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ABSTRACT

This report provides an overview of the wet oxidation
process and the potential materials of construction for the

reaction vessel (for shipboard applications).

Since the wet oxidation process requires the containment
of corrosive products (the material being processed can range
from very acidic to sliahtly basic and over a broad spectrum
of wastes), at elevated temperatures and pressures, these
conditions lead to difficult but solvable materials-of-

construction problems.

Based on the current state of the art, wet oxidation
systems can be constructed from commercially pure titaniunm
as well as from titanium alloyed with palladium (.12-.27%<).
This type of system, it is felt, can be operated safely at
approximately S500°F with reasonable assurance of moderate life
(approximately 10 years). However, should a longer life system
be desired and one which is virtually indestructible from a
chemical point of view, a tantalum-lined and coated titanium

system would provide the best choice of materials.

For higher temperature operation up to €00°F and a pro-
jected equipment life of 15 years, a ceramic-lined and coated
carbon steel or titanium system would have tu be developed.
Here, an added advantage to ceramic lining is improved heat
insulation. This allows for a reduction of external insulation.
In addition, a penetration monitoring system (of the electrical

resistance type) can be incorporated in the ceramic lining.

From an overall design point of view, it appears that




the wet oxidation process can be operated in a continuous
manner in shipboard installations and the reaction vessel

can consist of a piping array configuration. Several distinct
operating advantages (viz, space-saving) are expected from
this configuration, and thus it is recommended that further
development of the process and equipment be based on this

design approach.
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PREFACE

As a result of increased concern for the quality of the
environment, and the consequent neea for abatement of water
pollution, the Office of the Director, Research and Engineering,
of the Department of Defense requested in early 1973 that the
National Research Council initiate a brief study of the
Materials of Construction for Wet Oxidation Reactors. Such
devices are currently under development for application to
the shipbcard waste processing problems. Thus, the study was
to include ccnsideration of the unique problems of shipboard
installation, operation, and maintenance in addition to the
temperature, pressure, and cost considerations inherenrt in

this type of process equipment.

The assignment was accepted and implemented by the National
Materials Advisory Board (NMAB) with the following stated

purpose:

"Conduct a short-time study (approximately two
meetings) of the materials of construction for wet
oxidation reactors of the tvpe used on ships to reduce
harbor pollution, including assessment of the materials
svailable for use in relation to design limitation of
vpace, weight, size, pressure and temperature; recom-
mendations of criteria fcr selection of optimum
naterials for this use, considerirg both performance
and cost; description of the problem areas that may

require study in greater depth, where such exist."
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A Commitcee was formed in April 1973 with the membership

as shown on pages iii and iv.

In general, the primary goal of the study was to provide
an evaluation and appropriate recommendations on the materials
of construction for the reactors used in the wet oxidation
process. This process is being developed for potential use
aboard ships by the U. S. Navy. However, the results of their
work may well be of direct interest to other governmental
agencies and private ship owners and operators, all of whom
are attempting to meet the same environmental quality

requirements.

In the context of IJ, S. Navy operations, there are numerous
operational aspects of the wet oxidation process to choose
among and consider. Among these are, for example, whether or
not to plan for salt or fresh water flushing and for adding
catalysts or other chemicals. In performing this study, the
Committee took cognizance of the need for long reliable life
and ease of maintenance and operation aboard ship. Therefore,

their discussions and recommendations are based on the following:

e that with reduced flow toilets and showers, fresh
water would be the primary liquid feed material to
the reactor, thereby minimizing chloride content,

o that air, rather than oxygen, or oxvgen enriched air,
would be used for aeration in the process,

e that chemical additives (such as acid) would not be
added to the process, and

¢ that as low a combination of temperature and pressure
would be used as is commensurate with effective pro-
cessing of the wastes to the desired degree.




With this charter and guideline philosophy, a small five-
man committee was organizad to include several disciplines.
The Committee operation was scheduled for a total of three
meetings. The first was held at Florida Atlantic University
on July 9 and 10, 1973, and the second and third were held
at the National Academy of Sciences in Washington, D. C. on

September 5 and 6, 1973 and on September 27 and 28, 1973.

