
Canadian Fusion Fuels
Technology Project

CA9600686

ITER TASK T332a (1995):
LOW-INVENTORY CRYGOENIC DISTILLATION TESTS

CFFTP G-9603
January, 1996

K. Woodall, J. Robins and D. Bellamy
Ontario Hydro Technologies

CFFTP GENERAL



The Canadian Fusion Fuels Technology Project represents part of Canada's overall effort in fusion energy
research. The focus for CFFTP is tritium technology and remote handling. The Project is funded by the
Government of Canada and Ontario Hydro Technologies. Ontario Hydro Technologies administers the
Project.



ITER TASK T332a (1995):
LOW-INVENTORY CRYGOENIC DISTILLATION TESTS

CFFTP G-9603
January, 1996

K. Woodall, J. Robins and D. Bellamy
Ontario Hydro Technologies

© Copyright Ontario Hydro, Canada, 1996. Inquiries about copyright and reproduction
should be addressed to:

Manager, CFFTP
2700 Lakeshore Road West
Mississauga, Ontario Canada
L5J1K3

CFFTP GENERAL



ITER TASK T332a (1995):
LOW-INVENTORY CRYOGENIC DISTILLATION TESTS

TABLE OF CONTENTS

Section

1.

2.

3.

4.

5.

6.

7.

Executive Summary

Task Objectives

Theory

Experiment Description

Results

Discussion

References

Page

1

2

2

3

4

6

7



ITER TASK T332a (1995):
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 much lower inventories than had been
previously thought possible. Among the results were measurements of height equivalent to a
theoretical plate (HETP) versus holdup for Helipak A and B packings in columns up to 20 mm
diameter. ITER cryogenic distillation column designs suggest that the final high-tritium column
could be 30-70 mm diameter. The objective of this ITER task was to test scale-up of OHT low
inventory columns to ITER dimensions. In 1994 OHT built a suitable test facility. In 1995, two
low-inventory packings were tested.

The experiments were carried out in the Cryogenic Distillation Laboratory at OHT. The ITER test
system can handle columns up to 1500 mm packed height. The condenser performance was
continuously improved over the year from a value of 52 W to approximately 70 W (a 35%
increase). This is virtually the maximum that can be expected from the present refrigerators.
Tests were carried out in 30 mm diameter instrumented columns, using D2 with trace DT to
measure performance.

The first packing tested was Helipak B, which has been successfully used in previous OHT 17
mm, 20 mm and 23 mm column tests. The 1995 tests in two 30 mm columns represent a scale-
up to an ITER relevant size, as well as further testing of various operating modes. The second
packing tested was one developed by OHT originally for use in water distillation. However, 1994
results with water were sufficiently impressive that it was felt that it might provide an inventory
reduction of up to 25% compared to Helipak B. Both these packings are expected to be suitable
for use up to around 50 mm diameter columns, with similar behaviour to that measu ed at 30
mm. The measurements focused on HETP versus hold-up per stage.

Results from the 1995 tests showed that Helipak B was the preferred packing in the 30 mm size
range. It is recommended that ITER assume that a 30-mm column could achieve a 2.0 cm
HETP with about 17% hold-up at a vapour velocity of around 11 cm/s and with 0.85 moles in the
reboiler. This is about a 24% smaller inventory per plate than the Helipak C performance in the
comparable 30 mm column at TSTA and also about 24% less than the reference Helipak B data
in FLOSHEET which was used by the ITER design team to design the ITER Isotope Separation
System in 1994. Also, two different reboiler designs were tested. A design which gave
satisfactory operation with 0.85 mole liquid inventory was identified.



ITER TASK T332a (1995):
LOW-INVENTORY CRYOGENIC DISTILLATION TESTS

2. TASK OBJECTIVES

The objective of the ITER task was to study the scale-up of low inventory cryogenic distillation.

The anticipated results were:
1. Determine smallest column diameter that can handle full boilup of 60 W with Helipak;
2. Measure D and T inventory in this column;
3. Measure HETP for this column as a function of column inventory and column boilup;
4. Combine these measurements with previous from small diameter columns to provide

reference estimates of HETP versus column diameter, and extrapolate the results to ITER
reference conditions to indicate minimum expected ITER tritium inventory.

