
pressurized gas then is cooled just enough to 
liquefy it, after which the resulting hot, liquid 
UF6 is directed into a plurality of storage 
cylinders. After the typical cylinder is filled 
with liquid UF6, it is replaced with an empty 
cylinder. The liquid-filled cylinder is 
removed to a cylinder-storage area, where 
the UF« in the cylinder is permitted to sol-
idify by natural cooling. Because the storage 
cylinders have UF6 capacities of as much as 
fourteen tons, solidification of the UF6 by 
natural cooling may take as long as four or 
five days. 

Although the procedure just described has 
been used at the gaseous diffusion plants for 
many years, it is subject to the disadvantage 
that it entails the movement of large cylin-
ders, each containing thousands of pounds of 
a dense, corrosive, and toxic liquid. A poss-
ible alternative to the usual procedure would 
comprise circulating a coolant or refrigerant 
about the exterior of the typical storage 
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cylinder while it is positioned at the with-
drawal point, thus effecting in-situ solidifica-
tion of the UF6. Unfortunately, that techni-
que requires an impractically long time to 

5 solidify all of the UF6 in the cylinder. That is, 
external cooling readily solidifies UF6 adja-
cent to the cylinder wall but requires a much 
longer time to solidify UF6 in the region of 
the axis. 

10 Certain gaseous diffusion cascade opera-
tions have entailed introducing gaseous UF6 
to a refrigerated vessel to solidify the same; 
storing the solidified UF6 in the vessel; and 
subsequently evacuating the vessel by warm-

15 ing it and flash-evaporating the UF6 into an 
evacuated line. 

Accordingly, it is an object of this inven-
tion to provide an improved method for 
charging one or more storage vessels with 

20 liquid UF6 and solidifying the UF6 therein. 
It is another object to provide a relatively 

rapid and efficient method for effecting sol-
idification of UF6 in closed storage vessels 
containing liquid UF6 at an elevated temper-

25 ature and pressure. 
It is another object to accomplish such sol-

idification by a method which removes vol-
atile impurities from the UF6 being sol-
idified. 

30 The following article describes gaseous 
diffusion processes and states (e.g., Badger 
stages for separating a feed stream of gaseous 
uranium hexafluoride into substreams of dif-
fering isotopic content): Encyclopedia of 

35 Chemical Technology, Vol. 7, (1965), pp. 
92-119. U.S. Patent No. 4,040,801 discloses 
a vessel for desubliming gaseous UF6 and 
then melting the resulting solid. The proper-
ties of UF6 are described in many references, 

40 such as the following: J.J. Katz and E. 
Rabinowitch, ed., Chemistry of Uranium 
(Office of Technical Services, Department of 
Commerce, Washington, D.C., 1958). 

One form of the invention may be sum-
45 marized as follows: In a process wherein 

gaseous UF6 is withdrawn from a first system 
and directed into a second system for con-
verting the gas to liquid UF6 at an elevated 
temperature, the improved method for with-

50 drawing the resulting liquid UF6 from the 
second system and storing it as a solid in a 
plurality of storage vessels, said method 
comprising the steps of: (a) directing an 
increment of liquid UF6 from the second sys-

55 tem into a first closed storage vessel; (b) 
flash-evaporating UF6 from the first vessel 
into one of the first system and second system 
to cool and solidify UF6 in the first vessel 
while directing an increment of liquid UF6 

60 from the second system into a second closed 
storage vessel; (c) flash-evaporating UF6 
from the second vessel into one of the first 
system and second system to cool and solidify 
UF6 in the second vessel while directing 

65 another increment of liquid UF6 from the 

second system into the first vessel; and (d) 
flash-evaporating UF6 from the first vessel 
into one of the first system and second system 
to cool and solidify additional UF6 in the first 
vessel. 70 

Another form of the invention is summar-
ized as follows: In a process wherein gaseous 
UF6 is directed into a system including a 
compressor for increasing the temperature 
and pressure of the gaseous UF6 to above its 75 
critical point and also including a cooler for 
liquefying the gas so compressed, the 
improved method for withdrawing UF6 from 
said system and storing it in a portable stor-
age vessel as a solid, said method comprising: 80 
feeding liquid UF6 from said system into said 
vessel while flash-evaporating to the suction 
side of said compressor part of the liquid UF6 
so fed to said vessel, thus effecting cooling 
and solidification of UF6 in said vessel. 85 

Fig. 1 is a schematic diagram of apparatus 
for carrying out the method of this invention, 

Fig. 2 is a schematic diagram of alternative 
means for effecting the purposes of a system 
designated as 7 in Fig. 1, and > 90 

Fig. 3 is a schematic diagram of Fig. 1 as 
modified to carry out an alternative form of 
the invention. :?I 

