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PREFACE 

The study documented in this report was requested in 
1977 by the U.S. Coast Guard to assist in a shipboard solid 
waste incinerator development program. This program, which 
is part of an extensive pollution abatement systems effort, 
was initiated in response to legislation that prohibits the 
pollution of the ocean within coastal regions. Both the 
U.S. Navy and Coast Guard must comply with the provisions of 
this legislation, and both agencies are pursuing solid waste 
management investigations. 

A committee of the National Research Council's National 
Materials Advisory Board (NMAB) was appointed to conduct the 
study. This committee was charged: to assess the current 
and near-term state of technology for small waste incinera­
tors; to investigate alternative techniques for waste 
disposal; to determine the feasibility of initiating a full­
scale incinerator development effort instead of attempting 
to modify existing incinerators to meet coast Guard needs; and 
to recommend approaches for research and development. 

As its study progressed, the committee identified the 
following specific items for study and evaluation: 

• Shipboard and marine environment 
• Stack emissions control 
• Segregation of solid wastes 
• Energy conservation 
• Waste heat recovery 
• Pretreatment of solid wastes 
• Alternatives to incineration 
• Retrofit and new construction 
• Potential for discharge of solid waste (plastics) 

iv 
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• Waste characteristics 
• Volume and weight trade-offs 
• Source control of solid wastes 
• Single vs. multiple system trade-offs 
• Scaling up or down vs. single size 
• Fully automatic vs. manual control (sophistication 

vs. simplicity) 
• Performance vs. cost trade-offs 
• Time constraints (development time vs. need) 
• Cost (development, manufacturing, acquisition, 

installation, operation, maintenance) 
• Market assessment 
• Manufacturing methods and costs 
• Cyclic operation 
• Materials (cost, performance, weight) 
• Occupational Safety and Health Administration 

requirements 
• Ash disposal 

In assessing the various systems, reliability, habitability, 
performance, maintainability, operability, and personnel 
safety were considered. With all these factors in mind, the 
committee formulated this final report. 

Walter K. Boyd, Chairman 
Committee on the Materials and 
Design Interactions in Ship­
board Waste Incinerators 
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CHAPTER I 

INTRODUCTION 

A. The Problem of Shipboard Waste 

A ship and its crew can be considered to have the same 
sanitary liquid and solid-waste management problems as a 
land-based community but not the same disposal options. 
Until quite recently, shipboard wastes generally were dis­
posed of indiscriminately at sea and on the land near ports 
and waste disposal was not a major consideration in ship 
design. The environmental movement of the 1960s, however, 
focused attention on the pollution of the sea, and special 
shipboard waste disposal techniques now are required. 

One of the most difficult-to-handle components of ship­
board wastes is trash (i.e., paper, cans, bottles, and food 
wastes} • The normal procedure is to store this trash on the 
fan tail of the ship as shown in Figure la. 

B. Legal Background 

Included in the environmental protection legislation 
enacted in recent years are requirements that prohibit the 
discharge of waste products from vessels in the nation's 
navigable waters and coastal zones. In response, the U.S. 
Coast Guard initiated an extensive program to equip its 
vessels with pollution abatement systems and to develop new 
systems when existing equipment was inadequate. 

With regard to the abatement of wastewater discharges 
from Coast Guard vessels, the Federal Water Pollution Control 
Act Amendments of 1972 (1972 FWPCA) state that: 

11 ••• the Administrator ••• shall promulgate federal 
standards of performance for marine sanitation 
devices .•. which shall be designed to prevent the 
discharge of untreated or inadequately treated 
sewage into or upon the navigable waters from 
new and existing vessels •••• " 

1 
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The Act further defines "sewage" as "human body wastes and 
the wastes from toilets and other receptacles intended to 
receive or retain body wastes." 

Pursuant to this requirement, the U.S. Environmental 
Protection Agency (EPA) issued performance standards for 
marine sanitation devices that limit no-discharge and dis­
charge devices and establish effluent quality standards. 
These performance standards require that: 

••• in freshwater lakes, freshwater reservoirs, 
or other freshwater inpoundments whose inlets or 
outlets are such as to prevent the ingress or egress 
by vessel traffic, ••• marine sanitation devices ••• 
installed on all vessels shall be designed and 
operated to prevent the overboard discharge of 
sewage, treated or untreated, or of any waste 
derived from sewage • 

..• In all other waters, marine sanitation 
devices installed on all vessels shall be designed 
and operated to either retain, dispose of, or 
discharge sewage. If the device has a discharge, ••• 
the effluent shall not have a fecal coliform 
bacterial count greater than 1000 per 100 milli­
liters nor visible floating solids •••• 

Recently, the Clean Water Act of 1977 amended the 1972 
FWPCA to include "grey water" wastes in the definition of 
sewage for specific application to commercial vessels operat­
ing on the Great Lakes. In addition, discharge standards 
were raised to a level comparable to secondary treatment 
standards for shore-based facilities. 

The Coast Guard's policy with regard to the disposal of 
solid waste materials generated during the normal operation 
of Coast Guard vessels consists of enforcement of the provi­
sions of the Rivers and Harbors Act (Refuse Act) of 1899 and 
Annex V of the 1973 International Convention for the Preven­
tion of Pollution from Ships convened by the Intergovern­
mental Maritime Consultative Organization (IMCO). Both the 
Refuse Act and the Convention prohibit the shipboard disposal 
of garbage into U.S. navigable waters. For purposes of 
Coast Guard policy, garbage includes solid food wastes as 
well as paper products, plastics, rags, glass, metal, bottles, 
crockery, dunnage, packing and lining materials, and similar 
refuse generated during the normal operation of a vessel. 
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FIGURE la. Less than a one-day accumulation of trash stored on the fan tail of 
a typical Coast Guard cutter. 

w 
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FIGURE lb. Photograph of typical Coast Guard cutter. 
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In addition, the Coast Guard prohibits the shipboard dis­
posal into any waters of any plastics, including synthetic 
ropes, styrofoam, aid plastic garbage bags. 

The disposal of garbage (with the exception of plastics) 
outside of U.S. navigable waters is permitted. Such disposal 
is to be made into the sea as far as practicable from the 
nearest land, but not less than 25 miles for dunnage and 
lining and packaging material that will float and not less 
than 12 miles for solid food wastes and all other garbage. 

C. Coast Guard Vessels 

The Coast Guard is engaged in a 
install engineering waste management 
vessels 65 feet in length or longer. 
described briefly in Table 1. 

TABLE 1 Coast Guard Vessels 

No. of 

major program to 
systems on all its 
These vessels are 

Class Vessels Crew Size Length, 

Ice Breakers 5 165-225 269-400 

High-endurance cutters 17 150 327-378 

Medium-endurance 
cutters 22 55-75 205-230 

ft 

In designing and installing any waste management system 
on such vessels, the following system and vessel require­
ments have been defined by the Coast Guard: 

1. Shipboard space available--6 ft long by 7 ft wide 
by 7~ ft high (including access) 

2. Weight of equipment--5000 lb maximum 

3. Power requirements--400 V, ac, 3 phase, 60 Hz; 
115 V, ac, 1 phase, 60 Hz for 15 A or less; 20 kw peak 
demand (less is desirable); meet IEEE 45 specification 
requirements 

4. Fuel--No. 2 fuel oil (low-sulfur marine diesel) 
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s. Stack emissions limitations--less than No. 1 
Ringelmann (20 percent opacity) for smoke; 0.2 gr/ft3 
corrected to 12 percent co2 maximum and 0.1 gr/ft3 corrected 
to 12 percent co2 desirable for particulates 

6. Ash--2 percent by weight unburned organics maximum 

7. Capacity--110 to 450 gal/day for sewage systems; 
83 to 338 gal/day for garbage grinder systems; 167 to 684 
lb/day or 17 to 68 ft3/day (uncompacted) for solid waste 
systems 

8. Time between major overhauls (liner life) for 
incinerators--6000 burn hr (3 yr) minimum and 10,000 burn 
hr (5 yr) desirable 

9. Same deck, horizontal--no vertical deck 
penetrations 

10. Same deck operation--loading, etc. 

11. More horizontal space than vertical clearance 

12. Operating profile--12 hr/day maximum desirable 

13. Materials--suitable for salt water and air marine 
environment 

14. Freshwater carrier for vacuum collected sewage and 
garbage grinder drains 

15. Vibration--first order, SO mils at 4 cycles/sec 
vertical and 30 mils at 3 cycles/sec horizontal; second 
order, 25 percent of first order 

16. Skin temperature--120°F maximum 

17. Safety requirements--meet Occupational Safety and 
Health Administration (OSHA) requirements concerning 
loading arrangement, etc. 

18. Pressure--continuous or transient pressure 
differential between interior spaces and atmosphere of 
3/4 in water column (either positive or negative) 
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19. Service air--100 psi not to exceed 2 ft3/min 

20. Operation--automatic or semi-automatic (no full­
time operator) when underway (waste discharged on shore 
when in port) 

The characteristics of the wastes to be treated are 
discussed in Chapter III. 
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CHAPTER II 

EXECUTIVE SUMMARY 

INCORPORATING CONCLUSIONS AND RECOMMENDATIONS 

The Federal Water Pollution Control Act Amendments of 
1972 states that most, if not all wastes generated on board 
ship after 1980 must be treated in some manner as to make 
them noncontaminating when released into the sea. As part of 
its effort to meet this requirement, the U.S. Coast Guard 
asked the National Materials Advisory Board (NMAB) to assess 
the current and near-term state of the technology for small 
waste disposal systems suitable for shipboard installation. 
Incineration was to be given special attention, but alternate 
systems (e.g., evaporation, spray drying, and compaction) 
also were to be considered. The committee also was charged 
to develop a technical program management plan for any 
research deemed necessary to develop reliable and cost effec­
tive waste handling systems. In this respect, the committee 
concerned itself with near-term (1-3 years), mid-term (2-5 
years), and long-term (5-10 years) development programs. 

