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ABSTRACT

A mcthod was developed and successfully applied o
characterize large uranyl fluoride (UO,t2) deposits at the
former Oak  Ridge Gascous Diffusion Plant. These
deposits were formed by a wet atr in-leakage into the UFg
process gas lincs over a period of years. The resulting
UO,1; is hygroscopic, readily absorbing moisture from the
air o form hydrates as UQO,I%; - nlL(). The ratio of
hvdrogen to uranium, denoted VU, can vary from 0 - 16,
and has significant nuclear criticality safety impacts for
large deposits. In order to properly formulate the required
course of action, a non-intrusive characterization of the
distribution of the fissile material within the pipe, its total
mass. and amount of hydration was nceded. The Nuclear
Weapons  Identification  System'  (NWIS)  previously
developed at the Oak Ridge Y-12 Plant for identification
of uranium weapons componcents in storage containers was
used to successfully characterize  the - distribution,
hydration, and total mass of these deposits.

[. BACKGROUND

Three separate deposits, all located in the same
process building. were successfully characterized using the
mcthods to be described. The first deposit existed in a 17-
ft.-long, 24-in.-O.D. process gas line that becausc of its
shape became to be known as the "Hockey Stick™. The
formation of this deposit was belicved to be from a wet air
in-lcakage in the convoluted metal bellows of the block
valve immediately upstream of the Hockey Stick; this
block valve was the location of the second deposit that was
characterized. The Hockey Stick and the block valve are
shown in Figure 1.

The Hockey Stick is composed of a 6 ft. horizontal
section and a 10 ft. vertical section that is at a 60 degree
angle to the floor and terminates into a common header
13.5 feet above the floor. Previous passive Non-

Destructive Assay (NDA) measurements using gamma ray
spectrometry and neutron counting indicated that the
Hockey Stick contained 1190 kg + 595 kg of UOhis
enriched to 3.3 wi% * 0.66 wi% “’U. Thc NDA
measurements  also indicated that the  deposit was
uniformly distributed around the circumference of the pipe
as well as along the length of the pipe. These
measurements are somewhat himited due the sclf-
absorption of the 186 keV decay gamma in thick deposits
and the low spontancous fission rate of uranium for
ncutron counting.

s

Figure 1. 24" O.D. Pipe (Hockey Stick) and Block
Valve

The second deposit in the block valve immediately
adjacent to the Hockey Stick was belicved to exist in the




upper internals (around the valve stem and bellows). The
valve is a 20-in.-dia. double disc gate vaive and the valve
bonnet surrounding the mternals has an O.D. of 24 in. and
a height of 36 in. Previous passive NDA measurements
indicated that the block valve contained approximately
156 kg = 78 kg of material eariched 10 3.3 wi% = (.66
Wi% UL However, the large deposit in the Hockey Stick
micrfered with the gamma ray spectrometry measurements
on the valve necessitaling a  second  confirmatory
mgeasurement.

The third deposit existed in g pipe  intersection
consisting of a 10 ft long 30-in.-dia. horizontal pipe and a
12 ft long 24-in.-dia. vertical pipe joined via a custom
fabricated transition picee (T-Pipe). and is shown in
Figure 2. Previous passive NDA mceasurements indicated
the T-Pipe contained approximately 240 kg £ 120 kg of
material enriched 10 3.4 wi% * 0.68 wi% “U. The
mechanism leading to the formation of this deposit was
unknown.
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Figure 2. The "T-Pipe' is a 30" O.D. horizontal pipe
conjoined to a 24" O.D. vertical pipe via a custom
transition piece.

Each of the three deposits were o significant nuclear
criticality safety concern. In the Hockey Stck. the 60-
degree incline and the lurge diameter pipmg fead to
extremiety unfavorable conditions for preventing a nuclear
criticality accident. A disturbance of the deposit could
causc 1t to collapse and collect m the tower portion of the
process piping. UOL- s hygroscopic and readily absorbs
moisture from the air o form hydrates until the stable
compound UQO;E; - 21:0 is reached (/U = 4). Tt can then
continue to absorb excess moisture in a volume-additive
manner until an WU of 16 1s reached. at which point 1t
begins o deliquesce. Monte Carlo calceulations using the
SCALLE Criticality Safety Analvsis Sequence TX module
(XSDRNPM-S) and the ENDE-B/IV 27-group  cross
scction  library concluded that a critical configuration
could be reached with an /U rauo of 2 if the Tower
section of pipe were completety fitled: at an H/U of 4 only
b2 of the lower pipe section needed 1o be fitled.”