The deliberations and studies of the Committee were
greatly aided by the presentations given, especially by
Messrs. Paul Schatzberg and Don Vreeland of the U. S, Naval
Ship Research and Development Center at Annapolis, Maryland.
The extremely effective diligence and creative contributions
of Donald G. Groves, who served so well as the National
Academy of Sciences-National Materials Advisory Board Staff
Engineer on the Committee, are also greatly acknowledged and
sincerely appreciated. To him and all the others who

contributed, though unnamed, we give our thanks.
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I. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS




Preceding page blank 3

Introduction

This section of the report summarizes for the busy
management-type reader the Committee‘'s most salient conclusions
and recommendations regarding the shipboard application of the
wet oxidatio wro.ess and the potential materials of construc-

tion for a reaction vessel to be used therein.

While the Committee did not attempt to compare all
potential candidate processes for shipboard waste treatment,
the information obtained on the wet oxidation process was
sufficiently impressive to indicate that its further develop-
ment for shipboard usage is highly warranted. It is felt that
vet oxidation is a promising environmental protection process
that has some very distinct advantages over the other candidate

processes for this purpose. Such advantages include:

» the low energy requirements needed for the process

because of the autogenic type reaction involved;

¢ the lack of any appreciable air pollution produced by

the process; and

e the production of a sterile, primarily liquid effluent
that can be effectively recycled for some shipboard

uses.

The wet oxidation process requires the containment of
corrosive products at elevated temperatures and pressures,
which impose severe requirements on the reactor as well as the

ancillary equipment. The chemical process operating temperature




and pressure range from 475 to 600°F and from 600 to 1850
lbs/inz, respectively, while the material being processed can
range frum very acidic (pH = 2) toc slightly basic (pH = 9) and
over a broad spectrum of wastes. A maximum chloride content
of approximately 0.3% can be expected. These severe conditions

lead tco difficult but solvable materials problems.

Additionally, it appears from our study of the problem
that the shipboard wet oxidation process can be operated most
effectively in a continuous operating system. For this reason
and to best fit the processing equipment into ships, the

reaction vessel should consist of a piping array conf:guration.

Baced .pon these considerations, the Committee's principal
conclusions, observations and recommendations are summarized
below. Some additional detailed conclusions and recommenda-

tions are presented in this report.

In the Design Area

Conclusion:

On the basis of its study of the problems related to
the design of shipboard wet oxidation processing equipment, the
Committee concludes that a continuous operating syster. consist-
ing of an array of piping has definite advantages over the
tank or tower system. In essence, we feel that the chemistry
of the reaction can be succes:fulily czzrzed out in such a
properly designed piping arrangement, thus eliminatine the

need for any one large mixing and pressure vessel container.

Discussion:
To support the above conclusion there is considerable
first-principle evidence to indicate that the wet oxidation

process can be operated in a continuous manner. Such a




method would be highly advantageous for a variety of shipboard
applications. The piping configuration to be used can corsist
of several separate lengths - pipe made from materials that
will meet existing boiler codes and the whcle unit can be
supplied in a modular form. Specifically, the waste processing
portion of a flow-through wet oxidation system in the form of
interconnected pipe sections has the following advantages:
e can be mass-produced in aprropriate length (i.e., 10

foot) pipe sections along with U-bends needed and the
whole unit assembled in various lengths and configurations;

¢ maximum shipboard "dead-space” utilization is feasible;

e pipe sections can be easily inspected and replaced,
if necessary;

e pipe sectcions can be fabricated to include a sensing
system to monitor corrosion, if desired; and

e pipe sections are easily adaptable to metallic and
non-metallic coatinge and liners.

Therefore, what is envisioned in this scheme is a
series of linear and U-bend sections through whicl the waste
water and air can pass at operating temperature. ‘''his piping
can also be operated full or nearly full to minimize potential
interface corrosion problems. The total length of the piping
array will depend on the volume of waste to be processed and
the resicdence time required for a particular degree of waste
destruction. Appropriately designed baffles can be inserted
in some or all the pipe sectiois to provide the mixing

necessary for best oxygen utilization.

