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ITER TASK T332a (1996)
LOW INVENTORY CRYOGENIC DISTILLATION TESTS

1. Executive Summary

Previous work at Ontario Hydro Technologies (OHT) had shown that small hydrogen cryogenic
columns could be stably controlled and designed to operate with much lower tritium and hydrogen
inventories than had previously thought possible. For last year's study our cryogenic test facility
was expanded from 35 to 70 watts and Helipak B packing was shown to have an height equivalent
to a theoretical plate (HETP) at or below 2 cm in columns up to 30 mm. in diameter. Performance
above 30 mm diameter has not been tested for Helipak B.

Since Helipak C is the tentative packing choice for columns in the ITER ISS for columns operating
near 1000 W and since Helipak C is reported to have HETP's in the vacinity of 5.5 cm, we
undertook to test whether or not the experience we have gained obtaining improved performance
with Helipak B could also yield improved performance with Helipak C. We looked for any
assumptions used by the design team that would overestimate the tritium inventory required for
operating the ISS with Helipak C packing. In addition to the HETP, we also investigated the
assumed maximum vapour velocity (12.5 m/s) for column operation. HETP improvements would
shorten the required column and reduce the tritium inventory. If the packing can handle a higher
vapour velocity, the column can be made narrower which reduces the tritium inventory. The
columns we tested supported lower HETP's and considerably higher vapour velocities.

We have in the past developed a proprietary packing treatment process that converts stainless
packing into packing that is wet readily by water. This greatly reduces the HETP in water
distillation experiments. In the case of hydrogen or deuterium distillation, stainless steel packing
already wets very well without treatment and no significant improvement in performance was
observed in switching from untreated packing to treated packing.

Our main objective this year was to obtain Helipak C performance for a 45 mm (250 W) column.
Our procedure was to examine a quarter size (22 mm. 60 W) column over its entire wattage
operating range (10 - 60 W) and study a 45 mm column up to 60 W (limited by our 70 W cooling
system) which is the bottom quarter of its operating range and use the curves derived from the two
sets of experiments to extrapolate the behaviour of the 250 W system from its performance up to 60
W. We are now upgrading our test set-up to 240 W and a year from now we should be able to give
exact performance for columns up to 240 W and extrapolated performance using the same method
for columns up to about 1000 W which is very close to the full size ITER ISS requirements.

We also obtained more detailed information on the hydraulics of deuterium in Helipak C columns.
This should assist in the design of computer control systems for the ITER ISS.



2. Task Objectives

The overall objective of this ITER task was to perform tests which would improve the accuracy of
the ITER Isotope Separation System (ISS) tritium inventory estimates and to allow designers to
lower the tritium and hydrogen inventory estimates. The work program was also designed to give a
better understanding of cryogenic distillation hydraulics and provide information which would
improve process control. The work program this year addressed the following specific task
objectives:

1. Measure the detailed hydraulics for deuterium/deuterium hydride mixtures in a
cryogenic distillation column using Helipak C packing. Determine maximum
vapour velocity, HETP, and tritium and deuterium inventory data for a column that
can be operated right up to flooding conditions.

2. Determine if a proprietary surface treatment improves the wetting characteristics for
hydrogen on stainless steel packing.

3. Measure the isotope separation and inventory performance of a Helipak C column
large enough to handle up to 250 W (45 mm). The column's performance will be
only testable at or below 60 W. The data from task 1. will be used to extrapolate to
higher wattage performance.

4. Investigate additional hydraulic effects in the reboiler and column.

3. Theory

Last year we demonstrated that Helipak B can provide very low HETP's (approximately 2 cm) and
substantially reduce the tritium inventory at least at the bottom of the high T TTER column. As the
rest of the ITER columns are scheduled to use Helipak C, additional reductions can be made to
ITER tritium inventory by optimizing and measuring the performance of Helipak C.