The primary concern in the T-pipe was the material
distribution. If the majority of the deposit was located in
the fransttion piece or the vertical pipe. any disturbance of
the matcerial could cause the deposit to fall and coliect
dircctly below in the horizontal pipe. possibly Icading 10 a
nuclear criticality accident. tnder optimal conditions the
minimum critical mass is 102 kg for UO;F; (3% ) and 55.5
kg for UOE: (4%). compared to the 240 kg = 120 kg
thought 1o exist.

The 156 kg = 78 kg of material thought te exist in the
block valve also exceeded the minimum critical mass of
material under optimal conditions of moderation and
reflection. Criticality safety evaluations normally assume
an /U of 4, so in cach case credit for the material
distribution had to be taken in order to demonstrate
subcriticality, thus necessitating deposit characterization
followed by removal of the deposit if necessary.

1. THEORY OF MEASUREMENT

Briefly, NWIS consists of an external 20T source in
a paralle] plate ionization chamber. two or more fast
plastic scintillation detectors for measuring the arrival of
neutrons and gamma's, a custom-built PC based 5 channel
data acquisition and control board that has a sampling
capability of up to 1 GHz, and a standard PC to process
and display the data. The ***Cf ionization chamber serves
as a tmed source of spontancous fission neutrons and
gamma's. Neutrons and gamma's emitted from the fission
event cither traverse the pipe and deposit with no
interaction (transmission), are scattered within the
material, or initiate the fission chain multiplication
process. The detectors then measure the time distribution
of counts that occur after the initiating event at the source.
Since the time of fission is marked by the pulsc from the



source ionization chamber. the energy of the neutron is
determined from the measured time it takes to travel the
known distance between the source and detector using the
non-relativistic kinetic energy equation — a ncutron time-
of-flight (TOIN mcasurcment. Gamma rays that are
directly transmitted travel the same speed regardless of
cnergy. thus their arrival at the detector after fission is
based solely on the scparation between the source and
detector. Particles that arc scattered arrive later in time
than those that are directly transmiticd, in essence
providing a collimated source without having to heavily
shicld the detector. i.c.. collimation by timing rather than
lcad. The method can be applied in high background
radiation areas. since  any  background radiation is
uncorrelated in time with the source. The time correlated
stgnature is cquivalent to the right half of the cross-
correlation function between the source and detector and
is essentially a randomly pulsed neutron measurement.®

As UO-F; hydrates, the material density changes
due to the displacement of the dense uranium component
by the relatively light hydrogen. The uranium density in
water moderated mixtures of UOLI5 - nl,O can be
estimated from Eq.'s (1) and (2)

p, =496 -032(H/U), WU <4 )

. U >4 (2)
= , , >4,
P H Vuzo
V(,'():F2 + U -4 )

where Vis the molar volume of the compound and m is
the molecular weight of uranium at the given enrichment.
There is a discontinuity in the density at an 1/U of 4 due
to the change in water addition by the formation of
hydrates to that of a volume-additive addition.”

The material density can change by about a factor of
four over the [ull range of hydration, making a normal
transmission measurement determination of the material
propertics  impossible since neither the density or
thickness of the deposit is known. The ***Cf provides a
timed source of ncutrons and gamma's yiclding (wo
simultaneous measurements.

In the first measurement high energy neutrons ( > 6
MeV) arc used to measure the deposit thickness and
construct a profile of the deposit distribution. This is
possible because the neutron total interaction cross-section
above 6 MeV is essentially flat with hydration, varying by
less than 10 percent. Above 1.5 MeV the hydrogen cross-
scction rolls off sharply leaving the 25U and ***U cross-
sections to dominate. However. the relative abundance of

the hydrogen is much greater than the uranium and these
two competing cffects offsct cach other. leading to the
relatively flat total interaction cross-section. As shown in
Figurc 3. the high cnergy cross-scctions are only weakly
affected by perturbations of the incident neutron energy
which is ideal in a TOF mcasurcment. Since the total
interaction cross-scction is approximately constant and
can be calculated for any hydration (density). the deposit
thickness can be determined from the high encrgy ncutron
transmission data.
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Figure 3. Total macroscopic neutron cross-sections as
a function of hydration for varying energies.