In its assessment of waste management and disposal sys­
tems, the committee considered single unit incineration, 
separate sludge and solid waste incineration, and volume 
reduction including such processes as evaporation, spray 
drying, pulping and compaction. Problems of design, reli­
ability, scale-down, maintenance of combustion, and the 
performance of both metallic and nonmetallic structural 
materials also were reviewed in detail. On the basis of the 
data available to it, the committee reached the conclusions 
and formulated the recommendations presented below. 

A~ Conclusions 

1. At the present time, no satisfactory solution has 
been developed for the disposal of shipboard wastes regardless 
of the size of the vessel. 

9 
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2. No single commercially available incineration system 
is capable of incinerating all types of waste either simul­
taneously or on a programmed basis and of meeting the size, 
weight, reliability, and safety requirements of the coast 
Guard. A long-range development and engineering effort would 
be needed to produce such a system, and there is little or 
no incentive for industry to underwrite even a portion of the 
development costs in view of the limited market. 

3. The development of individual units for the incin­
eration of either solid (trash) or liquid (sanitary) wastes 
and pulped galley wastes appears feasible within 3 to 5 years. 
If solid waste incineration is used, it will be necessary to 
separate the noncombustibles (e.g., glass, metallic contain­
ers, and damaged metal parts) from the trash. 

4. The environment in waste incinerators is highly 
corrosive to metals and ceramic materials. Although mate­
rials performance data are limited, high-chromium nickel­
base alloys appear to be satisfactory for use in sewage 
incinerators. Ceramic materials are prime candidates for 
multipurpose incinerators: however, a considerable effort 
will be required to identify the optimum specific materials. 

S. Compaction is a practical method of reducing the 
volume of loose trash and has been used on land and sea with 
varying degrees of success. Reliable systems for Coast 
Guard applications could be available within 2 to 5 years. 
The compaction of both loose trash and garbage will require 
more development effort than the compaction of dry wastes 
only. 

6. Evaporation is a practical 
reducing the volume of liquid waste 
on shipboard, particularly if it is 
volume sanitary collection system. 
systems for possible use on larger 
to be feasible within 3 years. 

and feasible means of 
that needs to be stored 
used with a reduced 
The scaling up of present 

Coast Guard ships appears 

7. Spray drying appears theoretically as a means for 
disposing of liquid shipboard wastes: however, because of 
requirements for small particle size and the complexity of 
the systems, it does not warrant development for shipboard 
use at this time. 
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8. Systems for the grinding and pulping of galley 
wastes have been demonstrated to be feasible: however, they 
require large quantities of water, and this limit may limit 
their application by the Coast Guard. Grinding, shredding, 
or pulping of other types of waste does not appear to be 
practical for shipboard use. 

9. Studies sponsored by the U.S. Navy indicate that 
controlled packaging can significantly reduce the amount of 
shipboard solid waste. The Coast Guard's decentralized food 
supply system will limit applications of controlled packaging, 
but it should be used whenever possible. 

B. Recommendations 

1. The Coast Guard should not now undertake a program to 
develop multipurpose incinerators for shipboard use as shown 
in Figure 2. Such a development would require considerable 
effort over a 10-year period with a low probability of suc­
cess. However, the Coast Guard should continue to monitor 
waste incineration technology so that a development program 
could be initiated w:ii:h a minimum of delays if advances in 
technology warrant such an activity. 

2. The Coast Guard should continue its shipboard eval­
uation of vortex sewage incinerators under cooperative devel­
opment by the Navy and Coast Guard. This is a mid-term 
development program that should be completed within 3 to 5 
years. 

3. The Coast Guard should initiate a modest effort to 
develop a pulper and transport system for galley wastes that 
will permit these wastes to be disposed of with sanitary 
wastes. This mid-term development program might best be 
conducted in cooperation with the Navy as indicated in 
Figure 3a. 

4. The Coast Guard should initiate a significant 
compaction development effort immediately. For the near 
term only the compaction of solid wastes should be considered. 
This effort can result in an operable first generation com­
pactor for the new class of vessels scheduled for 1981. The 
estimated rate of effort is described in Figure 3b. 
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s. The Coast Guard should initiate studies to determine 
the feasibility of scaling-up evaporation systems that have 
given satisfactory service on small Coast Guard vessels. The 
estimated rate of effort for such a program is described in 
Figure 4. 
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FIGURE 4. Scale-up of evaporator system. 

6. The Coast Guard should establish a modest size group 
within its present research and development structure to 
concentrate solely on the development, testing, and applica­
tion of shipboard waste management systems per se. This 
group should be composed of individuals with expertise in 
ship system design, process engineering, and materials 
engineering so that a multidisciplinary team effort can be 
put forth. Any additional specialized expertise necessary 
should be available from the National Laboratories of the 
Department of Energy (DOE) and from the private sector and 
academia. 
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7. The Coast Guard should utilize the waste management 
research facilities of the DOE National Laboratories and the 
Navy whenever possible but also should consider establishing 
some modest research at either the Coast Guard Academy or at 
the Coast Guard Shipyard at Curtis Bay, Maryland. These 
facilities should be sufficient to allow the testing and 
evaluation of systems developed for shipboard use. 

8. The coast Guard should initiate an education program 
to acquaint crewmen and officers with the importance of waste 
management. 
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CHAPTER III 

CHARACTERISTICS OF SHIP WASTE 

A brief discussion of the characteristics of shipboard wastes 
is presented below. For a more definitive characterization of 
shipboard wastes the reader is referred to a previous NMAB study 
entitled Materials of Construction for Shipboard Waste Incinera­
tors (1977). 

A. Liquid Waste 

1. Sewage (Black Water) 

Sewage is the human waste matter from commodes and urinals 
mixed with salt or fresh water from the flushing system. The 
volume generated is calculated to be 30 gal/man-day with a normal 
flushing system and 2 gal/man-day with a reduced volume flushing 
system. 

2. Waste Water (Grey Water) 

Waste water on ships originates from showers, wash basins 
and laundry, galley and scullery sources that utilize fresh water. 
If garbage grinders are not used the waste water will contain 
only a small amount of solids composed mostly of particulates, 
soap, and detergents. The amount of waste water resulting from 
all domestic services is about 30 gal/man-day: garbage grinders 
would add an additional 1.5 gal/man-day. 

B. Solid wastes 

Solid wastes are much more difficult to characterize than 
liquid wastes because they vary widely depending on ship type. The 
information presented in Table 2 was developed during a study of a 
number of U.S. Navy ships and seem to be a reasonable estimate of 
the amounts involved. 
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TABLE 2 Shipboard Solid Waste 

Material 

Wood 

Paper 

Ceramic 

Cloth 

Metal 

Rubber 

Plastic 

Others 

Garbage 

Total 

Amount, lb/capita/day 

0.25 

0.93 

0.02 

0.08 

0.52 

0.01 

0.01 

0.08 

1.14 

3.04 

Source: Private communication from Willem 
van Hees, David w. Taylor Naval 
Research and Development Center, 
January 16, 1978. 

The uncompacted bulk density of this combined solid waste is 
approximately 10 lbs/ft3 with garbage and 7 lb/ft3 without garbage. 
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CHAPTER IV 

DESCRIPTION OF PRESENT AND PLANNED COAST GUARD SHIPBOARD 
WASTE MANAGEMENT SYSTEMS 

A. waste water 

The Coast Guard currently is engaged in a major program to 
install new waste water management systems on all its vessels 
65 feet in length or longer in order to comply with existing 
regulations concerning vessel waste discharges. This program is 
scheduled for completion in 1980. Some vessels now are equipped 
with new systems while others are operating with old systems. 

The system being replaced is a collection, holding, and transfer 
(CHT) system in which waste water is collected by gravity drainage 
through three segregated piping systems (i.e., sanitary lines for 
the wastes from commodes and urinals: galley lines for the wastes 
from kitchen areas including the discharge from garbage grinders 
where installed: and turbid lines for the wastes from the laun­
dries, showers, sinks, and certain deck-drains below the water 
line). Sanitary wastes are collected in a holding or retention 
tank for transfer ashore when in port, stored during operation in 
restricted waters, or are disposed of overboard when operating 
beyond the 3-mile limit. Galley and turbid wastes normally are 
routed to a small collector-ejector tank from which they are pumped 
ashore or overboard depending on the operational mode of the 
vessel. Because the volume of waste water produced is large and 
the onboard space available for storage is limited, the capability 
of vessels to operate for extended periods in restricted waters 
is limited by this system. 

The new system being installed handles galley and turbid 
wastes in the same way as the CHT system (i.e., the galley and 
tu~bid lines are segregated, collection is by gravity drainage, 
and disposal is accomplished via pump-out from a relatively small 
collector-ejector tank) but uses different methods for the collec­
tion of sanitary wastes and garbage grinder discharge. The 
sanitary wastes are moved by vacuum transport through small dia­
meter lines to a relatively small vacuum collection tank, which 

19 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


20 

also serves as a vacuum reservoir. Vacuum pumps maintain the 
system vacuum at approximately 15 to 18 inches of mercury. 
Periodically, the wastes in the vacuum collection tank are pumped 
to the ship's main holding/retention tank for storage and sub­
sequent disposal ashore or overboard. The sanitary vacuum 
collection system requires the installation 'of special commodes 
and urinals and of small diameter piping to minimize the size of 
the vacuum pumps 

With the new system, sink drain garbage grinders are replaced 
by heavy-duty grinders that are installed as separate counter-top 
fixtures in the galley space. The food waste and water slurry 
discharged from the grinder is stored in a small collection tank 
mounted below the grinder. This tank is connected to the ship's 
main holding tank via a vacuum line and vacuum interface valve. 
When the slurry level in the tank reaches a preset height, the 
vacuum interface valve opens and the slurry is transported by 
vacuum to the central holding tank for storage and disposal with 
the vacuum-collected sanitary wastes. As with the old CHT system, 
the new system has provisions to route the galley and turbid 
gravity drains to the sanitary holding tank as operational condi­
tions warrant. 

The major advantage of the new system is that the volume of 
waste water generated by the sanitary vacuum collection system is 
approximately one-tenth that generated by the standard gravity 
drainage system. Thus, the retention time in a holding tank of 
a given size is significantly increased and the length of time 
that a vessel can operate in restricted waters is increased. 
In addition, the use of smaller diameter piping (2 in. for the 
vacuum versus 4 in. for the gravity system) reduces the material 
costs for new construction applications. The major disadvantages 
are the additional costs for the special fixtures and repiping 
required in retrofit application. In addition, the system does 
not address the problem of the collection and disposal of the gal­
ley and turbid waste waters. 

