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FINAL REPORT TO ATOMIC ENERGY COMMISSION
LOW-TEMPERA T URE EAVY WATER PLANT

INTRODUCTION

The fractional distillation of liquid hydrogen at low tempera-
tures was one of the fcur processes considered in 1942-45 by the Man-
hattan District for the production of heavy water. No plant using this
process was built at that time, however, because it was thought that too
much time would be required to solve the then novel problems of handling
large quantities of gases at low temperatures. Plants using the water-
distillation and steam-hydrogen exchange processes were built, instead.
Nevertheless, in 1945, Maloney and Ray concluded that the low-tempera-
ture process was the most economical of the processes then known for
producing heavy water, and would be in a preferred position for any fu-
ture plant.

The developments in low-temperature technology which took
place after 1945 in the United States removed most of the uncertainties
regarding the low-temperature process for producing deuterium, and placed
this process in an even more favorable position.

In 1949, when further expansion of this country's facilities
for the production of heavy water was under consideration, Hydrocarbon
Research, Inc. recommended to the Atomic Energy Commission that one or
more plants be built to produce heavy water by the low-temperature dis-
tillation of ammonia synthesis gas. In a survey of this process com-
pleted for the A.E.C. in November 1949, H.R.I. concluded that heavy
water could be produced much more economically by the low-temperature
process than by either of the two types of plants built for the Man-
hattan District, and that design of an operable plant could start im-
mediately.

The Atomic Energy Commission thereupon authorized H.R.I. to
begin the design of a plant to produce heavy water by the distillation
of synthesis gas from an existing ammonia plant. Late in 1950, when de-
sign of the low-temperature plant was nearly complete, the A.E.C. con-
cluded that a low-temperature plant would not be required. H.R.I. was
instructed to terminate design work on the low-temperature process on
February 9, 1951, and to submit this final report on the project on
March 15.
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PURPOSE OF REPORT

The primary purpose of this report and its appendices is to
transmit to the Atomic Energy Commission the principal results of the
experimental and engineering work done on the low-temperature process
and to describe the factors which led to the designs finally adopted.
In addition, the report outlines the steps which should be taken to
finish the design and to complete suspended investigations in case
work on the low-temperature process is resumed at some future time.
It is the considered opinion and recommendation of Hydrocarbon Research
that design of the low-temperature plant should still be completed and
that at least one plant of this type should be constructed. This re-
port seeks to facilitate resumption of work on this plant, if required.
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ORGANIZATION OF REPORT

The information presently transmitted has been assembled
into a narrative report and five accompanying, separately bound ap-
pendices. The narrative report is an account of what the low-temperature
plant consists of, how it evolved and why it has been designed in this
way. The appendices give detailed information, much of it in the form
of tables and drawings, regarding the engineering design of the plant
and the experimental data underlying the design.

Section 1 of the report gives a brief history of this project.
The main features of the plant and process are described in Section 2.
The most recent estimates of the cost of the plant and of producing
heavy water in it are given in Section 3. Section 4 describes briefly
the results of the principal experimental work which was done to secure
the process data used in designing the plant. Section 5 summarizes the
principal mechanical test work which was done to prove the suitability
of the materials and fabrication techniques specified for use at liquid
hydrogen temperatures.

The appendices are organized under the following headings:

Appendix A Process Specifications
Appendix B Material and Design Specifications
Appendix C Engineering Drawings
Appendix D Detailed Report on Mechanical

Test Program
Appendix E Technical Data Charts
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SUMMARY AND CONCLUSIONS

Synthesis gas from an existing ammonia plant is used as feed
in the heavy water plant. This gas is principally three parts of hydro-
gen and one part of nitrogen. The small amount of deuterium present in
this gas is separated from it, and the remainder of the gas is returned
to the ammonia plant, unchanged in pressure, temperature and chemical com-
position. The heavy water plant recovers 869 of the 136 parts per million
of deuterium present in the hydrogen of the synthesis gas and returns
98.% of the synthesis gas borrowed from the ammonia plant.

The heavy water plant has been designed to handle 59 million
cubic feet of synthesis gas per day. This is the full output of the am-
monia plant of the Lion Oil Co. at El Dorado, Ark., and is somewhat more
than is now produced by the Spencer Chemical Co. at Pittsbur.;h, Kansas,
or the Phillips Chemical Co. at Etter, Texas, the two other locations
considered most seriously for the heavy water plant. At the Lion loca-
tion this plant will produce 40.3 tons of heavy water per year; at Spencer
or Phillips the production rate would be around 34 tons per year because
of the lower present capacity of these ammonia plants.

The product of the low-temperature plant will contain 99.75 mol
percent D, and the balance H. An advantage of the low-temperature process
is that so pure a product can be made without recourse to the electroly-
tic finishing operation which is needed for all other processes. The
low-temperature plant can be designed either to produce heavy water of
this isotopic purity, or compressed deuterium gas. This is another
advantage of this process, since compressed deuterium, suitable for liq-
uefaction without further purification, can be obtained from the low-
temperature plant, whereas all other processes require careful chemical
purification of the product prior to liquefaction.

When design of the low-temperature plant was stopped, engineer-
ing of those portions of the plant which could be designed before authori-
zat ion to build a plant or purchase equipment was given was about 96% com-
plete. Despite this close approach to completion, many of the engineer-
ing drawings of Appendix C are unfinished in some respects, because of
lack of time to organize available information in final form. In addi-
tion, details of a few design problems remained to be worked out.

Engineering of the plant had progressed far enough, however,
to leave no doubt whatever regarding its operability and to provide a re-
liable estimate of its cost. Despite the increase in the cost estimated
for the low-temperature plant since H.R.I. ' s preliminary survey of
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November, 1949, the general conclusions of that survey have been fully
confirmed. The low-temperature process is much more economical than
the steam-hydrogen process used at Trail or the water-distillation
process, and the process is entirely feasible.

It is estimated that the low-temperature plant, complete with
all operating auxiliaries and ready to run, will cost $9,300,000. This
estimate includes the cost of facilities for producing all of the utili-
ties consumed by the heavy water plant, which are presumed not to be
available at the plant site. It does not include engineering charges,
fees, or the cost of facilities for administration and personnel, which
are dependent on operating contractor's policies. There must also be
added the cost of revisions to the ammonia plant designed to increase
the deuterium content of synthesis gas. At the Phillips plant these re-
visions are estimated to cost $775,000; at the other sites, around $900,000.

The estimated cost of operating the plant at the Phillips loca-
tion is just over $1,000,000 per year, exclusive of capital charges, the
operating company's fee, and such charges as may be made for synthesis
gas borrowed or consumed. This annual cost is equivalent to a unit cost
of $30,800 per ton of heavy water, at the Phillips location. The unit
cost at the Lion location will be about the same; it will be higher at
the Spencer location because of the greater cost of fuel there.

The present design of a low-temperature heavy water plant is
much more economical than the former design developed for the Manhattan
District, as shown by the following comparison:

Design Present Former

Tons D20 per month 2.88 2.4
Cost Heavy Water Plant $ 9,300,000 $ 12,000,000
Unit Plant Cost, $/ton/mo. $ 3,230,000 $ 5,000,000
Production cost, ex fixed charges, $/ton $ 30,800 $ 46,000

The improvements in the process are even more striking when it is re-
membered that construction costs have more than doubled in the inter-
vening time.

A number of valuable engineering developments have come out of
this project. A new type of reversing heat exchanger suitable for han-
dling gases containing up to 2% of condensable impurities has been designed.
A new type of pipe joint between stainless steel and aluminum, which is
mechanically strong and vacuum tight at liquid-hydrogen temperatures, has
been developed. Bellows-sealed valves in sizes up to 16", suitable for
service at liquid hydrogen temperatures at pressures up to 450 psi., have
been developed. These devices and the general background of low-tempera-
ture engineering built up during this project should be useful in develop-
ing large-scale hydrogen liquefiers and in other low-temperature applica-
tions.



RECOMMENDATIONS

Despite the decision to terminate work on this project,
Hydrocarbon Research is still of the opinion that it would be desir-
able to complete the design of a low-temperature plant and to construct
and operate one plant of this type. The low-temperature process is
sound, and its costs are much lower than those of the water distillation
or steam-hydrogen exchange process. In view of the large amount of
heavy water presently required, it would seem worthwhile to build at
least one plant of the low-temperature type in order to acquire practical
experience with this process.

If a low-temperature plant is to be built, the ammonia plant
of the Phillips Chemical Co. at Etter, Texas, is recommended as the pre-
ferred location for it. One advantage of this site is that Phillips
would welcome a low-temperature heavy water plant and has a large and
well-trained technical staff which could contribute materially to the
early and successful operation of the plant. Continuity of operation
of the parent ammonia plant is assured by the fact that it is still govern-
ment-owned, on a long-term lease to Phillips, and by the favorable com-
petitive position in the U. S. ammonia market enjoyed by this plant.
Fuel costs here are lower than at any other U. S. ammonia plant, and the
plant is favorably located to supply ammonia to both West Coast and Mid-
continent farming areas. These low fuel costs would also contribute to
a low cost for heavy water.

If it should be decided that a low-temperature heavy water
plant is to be built, the most important task, of course, would be to
complete the engineering design. In addition, there are three technical
problems which should be investigated while the design is being completed:

(1) The thermal conductivity of Santocel insulation in a hydro-
gen atmosphere should be determined for the five-foot thick
layers planned for this plant. A program for these tests
is described in Section 4.8.

(2) The suitability of the seal used on the compressors of
the K-25 plant for the hydrogen gas expanders of the
heavy water plant should be determined. This point is
discussed further in Section 2.10.

(3) A reliable determination should be made of the deuterium
content of natural gas from the Phillips location. This
point is discussed in Section 4.1.
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1. HISTORY OF PROJECT

1.1 Prior Work

The low-temperature process for separating deuterium takes
advantage of the same property as was used by Urey, Brickwedde and
Murphy in first concentrating this isotope in 1932, namely, the sub-
stantial difference in vapor pressures between hydrogen and ED. The
low-temperature process was not used in the first commercial deuterium
plants because of the lack of industrial experience with equipment
operating at liquid-hydrogen temperatures. In 1942 and 1943, however,
the low-temperature process was given serious consideration as a pos-
sible means for producing the large amounts of heavy water needed by
the Manhattan District. Preliminary plant designs and cost estimates
were developed by engineers of the duPont Co. working in collaboration
with Dr. Urey. Although this work showed the low-temperature process
to be more economical than other methods then available for producing
heavy water, work on the low-temperature process was stopped, and plants
using the steam-hydrogen exchange reaction and the water distillation
process were built, instead.

The decision not to use the low-temperature process was
primarily a result of uncertainty regarding the length of time required
to solve the novel engineering problems connected with handling large
quantities of gases at low temperature. Nevertheless, in the compara-
tive study of heavy water production processes conducted by Maloney
and Ray in 1945, (Report A-3229), it was concluded that the low-tempera-
ture distillation process would be in a preferred position for any
future deuterium plant.

Since 1945, important developments in low-temperature engineer-
ing occurred which placed the hydrogen distillation process in an even
more favorable position. Construction in the United States of a number
of plants producing oxygen by the distillation of liquid air on a much
larger scale than heretofore gave practical experience with processes
and materials very similar to those of a hydrogen-distillation plant.
Production and use of liquid hydrogen in relatively large quantities
as an experimental rocket fuel removed most of the uncertainties in
the handling of this material.

In October 1949, when means for increasing this country's
production of heavy water were under consideration, Hydrocarbon Research,
Inc. recommended to the Division of Research of the Atomic Energy Com-
mission the construction of a large plant for the distillation of
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industrial gases rich in hydrogen, such as ammonia synthesis gas or coke
oven gas.

In October and November of that year, at the request of the
A.E.C., H.R.I. undertook a survey of the feasibility and approximate cost
of the low-temperature process, under Contract No. AT(30-l)-697. For pur-
poses of this survey, it was assumed that the heavy water plant would
be built at the government -owned ammonia plant at Morgantown, W. Virginia

The final report on this survey, submitted on November 1k,
1949, concluded that the cost of producing heavy water by the low-tempera-
ture process was only a small fraction of that produced by the steam-hy-
drogen exchange or water distillation processes, that the low-temperature
process was well developed, and that design of an operable plant could
start immediately.

1.2 Beginning of This Project

In November 1949, because the demand for increased produc-
tion of heavy water had become more urgent and because the conclusions
of the aforementioned survey were favorable, the A.E.C. decided to
authorize the design of a commercial plant embodying the low-temperature
process. Hydrocarbon Research, because of its extensive prior experience
in this field, was directed to proceed with the design of a full-scale
plant to produce heavy water by the low-temperature distillation of
ammonia synthesis gas.

Instructions to carry out limited portions of this work under
Contract AT(30-1)-697 were received from the A.E.C. on Nov. 21, 1949.
Negotiations between H.R.I. and the A.E.C. of Contract No. AT(30-1)-810
covering the complete design job were entered into on December 12, 1949,
and completed on February 28, 1950. This contract was then dated back
to November 15, 1949, to absorb all charges for design of the plant.
The work to be performed by Hydrocarbon Research under this contract
was divided into two phases: "Title I" consisted of all architect-en-
gineer services which could be performed without A.E.C. decision to
build the plant or purchase equipment; "Title II" consisted of the re-

maining architect-engineer services which should be carried out to com-
plete the design subsequent to A.E.C. decision to build the plant and
purchase equipment, and supervision of construction and initial operation.

Since no decision to build the plant nor to purchase equipment
was ever made, the work did not progress beyond Title I. Moreover,
the circumstances of design lacked definition in other respects, for a
specific site for the plant was never selected (although three differ-
ent sites at various times had an influence on the design work), nor
was a construction contractor or an operating company chosen. These
design uncertainties retarded engineering progress.

The first activities undertaken by Hydrocarbon Research were
(1) a survey of possible locations for the plant, (2) organization of
programs to develop missing data on process and structural materials
which would be needed before design could be completed, (3) develop-
ment of an initial process design and (4) preliminary mechanical engineer-
ing. A brief account of each of these activities will be given in the
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following pages.

1.3 Location Survey

Existing industrial operations where large quantities of hy-
drogen are processed were first examined. Six of the largest U. S.
synthetic ammonia plants, one carbon black plant, one synthetic hydro-
carbon-fuel plant and one large coke-oven plant were investigated as
possible locations for the heavy water plant. Representatives of Hydro-
carbon Research, Inc. visited all but one of these plants and secured data
and gas samples from them. These gas samples were analyzed for
deuterium content under the direction of Professor A.O.C. Nier at the
University of Minnesota. The locations were evaluated in terms of the
amount of gas produced at each, its hydrogen content and deuterium assay,
the probability of continued operation of the plant, the cost and
availability of fuel and power, transportation facilities and other fac-
tors favoring economical production of heavy water.

The final report on this survey (NY0-555), submitted on March 15,
1950, showed that deuterium could be produced most economically at
large synthetic ammonia plants, which use cheap natural gas as fuel. The
largest of these plants the one owned by the Lion Oil Co. at El Dorado,
Ark., was the location preferred for the first heavy water plant. The
plant of the Spencer Chemical Co. at Pittsburgh, Kans., was a second choice.

This survey also showed that the deuterium content of the hy-
drogen at all of these plants was lower than that of normal hydrogen,
ranging from 108 to 127 parts per million instead of the 149 parts per
million found in natural water. The low value was traced to the loss of
deuterium-rich steam from the synthesis-gas-making section of these plants.
Means for increasing the deuterium content of the hydrogen to 136 parts
per million by recovering most of the steam were proposed.

After this survey had been completed, the capacity of the am-
monia plant operated by the Phillips Chemical Co., at Etter, Texas, was
increased to the scale of the Lion and Spencer plants, so that it, too,
became worthy of consideration as a possible site for a low-temperature
plant.

Hydrocarbon Research's design work was initially predicated
on the Morgantown site. On March 15, 1950, after the survey report was
issued, the design basis was changed to the Lion location. On April 13,
after reviewing this report, the A.E.C. requested the design of a flexible
plant which might be installed, with a minimum of changes at either the
Lion, Spencer, duPont or Allied Chemical ammonia plants. By June it had
become apparent that the three large plants using natural gas, Lion,
Spencer and Phillips, were the only locations still to be considered.
Finally, in December, 1950, the A.E.C. requested that H.R.I. recognize
the Phillips plant as the most likely location.

1.4 Organization of Test Program

As the initial process design and mechanical engineering got
under way, it was recognized that additional experimental data on process
and structural materials would be needed in completing the design. Dur-
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ing the months of January and February, 1950, arrangements were made by
H.R. I. with Dr. Brickwedde at the Bureau of Standards to measure the va-
por pressures of HD and D2 above atmospheric pressure and to make spot
checks of liquid-vapor equilibrium in the system H2 - HD - D2. During
this same period, H.R.I. secured the consulting services of Dr. H. L.
Johnston, Director of the Cryogenics Laboratory at the Ohio State Univer-
sity. From Dr. Johnston, valuable information was obtained on the
thermodynamic properties of hydrogen-nitrogen mixtures at low-tempera-
tures, the thermal conductivity of metals and insulation at low-tempera-
tures, the rate of conversion of ortho to para hydrogen in contact with
a variety of plant materials, and on the adsorption of oxygen and nitro-
gen from hydrogen.

In February and March, as mechanical engineering was initiated,
test work was commenced to determine the suitability of a number of the
materials and fabrication techniques to be used in the heavy water plant.
Topics investigated included the vacuum tightness of welds in aluminum and
stainless steel, the tensile strength and impact resistance of welds
in these materials at liquid hydrogen temperatures, the endurance of
valve bellows, valve seats and expansion joints when subjected to re-
peated working at liquid hydrogen temperatures, and the development of

a transition joint between aluminum and stainless steel which would re-
main mechanically sound and gas tight at the low temperatures and high
pressures of the plant. H.R.I. began work on this mechanical test pro-
gram early in March, 1950.