3. THEORY

Minimizing the tritium inventory in a cryogenic distillation system requires attention to several
factors:

tapered cascade (multiple columns or tapered column);
column configuration (intermediate reboilers, position of equilibrators) that creates a
tritium concentration profile that is pushed to the bottom of the final column;
optimum combination of column diameter, packing and operating conditions to minimize
holdup per stage;
reboiler design that has the minimum liquid inventory necessary for stable operation.

The latter two aspects in particular must be empirically determined, and then an optimized
design can be found with the assistance of computer codes such as FLOSHEET [1].

Previous work at Ontario Hydro Technologies (OHT) had shown that small cryogenic columns -
as small as 4.6-mm diameter - could be stably controlled and operated at much lower tritium and
Q2 inventories than had been previously thought possible. Among the results were
measurements of HETP versus holdup for Helipak A and B in columns up to 20 mm diameter
and 30-35 W condenser duty. These results were used to design and build the Princeton Tritium
Purification System [2].

ITER cryogenic distillation column designs suggest that the final high-tritium columns could have
70-200 W condenser duty, with 30-70 mm diameter. Therefore, in order to extend our previous
results to ITER with confidence, tests on larger diameter columns were required. For columns up
to 50 mm diameter which covers the diameter range expected for the ITER high-tritium column
bottom-section (where most of the tritium is), Helipak B is our recommended low-inventory
packing, based on our small-diameter column hydrogen data and on the manufacturer's
published hydrocarbon data.



4. EXPERIMENT DESCRIPTION

The experiments were carried out in the Cryogenics Distillation Laboratory at OHT. The
experimental facility has been described in a previous report [3,4].

Figure 1 illustrates the experimental setup (note that feed and sample points are
interchangeable). The system tested had the following characteristics:
- Approx 70 W condenser cooling capacity;
- 30-mm diameter column loaded with Helipak B and OHT packing;
- approx. 1500 mm packed height.

The instrumentation is as follows:
- 8 temperature diodes located on the cooling system, condenser, mid-column and reboiler;
- 4 absolute pressure gauges;
- 2 differential pressure gauges (packing liquid inventory and reboiler liquid level).

The control is provided by:
• 4 flow controllers (flow into and out of the column, and in tritium sampling system);
- 4 feed, product withdrawal, or sampling points along the column;
- 486 computer with LabVIEW software for data acquisition, analysis and control, with sampling

frequency of about 0.5 Hz.

Figure 2 illustrates the Helipak B column running stably under total reflux and computer control.

The column was fed with a D2/DT mixture at a feed rate up to 13 mol/hr. The DT concentration
was limited to trace levels in the feed, but injected at above background levels in order to reduce
the time required to achieve equilibrium tritium profiles in the column and to increase the quantity
of tritium in the top half of the column so that more accurate T/D ratios could be obtained from
the scintillation counting results. Typically the column contained 10 to 100 microcuries of tritium
as DT with the balance as D2. Theoretical plate measurements reported here were determined
under total reflux conditions.

The number of theoretical plates in the column was determined as follows. A gas sample is
withdrawn from the column at the product end and oxidized to water. This water is trapped in a
scintillation vial, weighed, scintillation cocktail added, and then the tritium is counted. Each water
sample is collected for about 1.5 hours to ensure representative results. The product tritium
level can be determined to within 3%. Since the DT concentration in the column changes by
about 16% per theoretical plate, accurate estimates for the number of plates are obtained by
comparing experimental results with FLOSHEET simulations.

In practice, the enrichment of tritium across the column was about 5 orders-of-magnitude.
We found that separate oxidizing/condensing systems were required for each sampling point in
order to avoid cross-contamination between the differing tritium levels at each sampling point.
Also, the tritium levels in the column top sampling point were too low to measure, so results were
obtained by using the mid- and bottom column sampling position as illustrated in Figure 3. Each
test used several samples, but the clustering of the samples was generally very tight (e.g., within
the plotted point shown in Figure 3).