B. Solid wastes 

Many Coast Guard vessels operate for extended periods of 
time in waters where overboard discharge of solid wastes (especial­
ly plastic materials) is prohibited. The current handling method 
involves the collection of solid wastes in cans at various loca­
tions and the sto~age of these materials in plastic trash bags in 
\#.hatever space is available. The bags are transferred ashore for 
disposal when the vessel returns to port or are disposed of over-
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board if the vessel is beyond restricted waters. Little if any 
attempt is made to separate combustibles or to classify the wastes 
by other methods. This method requires considerable storage space, 
is aesthetically offensive, and encourages the proliferation of 
vermin and other disease factors. 

The Coast Guard does not now plan to install solid waste 
handling equipment on its vessels on a fleet-wide basis. Off-the­
shelf equipment such as compactors and incinerators has proven to 
be too unreliable and/or too large for most Coast Guard vessels. 
Household-type, undercounter trash compactors have been installed 
on a few ships, but these systems generally did not perform 
satisfactorily under continuous, heavy duty use. Thus, solid 
waste management on Coast Guard vessels is a major unresolved 
problem. 
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CHAPTER V 

ASSESSMENT OF THE STATE OF THE ART 
OF WASTE MANAGEMENT SYSTEMS 

The handling and disposal of wastes generated in the 
course of normal activities has received much study from 
both government and industry. On land, the traditional 
method of disposing of wastes of all kinds has been to burn 
them or to bury them in a landfill. More recently, attention 
has been given to other techniques such as chemical process­
ing, separation, grinding, and compaction, and many of these 
techniques may be useful in shipboard applications. 

In this section, the state of the art of waste manage­
ment systems is reviewed in terms of their potential for 
shipboard use. Attention is focused on incineration; 
evaporation; spray drying; grinding, pulping and shredding; 
mechanical compaction; and packaging. Wet oxidation and 
biomass conversion also are recognized as being used in 
waste disposal, but are not reviewed here since they are not 
considered to be applicable to the waste disposal problems 
of the Coast Guard. 

A. An Overview of Waste Combustion 

Incineration is a complex combustion process whose 
understanding simultaneously involves the disciplines of 
reaction kinetics, combustion aerodynamics, and heat trans­
fer. The problem is aggravated by the nature of the fuel 
whose composition is usually imprecisely known and is often 
subjected to wide fluctuations. Classic texts on combustion 
fundamentals (Frestrom and Westenberg, 1965; Gaydon and 
Wolfhard, 1960; Lewis and von Elbe, 1961; Strehlow, 1968; 
Williams, 1965) generally are not relevant to the solid 
waste problem. 
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The more engineering-oriented texts on furnaces (Brame 
and King, 1955: Griswold, 1946: Trinks and Mawhinney, 1955 
and 1961: Smith and Stinson, 1952) treat kinetics, fluid 
flow, and heat transfer only superficially. Specific air 
pollution texts and handbooks (Hesketh, 1972: European 
Protection Agency, 1973: Cheremisinoff and Young, 1975: 
Perkins, 1975) also lack an in-depth review of the funda­
mental topics of concern. The only fundamental text or hand­
book on design relating to incineration is the Shell Develop­
ment Company's Afterburner Systems Study (Rolke et al., 1971) 
but, as the title indicates, this document is restricted to 
afterburners. Only the Principles and Practices of Incinera­
tion (Corey, 1979) is specifically concerned with incinera­
tion but, again, quantitative design is not emphasized. 
Niessen's Systems Study of Municipal Incinerators (1970) 
presents quantitative design information but it is largely 
empirical in nature and is based on historical municipal 
incineration experience. Mention also should be made of a 
recent American Society of Mechanical Engineers (ASME) 
publication, Combustion Fundamentals for Waste Incineration 
(1974), but this report is concerned exclusively with thermo­
dynamic equilibria and has no bearing on the kinetic, aero­
dynamic, and heat transfer aspects of incineration. 

In incineration, it generally is necessary to satisfy, 
almost simultaneously, two mutually exclusive temperature 
requirements, and this is the major cause of the materials 
problem. First, temperatures in some part of the flame must 
be in excess of about 1250°C (2300°F) to maintain ignition 
(flame holding) and to accelerate burn-out. Second, the 
temperatures of the combustion chamber walls must be lower 
than those in the flame-holding flame ball. 

These two conflicting requirements, in turn, dictate 
many of the design and operational requirements. Specifi­
cally, without affecting flame stability, sufficient heat 
mus~ be extracted from the flame gases (thermal loading) so 
that they will be at roughly the same temperature as the 
walla when they reach the flue. Cooling of the gases is 
mainly achieved by adding high excess air or water (this 
latter can be a large natural component of some of the 
liquid wastes), which requires an increase in combustion 
chamber volume and, hence, increases the space requirements 
for the incinerator. At the same time, the normally pre­
ferred atmosphere adjacent to the walls should be oxidizing 
rather than reducing. However, this is not necessarily easy 
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to achieve at all points even at high overall excess air. 
If significant sulfur is present, the preferred method of 
cooling may be by water rather than air to suppress so3 
formation. This, however, may introduce problems of salt 
emissions if sea water is used for the cooling. overcooling 
also can create particulate emissions and odor problems. 
Odor destruction requires oxidation at a temperature in 
excess of about 800°C (1500°F) for a period exceeding 0.5 
sec and, therefore, imposes a critical constraint on cooling 
design. 

The size of an incinerator (or any combustion chamber) 
for any specified firing rate is determined principally by 
the rate of· chemical reaction of the fuel and other com­
bustibles. Since the reaction must be completed within the 
combustion chamber, the total reaction time must be less 
thari the residence time of the combustion gases in the com­
bustor. Clearly, the' less reactive the fuel or wastes, the 
larger the combustion chamber must be for a given firing 
rate. Likewise, if a chember is fired at capacity with a 
reactive fuel or waste, the introduction of a less reactive 
fuel or waste will require a reduction in firing rate, which 
means reduced capacity. In normal circumstances this is not 
a problem since the same fuel is used, with specifications 
kept between predetermined limits. However, when firing 
waste by itself or when added to a fuel system, if the waste 
is the main fuel, the fuel specifications can sometimes vary 
widely, usually with periodic opportunity for upset condi­
tions resulting in excess emissions of various sorts. Even 
if the waste is added to a stable burning fuel or flame, it 
can still cause problems if there are significant inter­
actions between the waste components and the fuel. Notably, 
chlorides tend to affect gas-phase reactions, in many cases 
acting as reaction inhibitors. Consequently, the effective 
reactivity of the supporting fuel is reduced, thus effecting 
firing rate or capacity of the unit. 

The above discussion reveals that design of any combus­
tion chamber from first principles is not impossible. 
Instead, approximate sizes and quantities are determined on 
the basis of combustion intensity, which is defined as the 
average thermal loading rate per unit volume of the combustion 
chamber. Combustion intensity is calculated by dividing the 
Btu supply rate from all combustible sources by the combus­
tion chamber volume. Typical combustion intensity values for 
the gaseous, liquid, and solid fuels burned in furnaces are 
listed in Table 3. The various categories of solid wastes 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


26 

TABLE 3 Comparisons of Combustion Intensities Obtained with 
Different Fuels. 

CombusUon Intensity ...,.. __________ F_ue_l_T_y_pe __ __,...---------
(Btll/br cu ft atm) Gas IJquld 

Mullins theoretical 
upper limit 

Longwell bomb (80% Uquld fuel rockets 
combustion) (Special 
research reactor) 

Premixed gas burn­
ers (Intensity 
defined on!!!!!!!, 
volume) 

Premixed or turbu­
lent diffusion gas 
flames with intensity 
defined on furnace 
volume 

Ram jet 

Gas turbines using 
pressure atomized 
oil 

Medium fuel oils 
(pressure and air 
atomized) 

Heavy fuel oils 
(air and steam 
atomized) 

Household oil 
burners 

A~L FUELS - for drying and baking ovens 

Solid 

Solid fuel rockets 

Pulverized fuel 
(experimental for 
MHD). Also cyclone 
burners alone 
(excluding radiant 
chamber) 

Pulverized fuel and 
stoker firing 
(industrial) 

NOTE: Industrial furnaces usually are operated at 1 atm and 
normally are operated under pressure. 

SOURCE: Essenhigh, 1974 

defined by the Incineration Institute of America (IIA) are 
described in Table 4 and the combustion intensities of 
Types 0-4 are estimated in Table s. 
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TABLE 4 Incinerator Institute of America (IIA) Classification of Wastes to 
be Incinerated. 

' ClautOcaUoe of Wutea 

T)·pe I 

o• 

l• 

t• 

3• 

4 

I 

• 

DHcrlpdoa 

Trull 

Rubblall 

RefllH 

Oaltlilp 

AllS11111l 8olld8 
and orga nlo 
waatea 

CANOlll, 

liquid or aeml­
llqulJ wutea 

Semi-solid and 
anUd 1011atoe 

Appl'Ollbn.C. 
CompoalUoa 

Prtndpal Componente (f, by Welatat) 

HJ&hly combuatlble wule, Trull l~ 
paper, wood, ca rdboo rd 
cartona, lncb1dlnc up to 
1oi;. treat..s popoora, 
plutlc or rubber aorape; 
con> mo rtial and lnduatrlal 
aource• 

Coinbuatlble •·a~tc. paper, Rubblall 111'1 
c:u·1ot1a, ra;a, wood acnpti, O&rbap IOI 
combll•llble floor aweeplnp; 
dom .. allc, commercial, 
and lnduatrlal SOllrcwe 

llubblah and ;:ubap; 
realdenU:al a011rcoa 

Anbnal 11nd veptable 
wavt ea, rwatauranta, 
bolvla, mark•ta; ln.Ubt­
llonal, commercial IUld 
club..,.,...,.. 