1.5 Initial Process Design

In designing a new type of plant on a short time schedule, it
is usually good practice that test work, process design and mechanical
engineering proceed simultaneously, each on the basis of assumptions
and conditions that require correction as the work progresses. Process
design was started in December 1949 on the basis of assumed physical
properties of process substances and on assumed mechanical design
features of the plant. The most important assumptions regarding physical
properties were:

(1) That the relative volatility of H2 to HD was equal to
the ratio of their vapor pressures, as would be the case
if the gas and liquid phases formed ideal solutions.

(2) That gas mixtures of hydrogen and nitrogen follow the
ideal gas law at the temperatures and pressures of the
plant.

The most important assumptions regarding the mechanical features of the
plant were:

(1) That the amount of gas contained in the reversing ex-
changers and vented during valve reversals would be
small enough to permit 95 recovery of deuterium.

(2) That the heat leak to the plant from all causes would not
exceed 285,000 BTU/hr.
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It was recognized that these assumptions, while satisfactory as a basis
for starting design work, would require checking and revision as the
test work and mechanical engineering progressed.

A preliminary process design, based on these assumptions, was
completed on February 27, 1950. The design called for less equipment
than the final design, and specified a pressure of 50 psia. for the main
tower.

1.6 Preliminary Mechanical Engineering

Preliminary mechanical engineering was started in Feb. 1950,
when the initial process design had progressed far enough to serve as a
basis. Attention was devoted to the design of the main items of equip-
ment such as the cold heat exchangers and towers, and to the layout of
the plant. A plot arrangement was developed with equipment laid out in
process sequence, and with the main tower and expanders in structures
separate from the heat exchangers.

This preliminary mechanical design was compared with the assump-
tions made in the initial process design in April, 1950, and two major
deviations were found:

(1) So much feed gas was vented during valve changes in the
reversing exchangers that recovery of deuterium was under

75"
(2) The heat leak to the plant in its original extended lay-

out was too high.

The first of these difficulties was overcome by more complex arrangement
of reversing exchangers, and the second by a more compact plant layout.

1.7 Technical Data

At about the same time that the need for revision of these
preliminary assumptions was recognized, new technical data which had an
adverse effect on plant design were received. On April 12, the Bureau
of Standards reported measurements on the dewpoint of mixtures of
H2, BD and D 2 from which it could be inferred that the relative
volatility of H2 to HD was less than had been predicted from the ideal
solution assumption, thus making the separation of ED more difficult
than had been assumed in the initial process design. Also, information
secured from Professor H. L. Johnston in April disclosed that the
thermal conductivity of Santocel insulation in hydrogen was higher than
had been estimated from the data originally available, thus aggravating
the heat leak difficulty. In addition, measurements of the thermodynamic
properties of hydrogen-nitrogen mixtures showed that these could not
be treated as ideal gas mixtures.

Subsequent experimental work carried out between the months
of April and September at both the Bureau of Standards and Ohio State
generally confirmed the remaining original design assumptions and
necessitated no other design revisions. The Bureau of Standards showed
that Stedman packing could be used efficiently for the fractional dis-
tillation of liquid hydrogen. Professor Johnston measured the thermal



conductivity of special aluminum alloys used in plant heat exchangers
and determined the rate of conversion of ortho to para hydrogen on
several plant materials. These measurements permitted a more accurate
estimate of the expected performance of the plant, but led to no important
design changes.

1.8 Final Process Design

With the evaluation of the information accumulated by the end
of April, it was possible to revise the preliminary process design.
Several extensive changes in design bases were then made, the principal
being:

(1) The pressure in the main tower fractionating HD from
hydrogen was dropped from 50 to 25 psia. This nearly re-
stored the relative volatility to the value originally
assumed for ideal solutions at 50 psia, and increased
the refrigeration available to compensate for heat leaks
from 285,000 to 412,000 BTU/hr. The cost of this change
was an increase in compressor horsepower of over 2000 BHP,
and an increase in size of lines, valves and exchangers.

(2) A reversing exchanger system was devised which reduced
the amount of gas vented on valve reversal, thus increasing
the recovery of deuterium to 86/.

(3) Corrections were made for deviations of properties of the
feed gas from those of an ideal gas mixture; this necessi-
tated addition of a nitrogen saturator to the feed exchanger
systems and further complicated this part of the plant.

A new process design incorporating these changes was issued
on May 25. Except for minor revisions, this served as the final process
design of the plant.

1.9 Mechanical Test Program

The mechanical test program was actively pursued between April,
1950, and March, 1951. The results of this program fulfilled all ex-
pectations, and did much to offset the unfavorable implications of the
new technical data. A number of welded specimens were exposed to liquid
hydrogen in the laboratories of the Ohio State Research Foundation and
Professor H. A. Boorse of Columbia University, under H.R.I. supervision.
These welds were shown to be vacuum tight by Vacuum Electronics, Inc.,
of Brooklyn. The tensile strength and impact resistance of welds in
aluminum and stainless steel at liquid hydrogen temperatures were shown
to be satisfactory by tests at the Ohio State Research Foundation under
the direction of Professor Mars G. Fontana. Bellows and seats for
valves were shown to have satisfactory endurance by tests at liquid hydro-
gen temperatures conducted by Professor Johnston at Ohio State under
H.R.I. direction. With the assistance of Alcoa and Stacey Brothers Gas
Construction Co. satisfactory techniques were worked out for brazing and
welding heavy-walled 4S aluminum tubes, of the type required in the
feed exchangers of this plant. Results of tests on the external

16
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collapsing pressure of internally finned, 4S aluminum tubes permitted
a marked reduction in the wall thickness of these exchanger tubes.
Finally, and most important, H.R.I. developed a mechanically sound,
gas-tight transition joint between aluminum and stainless steel with
the assistance of Aluminum Co. of America, Pabst Engineering and
Equipment Co., Midwest Piping and Supply Co., and Mr. Fred C. Fants,
piping consultant. The availability of this joint in commercial sizes
made it possible to use aluminum for the heat exchangers of the plant
and stainless steel for the remainder, including valves, piping and
vessels, thus using the most suitable material for each part of the
plant.

1.10 Final Mechanical Design

Because of the extensive revisions in the process design and
because of the need for a more compact layout to minimize heat leak,
mechanical engineering was practically started over again early in
June, 1950. In the new plant layout that evolved, all of the cold equip-
ment was placed within a single, more thickly insulated enclosure, and
the heat leak was greatly reduced. Somewhat later, advantage was taken
of the findings of the test program to eliminate aluminum valves, drums
and towers and to use the newly developed transition joint for all
connections between stainless steel and aluminum.

After these basic improvements had been effected, mechanical
engineering advanced rapidly until September. By that time the main
features of the final mechanical engineering design had been developed
and work on details was progressing rapidly.

Inability of the A.E.C. to select a definite location for
the plant, and the shift in emphasis from one location to another, handi-
capped mechanical engineering and was responsible for some wasted
effort. During the early stages of design this factor was less important,
but by September it was necessary that the design be adapted to a definite
location. In the absence of definite instructions from the A.E.C., H.R.I.
at first adapted the mechanical design to the Lion location. During
October and November, it was evident that the Phillips location was re-
ceiving increasingly favorable consideration by the A.E.C. Finally,
on November 28, the A.E.C. instructed H.R.I. to begin adapting the design
from the Lion to the Phillips location. This change necessitated re-
designing structures and foundations for an increase in wind velocity
from 100 to 125 miles per hour.

1.11 Relations with Operating Companies

Hydrocarbon Research's first contacts with potential operating
companies were made in December, 1949, as part of the location survey,
when gas samples were collected from nine plants producing hydrogen. Dis-
cussion of the proposed heavy water plant with these operating companies
was not permitted at that time.

The first opportunity to discuss the heavy water plant and
procedures for operating it in conjunction with an ammonia plant was af-
forded by a series of meetings held individually with Lion, Spencer and
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Phillips, in Kansas City, Mo., on July 5 and 6, 1950. Later in July, an
H.R.I. process engineering representative visited each of the three
ammonia plants to determine what changes could be made in each plant to
increase the deuterium content of synthesis gas, and H.R.I. project en-
gineering personnel visited each plant to become acquainted with local
conditions and to select a provisional plot for the heavy water plant.

Representatives of each of these three companies visited the
H.R.I. offices in New York early in November, 1950, to acquire sufficient
information regarding the heavy water plant to develop estimates of the
cost of operating the plant, appraise its feasibility and submit to the
A.E. C. a proposal for operating the plant. All three companies concluded
that the heavy water plant could be operated satisfactorily in conjunc-
tion with an ammonia plant.

On Dec. 15 and 16, 1950, H.R.I. project engineering personnel
visited the Phillips Chemical Co. offices at Bartlesville, Okla., and
plant at Etter, Texas. Mechanical engineering specifications were re-
viewed and means for tying utility and process lines of the heavy water
plant into the ammonia plant were discussed. General agreement was
reached on all points.

As a result of these contacts, it was evident that there would
be no major, unusual problems in building and operating a low-temperature
heavy water plant in conjunction with the ammonia plant of the Phillips
Chemical Co., at Etter, Texas. General agreement had been reached on all
important technical problems by H.R.I. and Phillips personnel, and each
company was satisfied that the ammonia plant and the heavy water plant
could be operated together without serious difficulty.

1.12 Relations with Vendors

By July 1, H.R.I. was in a position to order most of the princi-
pal process equipment of the plant, but was instructed by the A.E.C. not
to do so because construction of the plant had not been authorized. En-
gineering progress was being retarded by lack of information regarding
equipment to be supplied by outside vendors. As an example of such delay,
the piping around a cold control valve could not be designed until the
distance between welding ends and the length of bellows sealing the stem
of the valve were known. To permit H.R.I. to secure information from
vendors, without actually ordering equipment, the A.E.C., on the basis
of H.R.I. 's strong recommendation, authorized H.R.I. to request vendors
to submit bids on the principal equipment, such as compressors, heat
exchangers and valves. H.R.I. tabulated the bids received from such
inquiries and recommended to the A.E.C. the vendor in best position to
supply each type of equipment. The A.E.C. approved these recommendations,
thus making it possible for H.R.I. to secure preliminary information from
the vendor who would supply the equipment when and if it was to be pur-
chased.

Two classes of equipment on long delivery were the com-
pressors and the harp-type exchangers. To avoid delaying the job during
the period in which the A.E.C. was undecided whether the plant should
be built, H.R..I. requested permission to authorized manufacturers of this
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equipment to carry out the engineering which preceded fabrication. This
permission was granted, and orders for engineering were issued to the
following vendors:

Clark Brothers, Olean, N. Y. Outline drawings for centrifugal
compressors and turbines.

Stacey Brothers Gas Con- Drawings of special dies for
struct ion Co., Cincinnati, stamping fins of harp-type ex-
Ohio. changer.

B. Jahn Mfg. Co., New Britain, Design of small, bellows-sealed
Conn. compressor.

Between July 1 and September 15, this engineering by manufacturers
avoided delay because of lack of authorization to purchase equipment.
After September 15, however, the scheduled completion date of the plant
was set back just about t one day for every day's delay in authorization
to purchase. Moreover, in view of the steady increase in prices during
this period, the estimated cost of the plant increased progressively the
longer the placing of orders was delayed.

1.13 Termination of Project

After September 15 a series of changes in objectives occurred
which retarded progress and ultimately terminated design. On September
19, H.R.I. was advised by the A.E.C. that construction of several heavy
water plants using another process had been authorized, and H.R.I. was
asked to investigate the desirability of building a pilot plant to try
out the low-temperature process instead of the full-scale plant which
had been the design objective until that time. About one month was
devoted to investigation of possible pilot plant designs. Report
NYO-556, submitted to the A.E.C. on October 17, described a component
test unit which might be used to demonstrate the soundness of those
plant components whose operability had been questioned by some organi-
zations which had reviewed the low-temperature process, namely the hydrogen
expanders and the reversing exchanger which removes nitrogen from feed
gas. H.R.I. recommended that design of the full-scale plant be continued,
and made no recommendation for or against the component test unit. No
further work was done on this unit.

Design of the full-scale plant was continued through November
and December, 1950. By late December it was apparent to the A.E.C. that
a low-temperature plant would not be built at this time, and on December 28
H.R.I. was asked for recommendations on how the engineering work might
be brought to an orderly close. Since mechanical engineering work under
Title I was more than 88% complete at that time, and all other phases
were more than 91.% complete, Hydrocarbon Research advocated completion
of this phase of the job. This recommendation was rejected by the A.E.C.,
and on January 24, 1951, H.R.I. was requested to terminate all engineering
work by February 9.

When design was stopped, Title I engineering was 96% com-
plete. The design of vessels and piping in the cold section of the
plant was substantially complete, but the design of structures and foun-
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nations was incomplete because of the recent adaptation of the design
to the Phillips location.

It is unfortunate that design work was stopped when so little
additional effort would have been required to complete Title I engineer-
ing. In a low-temperature plant, the last mechanical design details are
just as important in ensuring its successful operation as are the
process design and the mechanical design of the principal equipment.
Supports and foundations must be detailed to take the load of the
equipment and thermal stresses without giving rise to excessive heat
leak. Lines and expansion joints must be laid out in such a way as
to relieve thermal stresses without at the same time causing undue pres-
sure drop and purge losses. Very little additional engineering time
would have been required to complete these design details and evaluate
their effect on the process performance, yet the project was terminated
before these important phases of the job could be completed. If inter-
est in the low-temperature process should be revived in the future, it
will be much more difficult and expensive to resume work on the
mechanical details of the plant and evaluate their process performance
than to have finished this work as part of the original design job.



2. DESCRIPTION OF PLANT

2.1 Design Specifications

The low-temperature heavy water plant takes as feed synthesis
gas from an ammonia plant, extracts from it the small proportion (about
136 parts per million) of contained deuterium, and returns the remainder
of the synthesis gas unchanged to the ammonia plant. The specific feed
on which the process design of the present plant has been based is the
synthesis gas leaving the CO2 scrubbers of the ammonia plant of the Lion
Oil Company. Table 1 lists the temperature, pressure, composition and
flow rate of this feed and compares it with corresponding quantities
for the Spencer and Phillips ammonia plants.

Because of the similarity among the three feed compositions,
this heavy water process would be suitable for operation at any of the
three ammonia plants. Only minor differences in operating procedure
would be necessary to adapt the process design to the Spencer or
Phillips sites. Since the fresh feed rate at both sites is lower than
at Lion, it might be necessary to recycle tail gas from the heavy water
plant to keep the gross feed rate high enough to satisfy plant refriger-
ation needs. The high helium content of the feed at Phillips could be
handled by taking a small purge stream from the hot side of the reboiler,
as is done to purge helium from air separation plants.

This plant has been designed to produce heavy water containing
99.5% D2 0 and the balance EDO. It has been designed to recover 86% of
the deuterium present in the feed, which is as high a recovery as is
practicable when reversing exchangers are used to remove condensable
impurities from the synthesis gas feed. It is expected that the plant
will operate an average of 337 days per year.

Table 2 gives the average production rate of heavy water ex-
pected at each of the three sites. The forecast regarding the average
daily output of ammonia and synthesis gas (in 1952) was obtained in-
formally from representatives of each of the operating companies. The
production rate of heavy water would be largest at Lion (40.3 tons per
year) and smallest at Spencer (33.5 tons per year).

Since a specific site for the plant was not selected, design
proceeded on the basis of assumed site criteria, the most important of
which are:

Maximum wind velocity 125 mi./hr.
Allowable soil load 3000 lbs . /sq.ft .

21
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Table 1

FEED FOR HEAVY WATER PLANT

Ammonia Plant

Maximum Ammonia Output, Tons/Day

Temperature (Max.), OF.
Pressure (Min.), psia.

Max. Fresh Feed Flow Rate (Dry Basis)

Mols/r.

Std. cu. ft./day

Std. cu. ft. H2 /day

Mol H20

Composition, Dry Basis, Mol1
H2

N2

CO

CO2

CHI

02

A

Ne

He

Mol % Deuterium in Hydrogen

Design Conditions

Lion Spencer

600 500

100 100

240 240

6,475

59,100,000

41,900,000

0.38

71.0

23.9

3.9

0.5

0.3

0.1

0.3

0.0046

0.0136

5,600

51,100,000

37,200,000

0.38

72.7

22.2

3.7

1.0

0.41

o.0043

0.0136

Phillips

440

100

240

5,220

47,800,000

34,500,000

0.38

72.2

24.1

2.7

0.2

0.4

0.2

0.0046

0.2

0.0136



23

Table 2

Heavy Water Production Rate

Ammonia Plant

Amonia Production Rate, Tons/Day

Maximunm

Average Forecast

Hydrogen Production Rate, MMSCF/Day

Maximum

Average

% D in H

% Recovery

Pounds D2 0 per Stream Day

Maximum

Average

Days Operation Per Year

Tons D2 0 Per Year

Lion

600

551'

x+1.9

38.8

0.0136

86

258

239

337

40.3

Spencer Phillips

500

435

37.2

32.4

0.0136

86

229

199

337

33.5

440

x+20

34.5

32.9

0.0136

86

212

203

337

34.2
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Maximum wet bulb temperature 73.50 F
Elevation above sea level 3600 ft.

All mechanical designs conform to appropriate standard codes,
as described in detail in the Specifications, Appendix B.

2.2 Principle of Process

The process consists, essentially, of (1) the separation of
nitrogen from ammonia synthesis gas by partial condensation, (2) the
separation of HD from the remaining hydrogen by fractional distillation
at low temperature, (3) the conversion of HD to D2, (4) the purification
of D2 by further distillation, and (5) the conversion of D2 to D20 by
combustion with oxygen.