The total inventory in the column, condenser, and reboiler is measured by integrating the amount
of deuterium (or other hydrogen isotopes) that are fed into the column and subtracting off any
gas flow removed from the column. The inventory in the condenser (very small) is calculated by



using formulas in standard chemical engineering texts to estimate liquid film thickness. This
liquid inventory is added to gas phase inventory to compute the total condenser inventory. The
reboiler inventory is measured by measuring the mean liquid level in the reboiler from the delta P
gauge across the length of the reboiler. To this inventory is added the liquid film in the reboiler
portion above the liquid and the gaseous inventory to determine the total reboiler inventory.
Once the condenser and reboiler inventories have been determined, they are subtracted from
the total inventory to calculate the column inventory. The average inventory per plate is
calculated by dividing the column inventory by the number of theoretical plates in the column.
The total inventory is verified at the end of a set of experiments by integrating the flow from the
column required to empty the column. The accuracy of this procedure has also been verified by
turning off all cooling and releasing the system inventory to an expansion tank of known volume.
Measurement of pressure, volume, and temperature in this tank confirms the measurement of
the inventory in the column, reboiler, and condenser.

5. RESULTS

5.1 Helipak B Tests

5.11 Test Conditions - The test column is shown in Figure 4. Although the Helipak B test
column runs smoothly at 13.4 moles/hour feed rate (this was the limit of our flow controller and
should not be considered as a throughput limit for the column), the HETP measurements were
made with no feed entering the column. Deuterium/tritium samples are drawn off the column for
up to 1.5 hours to ensure measurement stability, converted to water as described previously,
weighed, and counted with a scintillation counter. Typically the column contains 10 to 15 moles
of deuterium and 10 to 100 microcuries of tritium. This tritium level is adequate to obtain a very
accurate measure of the T/D ratio in the column for sample points in the bottom two thirds of the
column. More tritium is needed in the column in order to accurately measure the tritium level at
the top of the column.

5.12 Test Results - Figure 5 gives the theoretical plate height (HETP) for Helipak B packing as
a function of liquid loading of the column. The liquid loading is monitored by measuring the
differential pressure across the column. Note that the HETP depends on the liquid loading in the
column. Lower liquid loading (ie thinner liquid films) reduces the equilibration distance (HETP).
20% liquid hold-up means that 20% of the column packing volume is filled with liquid deuterium
or tritium. A year ago, we were recommending that an HETP of 2.5 cm could be obtained with
20% loading of the column, based on available data. Now we recommend 2.0 cm and 17%
loading as a good design value. We also tried raising the column reboiler power to the maximum
cooling that was available to the condenser. The column continued to operate very stably when
raised from 45 W to almost 70 W. No significant increase in the delta P across the column was
observed, suggesting that the column at 70 W was still a long way from flooding.

5.2 OHT Packing Tests

5.21 Test conditions - The column was packed with a proprietary OHT designed packing that
has had good success (ie very low HETP's) when used in non-hydrogen distillation columns. A
new reboiler design was also installed. All other test conditions are identical to those for testing
the Helipak B packing (section 5.11).



5.21 Test Results - Figure 5 also gives the HETP for the OHT proprietary packing and
compares it with the Helipak B. At high liquid loading, the HETP for the OHT packing is not as
good as the commercial packing, but at low liquid loading the two packings perform similarly. As
in the Helipak column, there was no indication that the column was close to flooding.

5.3 Reboiler Design

5.31 Design Considerations - We tested two basic reboiler shapes with the view to reducing
the reboiler holdup. We have found in previous experiments that reboiler inventory is almost
completely independent of column operating conditions over a wide range of these conditions.
Reboiler inventory varies very slowly with reboiler power. Since most columns are operated with
power levels near the maximum that a column can sustain, reboiler level really does not vary in
this operating range. Also, reboiler level over the range of inventories studied in this report, does
not depend on the liquid loading in the column. We expect that reboiler inventory depends
mainly on reboiler geometry. To test this hypothesis, we built two reboilers, one was a vertical
tube equal in diameter to the column diameter (30.2 mm) and one was a vertical tube only 15.9
mm in diameter. These reboilers are shown in Figure 6. Band heaters were used with the
bottom of the band flush with the bottom of the reboiler. The drawings in Figure 6 are to scale.
Both reboilers had two pressure measurement taps (top and bottom) and an additional tap for
product withdrawal at the top of the reboiler. Both reboilers were constructed of high purity
copper.