Carcaaua, orpna, 90Jld 
or;anJc WHIH; M&pltala, 
1Aboralorlea, DballoSra, 
anlmial po11nda, and 
alnular ao111·cea 

lnduatrlal prC109u wutee 

Combllatlblea Nqulrtn1 
bearth. relort, or snte 
bllrn1:11 eq11lpment 

Rubbtall :SOI 
Oarbap llOI 

Oarbep Iii 
Rubbleb 311 

1001 AllSmal 
and llwnu ,,.. .. 
Variable 

Variable 

McUlure 
Content '-buaUbl8 

ltt aollda cit 

10 I 

• lt 

.. ' 
TO I 

.. I 

Dependelll Vartabl.a 
°" predoml- aocordtn1 to 
nant .......... ,.., 
componente 

Dependent Variable 
°" preclollli- aooordlns to 
DAAl -•tea 8Mft'8J 

<!ODIP<>D•Dta 

Blu Val•/lb 
otRefllN 
u Fired 

uoo 

tlOO 

4300 

ISOO 

1000 

Variable 
acconltacto 
wuteaa11rvey 

8t11 ol 
Awe. Fllel 
per lb ol 

WHtotobe 
.. _ ... 

lnclllded la Illa BU/lar 
CombuUoa lllll'llerlaput 
ca&e111au- per lbWute 

• • 

• • 

• 1'00 

llOt .. 
aoto IOOO 

(5000 prl_..,, 
(3000 aeOCllldarr) 

Variable Variable 
accordia1 IC> aoeordJ111 to 
-•IH 1uney wute1 1urv., 

Variable Variable Vari able 
acoordlnc to 1ccor<ttn1 to aoeordiac to 
waatea survey -•tea a11rve1 WHtll llllrftJ 

- ---~4" . ·;, ·-. -· ---· 

* Moisture content, ash, and Btu value/lb of refuse fired have been deter­
mined by analysis of m~ny samples. The values presented are recommended 
for use in computing heat release, burning rate, velocity, and other 
details of incinerator designs. Any design based on these calculations 
can accommodate mino~ variations. 

SOUf<CE: Incinerator Institute of America, 1968. 

"' .....i 
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TABLE 5 Estimated Values of Waste Factor (K) and of 
Combustion Intensities (I) 

: Waste Type 0 1 I 2 3 4 

Logarithmic Waste 13 13 10 8 
Factor(~) 13 1 13 10 8 

Ash, % 5 5 5 5 5 

Moisture. % 10 25 50 70 85 

Heat of Combustion , 
Btu/lb 8500 7000 4500 2500 1000 

Auxiliary Fuel, Btu/lb 1500 3000 
to 

8000 

Average Volumetric 
Reaction Rate (R v> • 
lb/hr/ft3 4.53 4.53 3.06 2. 17 1. 41 

Waste Factor (K) 4.33 4.33 3.33 2.67 2.0 

Combu~ion Intensity (I), 
Btu/ft /hr 38,500 31,750 13,750 5425 1405 

SOURCE: Essenhigh, 1968. 

1. Solid Waste Incineration 

The incineration of solid waste in special units 
designed specifically for that purpose is a technique that 
has been utilized for over 100 years. The original units 
were large boxes fabricated of refractory materials intended 
to confine the combustion process. Over the years some 
reduction in the massive size of the combustion chamber was 
achieved by use of integrated refractory-lined metal con­
struction systems, but these units are quite heavy since 
extensive use of refractory materials is relied on to 
maintain safe skin temperatures. Recently established air 
pollution control requirements stimulated some modifica­
tions (e.g., addition of a secondary chamber and burner to 
assure completion of burn-out, an afterburner, combustion 
air fans, an induced draft fan, and air pollution control 
equipment and mechanization of charging, grate systems, and 
ash removal systems, especially in the larger units) in 
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incinerator design that make contemporary units more complex 
to operate and bulkier and heavier than earlier models. 

Solid waste incineration systems have been utilized for 
some time on shipboard. The earliest units consisted of 
metal drums placed on deck in which trash was burned under 
largely uncontrolled conditions. Later, simple refractory­
lined natural draft units installed below deck were employed. 
These units, although simple in concept, were large and 
heavy, were hazardous to personnel, were a source of gross 
air pollution, and required much operator attention. In 
addition, these incinerators generally were capable of 
burning only relatively dry solid waste material. These 
units can be modernized by the inclusion of fans and air 
pollution control equipment to achieve a reduction in air 
pollution emissions, but their basic shortcomings cannot be 
overcome. 

Coast Guard requirements for waste handling systems 
were listed in Chapter 1. The size of an incineration unit 
capable of burning 14 to 57 lb/hr (17 to 68 ft3/day) of 
solid waste is limited to 6 feet long by 7 feet wide by 
7~ feet high. The height requirement cannot be exceeded be­
cause no vertical deck penetrations are permitted. Opera­
tion is to be limited to no more than 12 hr/day and must be 
automatic or semi-automatic. The smallest off-the-shelf 
units designed for land-based installations burn 60 to 100 
lb/hr, depending on the type of waste; would just barely fit 
the deck space available without provision for ram feeding 
of the unit or give adequate access around the unit for mainte­
nance; and normally require manual feeding through doors 
approximately 2 feet by 2 feet. On many of these units, the 
height requirement is exceeded in normal configurations by 
the afterburner or secondary emission control chamber. 
Although it might be possible to move this chamber to the 
side of the unit, the length criterion probably would be 
exceeded. 

Other Coast Guard requirements for shipboard units 
considered in this study were: a weight limitation of 
5,000 lb maximum; skin temperature of 120°F; 20 kw peak 
power demand; ash containing not more than 2 percent by 
weight of unburned organics; and a miminum of 6,000 burn 
hours (3 years) between major overhauls with a goal of 
10,000 burn hours (5 years). Materials of construction must 
be suitable for the salt water/marine air environment. The 
first-order vibration limits were 40 mils at 3 cps 
horizontal, with second-order vibration limitations 25 percent 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


30 

of first-order. The incinerator must be able to maintain 
satisfactory operation under continuous or transient pressure 
differentials between the interior compartment in which the 
incineration unit is located and with an atmosphere of 
plus or minus 3/4 inch water column. Operation must also be 
maintained during severe ship roll conditions when under way. 

Off-the-shelf solid waste incineration units with a 
capacity of 60 to 100 lb/hr weigh from 2,400 to 5,700 lb 
without a ram feeder. Thus, it seems unlikely that the 
5,000 lb weight limitation can be met with present designs 
and materials of construction. Requirements for tempera­
tures measured 12 inches from incinerator exterior surfaces, 
as stipulated in Incinerator Institute of America (1968) 
criteria for this size unit, were less than 90°F above normal 
room temperature, which is substantially in excess of the 
Coast Guard's limit. One supplier of incinerators for Navy 
shipboard use has indicated that the maintenance experience 
exists to evaluate maintenance requirements of the newer, 
more complex units (Marks, 1976). Also, these units 
apparently are of substantially larger size than those re­
quired for Coast Guard service. A report on noise levels and 
corrective action taken in the development of the Navy's 
multi-use shipboard incinerator indicates that off-the-shelf 
incineration equipment might have to be modified in order to 
meet noise criteria (Vent-0-Matic Incinerator Corp., n.d.). 
Little or no information on the following requirements is 
available for off-the-shelf units: typical peak power 
demands: unburned organics in the ash~ suitability of special 
materials for the salt water/marine air environment: vibration 
criteria: resistance to vibration-induced stresses: controls 
to maintain operation under substantial swings in pressure 
conditions: and maintenance of operation under ship roll 
conditions. 

Coast Guard criteria for stack emissions are: less t~an 
No. 1 Ringelmann (20 percent opacity) for smoke and 0.2 ft 
corrected to 12 percent C02 desirable for particulates. A 
well designed and well operated package incineration unit 
with an afterburner burning shipboard solid waste Should be 
able to achieve the desired goal and operate well within the 
indicated opacity limit. Although the Coast Guard criteria 
do not cover gaseous emissions, this matter also should be 
considered. Published information regarding these emissions 
(Corey, 1969: National Center for Resource Recovery, 1974: 
Velzy and Velzy, 1978: Lund, 1971) indicates that carbon 
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monoxide, sulfur dioxide, nitrogen oxides, hydrocarbons, and 
heavy metals should not be of concern if the solid waste 
combustion units are designed to modern standards and are 
well operated and maintained. On the other hand, hydrogen 
chloride emissions may be of concern if no flue gas treatment 
is provided depending on the composition of the waste being 
burned. For those installations in which excessive hydrogen 
chloride is generated, a wet scrubber will be required. 
(Adequate emission control cannot be expressed numerically 
at this time since no requirements have been established by 
regulatory agencies.) 

Thus, it appears that many Coast Guard requirements 
preclude the application of land-base incineration systems 
on shipboard without an extensive program of development and 
demonstration under anticipated shipboard service conditions. 

2. Sludge Incineration 

Two basic units have been used for sludge incineration 
at land based installations--f luidized-bed incinerators and 
multiple-hearth incinerators. These combustion systems are 
large, heavy units since sludge burning requires the use of 
rather substantial amounts of auxiliary fuel unless the 
moisture content can be reduced below approximately 65 
percent. 

With the fluidized bed incinerator (Kwon, 1978), dewatered 
sludge is introduced into a bed of sand that is fluidized 
with air at the bottom of the bed and heated to a tempera­
ture of 1400-1S00°F. The bed of sand, and a freeboard volume 
above the sand bed, is contained within a refractory-lined 
steel vessel. Combustion of the sludge particles takes 
place in and on the surface of the bed of sand. Ash particles 
carried out of the vessel with the exhaust gases are removed 
by a scrubber. The advantage of this type of unit is that 
the bed of sand provides an enormous heat reservoir capacity 
allowing for rapid start-up after short shut-down periods. 
The unit consists of a number (usually four or more) of 
refractory lined hearths housed within a refractory-lined 
steel shell. Rotating plows attached to an air-cooled center 
shaft move the sludge on alternate grates towards the outer 
shell and then back towards the center shaft to discharge 
ports. The sludge is dried on the upper hearths, burned on 
the middle combustion hearths at 1400-1800°F, and then 
cooled on the lower hearths. The exhaust gases are passed 
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through scrubbers for removal of particulate matter. Use 
of auxiliary fuel is dependent on the volatile matter content 
of the sludge and moisture content of the sludge cake. The 
disadvantages of this type of unit for shipboard use are its 
relatively large weight-to-capacity ratio and the need for 
sludge dewatering equipment to limit the amount of fuel 
required. 