Figure 1 illustrates the principal steps of the process, viz:
(1) Synthesis gas is compressed to 425 psia. and cooled to

-3440F., in order to liquefy and separate most of the nitrogen from
the gas.

(2) The feed is further cooled to liquid hydrogen temperature
to separate the remainder of the nitrogen and prepare the hydrogen for
distillation.

(3) The hydrogen is separated by fractional distillation, in
the primary and secondary towers, into an overhead product which has
been stripped of hydrogen deuteride and a bottoms product containing 91
hydrogen deuteride.

(4) The bottoms product is warmed to room temperature and cat-
alytically converted to an equilibrium mixture of H2, D2 and HD by the
reaction:

2ED H2 + D2

(5) The products of this reaction are cooled to liquid hydrogen
temperature and distilled into an overhead product consisting of H2 and
HD, which is sent back to the distillation step (3), and a bottoms
product consisting of 99.5% deuterium.

(6) The deuterium is burned with oxygen to make the heavy water
product of the plant.

(7) The large amount of liquid hydrogen ref lux and the high
reboiler duty needed for the HD distillation (3), is provided by an
auxiliary hydrogen heat pump system.

(8) Refrigeration necessary to compensate for heat leaks to the
process, heat exchanger inefficiencies and the heat of conversion of
ortho- to para-hydrogen is supplied by expanding the feed hydrogen through
efficient gas turbines. Refrigeration is provided at the -3450F. level
by expanding the hydrogen from the supply pressure of 425 psia. to about
245 psia. Additional refrigeration at the -4170F. level is provided by
expanding hydrogen from 245 psia. to 25 psia., the pressure at which
the primary tower operates.

(9) The stripped hydrogen and nitrogen from the separation plant
are warmed to room temperature by heat exchange against feed and are re-
compressed to the pressure level at which the feed gas was borrowed from
the ammonia synthesis plant.
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2.3 Description of Process

Before the synthesis gas now being produced at the Lion, Spencer
or Phillips ammonia plants is fed into the low-temperature plant, it is
desirable that its composition be modified in two respects:

(1) Its deuterium content should be increased to the maximum
practicable extent by recovering deuterium-rich steam
now being wasted from the ammonia plant and recycling it
to the synthesis gas production unit. Means for doing
this are described in Section 2.16.

(2) Its CO2 content should be reduced to below 0.01% by scrub-
bing the synthesis gas from the ammonia plant with caustic
soda solution. The CO2 removal equipment is described in
Section 2.17.

The process flowsheet for the low-temperature plant proper is
shown in Figure 2. Synthesis gas feed from the ammonia plant, pre-
treated as described above, enters the flowsheet at the lower left. It
first flows through an arrangement of four interplant control valves
which permit operation of the ammonia plant and heavy water plant either
(1) in series (with valve positions as in flowsheet) or (2) as indepen-
dent units, with the heavy water plant recycling its own residue gas for
feed. The latter mode of operation would be used in starting up the
heavy water plant or whenever either plant had operating troubles that
might upset the other if the two plants were interconnected.

Feed to the plant is compressed from 240 to 430 psia in
compressor V-101, cooled to 1000F. in aftercooler M-llO and treated
to remove condensed water in mist extractor P-104. Traces of oil vapor
and other contaminants are removed in the charcoal absorber and dust
filter P-103.

Synthesis gas at this point may contain as much as 0.1% oxygen.
Most of this oxygen must be removed from synthesis gas ahead of the low
temperature portion of the plant because (1) it may catalyze the conver-
sion of ortho- to para-hydrogen, and (2) if not removed by simultaneous
condensation with nitrogen, this oxygen would accumulate as solid in
parts of the plant where contact with compressed hydrogen might give
rise to an explosion hazard. The deoxygenation unit K-101 is provided
to remove most of the oxygen from the feed by catalytic reaction with
the accompanying excess hydrogen at 2500 F. The catalyst specified for
this purpose is a palladium on alumina catalyst manufactured by Baker
and Co. The reactor has been sized to contain the amount of catalyst
recommended by Baker to reduce the oxygen concentration to 1 part per
million. For initial operation of the plant a smaller charge of cat-
alyst, sufficient to reduce the oxygen concentration to 10 parts per
million, is recommended. Either of these concentrations is low enough
to eliminate the explosion hazard; it is not accurately known how low
the oxygen concentration need be to keep its catalytic effect on ortho-
para conversion below an acceptable limit.

Surge drum 0-100 and the pressure control valve downstream of
it stabilize pressure in the deoxygenation reactor against the pressure
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surges accompanying valve reversal in the low temperature plant.
Reversing exchanger M-101 cools the feed gas to -2750F., a few

degrees above its nitrogen dew point. Cooling is effected by heat ex-
change against stripped hydrogen and nitrogen effluent, which are thus
heated to atmospheric temperature to be returned to the ammonia plant.
In this exchanger, water and carbon dioxide are condensed from the feed
stream on the fins of the exchanger. At intervals of about 15 minutes
the stripped hydrogen and feed gas passages of reversing exchanger M-ll
are switched by reversing the positions of the four valves at the warm
end of M-101. The low-pressure, stripped hydrogen then vaporizes the
water and carbon dioxide deposited by the feed gas on the previous half
cycle and carries these contaminants out of the plant. Part of the
stripped hydrogen entering the cold end of M-101 is introduced into a
separate pass in the exchanger, heated to about -155 F. and recycled to
the cold end of the exchanger. This is done to create a favorable
stripped hydrogen temperature for the vaporization of carbon dioxide in
this heat exchanger.

The feed gas is next passed through adsorber P-106 into non-
reversing exchanger M-102. Adsorber P-106 removes any slight traces
of C02 or C2H2 remaining in the feed. Exchanger M-102 serves to condense
most of the nitrogen. The coolants used are boiling nitrogen and a por-
tion of the effluent stripped hydrogen. In this exchanger the feed is
cooled to -315 F. and discharged into drum 0-102, which separates out
the condensed nitrogen.

The vapor from this drum is passed into exchanger M-103 where
it is cooled to -344 0 F., 20 F. above the triple point of the nitrogen,
and again put into a separating drum, 0-103. The nitrogen liquid in
0-103 is combined with the liquid in 0-102, and the combined liquid is
passed through saturator N-102. Saturator N-102 serves to vaporize
nitrogen into one of the hydrogen streams which has passed through
M-103, and thus cools it down so that it can be passed through this ex-
changer a second time. The liquid is then flashed to drum 0-101 and
returned to heat exchanger M-102 where it is vaporized as previously
described.

These two liquid-vapor separations remove more than 90% of the
nitrogen and CO from the synthesis gas and more than 99% of the argon,
oxygen, and methane.

The vapor from 0-103 containing less than two percent nitrogen
is the third cold stream to be passed through M-103. Here it is heated
prior to expansion through expander V-102, where about 400,000 BTU/hr.
of refrigeration is provided over the temperature range -325 to -3450F.
A small portion of this stream is fed directly from drum 0-103 to the
expander inlet to control its temperature.

The effluent stripped hydrogen leaving M-lO4A cannot be intro-
duced directly into M-103 adjacent to the feed gas pass because it might
cause solidification of some nitrogen due to its low temperature. A
portion of this stream is therefore preheated in a pass of M-103 not
adjacent to the synthesis gas. A portion of this warmed stream is
passed through saturator N-102 where it vaporizes a small amount of
liquid nitrogen and is cooled thereby. It is then recombined with the
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rest of the stripped hydrogen effluent and the combined stream is intro-
duced into the cold end of M-103 at a temperature above the nitrogen
triple point.

From V-102 the feed hydrogen passes into a second reversing
exchanger M-lO4A, where it is cooled to -385oF . by heat exchange against
low-pressure stripped hydrogen and a portion of the feed to expander
V-103. In this exchanger all of the remaining nitrogen except a few
parts per million is condensed as solid. The feed hydrogen and low-
pressure hydrogen flowing through this exchanger are periodically
switched to vaporize the condensed solid nitrogen into the outgoing low-
pressure stream. The temperature difference in this exchanger is con-
trolled by the amount of feed to expander V-103 sent back through it.

The feed hydrogen is then passed through silica gel adsorber
P-105 to remove the last slight traces of nitrogen and oxygen. A por-
tion of the feed gas is reheated in exchangers M-104A and M-105 and then
expanded to 25 psia. through expander V-103 into the main tower N-101 as
feed. This expander provides about 600,000 BTU/hr. of refrigeration in
the temperature range -377 to -417oF. Another portion of the feed is
liquefied in M-lQ4B and throttled into the expander effluent to furnish
low-level refrigeration to the tower system. A small portion of the
feed is drawn from P-105 and the cold end of M-lOlB, blended, and sent
to the concentration section to furnish reboiler and condenser duty for
the small towers. This feed is eventually returned to the N-ll tower
so that its deuterium content is not lost.

The main tower, operating at 25 psia., separates the feed into
a stripped hydrogen overhead essentially free of HD and a bottoms prod-
uct containing about 7% ED. The bottoms stream is fed to the concentra-
tion section for further purification.

The stripped hydrogen overhead from N-ll splits into two
streams. One stream, the overhead product, is returned through ex-
changers M-lOkB, M-104A, M-103, M-102, and M-ll countercurrent to the
feed gas, and is reheated to room temperature. The rest of the over-
head vapor from N-ll is heated to room temperature through exchangers
M-105 and M-106, compressed in compressor V-104, recooled in M-106 and
M-105 and fed into the tube side of the reboiler M-108. Adsorber P-ll
serves to trap any condensibles that might get into the hydrogen in
trace concentrations. A small portion of the clean stripped hydrogen
leaving compressor V-104 is withdrawn from the process and used to feed
expander seals, to clean up adsorbers and as make-up hydrogen for the
cold box.

The hydrogen entering reboiler M-108 is condensed, at the same
time furnishing reboiler duty for the tower N-101. The condensed hydro-
gen is sub-cooled against the overhead vapor in exchanger M-109 and
throttled into the top of tower N-ll as reflux.

The hydrogen and nitrogen effluents from the warm end of M-ll

are combined, re-compressed to line pressure and returned to the ammonia
plant, as shown at the top, left of the flowsheet.

The liquid bottoms product from the main recovery tower N-ll
is fed to the top of the secondary ED tower N-201 as feed. The vapor
overhead from N-201 is returned to the vapor space at the base of tower
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N-101. In the secondary HD tower the product is enriched from about 7% ED
to 95% ED.

The 9% ED stream from N-201 is warmed to atmospheric tempera-
ture and pumped by bellows-sealed compressor V-201 through the HD shift
reactor K-201 which contains nickel-on-chromia catalyst. The effluent
from the reactor K-201 contains about 23% D2 , H8% ED, 1% Ne and the
balance H2. This stream is cooled in exchanger M-202 and fed to the D2
tower N-202.

In the D2 tower N-202, hydrogen and ED are taken overhead and
deuterium is withdrawn from the bottom mixed with 5% neon and 0.4% HD.
The ED and hydrogen taken overhead from N-202 are recycled to the sec-
ondary HD tower N-201 at a point in the tower corresponding to its HD
concentration.

A gas stream taken from P-105 is condensed in the reboilers of
N-201 and N-202 to furnish the required reboiling duty. This liquid is
flashed into drum 0-201. A portion of the liquid from 0-201 is vapor-
ized in M-205, the condenser of tower N-202, to furnish condensation
duty. Both the gas and vapor in drum 0-201 are returned to the primary
tower N-101, so that their refrigeration and deuterium content are con-
served.

The deuterium product may be withdrawn as a liquid or vapor.
If the product desired is heavy water, deuterium vapor will be with-
drawn, burned with pure, dry oxygen, and the D20 formed will be con-
densed and collected. If high pressure gaseous deuterium is desired
as product, an additional tower to remove the neon will be required. The
deuterium overhead from this tower can be withdrawn as liquid, allowed
to build up pressure by vaporization and warming, and then charged to
cylinders, thus avoiding contamination by mechanical compressors. De-
tails of the product preparation system have not been worked out.

2.4 Refrigeration Balance

In the design of the heavy water plant, it is necessary to
provide sufficient refrigeration from the operation of the expanders
to compensate for all forms of heat input into the plant. In short,
a heat balance for the plant must be satisfied.

The refrigeration duty available from the expanders, then,
must be equal to the sum of the following quantities:

(1) The enthalpy difference between the streams entering and
leaving the warm end of the first reversing exchanger.

(2) The enthalpy difference between the streams entering and
leaving the warm end of the heat pump system exchanger train.

(3) The heat effect due to the out leakage of cold material
from the process streams to the atmosphere.

(4) The heat leak from the atmosphere to the process streams
through insulation, supports, and valve extensions.

(5) The heat effect due to the shift of ortho - to para-hydrogen
in various parts of the plant.

(6) Cool down duty for the adsorbers.
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Table 3 lists the sources of heat input into the plant, and
their estimated magnitude, and compares the total refrigeration demand
with the refrigeration supplied by the two expanders.

When the process design was started, the refrigeration supplied
by the two expanders, assumed 714% efficient, was assigned to the various
causes of refrigeration demand as shown in the first column of this
table. At completion of design the refrigeration demand expected from
the various causes has been determined, and the manufacturer's estimate
of the refrigeration to be supplied by the expanders is available. The
expected refrigeration supply and demand are given in the last column.
The excess refrigeration of 262,280 BTU/hr. is available to offset un-
anticipated process inefficiencies and sources of unexpected heat input.

The reduction in warm end enthalpy difference for exchangers
M-101 and M-106 results from the substantial safety factors used in
their design. The purge loss has been reduced by slowing down the action
of the reversing valves. The heat input due to material leak is kept low
by specifying that the entire low-temperature plant be so tight that,
when evacuated, the inleak of air at normal temperatures will cause a
pressure rise of less than 1 micron per hour in the primary tower and
less than 2 microns per hour elsewhere in the plant. Heat leak through
insulation and supports has been evaluated in detail for each unit of
cold equipment, using the thermal conductivity values of Sections 4.7 and
4.8 and the dimensions of the engineering drawings of Appendix C; no al-
lowance has been made for possible increased heat leak due to convection.
The allowance of 62,000 BTU/hr. for cooling adsorbers after regeneration
was overlooked in the original design assumptions. The rate of conver-
sion of ortho - to para-hydrogen has been calculated from a knowledge of
plant surfaces and volumes; details of this calculation are given in
Section 4.6.

The expected refrigeration supply has been taken from the manu-
facturer's specification in Appendix B.

2.5 Engineering Flowsheets

The engineering flowsheets on the following pages, Figures 3
through 8, represent schematically all of the process equipment of the
heavy water plant, except the CO2 removal system.

2.6 Plot Plan

The principal buildings and structures of the heavy water plant
are shown in plain view in Figure 9. The area limit of the plot and its
orientation are those pertaining to the Phillips site. "Plant North",
which is used to orient the drawings of Appendix C, would be geographic
east at the Phillips site.

The extreme dimensions of the plot are 570' by 375'.
The location of the CO2 removal system has not been set.
The guiding principle followed in arranging the buildings was

to keep the cold box, compressor house and Hortonsphere, which contain
large amounts of hydrogen, as far as possible from the boilers.

As much of the equipment as possible has been set out of doors.
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Table 3

Refrigeration Balance

BI
Assumed
For Process

REFRIGERATION DEMAND Design

Enthalpy Difference, Warm End M-101
Purge Loss During Exchanger Reversal
Enthalpy Difference, Warm End M-106
Heat Input Due to Material Leak
Heat Leak through Insulation and Support
Cooling of Adsorbers
Conversion of Ortho- to Para-Hydrogen

TOTAL

223,000
100,000
333,800
10,000
200,500

0
101 400
968,700

TU/br .

Expected
at Completion
of Design

186,700
30,000

250,000
10,000

108,520
61,800

102,9500
7149,520

REFRIGERATION SUPPLY

Expander V-102
Expander V-103

x409, 500

9 ,700TOTAL

407,500
604,300

1,011,800

EXCESS REFRIGERATION 0 262,280
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Only the boiler pump house, compressor house, control house, and cold
box are enclosed against the weather.

2.7 Model of Plant

A scale model of the plant was constructed to help develop a
compact layout and to facilitate piping studies. Three photographs of
the model provide a general impression of the appearance of the plant,
and of the arrangement of equipment within the principal structures.
Since the model was not revised to show the last engineering changes,
there are a few discrepancies between it and the engineering drawings.

Figure A is a view of the model looking south from the cooling
tower, for the orientation which would be used at the Phillips site.
The entire plant is shown except for the steam boilers, the boiler pump
house, and the CO 2 removal system, for which no models were made. In
this figure, the cooling towers are at the left, the compressor house
is in the center and the cold box and control house are at the right.
The primary tower, N-lOl, projects through the roof of the cold box; its
vacuum jacket is shown in cutaway section at two elevations. The large
Hortonsphere is surge drum 0-107, which damps reversal surges in
stripped hydrogen leaving the heavy water plant.

The external walls of the compressor house, cold box and control
house are represented by lucite, so that the equipment inside may be
seen. All of the piping and one of the harp-type exchangers is shown
in detail; the remainder of the equipment is represented by blocks show-
ing external dimensions only.

Figure B is a view of the northeast corner of the cold box.
From right to left in the cold box may be seen harp exchangers M-lOl
shown in complete detail and M-102 and M-103 shown in outline; these
exchangers cool the feed gas to -344 0F. and condense most of the nitrogen
from it. The figure of a man standing on the platform at the right of
the photograph indicates the scale of the equipment.

Figure C is a view of the west side of the cold box. Two cells
housing the expanders V-103A and B are at the bottom right of the cold
box. Adsorbers P-lOw and B are above the expanders. The small towers
for concentrating deuterium, N-201 and N-202, are in the bay at the
right center of the cold box. Extension valve stems project through the
roof, with control wheels or motors at the operating floor level.