5.32 Test Results - Under identical operating conditions (45 W in the reboiler) the large
diameter reboiler had an inventory of 2.05 moles and the smaller diameter reboiler had an
inventory of 0.85 moles. The liquid heights in the reboilers were 79 mm and 104 mm
respectively. These levels were measured using a differential pressure gauge to measure the
mass of liquid in the reboiler. The reboiler levels were observed to remain stable for a period of
weeks. Although the liquid height was somewhat higher in the narrow diameter reboiler, the
overall inventory was reduced by a factor of 2.4. This change of shape makes a substantial
reduction in reboiler inventory and further gains may be possible with further changes to reboiler
design. It is very important to minimize reboiler inventory in the last ITER column because the
reboiler contains the highest purity tritium in the system.



6. DISCUSSION

Relative to the task objectives (Section 2), we have carried out the following:

1. Designed, built and commissioned a 30 mm cryogenic column test facility;
2. Tested the performance of Helipak B and an OHT packing for low-inventory

operation at 30-mm column diameter;
3. Tested two reboiler designs for stable, low-inventory operation at 30 mm diameter.

The manufacturer of Helipak B quotes some performance data for separation of a hydrocarbon
mixture. This mixture is believed to wet the packing virtually perfectly and represent the
theoretical limit for distillation of hydrogen isotopes. Under the boilup conditions (80% of
flooding) and diameter range we have studied, the HETP measured for hydrocarbon separation
is about 1.52 cm. Our early experiments (1988) yielded HETP's as high as 4.5 cm. We soon
learned that the packing did not perform well at low hydrogen loading levels. By 1989 we were
able to operate the column reproducably at or below HETP's of 2.5 cm with hydrogen loading
around 20%. Current results with HETP's down to 1.9 cm suggest that we are now approaching
the theoretical limit. Presently, operation at or around 2.0 cm HETP is just as stable and
reproducable as the 2.5 cm HETP's of several years ago. Operating experience and computer
control (increased stability) have improved performance over the past few years.

FLOSHEET, the distillation simulation code used by the ITER design team, assumes from our
earlier rusults that Helipak B has a 2.5 cm HETP at a recommended liquid loading of 20%. The
present results indicate a 20% reduction in plate height from 2.5 to 2.0 cm, a reduction of liquid
loading from 20% to 17%, and, therefore, a lower Q2 and T2 inventory for any Helipak B column.
Overall this makes for a 24% reduction in total tritium inventory and total Q.2 inventory for the final
ITER column when compared to the reference data in the 1994 FLOSHEET program (2.5 cm
HETP, 20% loading).

The performance of the OHT packing was about as expected from water results (i.e., around 2
cm HETP). However, the Helipak B performance was significantly improved from our prior best
result of around 2.5 cm HETP, and was comparable to or slightly better than the OHT packing.
Therefore we recommend using Heltpak B for hydrogen service as it is a commercial product.

Overall, then, we recommend Helipak B for ITER columns in the range of 17 to 50 mm column
diameters. Specifically, we recommend a 2.0 cm HETP and 17% liquid holdup per stage, for
columns below about 30 mm diameter, and expect that this behavior will be the same up to 50
mm diameter.

These conditions were achieved reliably with vapor velocities of around 11 cm/s. We were not
able to flood our 30 mm columns, even though we were able to increase our condenser cooling
from 52 to 70 W over the course of 1995. At the highest wattages tested the columns perform
very stably and no large increase in the differential pressure across the column is observed.
This means that we are still a distance from the column flood point and it is possible that the
columns could stilt be somewhat smaller for the same throughput, while still providing adequate
margin against flooding.
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Figure 1. Schematic diagram of Low-inventory Cryogenic Distillation test facility at Ontario
Hydro Technologies.

Figure 2. Column could be operated stably under computer control for extended periods as
illustrated here by the small variation in column inventory as measured by delta P
column and reboiler inventory as measured by the delta P across the reboiler over a
24-hour period.

Figure 3. Tritium concentration profile across column - comparison of measured values and
FLOSHEET simulation (plate 1 is at top of the column).

Figure 4. Drawing of the 30 mm Helipak B test column.

Figure 5. Measured HETP versus D2 holdup in a column for Heli-Pak B and for an OHT
proprietary packing.

Figure 6. Drawing of the two reboilers tested for a 30 mm column.
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