It should be recognized that there is a current
requirement to investigate the most critical design parameters

of this piping system approach. The problems relating to static

o kgl shd Nl L




mixing devices, baffling plates, etc. within the piping plus
those involving gaskets, penetrations, and couplings must be
addressed in a systematic analytical manner. S

Recommendation:

e It is recommended that the U. S. Navy first initiate
a comprehensive design and analysis study of the continuous
wet oxidation process of the type mentioned wherein a piping
array is to be utilized. At the completion of such a design
study, it is further recommended that a working prototype of

the piping derign be built and operated so as to evaluate both the

various recommended prime candidate materials of construction
as well as the efficiency of the process itself prior to its

certification for shipboard installation and operation.
In the Materials Area
Conclusions:

e Of the various materials of construction that have
been tested for service in the wet oxidation process, stainless
steels do not appear to warrant further consideration because

of their poor corrosion resistance.

e Commercially pure titanium (Ti) and the Ti-0.2%
palladium (Pd) alloys offer excellent corrosion resistance
and sufficient mechanical properties for use as the pressure

vessel.

e Nickel-chrome-molybdenum alloys also appear to offer
attractive propeities and performance for this pressure vessel

application.

Ew
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e Tantalum has outstanding corrosion resistance in
oxidizing chloride-containing applications, and should be con-

sidered as a lining material.

e Some non-metallic (oxide, glass and glass-ceramic)
materials offer excellent corrosion resistance and should also

te ccnsidered fcr use as linings or coatings.

Discussion:

In view of the conditions under which the proces:;
of wet air oxidation is carried out, and the infliuence of these
strongly oxidizing conditions on corrosion rates and mechanisms,
it is concluded that the most promising metals and alloys for
this application are those that form erosion resistant, imper-
vious, tenacious oxide films which are stable in the presence
of chloride ions. Consideration should be given to the use
of anodic protection to improve the corrosion resistance of the
metalilic materials. Lower corrosion rates are favored by
milder conditions; therefore, it is recommended that considera-
tion be given to an effort to achieve mild reaction
conditions, for instance by the use of catalysts. A study of
stress corrosion cracking rates of candidate metallic materials
under various operating conditions is also recommended. These
cindidate materials are those metallics that can meet the
lower temperature conditions and certain non-metallics for use
in the upper temperature ranges. In this regard, three specific

types of construction are presented below:

1. A completely titanium alloy (commercially pure

or 0.2% palladium) pipe construction is considered i




to be feasible for lower-temperature (475-500°F)
usage. With the proper design, fabrication, and
operation the equaipment should last for several

years.

2. To gain a longer operating life and to meet

any "fail-safe" conditions for the 475-500°F operating
temperature regime, a tantalum lining in commercially
pure or palladium alloy titanium or nickel-chrome-
molybdenum alloy pipe construction could be utilized.
Such materials would provide both strength and
redundancy from a corrosion damage standpoint. If
this type of redundancy is deemed, upon further in-
depth study of the problem, to be unnecessary, a low
carbon steel pressure container should then be

considered.

The tantalum-titanium system could expect a

lifetime of 15 years at 500°F. At temperatures

over 500°F, provision may have to be made to pre-
vent back-side corrosion of the tantalum. This can

be done by providing an inert gas flushing system

between the tantalum and the substrite.

3. For higher-temperature (500-600°F) operation
w.aere corrosion of tantalum, titanium, or other
metallics may restrict their usage, some non-metallics

appear to be the best candidate materials. 1In such

a system, some suggested components to consider are
a titanium or perhaps low-carbon steel (glass or poly-
meric coated) outer pipe for resisting the pressure

with an inner liner of a sintered oxide porcelain




such as one primarily of alumina or zircon or zirconia
for resisting the corrosive environment and an insu-
lating cement layer in the annulus between these two
pipes. However, such a system would require careful
analysis and design in order to select the proper
materials and wall thicknesses so as to achieve the
proper stress situations and keep the ceramic liner

in compression.

A potentially valuable feature of this materials
system is the possibility of installing an electrical
sensor in the annular cement layer to ascertain the
condition of the ceramic liner, especially with

respect to leakage.

Overall, these types of construction should offer
many years (approximately 15) of reliable elevated temperature

life and with lower equipment weight and cost than any other

apprcach.