2.8 Materials of Construction

Equipment not exposed to subzero temperatures, such as piping
and compressors outside of the cold box and the outer wall of the cold
box, will generally be constructed of carbon steel. Admiralty tubes
will be used in water-cooled heat exchangers.

All subzero piping, valves, and vessels, and some of the sub-
zero heat exchangers, will be made of stainless steel conforming to
AISI specifications for Type 304 extra-low-carbon, or ASTM Specification
SA-240, grade "S".

The subzero, harp-type exchangers will be made of aluminum of
the following type:
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Headers and branches: 3S aluminum
Individual tubes: ks aluminum
Finned discs: J51X23 brazing sheet
Welding rod: 28 aluminum

The flat-plate exchanger M-106 to be manufactured by Trane, will
be made of 38 aluminum.

All of these materials for subzero service have been tested for
physical and mechanical properties at liquid hydrogen temperatures, and
found satisfactory for the intended uses. Results of these tests are
summarized in Section 5 of this report and are described in detail in
Appendix D.

Detailed material specifications are given in Appendixes B and
C.

2.9 Compressors

The principal process compressors of the heavy water plant are
centrifugal compressors, of standard design, driven by steam turbines.
The main characteristics of these machines, and the conditions at which
they operate, are listed in Table 4. No spares are provided.

Each machine is fitted with dry, carbon-ring seals between
suction pressure and atmospheric pressure. Labyrinth seals are used be-
tween interstage pressures. All bearings are outside of the seals. The
only machine with a seal that requires special mention is the auxiliary
hydrogen compressor V-104. If the suction pressure of this machine
drops too low, there is a possibility of back-diffusion of air which
would accumulate in the silica gel adsorber P-101 and catalyze the con-
version of ortho- to para-hydrogen, with undesirable evolution of heat.
Calculations have established that the rate of back diffusion will not
be harmful provided the suction pressure of V-104 is kept above 5 psig.

The only other process compressor is the small machine, V-201,
used to compress the deuterium-rich feed to tower N-202. This com-
pressor must be leak proof, because of the value of the material handled,
and must not contaminate the gas, which subsequently is cooled to liquid
hydrogen temperatures. To meet these requirements, a bellow-sealed re-
ciprocating compressor was specified. A machine of this type was
specially designed by Mr. 0. C. Brewster and detailed by the B. Jahn
Manufacturing Co. of New Britain, Conn. Specifications for this machine
are given in Appendix B, and construction details are shown in the
Jahn Co. drawings, which are bound in Appendix C.

V-201 is a two-cylinder, single-acting machine with an 1-1/2"
bore and a 3/8" stroke. It may be run at variable speed from 266 to
798 r.p.m., and has a suction capacity ranging from 10.2 to 30.3 cfm.
It operates at a discharge pressure of 35 psia. and a suction pressure
in the range from 14.7 to 23.0 psia.

Bellows-sealed compressors of this same type are used success-
fully in the gaseous diffusion pilot plant at Oak Ridge.

2.10 Expanders

All refrigeration needed in the plant is supplied by the ro-



Table 4

Centrifugal Compressors of Heavy Water Plant

Compressor No.

Material Handled

Molecular Weight

Design Capacity, MM SCF/D

CFM at Inlet Conditions

Temperature, OF. - In
Out

Pressures, Psia. - In
Out

Brake Horsepower

No. Impellers Per Case

Stage No.

Case Size No.

Impeller Diameter

RPM (Approx)

* Intercooler after this stage

V-101

Feed Gas

9.8

65.2

2,990

100
243

240
430

2,810

8

1

1

14.75"

10,200

V-104

Auxiliary Hydrogen

2.02

120.6

62,700

96
263

21
42

6,200

7

Four, in series

5

42.5"

4,360

V-105

Nitrogen

27.3

15.45

16,850

95
381

10

30

1,350

4

1

3

24"

7,500

v-l06
Synthesis Gas Returned

to Amnonia Plant

9.65

64.8

48,100

96
267

14.7
250

13,84o

7

1* * 3* 6

5 5 3 3

42.5" 24" 24" 24"

7,150 6,990

4:-
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tary expanders V-102 and V-103, working on hydrogen gas. These machines
are of the same type as are used in modern, large-scale oxygen plants.
The availability of these expanders, with efficiencies above 75%, more
than any other single factor, makes the low-temperature heavy water
process feasible.

The process conditions at which each expander will normally
operate are given in Table 5. Complete specifications are given in
Appendix B.

Both expanders are pedestal type, three-stage, radial reaction
turbines. The energy generated in the operation of these machines is
dissipated in a hydraulic loading device, contained within the pedestal.
The loading device is a gear pump, highly inefficient, in order to dis-
sipate the greater part of the energy generated by the expander as heat
in the oil. The oil is circulated through a cooler.

Expander V-102 will supply refrigeration at a higher level,
(about -3450F.), and expander V-103 will supply refrigeration at a lower
level, (about -417 F.). The full pressure head of the plant, 425 psia.
to 25 psia, is available for dissipation across the two expanders.
Process calculations have been based on an inter-expander pressure of
245 psia. During the operation of the plant, it may be desirable to
vary this pressure, in order to effect a change in the distribution of
refrigeration duty between the higher and lower levels. Provision has
been made in the design of the expanders to vary the inter-expander
pressure without appreciably affecting their efficiency. This is done
by bypassing a portion of the feed gas for one expander or the other
around the first stage.

Two machines are used in parallel for each expander service,
one to operate and the other to serve as a connected spare.

To permit repair of one expander while the plant is being op-
erated through the second, each machine is housed in a separate in-
sulated enclosure. The machine to be worked on may then be valved off
and allowed to warm up and the gas and insulation surrounding it flushed
out before maintenance begins.

Figure 10 is a cross-sectional view of the expander housing,
which shows this insulated enclosure. The expander turbine proper is
just inside the right-hand wall; the oil pump and pedestal are outside.

The wheels of each expander are overhung and supported by
bearings mounted in the pedestal. The shaft is provided with one set of
two seals between the wheels and the pedestal.

Pure hydrogen is fed between the two seals at a pressure
slightly above that of the expander discharge. This hydrogen splits, a
part flowing through one seal into the expander, and the remainder flow-
ing through the second seal into the pedestal. The hydrogen for this
purpose is obtained from the auxiliary hydrogen circuit and is com-
pressed by a small, dry, carbon-ring-sealed, reciprocating compressor.

The seals and their associated controls must satisfy a number
of exacting requirements.

(1) Reverse flow of gas from the pedestal into the expander
must be prevented, because of the danger of oil or oil vapor freezing
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Table 3

ERpander Conditions Assumed for Process Design

ExpanderV-12 V-103

% Nitrogen in Hydrogen 1.89 0.00

Throughput, MM SCF/D 40.8 31.85

CFM at Inlet Condit ions 226 167

Pressure, psia. In 422 244
Out 245 25

Temperature, OF. In -321+.2 -373.0
Out -345.0 -417.4

Assumed Efficiency 74% 711%

Refrigeration, BTU/Hr. 409, 500 559,200

Work Done., BEP 161 220

RPM, Approx. 16,000 16,000
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in the seal.
(2) Outflow of cold hydrogen from the expander or inflow of

warm hydrogen to the expander should each be kept below 10,000 SCF/D,
to minimize refrigeration lost from these causes.

(3) The total consumption of pure hydrogen by each seal should
be kept below 50,000 SCF/D, because only 100,000 SCF/D of this material
is available for all plant uses.

(4) The seal should function satisfactorily in the presence of
pressure fluctuations of as much as + 5 psi in the expander. The pres-
sure in V-102 may change this much during the reversal of exchanger
M-104A.

The type of seals and control arrangement proposed to meet these
requirements are shown in Figure 11. Process conditions for V-102 are
shown. These make more severe demands on the sealing system than those
of V-103, because of the higher pressure.

A set of 17 labyrinths is used for the cold seal, adjacent to
the expander wheel. A seal of the type used for the compressors of the
K-25 plant is proposed for the warm seal, adjacent to the pedestal.
The K-25 type of seal would be preferable for the cold seal, also, but
it is not recommended because there has been no experience in its use
at low temperatures. A labyrinth was first proposed for the warm seal,
but was found to be too coarse to meet the above requirements.

With this sealing system, the pressure in the pedestal would
be controlled at a level below the minimum expander pressure. An aver-
age difference of 10 psi should be adequate. Under these conditions,
one K-25 type seal will leak about 30,000 SCF/D. The pressure difference
across the feed orifice should be adjusted to admit from 0 to 10,000
SCF/D more hydrogen than is vented from the pedestal. The volume of the
seal chamber should be as small as possible, to minimize breathing be-
tween this space and the expander.

At the time this project was terminated, details of this seal-
ing system had not been discussed with Clark Brothers, who had been
selected to manufacture the expander, because their personnel had not
yet been cleared. Before it can be concluded that this sealing arrange-
ment will be satisfactory, it will be necessary to arrange for discus-
sion of this sealing problem between Clark and K-25 representatives and,
possibly, to carry out tests on the K-25 seal in hydrogen.

2.11 Heat Exchangers

The principal low-temperature heat exchangers are listed and
characterized in Table 6. This table describes the function of each
exchanger, the type and materials of construction, the number of
streams which exchange heat, the number of exchanger units connected in
parallel, the length of surface for heat transfer per unit, the duty,
the surface, and the safety factor available in the amount of surface
specified. A generous safety factor was allowed for each exchanger when
design was started. During design, as more detailed information became
available on exchanger operating conditions, properties of process ma-
terials and metals, and the particular dimensions to which it was
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Table 6

Principal Low Temperature Heat Exchangers

Function

To cool feed to -2750F.
and remove CO 2 and H2 0

To cool feed from -275
to -315 0F. and liquefy
much of the nitrogen

To cool feed from -315
to -3440F. and liquefy
most of the nitrogen

To cool feed from -345
to -385 F. and remove
rest of the nitrogen

To cool hydrogen from
-385 to -4170F.

To cool auxiliary hydro-
gen from -355 to -4160F.

To cool auxiliary hydro-
gen from 100 to -3550F.

For startup

To reboil primary
tower

To subcool tower re-
flux

Type

Reversing,
Harp-type

Material

Aluminum

Harp-type Aluminum

Exchanger
No.

M-10l

M-102

M-103

M-1014A

M-104B

M-105

M-106

M-107

M-108

M-109

Aluminum

Aluminum &
Stainless

Aluminum

Aluminum

Stainless

Stainless and
Copper

Stainless

No. of No. of
Streams Units in Parallel

4 448

3 336

338

560

90

252

28 cores in
parallel

3

2

3

2

2

2

2

Active
Length, ft.

14' 10"

16' 0"

13' 3"

11'

9'

26'

55'

3"

0"

0"

2"

Surface Duty,
Sq. Ft. BTU/Hr.

332,000 16,324,000

51,600 4,480,000

115,000 1,468,000

131,000 1,059,000

29,300 635,000

344,500 3,940,000

1,412,000 34,059,000

270 616,000

13,000 4,500,000

Safety
Factor Drawing Numbers

100-M-F-l, 2 & 3
19.4% 100-M-H-1

100-M-F-4,5, & 6
45.7% 100-M-H-2

100-M-F-7, 8 & 9
36.0% 100-M-H-3

54.996

63.596

110.1%

6o.o%

4,320 136,000

100-M-F-10,11,12 & 13

100-M-F-14, 15, & 16
100-M-H-4

100-M-F-17,18 & 19
100-M-H-6

To be supplied by
Trane Mfg. Co.

l00-M-H-5

l00-M-H-8
100-N-F-1

100-M-H-7

Harp-type

Reversing,
Harp-type

Harp-type

Harp-type

Flat-plate
type

Tube and shell

Tubular, inte-
gral with
tower

Tube and
shell
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desirable that exchangers be built, these safety factors were kept under
review. The safety factors of this table represent the final check of
the expected performance of these units. The safety factor for each
unit is adequate.

The number and type of fin-discs and tubes used for the harp-
type exchangers are described in the Process Specifications, Appendix A.
Construction details are shown in the drawings noted in Table 6 which
are contained in Appendix C.

Three types of exchangers used in the plant are (1) the flat-
plate aluminum exchanger M-106, (2) "harp"-type, multitube aluminum ex-
changers used to cool feed, and (3) conventional, tube-and-shell ex-
changers used for the reboiler and other miscellaneous duties.

The flat plate exchanger M-106, which cools auxiliary hydrogen
from 1000 to -355 0F., is the largest exchanger in the plant, both in
regard to duty and surface. This exchanger consists of a number of unit
cores whose construction is illustrated schematically in Figure 12.
Each core is built up of a stack of alternate layers of flat and cor-
rugated aluminum sheets, brazed together into a metallically bonded as-
sembly. The corrugations are slit at 1/8" intervals and offset as shown
in Detail "A" of the Figure.

One of the two streams which exchange heat flows through the
odd-numbered layers of corrugated sheet, and the other stream flows in
the opposite direction through the even-numbered layers. Each flat
sheet separates the stream in one pass from the counter-flowing stream
in the adjacent pass. As shown in Detail "B", a header at each end of
the core connects with the odd-numbered passes through one set of ports
and a second header connects with the even-numbered passes through a
second set of ports.

Exchanger M-106 consists of 28 parallel columns, each contain-
ing seven unit cores in series, for a total of 196 cores.

This is the cheapest and most compact type of extended-surface
heat exchanger for low-temperature service, at pressures under 150 psia.
It is widely used in oxygen plants. It is manufactured by the Trane Co.
of La Crosse, Wis.

The flat-plate type of heat exchanger cannot be used elsewhere
in the heavy water plant because either the pressure is too high for its
light construction or because liquid or solid phases, which might clog
the corrugations, are present.

For the exchangers which cool feed (M-101, 102, 103, lOiA and
104B) and the exchanger (M-105) which cools auxiliary hydrogen from -355
to -4160F., the harp type of exchanger is employed, because one or more
streams in each is at a pressure over 150 psia. The basic unit for this
type of exchanger consists of a number of concentric aluminum tubes,
separated by annular aluminum discs in which radial fins have been
stamped. Gas flows over the finned discs in the annular space between
adjacent tubes. Tubes and discs are bonded together by furnace brazing.
About fifteen of these basic units are manifolded together into "harps",
and the harps, in turn, are manifolded together into "banks", containing
from 90 to 560 individual tubular units connected in parallel.

The construction of an individual unit and the type of headers
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employed is illustrated for the simplest exchanger, M-104B, in
Figure 13. The finned discs, shown in Detail BB, are made by cutting
radial slits in annular discs and then twisting the individual aluminum
strips to provide openings for gas flow.

This type of exchanger can be used up to pressures of 450 psia.
because of the use of tubes to contain gas instead of flat sheets, and
because of the substitution of the stronger aluminum alloy, 4S, for 3S.
It is a versatile type of construction, as shown by the variety of ex-
changers used in the heavy water plant. Some consist of three or four
annular passes instead of the two shown in this Figure. In the pass of
exchangers M-102 and M-103 in which liquid nitrogen condenses three-
fourths of the fins are cut out to provide drainage for condensate.

Two of these harp-type exchangers are of the reversing type,
which is used advantageously to cool feed streams containing up to 2%
of condensable impurities. In M-101 the condensable impurities are
water and C02; in M-104A, nitrogen. In a reversing exchanger, high-
pressure feed gas, carrying condensable impurities, flows for a time in
one pass, and cooler, low-pressure product gas flows through a second
pass in the opposite direction at a greater volumetric flow rate. As
flow continues, condensed material gradually accumulates in the pass
carrying feed. When this pass has become fouled to an extent which im-
pairs exchanger performance, the feed stream and product stream are
switched, with the feed stream now flowing through pass 2 and the prod-
uct stream through pass 1. Impurities now are evaporated from pass 1
and condensed in pass 2. Because the product gas flows at a greater
volumetric rate than feed, it will completely remove the condensed im-
purities from pass 1 before the feed has fouled pass 2, provided the
product is not too much colder than the feed. Thus, by controlling the
temperature difference between the two streams, and interchanging their
flow periodically, permanent accumulation of condensed impurities is
prevented. The temperature difference in reversing exchangers is con-
trolled by use of an auxiliary "unbalance" stream. The reversing ex-
changers of the heavy water plant have been designed for a fifteen-
minute interval between valve reversals, which has been found suitable
in oxygen plants.

The design of exchanger M-104A presented some unusual problems,
which were solved as described in the report, "Condensation of Nitrogen
in Reversing Exchanger M-104A of Low-Temperature Heavy Water Plant"
(11/10/50), of which the Atomic Energy Commission has copies. This ex-
changer is designed to condense 560 pounds of solid nitrogen in each
fifteen-minute interval between valve reversals. The principal design
problem was to provide sufficient surface and sufficient clearance be-
tween adjacent surfaces to accommodate this nitrogen, so that the ex-
changer would not be unduly fouled or plugged by it during the fifteen-
minute interval. The two means used to solve this problem were: (1)
Removing three-fourths of the fins in the portion of the exchanger in
which the bulk of the nitrogen condenses, to increase the length of the
condensation zone and to increase the thickness of deposit which could
be tolerated; (2) Providing a heat bridge of graduated thermal conduc-
tivity between the feed stream and the principal cold stream, again to
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lengthen the zone of condensation in the part of the exchanger where
most of the nitrogen condenses. This is done by placing the unbalance
stream between the passes carrying the feed stream and the product
stream, and by selecting the number of fins bridging the unbalance pass,
and the material of which they are made, to obtain the desired rate of
heat transfer from the feed stream from which the nitrogen is deposited.
Where the nitrogen concentration is highest, stainless steel fins, of
low thermal conductivity, are substituted for aluminum.

2.12 Towers

The only towers of the plant that have any novel features are
the three towers used to distill liquid hydrogen, N-101, N-201 and N-202.
The principal dimensions and characteristics of these towers are sum-
marized in Table 7.