The principle of the invention will first be 
discussed in terms of Fig. 1, where the num- 95 
eral 1 designates a conventional gaseous dif-
fusion stage of the so-called Badger type, As 
shown, the stage includes a diffusion conver-
ter 3 containing porous gaseous diffusion 
barrier 5 for separating a feed stream of hot, 100 
gaseous UF« into an enriched (diffused) 
stream and a depleted (undiffused) stream. 
A conventional system 7 is connected to 
receive a stream of depleted, hot gaseous 
UF6 from the stage 1 via a line 9 and to 105 
liquefy the same. In this illustration, the sys-
tem 7 includes (a) standard compressor 
means 11 for pressurizing the depleted UF6 
to increase its pressure and temperature 
above its triple point and (b) a condenser 13 110 
for cooling the compressed gas just enough 
to liquefy it. The suction side of compressor 
11 is connected to line 9, as shown. Hot 
liquid UF6 is discharged from the condenser 
13 through an outlet line 14, which can be 115 
connected to the inlet 16 of a network 17 or 
to an accumulator 18. 

In accordance with this invention, a net- 5 

work 17 of block valves 23^-23/and storage 
cylinders 25-27 is connected between 120 
aforementioned inlet line 16 and an outlet 
line 15, the latter being connected to suction 
line 9 of the liquefaction system 7. As shown, 
the network 17 comprises three parallel-
connected lines 19-21. Typical line 19 125 
includes block valves 23a and 23b and a val-
ved storage cylinder 25. The inlet of the 
cylinder valve is connected to line 19 at a 
point between its block valves. The various 
block valves and cylinders may be of conven- 130 
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tional design. 
A typical operation of the network 17 is as 

follows, it being assumed that initially all of 
the block valves 23a-23/ are in the closed 

5 position. Block valve 23a is opened to par-
tially fill cylinder 25 with a first increment of 
hot liquid UFS from the condenser 13. Upon 
completion of this transfer, valve 23a is 
closed. Valve 23b then is opened to connect 

10 the region above the liquid in cylinder 25 to 
the suction line 9 of the compressor 11. As a 
result, UF6 flashes (is flash-evaporated) into 
line 9, cooling and solidifying the UF6 in the 
cylinder. Valve 23c also is opened so that 

15 while cylinder 25 is being cooled, cylinder 26 
is being charged with an increment of hot 
liquid UF6 from line 16. On completion of 
the liquid transfer to cylinder 26, valves 22>b 
and 23c are closed and valves 23a and 23d 

20 are opened to effect concurrent transfer of a 
second increment of liquid UF6 to cylinder 
25 and solidification of UF6 in cylinder 26. 
These operations are repeated until cylinders 
25 and 26 contain the desired amount of 

25 solid UF6, at which time the operator closes 
valves 23a and 23d. Valve 23e then is opened 
to charge cylinder 27 with a preselected 
increment of the hot liquid UF6. While cylin-
der 27 is being charged, cylinders 25 and 26 

30 can be safely moved, permitting empty cylin-
ders to be positioned in their place. The filled 
cylinders may be transported immediately to 
other areas for storage or use. 

The operating conditions for an arrange-
35 ment of the kind shown in Fig. 1 are not 

highly critical. The following is a summary of 
one set of suitable operating conditions for 
accomplishing the objectives of the invention 
with two nickel-clad steel cylinders having a 

40 wall thickness of approximately 5/16 inch. 
Capacity of each cylinder: 28000 lb. 
Temperature of liquid UF6 outflow from 

condenser 13: 148°F to 180°F. 
Suction pressure of compressor 11:5 psia. 

45 Typical discharge pressure of compressor 
11: 30 psia 

Typical withdrawal rate of UF6 from plant: 
2200 lb/hr. 

Typical liquid UF6-transfer rate to a cylin-
50 der: 3100 lb/hr. 

Typical rate at which vapor is pumped 
from cylinder: 900 lb/hr. 

Time required to fill both of the cylinders 
with solid UF6: 26 hrs. 

55 This invention provides several significant 
advantages. First, UF6 transfer and solidifi-
cations are accomplished at the withdrawal 
point, avoiding the need to move cylinders 
containing liquid UF6. Second, the transfer 

60 and solidification are accomplished more 
rapidly and with less complex apparatus than 
if external cooling were employed. Third, 
cooling is effected by a technique which 
effects removal of various volatile impurities 

65 from the liquid UF6 in the cylinders 

impurities such as hydrogen fluoride and 
"Freon" (Registered Trade Mark). Fourth, 
by reducing the time required for solidifica-
tion of the UF6 the invention permits a 
reduction in carrying charges. In the present 70 
gaseous diffusion plants, the typical existing 
UF6-liquefaction system (7, Fig. 1) is sized 
large enough to handle the additional load 
imposed by operating in accordance with the 
invention. Thus, no re-design of the system is 75 
required. Preferably, the liquid UF6 fed to 
the system 7 is at a relatively low tempera-
ture consistent with avoiding solidification -
e.g., a temperature of from approximately 
200°F - but it may be as high as 150°F to its 80 
critical temperature. 