The sccond measurcment uscs the gamma ray
emission spectrum from **Cf 1o determine the deposit
hydration, which is rclated to the material density. The
gamma ray cross-scctions arc highly Z-dependent. making
the measurement well suited for this application. Due o
the fast timing resolution of the NWIS system (1 nsce).
gamma's that are scattered or interact arrive later in time
than thosc that arc dircctly transmitted. in cssence
providing a perfectly collimated source used to measure
the matcrial mass attenuation coefficient.  However.
becausc all transmission gamma rays arrive at the detector
at the same time regardless of Cnergy it is necessary o use
a spectrum-weighted approach to determine the matcerial
properties as shown in Eq. 3

[ CwiEY
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where A, is the detector response due to the pipe and
deposit. 4, 18 the detector response to the clean (empty)
pipe. G.(E) is the **Cf gamma ray emission spectrum, S is
the deposit thickness. and X is the pipe thickness. Because
the weight fractions of each nuclide and the material
density can be calculated for any hydration; and because
the “**Cf gamma ray emission spectrum and the material
properties of the clean pipe arc well known, it is possible
to solve this cquation numerically. Energy dependent mass
attenuation coefficients from the National Nuclear Data
Center © were obtained over the range of 0.1 to 8 McV.
These results were folded with the known **Cf gamma
ray cmission spectrum and the integral evaluated using an
8 point Gaussian quadrature scheme using the estimate of
the deposit thickness obtained from the neutron data. The
term for the deposit density is then adjusted until a best
estimatce is obtained from Lq. 4
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‘The deposit density is distinctly related to the hydration.
and thus the first estimate of H/U is obtained.

The measurement results are then refined by a series
of iterative calculations. The process begins by assuming a
constant total  macroscopic  cross-section  for  neutrons
(which in fact varics by about ten pereent over the range
of hydration). Once the thickness is determined from the
ncutron portion of the measurement. the hydration is
calculated from the gamma portion of the measurement.
This hydration is then used to refine the neutron €ross-
sections and obtain a new thickness (rom the neutron data.
This new estimate of the thickness is then re-applied o
the gamma transmission measurement for 4 new estimate
of HAL This process continues until values of  the
thickness and hydration are acceeptably converged. Once
caveat 1o the iterative procedure is that is docs not work
for thin deposits. The exponential  behavior  of  the
transmission gamma rays yicld large variations in the
mass attenuation coctficient for small uncertaintics in the
measured deposit thickness. Because the deposit hydration
1s derived from the mass  attenuation  cocfficient the
procedure breaks down.

I MEASUREMENT RESULTS

Reference measurements were performed on clean
pipe sections and a block valve idenucal o those being
characterized noorder o remove the contribution of the
pipe walls and valve internals from the measurement. The
muaterial distribution in cach location was then mapped by
performing a series of horizontil, vertical. and rotational

scans with the source and detectors. A typical
measurement setup is shown in Figure 4.

Figure 4. B2Cf source on left; detectors on right.

A. Material Distribution in the Hockey Stick

The Hockey Stick deposit was the most significant
safety concern and thercfore was the first deposit
characterized. Cross sectional profiles of the material
distribution were determined from measurcments taken at
the six locations shown in Figurc 5.
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Figure 3. Locations characterized for Hockey Stick

Contrary to  expectations,  measurcment  resulis
indicated that in portions of the pipe the deposit had
adhered 10 the top of the pipe with very little material
existing on the bottom. The measurement lindings were in
exceptional agreement to the later intrusive findings as




shown by the results at one location along the pipe in
Figures 6 and 7.

1.2in.

0.3 30 in.

0.20 in.

Figure 7. Actual deposit profile at L=54. Note that
some material has fallen during removal of the pipe.

The measured deposit profile were used with the gamma
rdy lransmission measurements 1o obtain the /U values.
To climinaie the effects of the extreme sensitivity of thin
depostts in resolving the [1/U values. deposit locations less
than 17 thick were not used in the analysis. Approximately
32 meusurement locations were used in the analysis.
which had an average [YU value of 3.4 £ 0.25, where the

uncertainty is the standard deviation of the mean. An
estimated total deposit volume of 0.142 m’ was made
based on the 6 measured profiles. Using the average value
of H/U and its associated uncertainty, a uranium density of
3.87 +0.08 g/cm’ is obtained from Eq. 1 for H/U < 4. The
total uranium mass from the measurements was estimated
to be 552 + 93 kg, which compared favorably to the
478.64 kg removed. The dominant orange and yellow-
green colors of the deposit, which are related to the H/U.
indicate an H/U of ~ 3 to 4, also consistent with the
measurement findings.