The small towers N-201 and N-202, for concentrating HD and D2
respectively, consist of the indicated number of 6" diameter tubes in
parallel, loaded with Stedman packing. This packing was chosen because
of its unusually low HETP, which is important in this plant because of
the large numbers of theoretical trays required and the limited head
room available. For details of these towers, reference should be made
to Drawings 200-N-F-l and 2 of Appendix C. The shells of these towers
are to be constructed of 18-8 stainless steel. They are to be provided
with integral reboilers.

The large tower N-lOl recovers ED from the feed and concen-
trates it to a 7 solution in liquid hydrogen. This tower contains 80
trays of the double-downflow type, on 18" vertical spacing. Each tray
is fitted with 140 6" diameter bubble caps and 4" risers.

Figure 14 is a schematic sectional view of this tower shown in
vertical elevation. To minimize external connections, with their at-
tendant heat leaks and thermal stresses, many of the auxiliaries have
been set within the tower shell. Overhead vapor is withdrawn from the
top of the tower through a line which runs down the center line of the
column, and is brought out at the bottom of the tower. Liquid reflux
is charged to the top of the column through a second line within the
first, which also runs the full length of the column. A mist extractor
and centrifix separator are installed at the top of and within the
tower to prevent entrainment of liquid. The reboiler is integral with
the tower. A diaphragm below the bottom tray and partially encircling
the reboiler keeps liquid out of the bottom of the tower, and thus
holds the inventory of liquid hydrogen to a minimum. This is important
in reducing the time to bring the plant to concentration equilibrium and
in minimizing the heat released by conversion of ortho- to para-hydrogen.

The tower and internals are to be constructed of extra low
carbon stainless steel. Drawing lOO-N-F-1 in Appendix C shows details
of the tower assembly and lists the material specified for its component
parts. The upper part of the tower which projects above the roof of the
cold box is surrounded by an insulating jacket forming an annulus filled
with an 18" layer of Santocel, maintained at a vacuum below 0.2 mm. The
tower is designed for an internal pressure of 50 psig. and an external
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Table 7

Hydrogen Distillation Towers

Tower No.

T
FunctionC

Tower Diameter

Overall Height
(Shell Length)

Type of Internals

No. of Trays or Feet of
Packing

Top Section

Bottom Section

N-lOl
ro recover HD
from feed and con-
centrate it to 75,

13' O"

141' 0"

Bubble Cap trays
on 18" Spacing

N-201
To enrich
HD from 7%
to 959

27 tubes,
6" i.d.

15' 7 1/2"

Stedman
Packing

49 3' 8"

31 3' 0"

N-202
To separate
D2 from
HD + Hp

3 tubes,
6" i.d.

38' 10"

Stedman
Packing

12' 0"

10' 0"
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vacuum of 1.7 psi. The normal operating pressure is 10 psig., and the
maximum operating pressure is set at 35 psig.

2.13 Valves

The valves to be used in this plant will be of conventional
design for services outside of the cold box. The reversing valves for
the warm end will be a standard rotoplug type used in many industrial
applications and which have also been used for reversing valves in a
tonnage oxygen plant. These valves have appreciable advantages:

1. Very low pressure drop across valve
2. Smooth operation without impact on closing and opening
3. Tight in shut off position due to machine lapped

seat lands.

The rotoplug valves will be unseated and rotated with the power from a
hydraulic cylinder on each valve. This is used instead of an air-
operated cylinder because the valves are to be opened at a gradual uni-
form rate in some functions of the exchanger reversal, but closed quickly,
and actuation by an incompressible fluid is necessary to keep out the ef-
fects of fluctuating forces on the valve plug due to changing pressure
drop across the valve. Hydraulic cylinders are even more essential on
the cold reversing valves, and the same fluid supply can be used for
both types. For the same reasons, a rotovalve with hydraulic cylinder
and pressure controlled positioner is used for VPRC463 controlling the
flow of synthesis gas to the depressured pass of exchanger M-101 during
reversal.

All valves used in the cold box require special design fea-
tures because of process and mechanical considerations:

1. No fluid leakage can be tolerated, because of
limitations on product loss, refrigeration
losses, and contamination of gas atmosphere
in insulating space.

2. Valve bodies operate at very low temperatures.
3. Valves must be operated from outside although

bodies are located in a hermetically sealed space
surrounded by a five foot thickness of insulation.

4. Heat leak from outside to valve body must be
minimized.

5. Operation of reversing exchangers requires
frequent operation of some valves and results
in periodic changes of flow and pressure across
other valves.

6. Valves are of comparatively large size.
7. Leakage past the seated discs of reversing

valves, check-valves, start up by-pass valves
and others must be very small, and the leakage
permissible across such valves as those around
the absorbers is of the order permitted for
valves in shut-off service in very high vacuum
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work. (These requirements are to effectively
prevent refrigeration and product losses.)

Figure 15 illustrates the main features of the control, hand,
and reversing valves on pipelines in the cold box. Most of the valves
are set in the top deck of the cold box. An extension bonnet on the
valves houses the long seal bellows between the body and the valve stem.
Bonnet and bellows are made of stainless steel, which has a low thermal
conductivity, and provide a long path against heat leak. The bonnet
provides a rigid extension of the valve through the thickness of the
insulation layer. The seal bellows have been tested against flexure
fatigue under pressure at liquid hydrogen temperature. These tests in-
dicate that an active length of bellows of 60" will be sufficient, even
on the larger valves. All valves have rising stems, none rotating, be-
cause of use of seal bellows.

Cold valves have Type 304 stainless steel bodies welded to the
pipelines. The complete valve assembly and installation is designed to
allow free movement of the valve with the movement of the pipeline re-
sulting from thermal contraction and presssure. The valves are to be
installed through wells in the wall of insulation and the void space in
the well is later filled with insulation; a flexible diaphragm is pro-
vided between the bonnet and the inner wall of the casing to hold the
insulation, and a moulded flexible connection between the top of the
valve bonnet and the outer wall of the cold box seals off the insula-
tion hydrogen atmosphere.

As a precaution against loss resulting from leakage in the
seal bellows, a stuffing box with moulded Teflon packing is provided
around the top of the valve. A space below the stuffing box and be-
tween the seal bellows and the bonnet is connected to a hydrogen gas
seal system at low pressure which will indicate a bellows failure by
means of a pressure rise. The hydrogen also seals against air infiltra-
tion around the stuffing box which might result in rime format ion on the
bellows at low temperature.

The type of valve plug and seat used depends upon the function
of the valve, but the bonnet, stem, bellows seal, and stuffing box are
substantially the same for all cold valves. The hand valves have disc
closures with globe or angle bodies. Control valves have conventional
wide-range V-port plugs in semi-balanced double port design, or single
port where tight shut-off is required. Solid contoured "throttle plugs"
are used for characterized control valves where pressure drops exceed
100-150 psi. Butterfly valves are used where the pressure drop must be
kept to low values.

The cold reversing valves have required careful consideration
because of frequent opening and closing, and because of need for tight
closure. It is the opinion of ERI engineers and valve manufacturers
that single disc valves with angle bodies will meet the requirements.
Special attention must be paid to stem guiding and to seating surfaces.
Tests conducted at -4230F. on Stellite showed that it is durable and
may be used for hard surfacing stainless steel valve parts to be operated
at very low temperature.
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The cold reversing valves will be operated by hydraulic cyl-
inders in order that they may be moved gradually to give the desired
flows during the 5 to 30 second period in which the exchanger is reversed.

In view of the importance of keeping the reversing valves op-
erating without opening up the cold box for maintenance, two valves are
provided for each requirement, with the valve bodies in series, and one
of the valves is kept open at all times with the other operating.

It is the intention to insert electric heating elements in wells
provided in the body of the reversing valves in order to melt off rime
that might collect between the valve stem and body guide bushing or on
the seating surfaces. The temperature of those parts has to be raised
very little to successfully remove any nitrogen frost and therefore the
heaters are of low-power rating.

The hand operated valves will be equipped with hand-wheels
and rising stem yokes above the bonnet extension outside of the cold box.
Impact handwheels will be provided for firmly seating valve plugs where
extremely tight shut-off is necessary. To achieve tightness very high
unit pressures on the plug seat ring surfaces are necessary which leads
to heavy construction between the top and valve seat. This makes for
more heat leak, and the wear on seat or disc may be excessive with
valves shut tight once every other day. The mechanical test program
showed that a yielding material may be available for seating shut-off
valves, but the expense and time involved in making additional low tem-
perature tests with valves could not be requested in view of instructions
to terminate engineering of the plant. These tests should be instituted
if the project is ever reactivated because of the improvement by preven-
tion of possible seat wear and body distortion, reduction in heat leak,
and definite saving in valve cost.

The control valves will have spring balanced diaphragm motors,
air pressure balanced diaphragm motors, cylinder operators or rotary
geared air motors depending upon the size of valve, pressure drop, and
application. The first three are used respectively with increasing
force requirements. Valves are also equipped with valve stem position-
ing relays to assure quick and accurate response to controller output
air impulses requiring definite valve plug position. The geared air
motor operator is used for certain valves which are remotely operated
from the control room by manual setting. Where the unbalanced forces
on the valve closure are large and subject to quick changes from gas
pressure surges resulting from exchanger reversals, the stem lead screw
and nut will hold the inner valve position under these conditions.

Handwheel operators are specified for control valves in cold
service to provide some of the convenience obtained in ordinary process
plants with block and by-pass valves around control valves.

The check valves used at the lower temperature ends of ex-
changers M-ll and M-l01A are of the disc poppet type with stems and
guide bushings above and below the disc which will close of its own
weight when flow is stopped.

The process relief valves will be of the conventional spring
loaded nozzle and disc type. In some cases rupture discs are used by
themselves to protect against over-pressure. In many cases rupture
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discs and relief valves are used in series where the tightness of a
rupture disc is necessary to prevent leakage and where the complete
plant would be blown down, with expensive loss of material or refrigera-
tion, in the event of fatigue failure of the rupture disc. Also, if the
rupture disc bursts on over-pressure the relief valve will hold the plant
content after blowdown to safe pressure limits.

Since it would be costly to shut down the plant to replace
burst rupture discs or to regrind or replace leaking relief valves, many
of the relief devices are preceded by hand operated shutoff valves which
are normally locked open, but which can be closed for replacement of
failed relief equipment. Relief devices connected to process equipment
in the cold box are located on pipes leading up and out of the cold zone.
While normally at atmospheric temperature because dead ended, the lines,
block valves, relief valves, and rupture disc flanges must be of stain-
less steel or other materials to withstand the shock of blowing down
gases below -3000F. After a rupture disc has blown or relief valve has
blown and is leaking, ordinary hand operated valves would freeze up and
be inoperable. Therefore, these have to be equipped with seal bellows,
extension bonnets 18" long and a stem screw protected against precipita-
tion and freezing of atmospheric moisture.

2.14 Exchanger Cold Box

All of the cold equipment of the heavy water plant is contained
within a single, gas-tight, steel enclosure known as the "Exchanger
House", or "Cold Box." Figure 16 is a schematic plot plan of this struc-
ture showing the arrangement of the principal equipment to scale.

The outer wall of the cold box is, basically, a rectangular
structure 108' long, 73' wide and 45'4" high. The four bays shown in
Figure 16 project from the side walls of this box to house equipment to
which easy access is desired. The primary tower, N-ll, projects
through the roof.

The outer wall is constructed of steel plate and rolled sec-
tions welded together to form a gas-tight casing. During operation,
this casing is filled with hydrogen gas at a few inches of water gage
pressure. The roof and most of the side walls of the cold box are in-
sulated by a five-foot thick layer of powdered Santocel insulation,
which is contained between the outer steel walls and an inner wall of
aluminum and stainless steel sheet. The floor of the cold box is in-
sulated by a six-foot layer of Santocel resting on the steel floor.

The space surrounding three heat exchangers M-ll, M-lO4A and
M-106 is filled with a less expensive powdered insulation, such as Pear-
lite or Hysil to minimize the hydrogen convection currents which would
otherwise circulate around these exchangers; M-ll and M-lO4A are
mounted with their warm portion at the bottom, and'M-106 with its warm
portion projecting at the upper left side of the cold box. A double-
walled central partition, filled with 18" of Santocel divides the re-
mainder of the cold box into two hydrogen-gas-filled compartments. The
compartment at the left houses N-ll and other equipment whose tempera-
ture is in the range -360 to -4200F; the compartment at the right houses
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M-102 and other equipment whose temperature is in the range -275 to
-33450F. The project was terminated before it was possible to check this
layout for internal heat leak. It is possible that other partitions or
other forms of internal insulation may be found necessary when this
check is made.

Each expander, V-102A and B and V-103A and B, is housed in a
separate gas-tight enclosure, filled with Santocel and supplied with
hydrogen gas. As noted in Section 2.10, this makes possible repair of
one expander without shutting down the plant.

The bays surrounding the adsorbers, P-l0l-A and B, P-105-A and
B and P-106-A and B, are filled with Santocel insulation so that one ad-
sorber of each pair may be heated for regeneration while the other is
cold without excessive heat leak occurring.

Problems arising in insulating the cold box and purging it with
hydrogen are discussed in Section 4.8.

Construction details of the cold box are shown in the section-
al elevation drawing, Figure 17. The line at which this section is taken
is shown as "A-A" in Figure 16.

This drawing indicates how the floor, side walls and roof of
the cold box are supported by external framing, how typical equipment
is supported, and how thermal expansion is allowed for in the cold box
inner frame.

The top of the gas-tight floor is normally 5'-0" above grade
or 4'-O" above top of foundation and is constructed of conventional
rolled steel shapes, light-weight joists and steel plate. The primary
reason for elevating the floor is to permit access to the entire floor
section for inspection for leaks and maintenance, and for ventilation of
hydrogen.

All equipment items and piping except the Primary Tower Item
N-101, and Surge Drums Items 0-104 and 0-105 are supported within the
Exchanger Cold Box; these items, because of their respective loads, are
supported outside of the Exchanger Cold Box.

All harp-type of exchangers, such as M-103 shown in the figure,
are supported by specially designed tables which incorporate an anchor
point for each exchanger, ability to support the exchangers and the pip-
ing loads transmitted to the exchangers and the ability to assume these
loads and support them both in the hot position and during temperature
transition to and at final sub-zero temperature. A novel feature in
the design of the support table columns is their ability to allow for
contraction of support table and yet remain fixed at the column base
support level by incorporating a swivel base detail.

The portion of the primary tower which projects through the
cold-box roof is surrounded by a vacuum jacket. The 18" annular space
between jacket and tower is filled with Santocel maintained at a pres-
sure below 0.2 mm of mercury, for insulation. The vacuum jacket, in
turn, is surrounded by metal sheathed superstructure to relieve it of
wind load.

The top of the cold box is overlaid by an operating floor,
which is sheltered by a roof. The top works of all control valves and
the hand wheels of all manual valves are set above the operating floor
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for accessibility.
The outer wall of the cold box is designed to be tested for

leaks at an internal pressure of 62.5 lbs. per sq. ft., and to hold the
hydrostatic load of Santocel, with a density of 5 lbs. per cu. ft.
The entire structure is designed to withstand a 125 mph. wind.

2.15 Utilities

The utility systems of the plant to be described in this sec-
tion are:

Steam System
Cooling Water System
Fuel Gas System
Electrical System
Air System
Fire and Drinking Water System

All of the steam required for this project will be produced by
two gas-fired steam generators each rated for a continuous load of
125,000 lb./hr. of steam at 600/ and 7500 F. at the superheater outlet.
The boilers will be complete with structural steel, steel casings,
superheaters, air preheaters, forced and induced draft fans and drivers,
masonry settings, gas burners and 80'-0" thermix type stacks.

Figure 18 shows the design flow of steam condensate and boiler
feed water.

The 600# - 7500F. steam is used principally to drive the fol-
lowing turbines: -

Induced Draft Fans - V-108-AT & V-108-BT
Forced Draft Fans - V-107-AT & V-107-BT
Feed Gas Compressor - V-101-T
Boiler Feed Pumps - J-101-BT & J-101-CT
Turbo-Generator - S-101

The balance of 600# - 750 0F. steam not used for the above items is sent
to a pressure control station and reduced to approximately 365#.

The 365# - 6580 F. steam is made up of the above steam and is
used principally to drivre the following turbines:-

Instrument Air Compressor Steam Engine - V-109-A
Condensate Pump - V-106-BT
Hydrogen Compressor - V-104-AT
Hydrogen Compressor - V-104-BT
Nitrogen Compressor - V-105-AT
Residue Gas Compressor 1st and 2nd Stage - V-106-AT
Residue Gas Compressor 3rd and 4th State - V-106-BT
Condensate Pump - J-103-BT
Rich Gas Compressors - V-201-AT and V-201-BT

The 5# steam made up principally of turbine bleed-off and dis-
charge of small turbines is used to heat return condensate in the de-
aerator, building heating, make-up water and treating.
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The 4" Hg abs. steam system is made up principally of the dis-
charges of the following turbines which in turn discharge to the surface
condenser M-120:-

Hydrogen Compressor - V-lO4-AT
Hydrogen Compressor - V-lO4-BT
Nitrogen Compressor - V-l05-AT
Residue Gas Compressor - V-106-AT
Residue Gas Compressor - V-l06-BT

The 4+" Hg abs. steam system for the Turbo-Generator S-101 dis-
charges into a second surface condenser M-125.

In each case the condensate is withdrawn from the hot well of
the surface condensers by condensate pumps which in turn discharge to
the Deaerating Feed Water Heater where it is joined with sufficient
boiler feed make-up to satisfy requirements of the steam balance. A
make-up rate of 37 gpm is indicated. The boiler feed pumps take suction
on the Deaerating Feed Water Heater and discharge to the boiler drums.