The Navy's attempts to develop an air-cooled vortex 
sludge-burning unit show promise. This unit consists of 
an air-cooled incineration chamber constructed of metal, an 
oil-fired burner, a fuel pump and centrifugal blowers, an 
electrical control panel with associated flame scanner and 
pressure switches, fuel and combustion air valves, and 
effluent injection nozzle, and an air pressure reducing 
valve for nozzle low-pressure aspirating air. A blower 
supplies combustion air to the oil-fired burner and cooling 
air to the incinerator combustion chamber jacket, access 
door, and exhaust stack. All cooling air and combustion 
gases exit through the exhaust duct. The oil burner is 
mounted to fire downward along one side of the cylindrical 
incineration chamber. The hot gases follow the inner 
surface of the chamber creating a spiraling flow as they 
move towards the chamber exit. Sewage is introduced at the 
oil burner end of the incineraticn chamber through a 
specially designed, nonclogging waste injection nozzle. The 
sewage is directed into the hot gases discharging from the 
oil burner by low-pressure air passing through a group of 
jets at the tip of the nozzle. The liquid in the sewage is 
converted to steam while the volatile solids are combusted. 
Noncombustible particles and fly ash are collected within 
the incineration chamber in the particulate trap at the exit 
from the chamber. Exhaust gases, water vapor, and a very 
small amount of fly ash exit the incineration chamber where 
they are immediately mixed with cooling air to reduce their 
temperature to 850°F or less before being discharged to the 
atmosphere through the ship's exhaust duct system. 

Although field tests of this system by the Navy and 
the Coast Guard have been limited, those tests that have 
been conducted identified several problems. For example, liner 
corrosion was experienced in the initial field trial units 
of both the Navy and the Coast Guard after 650 to 680 burn 
hours (NAS Solid Waste Incinerator Seminar, 1977: White, 1976). 
A replacement liner of 309 stainless steel has given better 
service, and Inconel 671 and 690 appear capable of increasing 
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liner life to the desired 10,000 burn hours. Another problem 
involves the lack of automatic damper controls on the original 
units. Several burner and burner component modifications 
have been made to eliminate problems encountered during the 
initial operation of these units. Surface metal temperatures 
to which personnel were exposed were found to be excessively 
high in some areas. Several other relatively minor opera­
tional problems were identified and have either been corrected 
or appear to be readily correctable. The units are con­
sidered to present no fire hazard. 

Such units also were laboratory tested and their 
capability to handle other types of waste, such as a simulated 
pulped galley waste, were explored {Raupuk, n.d.). Several 
problems were noted during these tests. When the waste 
water contained high concentrations of fibrous 
material, combustion was not complete and waste impinged on 
and ran down the liner side. This problem was attributed 
either to overly large waste droplet size or to insufficient 
droplet residence time prior to hitting the wall of the liner. 
Problems also were encountered at the feed pumps in handling 
paper and sawdust synthesized slurries. In all cases, 
investigations and development are continuing in an effort 
to overcome these problems. 

Since the sludge disposed of in these units has a 
relatively high moisture content (1 to 7 percent dry solids), 
the requirement for auxiliary heat input from fossil fuel is 
relatively high. However, these units, which are of metal 
construction, air cooled and sized for a personnel comple-
ment of 200, are lighter and more compact than the fluidized­
bed and multiple-hearth sludge burning units developed for 
land-based application. Thus, they may have some applica-
tion in the future on shipboard if the current problems of 
sludge feed and materials of construction can be satisfactorily 
resolved. 

3. Combined Incineration 

No single incineration units currently available are 
capable of disposing of all shipboard wastes. Such wastes 
range from relatively dry, highly combustible paper materials 
and plastics to wet kitchen wastes, sewage solids, sludges, 
and oily wastes. The consistency, together with the heat 
content and heat release characteristics, of the wastes vary 
so greatly and unpredictably that changes in equipment 
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configuration and/or capability are required. Such flexi­
bility of application has been required of land based 
installations in the past. 

The Navy presently is developing a unit to solve the 
shipboard waste disposal problem for ships with a personnel 
complement of 320 and larger (Wyatt and Hagedorn, 1975) • 
The waste streams expected for this size ship are 1,100 lb 
of solid waste (approximately half trash and half garbage), 
160 lb of sewage sludge (15 percent total solids) or 
3,200 lb of raw sewage (total solids less than 2 percent), 
and up to 800 lb of waste oil daily. An initial contract 
effort, in which incinerator concepts were developed for 
excess air, controlled excess air, and controlled or starved 
air, resulted in selection of the controlled excess air type 
for further development. 

The controlled excess air unit is designed in modular 
components, and after early rigid physical testing and some 
rebuilding, it now is being tested extensively at a Navy 
shore-based installation using simulated shipboard wastes. 
Problems experienced with portions of the system have been 
corrected. The induced draft fan has been modified to 
increase its capacity and solve an overheating problem. Smoke 
emissions were reduced and feed control was improved by 
operational changes. External casing temperatures in some 
localized areas were in excess of the specified (140°F) 
limit, and this problem still has not been solved. The unit 
weighs approximately 12,000 lb (about 40 lb/person served). 
Before complete assurance can be given that this unit has 
overall fleet-wide application, it must be subjected to 
extensive shipboard testing. This unit also is substantially 
larger in size and capacity than units that might have appli­
cation in the largest Coast Guard ships (maximum crew comple­
ment of 165 to 225 men), and it is questionable whether such 
a combined unit can be sufficiently scaled down in size to 
be usable on the smaller Coast Guard vessels. 

B. Evaporation 

During the past several years the Coast Guard and the 
Navy, in cooperation with industry, have engineered, developed 
and evaluated advanced toilet waste treatment systems based 
on evaporation. The system developed is referred to as the 
evaporative toilet system (ETS). To date, approximately 40 
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of these systems have been or _are being installed on vessels 
operated by various government agencies. 

Basically, the ETS reduces the volume of waste produc­
tion by reducing the hydraulic load (volume of flush water) 
and by evaporation of the flush and waste liquids. The 
system (Figure 5) consists of four components or subsystems: 

1. Controlled volume flush commodes and urinals, 

2. Macerator-transfer pump, 

3. Evaporation-holding tank equipped with a catalytic 
vapor treatment column, and 

4. Operational controls 

Each time a commode or urinal is used, the macerator-transfer 
pump is automatically activated for a short period of time 
(approximately 10 seconds): it macerates the solids and 
transfers the waste slurry to the evaporator tank. 

Plush 
water waste 
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Urinals 
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FIGURE 5. The evaporative toilet system. 
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The evaporator (Figure 6) stores and processes the 
sewage slurry delivered to it by the pump. It is an elec­
trically heated process vessel fabricated of stainless steel 
with a thin fluorocarbon polymer coating on the inside sur­
face. A gasketed cover provides access for cleaning and 
maintenance. 

The evaporator is filled with a preset volume of water 
after each service interval. When this preset volume is 
exceeded, a level sensor activates electrical heaters that 
initiate the evaporation process. This sensor also turns 
off the heater when the liquid level fills below the preset 
volume. Solids accumulate as a result of the evaporation 
process. 

Cyclic heating and evaporaticn continue until the slurry 
level activates a high-level sensor that shuts down the 
macerator-transfer pumps and prevents further addition of 
wastes to the evaporator. At this point, a signal light is 
activated on the control panel to indicate the need for 
evaporator cleanup. The water vapors evolved are treated 
catalytically to remove various odors before they are vented 
to the atmosphere. 

The capacity of the evaporator depends on two factors-­
the number of men using the system and the length of the 
ship's service interval. For example, with a crew of 25 and 
a 15-day service cycle, an 80 gal evaporator tank is needed 
if saltwater flush is used. If a freshwater limited-flush 
system like that being installed on Coast Guard vessels is 
used, the system would not require dumping for approximately 
50 days. With a 100 man crew, an evaporator capacity of 
85 gal would be required on a 7-day duty cycle and of 
315 gal on a 30-day duty cycle. 

The limiting factors that govern the number of crew the 
system will serve are evaporator boil-off rate and salt 
precipitation and sludge accumulation rate. The boil-off 
rate is directly related to the power input. In the present 
system, 3 electric heaters provide a total of 5.5 kw. This 
corresponds to a boil-off rate of approximately 48 gal/day 
or 2 gal/hr after the evaporator reaches temperature. The 
power requirement would be approximately 18 kw for a 100 
man crew and 35 kw for a 200 man crew (private communication 
from Willem van Hees, David W. Taylor Naval Ship Research 
and Development Center, Annapolis, Maryland, January 16-17, 
1978). With regard to salt precipitation and sludge accumula­
tion, Figure 7 illustrates that use of a saltwater flush 
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FIGURE 6 The ETS evaporator as installed on a u.s. Coast 
Guard vessel. 
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increases evaporator service intervals by a factor of about 
4. The bulk of the Coast Guard installations use fresh 
water reduced volume collection systems, 'and this will 
ensure. longer service intervals before the evaporator must 
be cleaned. 

None of the evaporation systems evaluated on Navy and 
Coast Guard ships has included treatment of either galley 
or grey water wastes. From the standpoint of mechanics, it 
is feasible to feed such wastes to the evaporator but the 
amount of power required to handle the increased volume of 
water would be prohibitive. Galley wastes have been pulped 
and ground to a sufficiently fine consistency to be burned 
in a Vortex incinerator (Figure 8). 