B. Material Distribution in the T-Pipe

In both the valve and the T-Pipe the deposits were
very thin, necessitating that the value of H/U be estimated
by using the results from previous measurements on the
Hockey Stick. Referring to Figure 2, measurements found
no significant deposition in the extreme left or middle
portion of the horizontal pipe, with exception of 4 thin
coating around the perimeter approximately 0.1" thick. On
the inlet (right) side of the horizontal pipe a roughly
annular deposit of 0.25" to 0.34" thick was mcasured. The
large support structure and irregular surfaces prevented i
thorough investigation of the bottom of the horizontal
pipe. In the transition piece no material was noted on the
front or rear faces but a deposit approximately 0.2" thick
was found on each of the curved shoulders. The vertical
riser contained a annular deposit that tapered from 0.27
thick near the bottom to 0.1" thick approximately 75" up
the riser, which was as far as could be mcasured for safety
concerns. Bascd on the measured material distribution and
the H/U wvalue assumed from the Hockey Stick
measurcments, the estimatcd material mass was 93 kg.
The deposit mass removed from the T-pipe. based on
gross scalc mecasurcments, was 126 kg which compared
favorably to thc mcasured cstimate of 93 kg and was
significantly less than the previous cstimates of 240 kg =
120 kg from gamma ray spectrometry and ncutron
counting with the T-Pipe assembled.

C. Block Valve

Time constraints associated with project deadlines did
not allow for an extensive characterization of the block
valve. Only three set of vertical scans were performed by
moving the B2Cf source and detectors in conjunction up
the valve bonnet in 6" vertical increments. The vertical
scans were spaced 6" apart on the horizontal: one on the
vertical midline of the valve and two on cither side spaced
6" apart. The measurcments found that the majority of the
valve bonncet contained no deposit whatsoever. with the
exception of a slight deposition on one edge. Duc to the
small aumber of measurcments taken from only a single



direction it is impossible to reconstruct even a rough
image of the material distribution in this area. Assuming a
slab-like geometry viewed orthogonally, the measurements
indicated 0.1" to 1.0" of material was present with an
estimated total mass of 13 kg A normalized
representation of the deposit distribution is presented in
Figure 8.
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Figure 8. A representation of the deposit distribution in
the valve. Note that the distribution has been
normalized.

Bused on these measurement results it would be
impossible to have the 156 kg = 78 kg of deposit
previousty estimated and that most likely even much less
material existed. Therefore. the decision was made 1o
forcgo any deposit removal activitics on the valve. At a
later date. after the Hockey Stick deposit had  been
removed which interfered with the gamma spectrometry
measurements. NDA - personnel  re-measured  and
concluded that it contained less than 14.8 kg of material.

V. CONCLUSIONS

[t was successfully demonstrated that the Nuclear
Weapons [dentification System (NWIS) provides a reliable
method  for non-intrusive characterization of hydrated
uranyl fluoride deposits. The characterization can be
performed when ncither the material mass or density is
Known. and can be successfully applicd in environments
where other methods fail due to high  background
radiation conditions or sclf-shielding effects. The method
can be used 1o determine the material distribution. the
level of hydration. and the total mass of the deposit. This
techmque may be applicd to other UL, gaseous diffusion

plants for deposit measurements, for other types of holdup
measurements such as in freezer-sublimers and process
gas coolers, or for other processes with nuclear material.

REFERENCES

1. Mihalczo, J. T., Valentine, T. E., Mullens, I. A, and
Mattingly, J. K., "Physical and Mathematical Description
of the Nuclear Weapons Identification System NWIS
Signatures,” Oak Ridge Y-12 Plant report No. Y/LB-15,
946 R3, September 1997,

2. Haire, M. ], Elam, K. R., and Jordan, W. C., "Nuclear
Criticality Analyses of a Uranium Deposit in the K-29
Building, K-25 Site, Oak Ridge, Tennessee,” K/ER-310.
QOak Ridge National Lab. (June 1996).

3.Jordan., W. C. and Turner, J. C., "Minimum Mass of
Moderator Required for Criticality of Homogenous Low-
Enriched Uranium Systems,” ORNL/CSD/TM-284, Oak
Ridge National Lab. (Dec. 1992).

4. Mihalczo, J. T., "Use of *2Cf as a Randomly Pulsed
Neutron  Source  for  Prompt  Ncutron — Dceay
Measurements,” Nucl. Sci. Eng., 41, 296 (1970).

5. Barbher, E. 1., "Estimation of Pressures Devcloped by
retrained Solid UF,,” K/ET-307, Union Carbide Corp..
Nucl. Div.. Qak Ridge Gascous Diffusion Plant, 1979

6. National Nuclear Data Center at Brookhaven National
Laboratory.  Upton, N.Y., http://www.nnde.bnl.gov,
maintained by Thomas W. Burrows (nndcth@bnl.gov).