The cooling tower is designed to cool 24,000 gpm of water
from 115 to 850F. with a wet-bulb temperature of 73.50F. Most water
users will operate at 1100F. outlet and 850 F. inlet water temperature.

Three, vertical, motor-driven water pumps, each handling
10,000 gpm normal flow and 12,000 gpm design flow are proposed. Two
pumps will operate, with the third a connected spare.

A maximum water make-up rate of 750 gpm will suffice for cool-
ing tower and boiler feed water losses. At the Phillips location this
can be provided without drilling more wells, by reconditioning an exist-
ing well pump.

A maximum of 8 MM SCF/D of natural gas will be used as boiler
fuel. At the Phillips location this gas would be obtained either from
the Kerr-McGee pipeline or the Phillips pipeline, both of which are
near the plot selected for the heavy water plant.

Electric power is used for plant lighting, for a number of
small motors, and for motor-driven pumps which spare steam-turbine-
driven pumps for services which must be maintained even if steam
pressure is lost. The most important of these pumps are

J-101 B Boiler Feed Water Pump
J-103 -B Condensate Pump
J-106 A Condensate Pump

The normal power supply will be provided by a turbo-generator
unit located in the boiler pump house. The generator is rated at 1500
IW, 8o0 power factor, 2400 volts, three phase, 60 cycles with direct
connected 125 volt D.C. exciter. The generator and exciter will be
controlled through the 2300 volt switchgear located on the second floor
of the boiler pump house. At the Phillips location this system will be
spared by the emergency power provided by a tap taken from the 33,000
volt line of the Southwestern Public Service Company running along the
southwest side of the plant. An outdoor substation will be provided to
step down the power supply from 33,000 volt to 2300 volts. The sub-
station will be located southwest of and adjacent to the boiler pump
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house. No synchronizing will be provided between the normal and emer-
gency power supply. The generator and incoming line breakers will be
electrically interlocked so that only one source of power supply can be
connected to the main bus at any one time. In case of power failure on
the generator unit there will be a power outage of a few seconds until
the operator can close the incoming air break switch and the transformer
secondary breaker. Emergency lighting from the station battery is pro-
vided for this transfer period.

The plant uses 135 scfm of air compressed and dried at 100
psig to actuate instruments and control valves. Additional compressed
air is available for plant services. Two air compressors are provided.
One steam-engine-driven machine has a capacity of 211 cfm. The other,
a spare, is driven by an electric motor and has a capacity of 156 cfm.

The plant at the Phillips location will be supplied by fire
and drinking water from the existing water line on the northwest side
of the proposed plot.

2.16 Condensate Recovery System

This section is concerned with changes in the synthesis gas
production section of the ammonia plant of the Phillips Chemical Co. at
Etter, Texas, which are recommended for the purpose of increasing the
deuterium content of this gas from 116 to 136 parts of deuterium per
million parts of hydrogen. Before taking up the proposed changes, the
process presently used is outlined.

Steam and natural gas are introduced into the primary reformer,
which operates at essentially atmospheric pressure. The principal reac-
tions occurring in the reformer are:

(1) CH + H2 0 CO + 3H2

(2) CH + 2E2 0 CO2 + 4H2

Heat is supplied to the reaction in a furnace supplied with hot flue
gas. Heat is recovered from the primary reformer flue gas in a waste
heat boiler making 250# steam. The process gas leaving the primary re-
former then enters the secondary reformer where the above reactions
proceed further. Heat in the secondary reformer is supplied by burning
natural gas within the reaction zone. The gas leaving this reformer
passes through a second waste heat boiler, where additional 250# steam
is made. At the exit of the secondary reformer the approximate gas
analysis on the dry basis is:

Mol ,

CO2  13.0
CO 6.4
H2  58.7
CH . 0.8
H2 20.7
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He 0.2
A 0.2

100.0

The CO in this gas is converted to hydrogen by adding an ex-
cess of steam to the gas and carrying out the reaction:-

CO + H2O = C02 +1H2,

over a catalyst. The effluent from the converter contains approximately
2.3 mol % CO on the dry basis, and almost 1.5 volumes of unreacted steam
per volume of dry gas.

The converter effluent is cooled and the steam condensed,
first by indirect cooling and then by direct contact with water. The
cooling water itself is cooled by partial vaporization in a cooling
tower.

The cooled gas is then compressed to about 235 psig and enters
the C02 removal system, where it is scrubbed free of CO2 by means of
monoethanolamine solution. It is from this point that the gas will be
taken to the heavy water plant to be stripped of deuterium.

As the plant is now operated, steam containing the normal
abundance of deuterium enters the process gas stream at the reformer and
also at the CO converter. In addition to the main reaction in the con-
verter, the reaction

HD + H20 EHDO + H2

occurs. The equilibrium favors the reaction from left to right and re-
sults in the transfer of deuterium from H2 to water. The water leaving
the gas cooler, therefore, is richer in deuterium than normal water.
When a portion of this water is vaporized in the cooling tower, some of
its deuterium is wasted to the atmosphere and lost.

With this present method of operation, the synthesis gas leav-
ing the ammonia plant contains 116 atoms of deuterium per million atoms
of H2. The purpose of the condensate recovery system to be described is
to increase the deuterium concentration in the synthesis gas by eliminat-
ing the loss of water enriched in deuterium that now occurs from the
water cooling tower, and other less significant losses.

The revised process recommended for making synthesis gas at the
Phillips plant without loss of deuterium is shown in Figure 19. New or
revised equipment is shown in heavy outline. Flow quantities refer to
summer operating conditions.

The principal changes to the present Phillips plant incorporated
in this flowsheet are:

(1) 10,800 lbs/hr. of liquid water and 12,000 lbs/hr. of steam
are added to the gas entering the CO converter instead of the 113,500
lbs/hr. of steam used now.

(2) The water stream leaving the gas cooler will be cooled in-
directly in a shell and tube exchanger instead of in the cooling tower.
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An amount of water equivalent to that condensed from the synthesis gas
will be withdrawn from the water circulating system, deaerated and
chemically treated for use as feed for the waste heat boilers. This
water will contain deuterium at a concentration higher than normal, and
will re-enter the process gas stream.

(3) The condensate from the intercoolers of the compressor
will also be recovered for use as feed tc the waste heat boilers, and
will re-enter the process gas stream. It will first be filtered to re-
move oil picked up in its passage through the compressor, and then will
join the water withdrawn from the water circulation system.

(4) In the proposed system, the feed to the waste heat boilers
will be richer in deuterium than normal water. It is necessary, there-
fore, to recover most of the water from the boiler blowdown. The blow-
down will be cooled and the solids allowed to settle out in the settling
tank. A small amount of water will be carried out with the wet solid s.
The water from the settling tank will then be vaporized in the evaporator
and the remainder of the solids removed. Here, too, a very small loss
of enriched water will occur as the wet solids are withdrawn from the
evaporator. The vapor leaving the evaporator will be condensed for use
as feed to the waste heat boilers.

With the proposed system, then, the feed to the waste heat
boilers will be composed of normal condensate from the present steam
system plus enriched condensate recovered from the process gas and re-
cycled. The waste heat boilers, therefore, will produce enriched steam.
The enriched steam will be expanded in the following manner:

(1) A portion from 250# to 80# through the turbine driving the
induced draft fan.

(2) A portion from 250# to 80# through the turbine driving the
warm water pumps.

(3) A portion from 250# to 20# through a new turbine driving
a turbo-generator set.

(4) The remainder will be expanded from 250# to 80# through a
throttle valve.

The 80# enriched steam will enter the primary reformer.
The 20# enriched steam will be returned to the process gas

stream at the CO converter.
The 20# normal steam, which is required for make-up to the

system also enters the process gas streams at the CO converter.
It is seen then, that all enriched water and steam except the

smell amount lost in the boiler blowdown and compressed synthesis gas
will be recycled to the process streams. The hydrogen in the synthesis
gas stream leaving the cooler will be in equilibrium with the water en-
tering the cooler, with respect to deuterium concentration. Because of
the measures taken to conserve deuterium, this concentration will be ap-
proximately 136 atoms per million atoms of hydrogen, an increase of 17.3%
over that obtained with the present operation.

The steam balance of the proposed system is shown in Table 8.
The deuterium balance for the proposed system is shown in

Figure 20. The deuterium content of 127 ppm shown for the natural gas



Table 8

STEAM BAIANCE

PROPOSED CONDENSATE RECOVERY SYSTEM
FOR PHILLIPS CHEMICAL CO.

Enriched
250 psig

PRODUCED Steam

Condensate Recovery System
Existing Steam System
Flue Gas Waste Heat Boiler
Process Waste Heat Boiler
Blowdown Recovery System
Blowdown Evaporator M-2
Turbo-Generator V-l
Warm Water Pump drive J-1,2,3,4
BFW Pump drive J -5 & 5A
I.D. Fan Drive
Deaerator N-1
Throttled from 250 psig

TOTAL

Enriched
80 psig
Steam

Enriched
20 psig
Steam

105,000
48,000

Normal

20 psig
Steam

10,000

Enriched
Condensate

Enriched Normal
Blowdown Condensate

125,000

7,600
8,000

16,000
4, 600

45,400

37,000
153,000 103,000

5,200
2,x400

50,000

50,000

10,000

10,000 150,600 7, 600

CONSUMED

Primary Reformer
CO Converter
Existing Steam System
Flue Gas Waste Heat Boiler
Process Gas Waste Heat Boiler
Blowdown Recovery System
Blowdown evaporator M-2
Turbo -generator V-1
Warm Water Pump Drive J-1,2,3,4
BFW Pump, J-9
I. D. Fan Drive
Deaerator N-1
Throttled to 80 psig
Net Blowdown

TOTAL

103,000
42,000 10,800

110,200
29,600

8,000
50,000
16,000

4,600
45,400

37,000

153,000 103,000 50,000

10,000

10,000 150,600

21,000

21,000

7,600
20,800

7,600
200

21,000
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feed is an assumed value based on results for natural gas from Browns-
ville, Texas, secured by HRI. The 149 ppm shown for normal water is an
assumed value, also, being the value usually found in rain water and the
ocean. Both of these figures should be checked by direct analysis at
the Phillips plant. In support of these values, it should be noted that
the deuterium content of 116 ppm found in synthesis gas as now made by
Phillips is consistent with these feed analyses and the amount of en-
riched steam now lost from the system.

The Phillips Chemical Co. has reviewed these proposed revisions
and approved them in general terms.

An estimate of the cost of these revisions is summarized in
Table 9. The material cost estimates (as of Nov., 1950) were provided
by HRI; the allowances for piping, foundations, labor, contracting, etc.,
were obtained as percentages of the total material cost, using factors
obtained from an earlier estimate prepared by Phillips. Since the
material cost of the earlier estimate was greater than the present one,
it is possible that these allowances are low.

Before the Phillips plant is modified to permit condensate
recovery the engineering changes required should be detailed and a more
precise estimate of their cost made.

2.17 CO2 Removal System

The low-temperature heavy water plant has been designed on the
basis of exchanger reversal at fifteen minute intervals. Under this con-
dition, exchanger M-101 has an estimated capacity for storing solid CO2
during one cycle, equivalent to a maximum concentration in the synthesis
gas feed of 0.04 mol %.

At the Phillips ammonia plant, the preferred site for the low-
temperature plant, the CO2 concentration in the synthesis gas is reduced
to an average value of 0.2 mol ' by means of a regenerative mono-
ethanolamine absorption system. At infrequent intervals the CO2 con-
centration may run as high as 0.7 mol %.

For these reasons, it is necessary to provide means for fur-
ther reducing the CO2 concentration in the synthesis gas, after treat-
ment with monoethanolamine.

It has been proposed to treat the gas with sodium hydroxide
solution, which effects removal of CO2 according to the reaction:

CO2 + 2NaOH = Na2 CO 3 + H2O (1)

The caustic solution will be circulated through a tower packed with
carbon steel Raschig rings, counter-current to the gas. The treated
gas C02 concentration will be less than 0.01 mol %. It is proposed
to convert the sodium carbonate formed as a result of reaction (1) to
NaOH, using lime as the raw material.

The flowsheet for the proposed CO2 removal system, including
the absorber, is shown in Figure 21. A brief description of the system
is given below.

The synthesis gas flows through the absorber N-1, in which its
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Table 9

Estimate of Cost of Revisions
to Increase Deuterium Content

to Anyonia Plant
of Synthesis Gas

Quantity

Heat Exchanger

Pumps & Turbines
Pump & Turbines
Pump & Motor
Pump & Motor
Pumps & Motors

Deaerator

Boiler feed tank
Oil Filters
Condensate tank

Liquid level controller
for quench tower

Steam turbine
Generator
Water Treating

System

1

!4
2
2
1
2

1

1
1
1

4

1
1

Flow Sheet
Designation

M-1

J-1,2,3,1f
J-5 & B
J-6A & B
J-9
J-10 & lOA

N-1

0-2
0-3
0-6

LLC

V-1
(war surplus)

Blowdown Recovery
System

Water Injection
System

Estimated
Cost

$ 182,000

8,400
2,000
7,700

500
1,000

10,000

3,000
1,000
1,000

4,000

15,000
0

5,000

20,000

80,000

Total Material Cost

Piping, Valves, in-
sulation, etc.

Foundations
Labor
Engineering Contracting,

Expediting, Contingencies.

$ 340,600

38,000
19,000

215,000

162,000

$ 774,600TOTAL
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C02 concentration is reduced from a maximum value of 0.7% to a value
less than 0.01%. Caustic solution is circulated through the tower. Two-
thirds of the solution leaving the tower is recycled to the top of the
tower, while the remainder goes to the regeneration system, in which the
Na 2CO 3 formed in the tower is converted to NaOH. The treated solution
is then returned to the absorber together with the recycle stream.

The spent liquor entering the regeneration system is split into
two streams. The greater portion, about 85%, flows directly to the
causticizers. The remainder joins a weak liquor stream from the number
2 thickener, is heated to about 1400F.., and is fed to the slaker. The
flow of lime from the storage bin is controlled by a Merrick Feed-O-
Weight and is fed to the slaker by means of a screw conveyor. In the
slaker the CaO is converted to Ca(OH) 2. The suspension then leaves the
slaker and is pumped to the agitator whose function is to keep the solids
in suspension. The milk of lime is then pumped to the first causticizer
where it joins the spent liquor which goes to the causticizer directly
from the absorber.

The solution flows through the four causticizers in series,
where the reaction

Ca(OH) 2  + Na2 C0 3  = CaCO3  + 2 NaOH

converts the sodium carbonate to sodium hydroxide. The slurry, consist-
ing of a solution of NaOH and Na2CO3 in water plus solid CaCO, is
pumped to the series of three thickeners. The rich solution Is withdrawn
from the first thickener and pumped to the absorber. The solution with-
drawn from the second thickener is recycled to the slaker. The result-
ing slurry from the third thickener is pumped to the rotary filter where
the slurry is separated into a solid cake which goes to waste, and the
filtrate which is returned to the third thickener.

The equipment required for regenerating the spent liquor will
be designed and supplied by the Dorr Co.

The estimated consumption of chemicals at the Phillips plant
is as follows:-

Lime (CaO) 10 tons/day
Na2CO3 (make-up) 1.0 tons/day

The CO2 concentration of the synthesis gas at the Lion and
Spencer plants is higher than at Phillips, because water scrubbers are
used, in part, in place of monoethanolamine.

Plant % COp in Synthesis Gas

Phillips 0.2
Lion 0.5
Spencer 1.0

At the Lion and Spencer plants a larger and more expensive C02 removal
unit would be required than the one just described, and the cost of lime
and soda ash consumed would be higher. At these plants it would be de-
sirable to install equipment for roasting the calcium carbonate from the
caustic regeneration plant, to convert it to lime to be reused.
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Material Costs

Table 10

Cost Estimate

Low-Temperature Heavy Water Plant

Process Utilities Total

Foundations
Buildings
Structural'Steel
Piping (including Block Valves)
Control Reversing & Relief Valves
Electric Wiring
Insulation
Exchanger & Tower Structure
Miscellaneous Equipment

A
B
C
D 1
D 2
E
F l
F 2
G
J
K l
K 2
L
M l
M 2
M3
M4
N
0-P
Q

T
V l
V 2

$ 80,000
86,500

5,000
550,000
379,000
15,000

618,797
340,065
30,000

175,000

1,706,900
350,000
73,200

349,300
381,023
139,000

20,000
1,197,920

100,000
150,000

$ 6,746,705

Exhausters

Total Material

Freight & Cartage

Inspection, Expediting & Purchasing

Property Insurance (Not included)

Compensation and Public Liability Insurance,
Social Security Taxes

Field Labor

Field Supervision

Construction Tools and Temporary Structures

$ 35,000
20,000
10,000
50,000

5,000
20,000

20,000
112,704

150,000
250,000

60,200

50,000
18,000
10,000
5,000

20,000

$ 115,000
106,500
15,000

600,000
379,000
20,000

638,797
340,065
50,000

112,704
175,000
150,000
250,000

1,706,900
350,000
73,200
60,200

349,300
431,023
157,000

10,000
25,000

1,197,920
20,000

100,000
150,000

$835,904 $7,582,609

100,000

200,000

92,000

1,000,000

115,000

200,000

$9,289,609Total

Pumps
Oxygen Removal Equipment
Cooling Tower
Boilers
Harp Exchangers
Trane Exchangers
Shell & Tube Coolers
Surface Condenser
Towers
Drums, Tanks, Deaerators
Instruments
Switchgear
Crane, Hoists, Trolleys
Process Compressors
Air Compressors Blowers,
Section 200
CO2 Removal Equipment
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Table 12 itemizes the operating force and salaries assumed in
estimating the labor costs of Table 11.
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Table 11

COST OF PRODUCING HEAVY WATER
BY LOW TEMPERATURE PROCESS
AT PHILLIPS AMMONIA PLANT

Annual Costs

General and Supervision
Operating Labor
Maintenance Labor

Subtotal

Payroll Costs @ 1%
Natural Gas, 7.1* MM SCF/D @ lO /MCF
Water, 675*gpm. @ 6 /M gal.
Lime, 10 T/day @ $lO/T
Soda Ash, 1 T/day @ $32/T
Other Materials
Maintenance Materials

Total

Heavy Water Production Rate

Heavy Water Production Cost

$ 40,800
164,1400
207,000

$ 12, 200

61,800
259,000
21,000
36,500
11,700
45, 000

207,000

$1,05,200

34.2 tons/yr.