Thus, evaporation has been demonstrated to be a satis­
factory means of reducing the volume of liquid sanitary 
shipboard wastes: however, no effort has been made to intro­
duce galley and grey water wastes into the evaporator. 
Scale-up of the evaporator systems for larger ship use appears 
feasible. 

c. Spray Drying 

Spray drying is a particular kind of evaporation in which 
a slurry of fine-ground solids in a liquid is atomized into 
droplets that are then exposed to a stream of hot gas to 
vaporize the liquid and leave the solid in dry powder form. 
Spray drying has an advantage for the disposal of shipboard 
wastes since it completely rids the ship of the aqueous 
portion of the slurry and leaves the solids in a form that 
readily can be burned or compacted to extremely low volume. 
However, no workable spray drying systems for shipboard use 
are available and only one manufacturer has made a study of 
spray drying systems for ships (Gard, Inc., 1978). A 
schematic of a spray drying system is shown in Figure 9. 

The conceptual aspects of the spray drying system which 
was operated on sanitary wastes are as follows: sanitary 
wastes from reduced flush urinals and commodes containing 
about 2 percent by weight solids are collected in a holding 
tank. The wastes are continuously withdrawn from the tank 
by a macerator-transfer pump. This pump reduces the solids 
to a very small particle size and generates a large head for 
introduction of the slurry into the dryer. In the dryer, 
the jet of slurry impinges upon a disc rotating at high 
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velocity. The jet is dispersed into small droplets having a 
velocity of 250 to 600 ft/sec and a desired diameter of 
10 to 60 microns. These droplets are exposed to air heated 
to 660°F by electrical heaters. The water evaporates in 
5 to 30 sec, and the resultant solid particles are essen­
tially dry. The stream of air, water vapor, and solid 
particles then is passed into a cyclone separator by an 
induced-flow blower downstream of the cyclone. The particu­
lates collected at the bottom of the cyclone are fine and 
free blowing. The vent stream is odorous, but this situa­
tion probably can be corrected by passing the gas stream 
through a catalytic oxidation unit. The dry solids were 
found to contain viable bacteria, which suggests the need 
for a pretreatment of the spray drying feed through a 
sterilizer system. 

Although spray drying has many attractive features 
(e.g., single step operation from liquid to a by-product, low 
maintenance since there are few moving parts, and relatively 
clean operation), it has several disadvantages that may 
preclude its use for shipwaste systems. For example, feed 
stocks must be ground or macerated to prevent plugging of 
the atomizing device. Proper atomization is the key to 
successful spray drying. Although it may be possible to 
macerate the sanitary waste, it seems unlikely that such a 
system could operate with a feed that includes galley wastes. 
In addition, the energy requirements are very high. It has 
been estimated that air and heat requirements for sewage 
spray drying will be as follows: 

Air 200 lb/man-day 

Heat energy 29,500 Btu/man-day or 8.6 kw/man-day 

Continuous power 0.36 kw/man-day 

Thus, the spray drying of shipboard wastes offers no advan­
tage so outstanding that it would warrant the effort neces­
sary to develop a system for shipboard use. In addition, 
there is no experience to suggest that systems could be 
designed to meet the size constraints imposed by shipboard 
use. 
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D. Grinding and Pulping 

This topic is significant to a study of the disposal 
of shipboard wastes because moat systems.for disposal require 
the reduction of solids to a small size {ranging from about 
~ in. for Vortex-type incinerators to 100 microns for spray 
dryers). This discussiai, however, is limited to size 
reductions which give maximum dimensions pumpable as aqueous 
slurries in normal-size piping. 

The two shipboard sources of aqueous wastes are sanitary 
wastes from commodes and urinals and galley wastes. 
Experience with Vortex-type incinerators and spray dryers 
using macerators reveals that sanitary wastes normally present 
no size reduction problems since they contain, at worst, 
only fecal matter and paper. There is, however, the possi­
bility that material which is difficult to comminute will 
inadvertently or maliciously be introduced into the sanitary 
waste stream, and it may be desirable to provide a device in 
the sanitary waste line that is capable of comminuting 
"worst case" material. That worst case material would prob­
ably fall in the domain of the materials which conceivably 
could enter the system via the galley. Therefore, it is 
assumed that any device capable of conninuting the waste 
would also be capable of handling any solid object which 
appeared in the sanitary waste, if such a device is used at 
all in the sanitary waste line. 

Probable candidates for entry into the galley waste 
stream include paper, glass, cloth, rubber/leather, plastics, 
food, bones, and metal tableware. Among these items, cloth, 
rubber, and metal tableware are likely to be the most trouble­
some. The David w. Taylor Naval Ship Research and Develop­
ment Center, Annapolis, Maryland {NSRDC) has probably done 
more work in the comminution of these materials than any 
other organization, and they believe that a pulper exists 
which is capable of handling these galley wastes to create 
an aqueous slurry amenable to pumping, incineration, evapora­
tion, etc. {private communication from Willem van Hees, 
NSRDC, April 12-13, 1978). The NSRDC group reports that this 
pulper is reliable and effective and can deal with metal 
tableware in that it can reject it in an "inactive bin. 11 The 
only negative NSRDC comment about the pulper is that it is 
"too large" for a destroyer and, hence, would also be too 
large for Coast Guard vessels. 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


44 

The pulper itself fits under a galley table that is 
34 ± 0.75 in. high, an acceptable size (Figure 10). 
However, it requires a large amount (SO gpm) of water which 
limits its usefulness on small ships. The pulper manufac­
turer offers an optional water extractor as an integral part 
of the installation. This extractor separates most of the 
pulping water from the solids and recycles it to the pulper, 
thus limiting the makeup water to 12 gpm. The integrated 
assembly weight 450 lb and energy consumption is 5 HP. 

FIGURE 10 Photograph of a pulper installed under a galley 
table. 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


45 

E. Compaction and Shredding 

The volume of loose trash and garbage presents a major 
handling, storage, and disposal problem on bo~rd a ship. 
Compaction and shredding are methods to reduce the volume of 
wastes. 

For the most part, shredding of refuse has been used by 
municipalities to reduce the volume of wastes and to produce 
a product that can be incinerated easily. As would be 
expected, the equipment used is designed to handle large 
volumes of wastes and therefore is much too large and heavy 
for shipboard applications. 

Although shredders generally perform satisfactorily, 
they are not without problems. Experience has shown that 
periodic jamming may occur, necessitating extra attention. 
Blades and cutters also require frequent attention and 
maintenance, and fires and/or explosions occasionally 
occurred. 

The development of small shredders suitable for use on 
Coast Guard vessels has been stimulated primarily by the 
waste handling problem on offshore drilling structures. 
Commercial shredders are availablei however, their performance 
on offshore structures is not well documented. These 
shredders are approximately 4 ft long, 3 ft wide, and 6 ft 
high and weigh about 1,300 lb. The shredder area is small 
(15 to 18 in. by 14 to 16 in.), thus limiting the size of 
cans and bottles that can be handled. Capacities vary, 
depending on the arrangement and speed of the cutters in 
the unit, and the particular size of the shredder wastes. 
The machines have controls that provide for a forward-reverse 
cycle designed to minimize jamming and reduce power 
requirements. 

Both the Coast Guard and the Navy have experimented 
with refuse compaction. All units installed on surface 
ships were off-the-shelf items ranging from small household 
compactors to large systems 8 ft by 3 ft that weighed up to 
3,800 lb. 

In addition, the Navy traditionally has used compaction 
as a means of handling and disposing of wastes on submarines. 
Loose trash and garbage are collected in a trash compartment 
and loaded into metal cans formed onboard from precut sheet 
stock. The compactor presses the wastes into high-density 
cylinders that sink when ejected. Thus large quantities of 
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liquid residue are drained to a collection tank. The main 
problem with this system is that it is considered to be 
"messy" and rather unsanitary and, as such, is not favored 
by the crew. There also have been some problems with relia­
bility and maintenance. Nonetheless, compaction has proved 
to be a viable waste management method for use on submarines. 

Experience with compaction on surface ships has been 
less than satisfactory. For example, the Navy installed a 
commercial compactor on the Nimitz. The compactor weighed 
3,800 lb and required a 9 ft by 16 ft compartment. The 
compactor was designed to handle 1,000 lb of solid waste/hr 
on a 6 hr/day operating cycle. Waste was compacted into a 
"slug" weighing approximately 75 lb. The size and weight of 
the compactor is such that it can be installed only on the 
largest ships of the Navy and, thus, is quite impractical 
for Coast Guard applications. In addition, the compactor 
requires frequent washdowns and operates in a horizontal 
rather than a vertical mode. 

In spite of this rather unsatisfactory experience, com­
paction is still of interest and the Navy presently is 
developing a small (3~ ft by 3~ ft) vertical compactor capable 
of processing 500 lb of trash/day. Such a compactor could 
be of interest to the Coast Guard: however, development of 
the compactor to the fleet deployment stage is expected to 
require up to 5 years. 

Coast Guard experience with compaction has been limited 
to the use of units designed for single-family dwellings, 
and the experience has varied. In instances where control 
has been exercised as to what is fed into the compactor, 
satisfactory results have been obtained. However, in general, 
the household compactor construction has proved to be less 
rugged than that required for the continuous and heavy duty 
shipboard use. 

European compactors under development or commercially 
available for offshore structures are of two types: 

1. A unit that crushes, compacts, and stores waste in 
a sealed box-type structure that can be removed periodically 
and emptied on shore, and 

2. A permanently installed unit having a box volume of 
about 8 ft3 and weighing 1,000 lb. 

Copyright © National Academy of Sciences. All rights reserved.

Materials and Design Interactions in Shipboard Waste Incinerators
http://www.nap.edu/catalog.php?record_id=19812

http://www.nap.edu/catalog.php?record_id=19812


47 

Neither of these types of compactor appears to have been 
designed for shipboard service, but the technology can be 
expected to be of interest to the Coast Guard. The small 
permanently installed unit appears to be most practical for 
Coast Guard applications since a removable unit capable of 
handling a sufficient volume of waste may be too large and 
heavy for storage on the fan tail of a Coast Guard vessel. 

In general, shredding does not appear to be a practical 
means of reducing the volume of shipboard solid wastes, and 
•experience with small-scale units suitable for Coast Guard 
use is limited. Shipboard experience with presently avail­
able waste compactors has been less than satisfactory~ how­
ever, with further development, systems capable of satis­
factory operation on ships could result. Compaction is an 
attractive method of reducing the volume of solid wastes on 
Coast Guard vessels, and efforts to develop appropriate 
equipment may offer the greatest short-term payoff. 