Recommendations:

e The current usage of commercially pure (CP) and
pulladium alloys of titanium is endorsed as a useful approach

tor wet oxidation reactors intended to operate in the 475-500°F
range.

e A more reliable and longer life system than the
all-titanium construction wherein titanium or low-carbon

steel piping is augmented with tantalum inserts and coatings

is recommended.

e




alumina, zirconia, dlasses, etc.),

are recommended for further study
achieving

prc
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% Some non-metallic lined, as mentioned above (viz.,

metallic pressure vessels

since they of'fer a means of
suitable Processing construction materjals when the
S“tesing operation is in the 500-600 °F range.
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II. PROCESS DESCRIPTION

A. Introduction

Wet oxidation is a process whereby organic wastes dissolved
or suspended in water are converted to water, carbon dioxide,
small amounts of low molecular weight, organic acids and a
very small amount of fine inorganic ash. This process is
conducted with an excess of oxygen at temperatures ranging
from 475-600°F in a pressure vessel which maintains the water
as a liquid. Air overpressure can range from 50 to 300 lb/inz.
The resulting operating pressures range from approximately
600 to 1850 1b/in2.

The advantages of this pirocess are:

1. Aqueous warte streams with no or minimal preparation

are converted directly into sterile, innocuous effluents.

2. Energy requirements are substantially less than for
incineration, since only a small amount of the water being

treated converts to steam.

3. oOxidation of the organic waste releases heat, permitting

the process to be energetically self-sustaining.

4. The process is relatively rapid, and is particularily

suitable where space is &t a premium.
5. No contaminants are released into the atmosphere.
The disadvantages of the process are:

l. It is conducted at elevated pressures, requiring a

pressure vessel involving stringent safety considerations.

i
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2. Materials of construction for the pressure vessel and
auxiliary equipment must be carefully selected to be corrosion

resistant.

~ 3. Hezvy duty air compressors are required to supply air

against the operating steam pressure.

B. The Chemistry of Wet Oxidation

The chemistry of wet oxidation adequately obeys first-

order kinetics. Thus,

- 4¢ =xC (1)
dt
where C is the concentration of organic wastes which can be ex-
pressed as the chemical oxygen demand (COD) in mg/liter and k is
the reaction-rate constant. Equation (1) states that the rate of
decrease (d2struction) of the wastes is directly proportional to
the concentration of the wastes. First-order kinetics for this l
procecss is valid only when an excess of the stoichiometric

oxygen requirement is maintained throughout the reaction.

Rearranging equation (1) and integrating with appropriate

limits yields

Co
in = © kt (2)

where Co is the concentration of organic wastes at the start
of the reaction. Equation (2) can be expressed graphically
by plotting the logarithm of Co/C against time, t. The slope

of the resulting straight line can be used to calculate the

reaction-rate constant.

Lxperiments to verify the reaction kinetics have been
conducted in a mechanically stirred one-gallon-capacity pressure

vessel. Water and air or oxygen ar~ introduced into the vessel.

e S E————



When operating temperature {500°F) and pressure are reached, a
sample of waste is injected into the vessel. Samples are
removed from the reaction vessel at various time intervals and
analyzed for chemical oxygen demand by a standard method. A
+typical result of such experiments is shown in Figure 1.

Results show two first-order reactions in sequence. ne
first one is rapid, signifying the hydrolysis and oxidation of
large molecules such as proteins, carbohydrates, and cellulose.
This results in the formation of water, carbon dioxide, and
low-moleculur-weight organic residues consistirg primarily of
acetic acid and its homologs. The wet oxidation of these
organic residues occurs at a much lower rate. Reaction rate
constants for the rapid reaction range from approximately 0.1
to 0.2 minute-l while those for the slow reaction range from
0.003 to 0,008 minute-l. The change in slope of the data in
Figur: 1 occurs when the large-molecular-weight materials have
been consumed and the rate of oxygen consumption has slowed
to that associated with the oxidation of the low-molecular-

weight products.