Inventory and HETP are a function of reboiler watts in a column. Our 70 W column test facility
can test the entire operating range of columns that flood up to 60 W but we can also test
performance in the lower portion of the wattage range for larger columns. Using these two sets of
measurements and noting that the shapes of the two sets of curves is parallel during the tested
range, we can extrapolate the performance of columns that have double the diameter and can
process four times the flow and four times the isotopic separation throughput. This allows us to test
columns up to 250 W capacity. (In 1997 we will commission a 240 W test facility which we expect
will be able to give us data that we can extrapolate with reasonable confidence to the performance
of the ITER 1000 W high tritium column and to the performance of the slightly larger 1200 W
column that comes earlier in the cascade.
Proprietary surface treatments make stainless steel packings wet well and allow for an substantial
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reduction of HETP for water distillation. In this study we will investigate whether this type of
packing treatment leads to reduced HETP's for hydrogen distillation as well.

4. Experimental Description

The apparatus used for the packing characterization experiments is shown in Figure 1. The reboiler
inventory is measured by measuring the delta P across the reboiler and the inventory in the column
packing is measured by measuring the delta P across the column packing. All experiments were
done using a mixture of DT and D?. For isotopic measurements, several cc/min. were withdrawn
from the column at two points for from twenty to forty minutes. The samples were oxidized to
water in a cupric oxide oven, weighed in scintillation vials, and counted for tritium after adding
scintillation cocktail. From the weight and the counts the T/D ratio could be calculated. The
scintillation measurements are typically accurate to about + 2.5% while each theoretical plate
changes the T/D ratio by 16%. (The column operating parameters are simulated by our
FLOSHEET process simulation program. The measured concentration ratios at two points in the
column are compared with the FLOSHEET model and the number of plates is obtained.)
Measurements of the HETP for a length of packing by this method should be accurate to better than
one plate because the accuracy of the measurement technique is substantially higher than the
isotope change caused by each plate. Note that each sample point has its own lines and its own
cupric oxide oven so that the high tritium concentrations at the bottom of the column do not affect
the tritium measurements further up the column.

5. Results

During the course of 1996 three columns were tested. Each column was approximately 140 cm
long. The first column contained Helipak C in a 22.45 mm diameter column. The second column
was the same as the first but the Helipak C was treated with a proprietary surface treatment to see if
wetting could be improved and produce lower HETP's. The third column contained Helipak C in a
45 mm diameter column.

5.1 Performance of Helipak C in a 22 mm Column

5.11 Flooding

Figure 2 gives the delta P column and delta P reboiler as a function of reboiler watts. With
approximately 11 % of the column occupied by liquid D?/DT, the column floods at approximately
60 W. Flooding (when the vapour velocity is so large that the condensed liquid is no longer able to
return down the column) occurs at just above 21 cm/s vapour velocity. The original TTER design
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was based on the assumption that columns are run at 12.5 cm/s but this we now find is only 59% of
flooding. Smaller diameter columns and lower tritium and deuterium inventories can be obtained
for ITER columns if columns are operated at higher vapour throughput rates. For example,
changing the recommended vapour flow (i.e. reducing the diameter) in a column design from 12.5
cm/s to 18 cm/s (85% of flooding) reduces the design tritium inventory and total hydrogen
inventory by 44% on this factor alone.

5.12 Liquid Loading of Column

The amount of liquid DT held up in on Helipak C in a well wetted operating column is a slowly
varying function of the reboiler watts of the column or, more precisely, a function of the upward
vapour velocity in the column. The basic shape of this function is given in Figure 3. As the
reboiler watts are increased from roughly 40% to 95% of flooding the amount of liquid D2 held up
in the column packing increases from just above 9% to almost 13% because the increased shear
forces between the liquid and the vapour gradually increase the liquid loading in the column as the
vapour velocity increases. The percent column fill parameter shown in Figure 3 is arbitrarily
defined as the sum of all the gas and liquid in the column expressed as a liquid volume divided by
the total volume of the column times 100. In this calculation the packing volume is neglected.
When designing a column and predicting the tritium and hydrogen inventory, the interaction
between the vapour velocity (section 5.11) and liquid loading as well as other factors to follow must
be taken into account.