F. Packaging and Solid Waste Control at the Source 

An obvious method to reduce shipboard wastes is to avoid 
the loading of unnecessary solid packaging at the port. In 
this regard, studies (Mansur, 1972 and 1975) have been con­
ducted to determine the feasibility of reducing the weight 
and volume of galley items. This, in turn, would reduce the 
volume of solid wastes generated on a ship. 

Solid waste packaging materials include glass jars and 
bottles, wooden pallets, steel cans, paper cartons, rags, 
polystyrene foam, fiberboard boxes, polyethylene bags, PVC 
containers, and steel wire and bands. Each of the materials 
can be rated in terms of disposability. For example, paper 
and fiberboard burn readily but are difficult to sink. 
Similarly, plastics burn, but release toxic and corrosive 
gasses and sink with difficulty. Cans and glass bottles can 
be compacted and sunk, and wood, steel wire and bands, and 
cloth jam up shredders and compactors. Thus, the optimiza­
tion of packaging materials is directly related to the methods 
available for waste disposal. 

Nonperishable items account for two-thirds of total 
galley packagingwastesand perishable items for the remaining 
one-third. This solid waste is made up mostly of metal cans, 
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bottles, and fiberboard boxes. Studies have revealed that 
some 20 of 254 nonperishable items and 18 of 180 perishable 
items are responsible for 50 percent of the total packaging 
material weight: therefore, emphasis has been placed on 
reducing the weight of packaging. For example, the use of 
No. 10 cans instead of small bottles or No. 303 cans for some 
vegetables and fruits can decrease the weight of the waste 
by 40 percent and the volume by 13 percent. Similarly, the 
use of No. 2.5 cans instead of No. 2 jars for such items as 
jams, jellies, peanut butter, and mustard results in a weight 
and volume reduction of 65 and 25 percent, respectively. 
Other packaging design changes (e.g., the use of shrink­
wrapped canned items and the substitution of dehydrated, 
prefried, and concentrated food items) also have been 
considered. 

The results of these studies indicate that savings can 
be made in the weight and volume of shipboard-generated 
wastes: however, industry has shown little interest in 
providing specially designed packages to suit military needs. 
Thus, if reduced volume waste is to be obtained through 
management of packaging materials taken on board, it appears 
that the Coast Guard will have to repackage items themselves. 
From the standpoint of economics and operational considera­
tions, such an approach would be difficult to justify. 

Another factor that makes management of packaging dif­
ficult is that the stores for most Coast Guard vessels are 
purchased locally at ports where the vessels dock. In addi­
tion, it is well established that morale can be influenced 
significantly by the type of food offered onboard. Since 
food preferences may vary from crew to crew, the purchase 
of standard packages and food forms is impractical, at least 
at this time. Nevertheless, because a few items account for 
the bulk of packaging material weight, it may be possible to 
package wastes by concentrating only on these items. 

At the present time there is no attempt to provide for 
separation of waste forms, i.e., paper from cans, onboard 
Coast Guard vessels. The practicability of implementation 
of this is recognized to be a function of the ship's mission 
and its crew. However, classification can play an important 
role in disposal. For example, the simple separation of 
cans and bottles from burnable solid wastes such as paper 
and plastic has been shown to markedly improve efficiency 
of compactors and incinerators for homes and apartments. A 
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similar effect can be expected for such waste disposal equip­
ment installed aboard ship. Discussion with Coast Guard 
ship officers indicated that such a separation is feasible 
and could be instigated with a minimum effort. Accordingly, 
it is recommended that specific space and procedures for 
classification and storage of wastes should be further studied 
and developed. 

G. Control and Monitor Instrumentation for Shipboard Waste 
Handling Systems 

This section focuses on the control and monitor instru­
mentation (CMI) aspects of a shipboard waste handling system 
in an attempt to identify the states of technology, the 
directions for the future, and available options. Such a 
discussion must be qualified in view of the following: 

1. No specific mechanical system has been designed with 
the CMI: therefore, the discussion is general in nature. 

2. No specific time frame has been specified over which 
the system is to evolve, but the discussion assumes a 3 to 
6 year period. 

3. CMI is basically independent of the system's waste 
handling capacity: however, if capacity is very small, any 
form of CMI becomes unnecessary. Conversely, the larger 
the capacity and the more varied the unit processes of the 
system, the more important the CMI becomes. 

4. The technology assessment factors specified by the 
Coast Guard include: reliability (potential for failure­
free operation): habitability (noise, odor, heat, and 
aesthetics): performance (effective accomplishments of in­
tended functions): maintainability (ease of correcting 
failure and people, power and logistic requirements): oper­
ability (ease of operation, burden on crew, and operational 
expendables): and personnel safety (likelihood, severity, and 
ease of correcting hazards). 

Historically, CMI was treated as something to be avoided 
in system development. Minimal controls were provided and 
automatic shutdowns were to be effected only when conditions 
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would cause safety hazards. Generally, the CMI was designed 
without the aid of electronics and control specialists. 
Lowest first cost, not lowest life-cycle cost, was the goal. 
Additionally, the electronic logic provided for startup and 
shutdown often involved considerable manual intervention and 
little system protection was provided. 

The CMI for a shipboard waste handling system is a 
service to the system, not a function of the system. Minimum 
instrumentation is always the goal. 

Control instrumentation is needed to maintain operating 
parameters at desired levels and within preset limits, 
generally using feedback control circuits. Monitor instru­
mentation is needed to protect personnel and equipment; to 
prevent failures and shutdowns; to predict, detect, and 
isolate faults; and to aid in system maintenance. The pre­
vention of shutdowns that cause perturbation in vessel 
operation as well as stress on the equipment (e.g., incinera­
tor liners) is one of the most important functions. 

Major considerations in the design and selection of CMI 
are: 

1. Operator skill level, 

2. Volume of the end item production run, and 

3. Protection of the materials of construction 
(specifically the incinerator liner) against deterioration. 

Given the state of the art of waste handling technology, 
failures are most likely to occur in auxiliary equipment 
(e.g., pumps, blowers, controls, strainers, regulators, 
valves, fittings). The use of redundant auxiliaries to 
ensure continuity of operation, however, is prohibited by 
weight, space, and cost considerations. Thus, selection of 
auxiliary equipment for a waste handling system warrants as 
much designer attention as the major component (e.g., an 
incinerator). Typical instrumentation problem areas to be 
given special attention in design include: 

1. The need for sensor calibrations, 

2. The need for equipment repair when the vessel is .. at 
any location throughout the world, 
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3. The lack of knowledge of system control dynamics 
until considerable test time has been accumulated (greater 
than several years), and 

4. The failure to provide adequate control logic to 
protect the system and minimize operator intervention. 

There are five fault diagnostic levels: avoidance, pre­
diction, detection, isolation, correction and tolerance. The 
typical CMI is capable of providing fault detection of 
critical performance or components. As the degree of CMI 
technology maturity in the design expands, the detection of 
a broader range of faults is incorporated followed by isola­
tion to the specific line replaceable unit or, in a limited 
number of cases, line replaceable components including 
isolation of CMI faults. 

After the fault detection/isolation level, a designer 
has two directions to proceed. One, he may assume a fault 
has been detected and isolated and then take the diagnostics 
technology. The next step would be to provide fault correc­
tion instructions to the operator, either manually or 
automatically. Even further in this direction would be the 
tolerance to faults through such advanced techniques as 
self-healing and adaptive control. 

If one utilizes advanced CMI that would proceed the 
detection of a fault, one employs fault prediction techniques 
based upon performance trend analysis. A level more sophis­
ticated and advanced than fault prediction is the avoidance 
of faults by a self analysis of the operating conditions and 
corrective adjustment to avoid a fault. The latter technology 
will be evolving over the next 10 to 20 years and is beyond 
the scope of the projected ship board waste handling system. 

The types of failures that must be considered are: 

1. Failures in mechanical components including 
actuators, 

2. Failures of electronic components including sensors 
and the CMI itself, 

3. Failures due to out-of-tolerance conditions at the 
system's interfaces, and 

4. Failures due to shortage or loss of power. 
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An assessment of experience with CMI and ongoing develop­
ments in the field reveals that: 

1. All required system instrumentation for shipboard 
environments is within the state of the art. 

2. Major problems to be resolved are associated with 
the specific unit processes selected to handle the wastes, 
the degree of advancement in technology to be incorporated, 
and the selection of an end level of capability based upon 
a cost vs. benefit analysis. 

3. Virtually no scaling problems are anticipated 
since the CMI is almost independent of system capacity. 

H. Incinerator Material Problems 

Studies of material performance in refuse incinerators 
and other related experiences pertinent to shipboard 
incinerators were reviewed in depth in a previous NMAB report 
(1977). This section is intended to update the information 
presented in that report. 

1. Materials Performance 

The Coast Guard in cooperation with the Navy has con­
ducted both field and laboratory studies of materials of 
construction for several different types of incinerator. The 
two incinerator designs that have received the most attention 
are: a vortex type and a multipurpose type. The latter is 
designed to burn all shipboard-generated wastes (i.e. sanitary, 
galley, trash, refuse, and oil). The vortex type is primarily 
designed to burn sanitary wastes only or a mixture of sanitary 
and pulped galley wastes. 

a. Metallic Materials of Construction 

The initial liner material evaluated in the vortex 
incinerator was Inconel 601. Liners of this material failed 
after operating times ranging from 250 to 450 hr. Figure.11 
shows the extensive corrosion that occurred on the Inconel 
601. 
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FIGURE 11 Deterioration of first Inconel 601 liner after 408 burn hours. Note 
that exhaust nipple in cone section has completely corroded away. 
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In light of this experience, the Navy initiated a 
screening program designed to identify those alloy systems 
most resistant to hot corrosion in the environment of sewage 
incinerators (Ketcham, 1977). The results of this program, 
which involved laboratory burner rig studies, are summarized 
in Table 6. Inconels 690 and 671: Haynes Alloys Nos. 150, 
188, and 25: and the austenitic stainless steel Types 310 
and 309 were all more resistant than Inconel 601. Based on 
these data, the Navy fabricated vortex incinerator liners 
of the nickel-base alloys Inconel 690 and 671. A liner also 

TABLE 6 Hot-Corrosion Rates of Candidate Incinerator Liner 
Materials Based on Weight Losses. 