$ 30,800/ton

* Average rate



Table 12

Labor Costs

Low Temperature Heavy Water Plant

No. Reg'd. Rate Annual Costs

Supervision and General

Manager
Asst. Manager
Purchasing & Receiving
Bookkeeping
Stenographers

Sub Total

Plant Operation

Chief Operator
Foremen
Operators
General Utility Man
Chemist
Asst. Chemist
Chief Engineer

1
1
1
2
3

1
4
.6
.6
1
1
1

$1200/Month
850/Month
310/Month
250/Month
180/Month

$ 650/Month
475/Month

85/Week
60/Week
90/Week
60/Week

445/Month

Sub Total

$ 14,1400
10,200
3,720
6,000
6, 480

$ 40,800

$ 7,800
22,800
70,680
49,920

4,680
3,120
5,340

$164,3140
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TABLE 13
DEUTERIUM CONTENT OF GAS SAMPLES

Type of Plant

Plant Owner

Location

Sample Point

ppm D in H, Ave.

Confidence Belt+(l)

Individ. Analysis

Synthetic Ammnia from Natural Gas and Steam Synthetic Amnia from Coke and Steam
Synthetic By-Product
Gasoline Coke

Allied

Lion Oil Co. Spencer Chem. Co. Phillips Chem. Co. Comm. Solvents U. S. Government du Pont Chem. & Dye Carthage Inland Steel

El Dorado, Ark. Pittsburgh, Kans. Better, Texas Sterlington, La. Morgantown, West Virginia Belle, W. Va. Hopewell, Va. Browns., Texas Ind. Harbor, Ind.

Outlet Outlet Outlet Outlet Inlet Outlet At Outlet Inlet Inlet Inlet Suction Suction At Suction Pipe(3) At Gas Holder
Primary Water Primary Water CO MA Gas Water Wash Primary Secondary High High Gas High Line
Reformer Scrubber Reformer Scrubber Converter Scrubber Hnlder Scrubber Box Alkali Alkali Press. Press. Holder Press.

Scrubber Scrubber Comprs. Compr. Comprs.

131 119 131 120 123 116 138 120 140 137 108 108 110 127 127 127 133

7 7 6 7 7 7 7 7 7 5 6 7 7 7 7 5 7

126 114 128 118 124 117 134 16 141 137 103 108 108 125 132 127 131
137 124 134 222 122 1l4 142 124 139 132 112 108 112 129 123 132 134

120 145 111 126
132 124

Dry Gas Analysis(2)

1401 %H2 74.3 71.5 71.5 72.7 58.7 72.3 74.1 72.4 - 41.3 74.2 74.5
N2  0.4 23.9 2.2 22.2 20.7 24.1 1.5 22.8 - 23.8 24.0 24.1
CO 9.9 3.9 14.4 3.7 6.4 2.7 17.4 3.6 - 33.6 0.6 0.6
C0 2  12.2 0.6 9.7 1.0 13.0 0.1 5.5 0.1 - 0.4 0.4 0.003
CH 4  3.1 - 2.2 0.4 0.8 0.4 1.5 0.7 - 0.4 0.4 0.4
02 0.1 0.1 - - - - - - 0.2 0.1 0.1
A - - - - 0.2 0.2 - - - 0.3 0.3 0.3
C2H4 - - - - - - - - - - - -

C696  - - - - - - - -

He - - - - 0.2 0.2 - - - -

Sample Pt. Press., psia 2 225 1.5 235 1 230 1.5 210 1 415 378 360

Sample Pt. Temp., OF. 1150 65 1300 70 600 120 80 110 1000 83 43 42

35.8 74.7 61.3
21.8 24.9 3.0
34.8 0.001 33.3
7.6 0.0001 1.3

- 0.10 1.1

- 0.3 -

4 425 300

90 100 100

55.1
3.1
7.2
1.8

29.1
0.5

2.1
1.1

0.5

70

(1) Statistically, based on data presented, true value will lie within confidence belt shown 19 times out of 20.
(2) Representative, obtained from company files.
()A sample was taken from the natural gas pipeline and converted to synthesis gas of the composition tabulated

by a process similar to that to be used in the Carthage Plant.



5. MECHANIC CAL TEST PROGRAM

5.1 Purpose of Tests

At the beginning of engineering of the heavy water plant, new
mechanical design problems were presented by the very low temperature
level at which hydrogen is liquefied and distilled, and by the possibility
of hydrogen diffusing through microscopic channels at gasketed or packed
joints or at porous welds. Accordingly, a mechanical test program was
set up to provide solutions for these new problems. The principal phases
of this program are outlined below:

(1) Welding methods and rod metals which would give leak-tight
welds with satisfactory physical properties down to -4200F. were devel-
oped. Experience with oxygen plants which operate at temperatures down
to -320 0F. gave H.R.I. direction in selecting materials and welding tech-
niques for the heavy water plant. Still, there remained the questions
of what would occur at temperatures 1000 lower, and whether shop and
field welds would be tight to hydrogen. Additionally, fears were voiced
in some quarters that undesirable transformations might take place in
stainless steel at temperatures below -3200F., although work on stainless
steel down to -420 F. reported in the technical literature disclosed no
reason to expect unfavorable behavior.

(2) A metallurgically -bonded, mechanically sound, gas-tight
joint between the aluminum piping used for heat exchangers and the stain-
less steel piping used for other low-temperature equipment was required.
No flanged joint was known which could be depended on to remain suffi-
ciently tight in the heavy water plant because of the difficulty of con-
taining hydrogen at high pressures and low temperatures, the serious re-
frigeration loss resulting from even a small leak of cold hydrogen, and
the inaccessibility of cold equipment for tightening connections after
the plant was in operation. Known methods for metallurgically bonding
aluminum to stainless steel and other nickel alloys were considered and
the most promising were tried by the sponsoring companies with indif-
ferent results; only new and original procedures at each step produced
thoroughly satisfactory metallurgically bonded transition joints between
stainless steel and aluminum piping.

(3) Although the harp-type exchangers of the heavy water plant
were generally similar to those used successfully in oxygen plants, the
higher pressure of the heavy water plant necessitated design changes for
which new fabrication methods were required. To handle the higher pres-
sure, it was proposed that a greater tube wall thickness be employed,

87
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and that a new high-tensile alloy recently developed by the Aluminum
Company of America, 48, be substituted for the aluminum 3S alloy former-
ly used. Before approving the new alloy for use, tests were necessary to
determine the value of the increased strength in terms of actual col-
lapsing values of 4S tubes under external pressures, how well this alloy
tubing would braze to fins made of a new (J-51) aluminum alloy brazing
sheet, and what welding techniques should be used and what weld proper-
ties could be expected with 4S tubing.

(4) It was necessary to establish that the type of bellows-
sealed valve proposed for use in this plant would remain gas tight under
the combination of low temperatures, high pressure and repeated working
to be met in the heavy water plant. Metallic bellows seals for valve
stems have been used successfully only at moderate pressures, lower than
those to be encountered for many valves in this plant. Bellows and valve
manufacturers had no service knowledge of bellows operation at very low
temperatures, and bellows on cold reversing valves operated at 15-minute
intervals with simultaneous pressure changes raised questions for which
there was no answer except by making flexure fatigue tests on specimen
bellows under the specific conditions of this service. In spite of dili-
gent search and of interest on the part of several manufacturers, only
one company was able to quote and take an order for bellows for test.
Fortunately, this one type of bellows proved to be completely satisfactory
for the severe conditions of the heavy water plant, and this bellows could
be used by all valve manufacturers.

In addition to tests on valve bellows, it was necessary to test
valve seat materials. Tests were made on seats hard-surfaced with Stel-
lite and seats made of Kel-F plastic.

(5) Tests of gasket materials for use at low temperatures
were desirable. Kel-F was found to be suitable for this service also.

(6) At one time it was thought that aluminum expansion joints
might be required for some of the cold piping. One manufacturer pro-
duced full-size expansion joints made of 3S aluminum, which gave encour-
agement to the thought that some of the exchanger piping expansion prob-
lems might be handled in this way.

The program which was followed in solving these problems and
the main results secured in each investigation are described in the re-
mainder of this section. Details of the mechanical test program are
given in Appendix "D" of this report. A single copy of test reports,
photographs, drawings and other documentary material relating to the
mechanical test program are forwarded with the Appendix.

The most important general conclusion to be drawn from the
results of the mechanical test program is that materials, fabrication
methods and equipment are available to serve as solutions for each of
the engineering problems that faced Hydrocarbon Research, Inc., when
design work on this plant was started. A number of factors contributed
to the success of the mechanical test program. Previous experience with
many of the metallurgical and fabrication problems was helpful. The un-
usual interest shown by cooperating companies, the availability of some
of their special equipment such as brazing furnaces for this work, and
the direct assistance given by these companies were invaluable. The
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participation of Professor H. L. Johnston of the Ohio State University
and Professor M. G. Fontana of the Ohio State Research Foundation in
constructing test apparatus and conducting tests at liquid hydrogen
temperatures was of great value.

5.2 Welds

Specimen welds were made on small vessels, plates and pipes of
Type 304 ELC (extra low carbon) stainless steel, type 3S aluminum, and
type 48 aluminum alloys. The following types of tests were made on
these welded specimens:

1. The leak rate of welds as made
2. The leak rate of welds after shock chilling in

liquid nitrogen or liquid hydrogen
3. Charpy impact tests on welds at low temperatures
4. Free bend tests on welds at low temperatures
5. Tensile strength of welds at low temperatures

Three test vessels 4" I.D. x 4-1/2" O.D. x 10 ft. long with
two longitudinal welds, 20 ft. each total, were made:-

3S aluminum, 2 weld rod, Aircomatic gun
used for top seam and tungsten argon torch
for lower seam.
Type 304 stainless steel, Type 347 rod for
top seam and Type 304 rod for lower seam.
48 aluminum, 28 weld rod, Aircomatic gun used
for top seam and tungsten argon torch for
lower seam.

These vessels were tested for leak rate with a mass spectrom-
eter sensitive to 0.002 micron cu.ft./hr. No leakage was detected.

Smaller test vessels were made for testing of leak rate and
physical soundness after shock chilling with liquid nitrogen and liquid
hydrogen. Vessels 2-7/8" O.D. by 10 inches long were made of the fol-
lowing materials:

4 units made of Type 304 stainless steel, Type 308 rod
4 units made of Type 304 stainless steel, Type 347 rod
6 units made of Type 3S0 aluminum, 2S rod, Argon-Tungsten Arc.
2 units made of Type 3S0 aluminum, 2S rod, High Purity Argon-

Tungsten Arc.
3 units made of Type 480 aluminum, 2S rod, Argon-Tungsten Arc.

All test pots were leak-tight by mass spectrometer before dip-
ping in liquid nitrogen and showed no leakage after. One stainless
steel and one 3S aluminum test pot were dipped in liquid hydrogen three
times and showed no leak thereafter, and a 48 pot dipped in liquid hy-
drogen once showed no leak afterward.

Since the welds were found to be leak-free, additional speci-
mens were made for tests of physical properties of welds at low tem-
peratures, in order to obtain the impact strength and ductility data
required by A.S.M.E. Codes.
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Two one-inch thick, Type 304 ELC stainless plates, were welded
with Type 308 rod by two fabricators. Test bars for Charpy impact tests
were cut from the welding area out of the parent metal, out of the heat-
affected zone, and out of the deposited weld metal. These bars were
then chilled and impact tested in liquid hydrogen at -23F. Values ob-
served were:

Base metal 4 specimens, 82-96, ave. 91 ft lbs.
Heat affected zone 4 specimens, 42-84, ave (of 3) 44.
Weld metal deposit 3 spemimens, 24-30, ave. 27.

These results are well above minimum requirements.
Additional impact and bend tests were made on a portion of

the welded plate heat treated at 17500F. for one hour and then air
cooled. Charpy impact tests at -423 F. yielded these data:-

Base metal 4 specimens 80.0, 100.0, 99.0, 69.0 ft. lbs.
Heat affected 4 specimens 70.0, 73.0, 66.0, 75.0 ft. lbs.
Weld deposit 4 specimens 21.5, 36.0, 33.5, 29.5 ft. lbs.

These results also are satisfactory.
Free bend tests on 3/8" x 9/16" bars cut from the original and

from the heat treated welded plate were made as described in the detailed
report Appendix "D". The bend made at -423F. across welds in bars from
the heat treated plate were ductile, maintained their homogeneity and
compared favorably with the bend bars from the parent metal.

The bends made at liquid hydrogen temperatures across welds
which were not heat treated showed less elongation than for the bend
specimens from the parent metal. The weld metal is not so ductile and
has higher tensile strength because of the work hardening of the weld
during the cooling down after metal deposition. Also, because of the
limitations placed on the test by the necessity for conducting it in
liquid hydrogen, it was not possible to perform the tests in strict ac-
cordance with the A.S.M.E. procedure. The performing, as actually
carried out, overstressed the parent metal outside of the welded zone,
and predisposed it to greater bending when the test was subsequently
performed.

It is concluded from these tests that Type 304 ELC stainless
steel can be welded in such a way as to meet test requirements and
service conditions at -4230F. The flexure tests in liquid hydrogen on
bellows made with welded Type 316 stainless steel reported later also
should dispel doubts about the working fatigue of welds in some 18-8
stainless steels.

As an additional check requested by the A.E.C., a test was
devised with the Metallurgical Department of the Ohio State University
to measure the possible effect of any transformation in 18-8 stainless
steel from working at -423 0 F. Two bars of Type 304 stainless steel
(.07 Carbon, not ELC grade) were stressed in liquid hydrogen to strain
the bars to permanent deformations of 5.3 and. 4.1 per cent. Two impact
specimens were cut from the bars, and the Charpy values obtained there-
from at -4230F. were 46.5 and 60.5 ft. lbs. respectively, compared to
56.5 and. 48.5 ft. lbs. at -4230F. for the unstrained material. This



91

shows the absence of degrading effects from overstressing and impacting
the metal at very low temperature.

Investigation was conducted of methods of welding 4S aluminum
plate and of some of the properties of the welds at room and low tem-
peratures.

Two 1" thick by 36" square plates were welded by the Aluminum
Company of America with an automatic machine and with a manual welding
gun. Specimens were cut for tensile and bend testing in liquid nitrogen.
The bend bars broke through the welds in four cases with very little de-
flection. This unsatisfactory result was attributed to the use of 4S
aluminum welding rod. Alcoa was asked to weld two 4S aluminum plates
using 4S rod and 2S rod. Free bend test bars 3/8" x 9/16" x 8" were cut
across these welds and from parent metal; also specimens for Charpy im-
pact tests were machined from parent metal, heat affected zone, and weld
deposit.

The free bends made at temperatures below -4000F. were satis-
factory across both 28 rod and 4S rod welds and the elongations were
closely comparable to those obtained on the bars from the parent metal.
The bend tests at room temperature could be made to 1800 angle instead
of 1350 as for the cold bends (see detailed report for mechanical lim-
itations of bend test methods) and the bars bent across the weld showed
cracking at 1350 to 1450 angles, whereas the parent metal bars bent the
full 1800 without showing flaws.

Charpy test specimens were prepared from a 4S plate welded with
2S rod with automatic gun and flowing argon. The impact values for tests
at room temperature and at -4200F. show little difference between the
parent metal and the weld, although the better impact in the weld at low
temperature may be due to the use of 2S rod; the values are as follows:

Charpy Impact test at room temperature
Parent Metal 17.0, 15.5, 13.5, 14.5 ft. lbs.
Heat Affected Zone 15.5, 15.0, 16.5 " "

Weld Deposit 15.0, 14.0, 15.5 " "

Charpy Impact test in liquid hydrogen
Parent Metal 11.0, 10.0, 10.0, 11.5 ft. lbs.
Heat Affected Zone 12.0, 12.0, 11.0, 12.0 " "
Weld Deposit 13.5, 15.0, 14.5, 13.5 " "

5.3 Development of Brazed Transition Joint Between
Aluminum and Other Metals

Much work was done in developing a leak-tight, metallurgically
bonded joint between aluminum and stainless steel, or between stainless
steel and other metals, in the event that Type 304 stainless steel could
not be joined directly to aluminum. For example, there were indications
that Monel could be brazed to aluminum, so that if necessary a transi-
tion from aluminum might be made with an intermediate coupling piece of
Monel, to which stainless steel could be welded.

The Salkover Metal Processing Company method of joining alumi-
num to other metal was attempted with Type 304 stainless steel, Monel,
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Inconel and nickel. This was done on two different occasions at two
Salkover plants. None of these efforts were successful.

H.R.I. engineers then developed a new method for coating plated
and unplated metal samples with aluminum and showed that an effective
bond was made. It was shown that plating the base metal with copper and
nickel and cleaning prior to electroplating were unnecessary.

The new method involved surface degreasing removal of oxides
by immersion for 30 seconds in molten aluminum brazing flux, dipping the
metal to be coated while still hot in molten 2 aluminum for 15 seconds,
and removal for air cooling or water quenching. Four different base
metals were coated with aluminum in this way and sent to the metallurgical
laboratories of Sam Tour & Co. for metallurgical examination. Tour's re-
port showed that the aluminum coating was definitely bonded to the under-
lying materials.