5.13 HETP Measurements

In determining HETP for Helipak C in the 22 mm column, the column was sampled just above the
reboiler and up the column in the packing and the number of theoretical plates was determined by
simulating the column with FLOSHEET and relating the T/D ratios at the two sample points to T/D
ratios in the simulation. Figure 4 shows that the HETP for C packing is a slowly varying function
of reboiler watts. The observed HETP's varied from a high of 4.7 cm at close to flooding in the
column to a low of 3.2 cm at only 10% of flooding. Although current ITER estimates for at least
the bottom part of the high T column are based on the much lower HETP data we measured last
year, much of the remainder of the ITER ISS makes use of Helipak C. All of the Helipak C HETP
measurements at any reboiler wattage are lower than the 5.5 cm estimate that ITER ISS designers
have had available to since the beginning of the ISS design. This new data can now be used to make
more accurate predictions of tritium and hydrogen inventories in more refined design calculations
where ever the use of Helipak C is proposed.

5.14 Tritium and Hydrogen Inventory Estimates

Until now, the ITER design team has had only approximate numbers to use for the performance of
Helipak C packing. First, they have assumed that the vapour velocity in the columns would be 12.5
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cm/s, second that the HETP for Helipak C is 5.5 cm, and third that the column hydrogen or Q2
loading would be 12%. In accurately predicting inventories in columns using Helipak C, in
addition to making precise measurements of these parameters, it is also necessary to take into
account how reboiler watts affect HETP, liquid loading, and column diameter as these factors are
all interrelated.

We demonstrated last year that Helipak B has a much lower HETP than Helipak C (< 2 cm versus
4.7 cm). Where ever this packing can be used, it will lower inventory by a large factor. (We will
be investigating its use for column diameters above 50 mm in 1997.) Where Helipak C is used the
interrelationships between vapour velocity, HETP, and % column fill are shown in Figure 5. For
each inventory factor, 1.0 is defined as an ISS column designed using a vapour velocity of the
original design factor (e.g. 12.5 cm/s). An improved vapour velocity (say 18 cm/s) would have an
inventory of 12.5/18 to reflect the improved inventory performance achieved from using smaller
diameter columns. An improved HETP would give a factor of say 4.7/5.5 improvement in
inventory. Running at 11% liquid loading would give a factor of 11/12 improvement in inventory.
Each of these performance factors were measured as a function of reboiler watts and the watts are
expressed as a percent of the watts required to flood the column. Expressing the watts in this
manner makes the calculation diameter independent. Increasing the vapour velocity improves the
inventory performance but the other two performance factors get worse as the watts in a column
increases. The three performance factors as a function of percent of flooding are plotted in Figure 5
along with an overall inventory function which is the product of these three performance factors.
The overall tritium and hydrogen inventory is minimized when the column is run at 90% of
flooding but the function is very flat between 80% and 90%. Note that the overall inventory based
on these results is 57% of the inventory predicted with the initial performance estimates. In the
high T areas where B packing is recommended a rough estimate of the expected performance
would be 2.0/4.7 x 57 which is 24% of the original design inventory. Also note that Tony Busigin
has pointed out that these inventory estimates are based on a steady-state simulation of the ISS.
Because ITER is not designed to feed tritium to the ISS all the time but can be designed to bleed off
tritium from the last column all the time, the ISS will normally contain less than the steady-stale
tritium inventory.

5.2 Proprietary Packing Treatment

A proprietary packing treatment which improves the HETP performance for water distillation over
stainless steel packings by about a factor of six was tested to see if hydrogen would wet the treated
packing better and further lower the HETP. The improvement in HETP observed was marginal
implying that hydrogen wets stainless steel packings very well without treatment. The additional
cost of this packing treatment can not be justified for hydrogen distillation.
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5.3 Performance of the 45 mm Helipak C Column

5.31 Flooding Performance

A 45 mm diameter packed column was constructed and packed to a height of approximately 140
cm with Helipak C. Based on the vapour performance of the 22.45 mm column, this column will
not flood below 241 watts but because we were limited to a 70 W test rig we were not able to test
this column to flooding. Until we have our 240 watt test rig operating (say June 1/97) we will have
to use the formula [x/22.45]2 * 60 (where x is the column diameter in mm) to work out the flooding
watts for Helipak C packed columns.