For convenience, the invention has been 
illustrated in terms of a network 17 compris-
ing manually operated valves and only three 
storage cylinders. It will be apparent, how- 85 
ever, that any suitable automatic valves and 
control instrumentation may be employed. It 
also will be apparent that the invention is 
applicable to the filling and cooling of addi-
tional cylinders in the manner described. The 90 
invention may, of course, be utilized with 
UF6 of any assay (so long as equipment of 
"always-safe" geometry is employed), and 
the UF6 may be derived from any suitable 
source (e.g., other kinds of gaseous diffusion 95 
stages or a gas centrifuge system for separat-
ing a stream of gaseous UF6 into substreams 
of different isotopic concentration). 

Again, the invention may be used in con-
junction with the conventional system desig- 100 
nated as 29 in Fig. 2. In that particular 
arrangement, gaseous UF6 at subatmos-
pheric pressure is directed from a header 31 
into cold trap 33. The trap is a conventional 
type provided with both cooling and heating 105 
means. (Such a trap is disclosed in U.S. 
Patent No. 4,040,801). The trap first is 
cooled to convert a selected amount of gase-
ous UF6 directly to a solid. Then the trap is 
valved off from the header 31 and is heated 110 
to convert the solid to hot, liquid UF6, which 
is fed to the inlet of a network similar to 17 
(Fig. 1) for introduction to storage cylinders 
in accordance with the invention. Solidifica-
tion of the liquid in the cylinders is effected as 115 
described by flash-evaporating UF6 from the 
cylinders into the header 31, as by the outlet 
line 15 for the network. 

In another form of the invention, shown in 
Fig. 3, the network 17 comprises parallel- 120 
connected storage vessels 37, connected 
across the UF6-liquefaction system7. Each of 
the storage vessels 37 includes a valve 39a for 
the introduction of liquid UF6 from line 16 
and another valve 39b for the removal of 125 
UF6 vapor derived from the introduced 
liquid. In a typical operation, liquid UF6 
(dashed arrows) is fed to the vessels through 
the valves 39a; concurrently, UF6 in the form 
of vapor (solid arrows) is flash-evaporated 130 
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from the vessels to the inlet of the liquefac-
tion system, through the valves 39b. That is, 
solidification of UF6 in each vessel is effected 
by simultaneously introducing liquid UF6 

5 and flashing off UF6 vapor. Thus, the heat of 
fusion evolved by solidification supplies the 
heat of vaporization for flashing off the UF6. 
This mode of operation is rapid, safe, and 
economical. The UF6-containment means 

10 may comprise one or more standard storage 
cylinders. A temperature in the range of 
about 150-200°F is preferred for the liquid 
UF6 fed to the cylinders. 

When the solid UF6 in the cylinders has 
15 accumulated to the desired level, they are 

disconnected from the UF6 system for trans-
port to a suitable storage area. Empty cylin-
ders then are connected in their place. 

It will be apparent to those versed in the 
20 art that various modifications and changes 

may be made in the method and apparatus 
described herein. It is the intention that this 
invention be construed in the broadest man-
ner consistent with the accompanying claims. 

25 WHAT WE CLAIM IS: 
1. A process for withdrawing gaseous 

UF6 from a first system and directing same 
into a second system for converting the gas to 
liquid UF6 at an elevated temperature, addi-

30 tionally including the step of withdrawing the 
resulting liquid UF6 from the second system 
and storing it as a solid in a plurality of stor-
age vessels, said additional step comprising 
the following: 

35 (a) directing an increment of liquid UF6 
from the second system into a first closed 
storage vessel; 

(b) flash-evaporating UF6 from the first 
vessel into one of the first system and second 

40 system to cool and solidify UF6 in the first 
vessel while directing an increment of liquid 
UF6 from the second system into a second 
closed storage vessel; 

(c) flash-evaporating UF6 from the sec-
45 ond vessel into one of the first system and 

second system to cool and solidify UF6 in the 
second vessel while directing another incre-
ment of liquid UF6 from the second system 
into the first vessel; and 

50 (d) flash-evaporating UF6 from the first 
vessel into one of the first system and second 
system to cool and solidify additional UF6 in 
the first vessel. 

2. A process as claimed in claim 1, 
55 wherein said elevated temperature is in the 

range of from 148°F to 480°F. 
3. A process as claimed in claim 1 or 2 

wherein the storage vessels to be filled are 
initially at substantially ambient tempera-

60 ture. 
4. A process as claimed in claim 1,2 or 3, 

wherein the second system comprises: 
(a) a compressor for increasing the pres-

sure of said gaseous UF6 to above its triple 
65 point, and 

(b) a condenser for converting the com-
pressed UF6 to liquid UF6. 

5. A process as claimed in claim 1,2 or 3, 
wherein the second system comprises: 

(a) cooling means for directly converting 70 
said gaseous UF6 to a solid, and 

(b) heating means for converting the 
resulting solid UF« to liquid UF6. 

6. A process as claimed in any preceding 
claim, wherein after the first and second ves- 75 
sels are filled to a desired level with solid 
UF6, they are replaced by empty vessels in 
which solid UF6 is deposited by the process 
set forth. 

7. A process as claimed in any preceding 80 
claim, substantially as hereinbefore 
described and illustrated. 
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