The transition coupling between aluminum and stainless steel
which was made possible by this method of coating is shown in Figure 46.
A stainless steel inner sleeve, cut with circumferential and longitudinal
grooves, is coated externally with aluminum for a 2" length by the pro-
cedure just described. A "muff" of 2S aluminum is cast around the alu-
minum coating. A bevel-ended, 3S aluminum sleeve is slipped over the
right-hand, uncoated end of the stainless steel sleeve and is swaged
down over the latter. The aluminum casting and the aluminum sleeve are
welded together with aluminum rod, and their external surfaces are
machined down to a uniform cylinder. To keep both aluminum members al-
ways in compression, an outer stainless steel sleeve is expanded by
heating and then shrunk down on the casting and sleeve. The grooves cut
in the stainless steel sleeve take axial and torsional forces off the
bond between steel and aluminum.

Four successful transition joints of this type from two-inch
pipe size, Type 304 stainless steel tubing to aluminum couplings were
made. These joints were tested for leak tightness by a mass spectrome-
ter at all steps of fabrication and were found to be absolutely tight.
One assembled joint was shock cooled by 25 immersions in liquid nitrogen.
A second joint was shock cooled by 50 cycles of immersion in liquid ni-
trogen, followed by three immersions in liquid hydrogen. In both cases
mass spectrometer test showed no leaks after chilling.

Since transition joints of this type are required in sizes up
to 16 inches in the heavy water plant, it was decided to demonstrate the
design and fabrication techniques for this type of coupling in a size
more closely approaching the largest to be used in the plant. One satis-
factory 8-inch pipe size transition coupling between aluminum and stain-
less steel was fabricated by the procedure outlined in the following
paragraphs.

An aluminum "muff" was cast on the outside of an 8-inch Type
304 stainless steel pipe by the Al Fin process controlled by the Fair-
child Airplane and Engine Company. The Al Fin casting showed porosity
on the surface and in depth after machining. It is thought that better
castings can be made with more experience, but it was possible to make
a tight coupling even from this porous casting. After unsuccessful at-
tempts to roll an aluminum sleeve into the grooves of the stainless steel
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pipe, it was found that the aluminum could be worked into the grooves
satisfactorily by press swaging. The aluminum sleeve was brazed to the
aluminum "muff" casting. The assembly was machined down and the stain-
less steel sleeve ring was shrunk over the aluminum sleeve and casting.
It was necessary to design and build a special jig which would keep the
brazed sub-assembly clear of the heated outer stainless steel sleeve
while the latter was being pushed over the former prior to shrinking down
the sleeve.

Before this 8-inch transition coupling was tested for tightness,
all external surfaces were lightly machined, which would have exposed any
potential leakage points which might have been sealed off by surface
coating. The coupling was then leak tested by the mass spectrometer and
found to be perfectly tight. This 8-inch joint was then taken to a plant
of the Air Reduction Co. where it was dipped in liquid nitrogen, warmed
to -1920F. and then dipped a second time in liquid nitrogen. After this
shock chilling, the coupling was again tested for helium leakage by the
mass spectrometer and no leakage was found, even though the mass spec-
trometer was sensitive to a 0.001 micron cu.ft. per hour leak rate.

As a result of this extensive program on transition joints be-
tween aluminum and stainless steel, a joint which was entirely satis-
factory for the service in the low temperature heavy water plant was
developed.

Limited investigations were also made on procedures for joining
aluminum to alloys other than stainless steel. Monel, Inconel and nickel
were taken through the same development program in coating with aluminum
as has been described above for stainless steel up to the point where
aluminum was cast around precoated stainless steel. Details of this work
are given in Appendix "D". Generally speaking, the findings were similar
to those with stainless steel, and the procedure which provided a satis-
factory bond between aluminum and stainless steel was found to be suitable
for these nickel alloys, also.

5.4 Heat Exchanger Fabrication

Because of the decision to use high-tensile 4S aluminum for
tubing in the harp-type exchangers and the lack of experience with this
alloy, it was necessary to make three types of test on this material:

(1) Measurement of the external collapsing pressure of 14S
tubes, both bare and internally finned.

(2) Test of methods of brazing fins to 1S tube.
(3) Demonstration that satisfactory welds could be made on

this material in the overhead position, the one where it

is difficult to make sound welds in aluminum.

A small pressure vessel was used in testing 1+S aluminum tubes
for external collapsing pressure. The tubes to be tested were 3.06 in-
ches i.d. and around 9 feet long. They were rolled into tube sheets
which closed the ends of the pressure vessel. Tube wall thicknesses of

3/32 inch, 3/16 inch and 3/8 inch were tested. The external pressure at
which the tubes collapsed are plotted against the ratio of the wall
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thickness to the outside diameter in Figure 47. The finned tubes with-
stood a much higher pressure without collapsing than the empty tubes.
The high pressures withstood by the finned tubes made possible a sub-
stantial reduction in wall thickness of a number of exchanger tubes with
consequent improvement in capacity. The results for the empty tubes are
generally in agreement with collapsing pressures predicted from the
stress-strain curve for 4S aluminum.

Tests to show that 4S aluminum tubes and the J51X23 aluminum
brazing sheet recommended by Alcoa could be salt bath brazed were con-
ducted with 3.06" I.D. x 5/16" wall 4S tubing.

A total of 19 tubes varying in length from less than 30 inches
to 10 feet were brazed. Tubes shorter than 30 inches were loaded with
fin discs by hand; longer tubes were machine-loaded. Tubes 10 feet
long were cleaned and brazed in production equipment; shorter tubes were
cleaned and brazed in shallow test baths. All work was done at the
plant of Stacey Brothers Gas Construction Company in Cincinnati.

The cleaning procedure used was to degrease the tubes, wash
them in water, dip them in 10% nitric acid and wash them again. The
tubes were pre-heated to 1000 F. in an electric furnace and immediately
transferred to and immersed in a brazing salt bath maintained at 1075-
10900F. After brazing, the tubes were cooled and washed free of braz-
ing flux.

The tubes were cut lengthwise and the adherence of the brazing
bond was tested by attempting to part the fin discs radially from the
tube wall by hammering on a one-inch wide chisel embedded in the fins
adjacent to the bond. In 16 of the tubes the brazing was excellent,
with 100% adherence of fins. In three of the shorter tubes, the brazing
was poorer because of inadequate cleaning in the shallow test baths. It
is concluded that brazing of 4S aluminum tubes and fins stamped from
J51X23 brazing sheet can be carried out satisfactorily by the above pro-
cedure.

One of the problems foreseen in assembling harp-type exchangers
whose tubes are made of 4S aluminum is obtaining sound welds made in the
overhead position. Welding of any type of aluminum in this position re-
quires special care.

There had not been time to train welders to make completely
satisfactory welds in 4S aluminum when the project was terminated, but
the work had progressed far enough to show that sound welds could ulti-
mately be made. The best results in welding 3/8" wall tubing were
secured by using backup rings with the ends of the tubing spaced about
5/32". The best welds were made with an argon-tungsten arc and 2S rod.

Tensile tests of sections of such welds at room temperature
were satisfactory. Free bend tests of such sections at liquid-hydrogen
temperatures were considered passable, even though small cracks showed
at the sharp edges of the bar. The root bend specimen cut from the over-
head part of the weld opened at the fusion line.

Subsequently, Stacey Brothers informed H.R.I. that they had
qualified a procedure for making overhead pipe welds in 4S aluminum, but
time did not permit testing of specimens from these welds at liquid-
hydrogen temperatures.
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COLLAPSING PRE55URE
OF 490 ALUMINUM TU5E5

I IHIUIHITT1JTV
I " !,llW 4 tt ft pt; t

I

.01 .01 .06 .04 .05i A A0$ .A .0 .10 .s0 .40 .6 6 7 8 3 10

t/d, WALL THICKNESS/OUTSIDE DIAMETER

~i*

~1iLL
'a 4t ~14

Am[jUl11 ii
12I 1-11111412 It ''

-4 .4

I

,o

F

i 
j72

I. mzI1IIi I

fl 1I41''
AItidMt:ttF

I 

d

II

II

m

"l it

.1

-

,- 1 /
r{

r

1

T

M 4:

it ITWt##i (#



97

If this project is reactivated, investigation of the welding
of 4S aluminum in the overhead position should be carried through to a
successful conclusion.

5.5 Test of Valve Components

When mechanical design of the heavy water plant started, no
valves were commercially available which were known by manufacturers to
be suitable for service at liquid-hydrogen temperatures. The principal
points of uncertainty in valves for this service were the durability of
valve seats and the endurance of bellows sealing the valve stem under
the combined conditions of high pressure, low temperature and repeated
working to be met in this plant. For example, the low-temperature re-
versing valves, which are to be opened or closed on a 15-minute cycle,
will experience 17,500 complete cycles per year.

With the engineering assistance of Fisher Governor, Minneapolis
Honeywell, Lukenheimer, and other valve manufacturers, the valve designs
described in Section 2.13 were worked out. It was determined that the
main parts of the valve requiring test at liquid-hydrogen temperatures
were the valve seats, for which Stellite of Kel-F was proposed, and the
stainless steel bellows used for sealing the valve stem to the body.
Apparatus for testing these valve components was designed, and arrange-
ments were made with Professor Johnston of the Ohio State University for
testing them at liquid-hydrogen temperatures.

Fisher Governor provided a Stellite surfaced parabolic plug and
seat ring for a 3" valve. Arrangements were made to submerge the seat
and plug in liquid hydrogen and to raise the plug and allow it to drop
freely 100 times per minute by a motor and crank arrangement. The plug
and stem weighed somewhat more than 10 pounds. Tests were made of the
Stellite surfaced seat ring and also a seat ring made of 1/8" Kel-F
sheet. The dimensions of these valve parts and the seating arrangements
are shown in Figure 48. The plug and valve seat were examined micro-
scopically before and after impact testing. The following table sum-
marizes the conditions of test and shows that there was no deteriora-
tion of seat or plug of either Stellite surfaced or Kel-F seat material.

Seat Material Tested Kel-F Stellite
Inches of Fall of Valve Plug 1/2" J/2"
Load Applied, in Addition to Wt. of Plug 0 10# 1 0
Number of Drops 1840 6450 2000 3000

Total 8290 5000

Deterioration of Seat and Plug None None None None

It was impossible to apply sufficient force to the valve stem
in the test apparatus to obtain an absolutely tight seat either before,
during or after the test, although the Kel-F seat at -4230F. yielded at
moderate pressure to improve shut-off leakage. This important character-
istic of the valve has, therefore, not yet been fully investigated. As
soon as a valve of this type has been manufactured it should be exposed
to liquid-hydrogen temperatures and the through-seat leakage determined.
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The bellows of cold valves in the heavy water plant are ex-
posed to internal pressures of up to 425 psi at temperatures down to
-4230F. Bellows recommended for this service are manufactured by
Chicago Metal Hose Corp., who furnished twelve bellows for these tests.
The bellows are formed from longitudinally welded, Type 347 stainless
steel, tubing. The dimensions of the finished bellows are 1-1/2" i.d.
and 2-1/8" o.d. The live bellows length is 4". The manufacturer rates
the bellows for a maximum extension of 0.07" and a maximum compression
of 0.07".

The apparatus used for testing the bellows is shown in Figure
49. Two bellows units were tested at one time by assembling them end-
to-end as shown on the drawings. The bellows were pressured internally
with helium gas through connecting tubing extending up and out of the
cryostat. The bellows were immersed in liquid hydrogen during test and
the hydrogen vapor resulting from heat leak and work was conducted from
the cryostat through a vent line. Samples of evolved hydrogen gas were
taken periodically and tested in a mass spectrometer for helium which,
if present, would indicate a bellows leak, a very sensitive test.

The bellows were alternatively compressed and extended by
means of a drive rod extending up through the cryostat and attached to
a crank and drive shaft rotating at 100 rpm. The stroke of the bellows
was set by the throw of the crank pin on the drive shaft.

The conditions and results of the individual bellows tests are
given in Table 21.

When the bellows were stroked 43% over that rated by the manu-
facturer they remained intact without leakage for the equivalent of 11
years of service (200,000 cycles). When stroked 1100 over the manu-
facturer' s rating, they started to leak only after the equivalent of 8
years of service (150,000 cycles). This is very satisfactory.

The one failure that occurred, in run 4, was in the nature of
a gradual increase in leak rate rather than a sudden rupture.

5.6 Tests of Gaskets

At some points in the low-temperature plant it may be advan-
tageous to use gasketed flanges to connect pipes rather than welded
joints or the stainless steel to aluminum transition joint described in
Section 5.3. When this project was started, no soft gasket material had
been shown to be suitable for use at liquid-hydrogen temperatures. A
sheet of Kel-F Formula 300 moulded plastic 1/8" thick, was purchased
from the M. W. Kellogg Co. for tests as a gasket material in addition to
use for the tests on Kel-F valve seats just described.

It was first tested quantitatively and shown to retain good
flexibility and toughness at liquid-hydrogen temperatures. Strips of
the 1/8" thick Kel-F about 3/4" wide by 4" long were immersed in liquid

hydrogen and cooled to equilibrium. One was withdrawn and bent with
gloved hands, showing a deflection of about 1/4 - 3/8" or about one-
third of that obtained with a similar Kel-F strip at room temperature
bent at the same time with the same pressure. The strip was recooled,
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Table 21

Results of Tests on Stainless Steel Valve Bellows

Run Number

Internal Pressure, psig

Temperature, OF.

Bellows Stroke
Compression
Extension

Number of Cycles in Test

Condition of Bellows at End

Number of Cycles to Leak

Manufacturer's
Rating

230*

-423

0.07"
0.07"

250, 000*

1

5

80

0.07"
0.07"

500,000

OK

2

5

-423

0.10"
0.10"

200,000

OK

x3

230

80

0.10"
0.10"

10,000

OK

3

230

-423

0.10"
0.10"

200,000

OK

4

230

-423

0.15"
0.15"

200,000

Leaks

150,000

* The 250,000 cycle rating applies to an internal pressure of 230 psig. The
bellow is 'designed for an internal pressure of 520 psig., but with a lower cycle
rating. They will withstand 750 psig. in static testing.

410

-423

0.10"
0.10"

25,000

OK
H
0
H
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removed from the liquid, held in pliers and bent very sharply over the
nose of the pliers; it broke with a snap.

Two strips were withdrawn from the liquid, laid on a brass plate
and struck hard blows with a carpenter's hammer. Neither of the strips
broke until they had been struck three or four blows and then probably
because of being hit by the edge rather than the flat of the hammer face.
In no case did the Kel-F shatter into many pieces when hit cold after
being removed from liquid hydrogen.

Rings of Kel-F were then cut for flange gaskets, of the dimen-
sions shown in Figure 49. The gasketed flanges were pressure tested at
-423 F. as a part of the bellows' tests Runs #2, #X3, and #3 reported
above. No leakage occurred in the flanges during these tests.

5.7 Aluminum Expansion Joint for Low-Temperature Service

A very compact piping layout is required in the cold box of the
heavy water plant, in order to minimize heat leak and conserve refrigera-
tion. Since some of the low-pressure piping is as large as 16", accom-
modation of pipe expansion gives rise to difficult problems where space
restrictions prohibited the use of extra bends and long runs of pipe.
During the early stages of mechanical design, it was thought that many
of these large low-pressure pipes would be fabricated of aluminum and
that aluminum expansion joints would be required for them. Expansion
joints in these sizes were obtainable in stainless steel but had not
then been fabricated in aluminum.

H.R.I. referred the question of aluminum expansion joints to a
number of manufacturers, of whom only the Badger Fire Extinguisher Com-
pany, of Somerville, Mass., advised that they were in a position to
manufacture such joints. After developing welding and forming proce-
dures, Badger furnished H.R. I. with four aluminum expansion joints for
10-inch pipe. The alloy used was similar to 38 aluminum. The joint
consisted of a bellows with two convolutions, with the usual support
rings to reinforce the pressure seal member and to control the travel
of each convolution. On the basis of experience with copper expansion
joints, Badger rated the aluminum joints as being good for a compression
and extension of 1/2" each.

Since the large size of such joints prohibited test in liquid
hydrogen, they were tested in liquid nitrogen at -320F. instead.

During test the joints were pressured internally with approxi-
mately 50 psi. of helium. Leakage was detected by analyzing gases es-
caping from the liquid nitrogen bath for helium with a mass spectrometer.
The expansion joint was compressed and extended at a rate of one com-
plete cycle in 52-60 seconds. The results of the test of four expansion
joints are summarized in Table 22.

These tests demonstrated that aluminum expansion joints could
be operated satisfactorily with internal pressure of 50 psig. at a total
traverse of 3/8" per corrugation. Since the heavy water plant will
probably undergo no more than 10 temperature cycle changes during one
year's operation, the satisfactory performance of the joint through
1,000 cycles in test #4 establishes that these joints will have an
adequate life.



Table 22

Results of Tests on Aluminum Expansion Joints

Expansion Joint Test Unit No.

Temperature, oF.

Joint Travel
Extension
Compression

Number of Cycles at Condition

Cumulative Number of Cycles

State of Bellows at End of Test

1 2 3

80 80

13 /32t
13/32"

1021

Intact

1/2" 15/32"
1/2" 15/32"

166 37

37

Cracked OK

33/64"
33/64"

63

100

OK

5/8"
5/8"

58

158

OK

9/16"
9/16"

27

185

Split

4

-320

3/8"
3/8"

1000

Intact

-320
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After these tests were initiated, aluminum expansion joints
were no longer needed because stainless steel instead of aluminum piping
could be used when the transition joint between aluminum and stainless
steel (Section 5.3) was successfully developed.