5.32 Liquid Loading

The liquid loading in the 45 mm diameter column was virtually identical to the loading that was
obtained in the 22 mm column experiments. In the bottom quarter of its performance range the
liquid loading varied from 9.5% to 11%. The curves obtained for the 22 mm column can be
transferred directly over to the 45 mm column without any significant error.

5.33 HETP Performance

Figure 6 gives the variation of HETP vs. reboiler watts for both the 22 and 45 mm columns. The
reboiler watts are expressed as a percent of flooding so that different diameter columns are
compared with a common vapour velocity. At 60 watts (25% of flooding) the 45 mm diameter
column had an HETP of 3.3 cm. This is 6 to 8% better than the 3.5 or 3.6 cm determined for
Helipak C in a 22 mm column at 15 watts (25% of flooding). Until we reproduce these data with
our 240 watt test rig, we can likely conservatively use the 22 mm columns HETP performance
curve to represent the HETP performance of the 45 mm column. At 45 mm there is no sign
whatever that wetting and hydrogen redistribution have been adversely affected by going to a larger
diameter column. At some packed column diameter redistributers will have to be introduced to
maintain the observed HETP values. This is unlikely to be necessary below diameters of 75 mm or
more for most compounds and hydrogen which has unusually good wetting properties may not
require redistributers until much larger columns are studied.

5.4 Comments on Column and Reboiler Hydraulics

On several occasions we at OHT and others elsewhere have reported that hydrogen and its isotopes
are spongy. That means that the inventory on a column is not entirely reproducible. We no longer
believe this to be the case. As reported above the loading of a column varies from 9.5 to 12%
depending on the vapour velocity of the hydrogen isotopes in the column. For a fixed set of
conditions (especially vapour velocity) the loading appears to be reproducible. When a net quantity
of hydrogen isotopes are added to a cryogenic distillation column the hydrogen liquefies and runs
down the column to the reboiler. If the reboiler level is indicated by a delta P gauge, the level will
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rise. If it does not, this is because the reboiler is filled to above the pressure tap at the top of the
reboiler. The additional inventory will then be recorded by a delta P gauge on the column. We
have found that for the reboiler designs we use the contents of the reboiler consist of a foam that is
about 50% vapour and 50% liquid. This foam will extend above the top of the reboiler if the level
of the reboiler is allowed to go above the top of the reboiler. If the goal is to minimize tritium
inventory it is important to run the columns with the reboiler level indication in the reboiler and the
level set as low as possible consistent with the control system not allowing the reboiler to run dry.

6. Discussion

The performance of Helipak C packing has been measured over the entire operating range of a 22
mm (60 W) column and over the lower portion of the operating range of a 45 mm (241 W) column.
Using this process we can get fairly reliable performance data for packing operated at wattages up
to four times that of our test rig. In fact, we have no evidence to suggest the extrapolation of
performance is not valid right up to ITER column size. However, we intend to use the same
procedure this year using our new 240 W test rig to give reliable performance data for full scale
ITER columns (1000 to 1200 W).

The optimum operating wattage for Helipak C columns is 90% of flooding but anywhere between
80% and 90% can be used for ITER without a serious tritium or hydrogen inventory penalty.
Designing a cryogenic distillation column using a vapour velocity of 12.5 cm/s leads to a column
diameter that is larger than necessary and to tritium and hydrogen inventories that are larger than
necessary. The estimate of HETP used by the original design team is too conservative. Using the
lower numbers given in this report will reduce the tritium inventory by at least 15%. Similarly,
further reductions in tritium inventory can be obtained because the liquid loading of the column
does not have to be as high as 12%. The overall application of all these factors leads to an ITER
design that has only 57% of the tritium and hydrogen inventory calculated with the original design
parameters.

Hydrogen wets stainless steel packings well and no significant improvement was obtained when
distilling hydrogen on packing that has been treated with a process that improves wetting.
However, Helipak C has a significantly poorer HETP than Helipak B packing. Figure 7 compares
the HETP's measured for Helipak C and B and compares their measured performance against the
performance of organic liquids which are assumed to wet the packings perfectly. Note that Helipak
B approaches the theoretical performance limit much better than Helipak C does. Helipak B should
be used whenever possible to minimize hydrogen and tritium inventories.
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