Measurements of hydrogen-ion concentration (pH) of samples
removed from the reaction vessel show a rapid drop from approxi-
mately 7.0 before injection of waste to 2.5 and 3.5 within 30
seconds after injection. This is attrikuted to the rapid forma-
tion of low-molecular-weight carboxylic acids and carbon
dioxide. When organic nitrogen is present in a waste sample,
hydrolysis of this nitrogen is also present. The hydrolysis
of this nitrogen to ammonia, a slow process, gradually raises

the pH to approximately 6.0.
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While the reaction-rate constants of the fast reaction
are influenced by the nature of the waste, experiments per-
formed with sewage sludge, oil-in-water emulsions, cellulose,
food products and human waste have shown that the reaction
generally follows the pattern described by Figure 1. That is,
in the presence of excess oxygen, at SO0°F organic wastes in
water are destroyed rapidly so that in most cases a 70-80%
reduction in COD is achieved in 15 minutes. The organic
residue remaining is relatively innocuous and difficult to
destroy further, an aéditional 5-10% reduction requiring an

additional 60 minutes of reaction time.

C. Catalysts

The wet oxidation reaction can be catalytically accelerated.
This may be done by the addition of an inorganic acid reducing
the pH to approximately 1.5. While the addition of an inorganic
acid alone can accelerate the process, particularly by acceler-
ating the hydrolysis of large organic molecules, the decrease
in pH which occurs due to the formation of low molecular weight
organic acids may achieve that purpose. Considerable potential
exists for the use of numerous catalysts, both heterogenous and
homogeneous. These materials are solid metals, oxides, and carbon
as well as dissolved metal ions. The broken lines in Figure 2
illustrate how a catalyst system may influence the rate of
wet oxidation. The possible influence of catalysis is illus-
trated in two ways. First, the change from the fast to the slow
step of the reaction can be delayed and second the slow step

can have a significantly higher rate with catalysis than without.
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D. Various Systems

Considerable data on the wet oxidation process have been
developed by use of the one gallon type batch reactor vessel
at several research laboratories. Additional effort is
currently under way in these laboratories using a flow-through
continuous wet oxidation system. These systems consist of a
pressurizing pump, an air compressor, heat exchanger, central
processor, and gas-liquid separation chamber, as well as minor
ancillary equipment. The most significant differences in
these systems are in the design of the central processor.
These differences are noteworthy since the flow-through systems
serve as a prototype or model for future systems designed for
shipboard application. At present, three different designs

exist:

1. Vertical bubble tower. The preheated, pressurized

waste stream along with air is introduced in the bottom of the
tower. Mixing is by the action of the gas bubbles.
Product and gas are removed at the top of the reactor. The

height-to-diameter ratio may be large.

2. Packed tower. The preheated, pressurized waste stream,

mixed with air, is introduced at the top, trickling through
the packing which serves to mix the components. Product is
removed at the bcttom. Considerable reactor volume is taken

up by the packing materizl.

"y

3. Horizontai tank series. The preheated pressurized

waste stream is introduced in the first of a series of two
to six horizontal tanks. Each tank is mechanically stirred.
Air passing through the tank is vigorously mixed with the

liguid. Product from each tank becomes the feed for the next

tank in the series.
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Current understanding of wet oxidation chemistry as described
in this report establishes the maximum rate and degree of waste
destruction that can be achieved by this Process. The design
of a wet oxidation waste destruction system for shipboard
application will be primarily influenced by:

1. space and weight constraints,

2. operational requirements,

3. process conditions,

4. materials of construction, and
5. reliability and life cycle cost.

Design innovation can Play a significant role in a

successful shipboard wet oxidation system.
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III. DESIGN CONMEIDERATIONS

A. Introduction

The mechanical design of the process chamber pressure
vessel will be governed by many factors, but these factors
can be categorized by two major criteria. The criteria are
the design function and the safety factor, with their product
resulting in a design specification. This can be illustrated in
Figure 3, showing the components of each of the two major

criteria.

The basic data required to determine the design function
come from the operational requirements. One such requirement
is the volumetric capacity of the pressure vessel! and its
associated configuration. The vessels' weight-to-internal-volume
ratio can be one parameter used in selecting the configuration.
For example, in a long unpenetrated cylinder subjected to
internal pressure (Pi)' the unit-weight-to-internal-volume

ratio is

W 2 P,
- = 1l +— =
v 2 P max
where Pe is the density of the cylindrical shell material,
o max is the allowable stress, and a and b are the internal
and external radii respectively.
If the same materials and pressure are involved, a sphere

is more efficient, based on the weight-to-volume ratios for
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