.::1n Alloy Denai~ 
Bo. Alloy ClaH De•i9nation Bxpoaed 

lb/in., la/.,..3 Ar•! 
in. .. 

1 Bickel-base Inconel 690 0.294 8.14 l.4J9 

2 Biclcel-base Inconel 671 o.28AJ· 7.86 1.)50 ., Cobalt-base Hayn•• 150 0.291 8.05 0.954 

4 Iron-base .,10 0.287 7.94 1.286 

5 Iron-ban 446 0.270 7.47 1.299 

6 Iron-base .,09 0.28T 7.94 1.299 

7 Bickel-base RA-,.,., 0.298 8.25 l • .,So 

8 coi,. it-t>a .. Haynes 188 0.330 9.13 1.469 

3 Cobalt-base Haynes 25 o. ''° 9.1., 1.47., 

10 Bic:lcal-base Inconel 617 0.302 8.'6 1.264 

11 . Nic:lte l-base Hastelloy •x• 0.297 8.22 1.294 

12 Nic:lcel-base Inconel 601 0.291 8.05 1.)64 

n Titanium-baa• IUU-0.2Pd 0.16., 4.51 1.187 

14 Titaniwa-ba•• RMI-5Al-5Sn-2Zr- 0.16., 4.51 1 • .,16 
2Mo-0.25Si 

15 uon-ba911 RA-.,30 0.289 7.99 1.282 

16 Niclcel-baH Hastelloy •s• 0 • .,16 8.75 1.460 

l 1 lAverage value for two specime~s in th• •aa:e 
( .,)test. 

• :cdd - milllgraos per sq dm per day • 372W/AT2 
where w. wt loss (mg), A • exposed area (in ) 
T. length of te•t (hours). 

(.,)ipy - inches of penetration per year 
• llldd x 0.00144/den•ity of material. 

Avef- Aver:a99 ( 1) a9• 1) 
""orroaion Rat• Weight --.ru to•• 

Q!lil ~4(2) inu(.,) 

30,9 16 0.0028 Very light scaling 

"4.·9~ 19 0.00)5 Vept light scaling 

54.1 42 0.0015 Very light scaling 

12.,.8 72 0.01.,c Light scaling 

220.4 126 0.024., MoJarate scaling 

a4.,.5 1'9 0.025., Light scaling 

444.2 2"9 0.0418 Moderate scaling 

584.7 290 0.0460 MOderate ecaling 

68.,.4 "45 0.0544 Moderate ecaling 

2!.,12.2 1"59 o·.2"42 Heavy scaling 

2.472.9 1421 0.2488 ,Heavy •c:aling 

. .,.11.).5 21"4 o • .,e15 Heavy scaling 
(fell apart) 

2.460.6 1541 0.4918 Heavy scaling 
(fell apart) 

.,.626.8 2C43 0.6541 Heavy scaling 
(fell apart) 

6.556.8 .,Seo o.6841 Completely cor-
roded (no -tal 
left) 

12.460.6 6"47 1.0443 COftlPletely c:or-
rodad (no -tal 
left) 

TEST CONDITIOSS: 
" Length of test • 5C~ hours 

Temperature • l~~u· F 
No. of thermal cycle• • 11 
Fuel • di•••l (with l.~ sulfur) 
Air/fuel ratio • .,0/1 (by vt) 
corrodent • undiluted urine (natural) 
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was made from the cobalt-base Haynes Alloy No. 188. No 
problems were encountered in the fabrication of these liners. 
After from 700 to 800 operating hr, all the above liners 
exhibited satisfactory performance. These materials, par­
ticularly the high-chromium nickel-base Inconel 690 and 671, 
appear to be the best alloys from the standpoint of resisting 
the hot corrosion experienced in sewage incinerator 
environments. 

b. Ceramic Materials of Construction 

The combustion gases in multifunctional incinerators 
are highly corrosive to metals; therefore, ceramic materials 
are the most likely candidates for liner materials. Land­
based municipal incinerators and shipboard boilers use a 
variety of silicon carbide refractories where resistance to 
a particular corrosive environment is anticipated. For 
instance, a high-vanadium fuel will react with alumina­
bearing refractories to form a spinel that, in turn, under­
goes a growth in forming causing destructive results. 
vanadium does not react with silicon carbide; therefore, the 
choice is clear. Likewise, certain glasses and metallic 
inclusions can react with silicate or clay bonded silicon 
carbide causing degradation of the bonding phase that leads 
to destructive results. Silicon nitride or silicon oxynitride 
bonded silicon carbide resists the action of these corrosive 
elements to provide a more stable system. 

Silicon carbide is prone to low-temperature destructive 
oxidation that is accelerated by the presence of water vapor 
(steam). The temperature zone where this occurs is between 
900 to 1200°C. Above 1200°C, a protective silica film forms 
and prevents further oxidation. In normal refractory prac­
tice, if it is anticipated that a silicon carbide refractory 
will remain in this critical temperature zone, materials 
such as barium carbonate are added during manufacture to pro­
duce a lower melting complex silicate that affords protection 
in the lower temperature regime. It becomes apparent that 
refractory selection is critical based on the exposure in 
terms of both temperature and corrosive elements encountered. 
These corrosive elements include oxygen, water vapor, carbon 
monoxide, vanadium, slags (acid/basic), chlorides, and 
fluorides. Mapping of the internal environment of the 
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incineration vessel is important so that proper refractories 
for each zone can be selected. This mapping should consider 
temperature isotherms, flame impingement, glass interface 
zones, etc. The refractories available for this type of 
application are described in Table 7. 

TABLE 7 Silicon Carbide 

Type ·Density 
Bonding Phase q/cc 

Clay 2.3 -2.s 
Self (silica) 2.4 -2.6 
Calcium Silicate/ 
Iron OXide 2.4 -2.6 

Silicon OXynitride 2.4S-2.6S 
Silicon Nitride 2.s -2.1 
Jtecrystallized 2.5 -2.7 
Barium/Silica 2.3S-2.S5 

* CG - Products of combustion 
0 - OXygen bearing gases 

Refractories. 

$/lb Use Temp 
•c 

.so- .10 1000-1300 

.so- .10 1000-1300 

.60- .80 1000-1400 

.80-1.00 1000-lSOO 
l.2S-2.00 1000-lSOO 
5.00-1.00 9S0-1600 
.so- .10 850-1100 

BO - Water vapor bearing gases 

Resistant to* 

CG, O, BO 
CG,· O, BO 

cc, o, BO 
CG, o, BO,, Slags 
CG, o, BO, Slaqs 
CG, o, BO, Slags 
CG, o, BO 

Slags - Generally, siliceous slags w/vanadium, iron, calcium 

** Thermal shock index on a scale of O to 180 
Thermal cycling of 6• diameter x 1/2• thick plates, cycled 10 tin\es 

in and out of a furnace at 1200•c. Rating based on 3 point, no 
cracks, 2 points slight crack, 1 point open crack, O, broken. 

T.S.** 
Index 

80 
70 

70 
70 
60 
so 
60 

In addition to silicon carbide refractories, a host of 
fireclay, super-duty, and high-alumina bricks are used in 
industrial incinerators, but these materials are unsatis­
factory for use in corrosive environments where thermal shock 
is common. Also, castable-type refractories that use calcium 
aluminate as a hydraulic setting bonding phase with an 
alumina bearing aggregate can be and are being used in some 
less corrosive environments. Two super refractories can be 
used depending on the environment. High alumina, either of 
a fused or calcined type, can be used when temperatures are 
high or when hydrogen-bearing gases are present. Silica 
will be attacked significantly above 1250°C by dry hydrogen, 
and ~apid degradation of the refractory will occur if it 
constitutes the bonding phase. The sintered alumina bond. 
resists chlorides, fluorides, and certain carbonates as well 
as hydrogen attack, at least to the melting point of alumina 
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at about 2000°C. It cannot withstand the attack of certain 
metal phases which react with alumina to form spinels (e.g., 
vanadium) • Sodium also will attack alumina significantly at 
temperatures above 1100°C resulting in the formation of beta 
alumina, a low density form that is destructive because of 
the volume change that occurs during its formation. Alumina 
also lacks resistance to thermal shock. Mullite is superior 
to alumina in thermal shock resistance and also is resistant 
to certain slags and salts. It also offers less thermal 
expansion and thermal conductivity than alumina, which reduces 
heat loss or the need for additional insulation. A brief 
summary of pertinent properties of these oxide-type 
refractories is presented in Table 8. 

TABLE 8 Oxide-Type Refractories. 

Density, Cost, Use Temp., T.S. 
RefractorI Type gLcc $Llb oc Index 

Fireclay 2.2-2.4 0.1-0.2 800-1400 < 10 

Super-duty 65% Al2o3 2.4-2.6 0.3-0.4 800-1600 < 10 

Hi Alumina 90% Al2o3 2.8-3.0 0.4-0.S 800-1700 < 15 

Alumina 
Calcined 3.0-3.2 0.7--0.8 800-1800 < 20 
Fused 3.0-3.4 0.8-1.l 800-2000 25 

Mullite 2.5-2.8 0.6-1.0 800-1750 45 

Calcium Alum 
Calcined 2.4-2.6 0.4-0.8 800-1700 < so 
Fused 2.6-2.8 0 .6-1.0 800-1800 < 60 

Both silicon carbide and aluminum oxide ramming mixes are 
available. Those with aluminum generally start with low­
grade clays and run through the bauxite, kyanite types to the 
mullite group and then to the purer forms containing alumina 
grog and high-grade plastic clays. These materials probably 
would be unsatisfactory for shipboard incinerator applica­
tions due to the early failure of the bonding phase. 

2. Recent Navy Experience 

The Navy has been conducting experiments with a completely 
refractory-lined multipurpose incinerator (Figures 12 and 13) 
at its Dahlgren, Virginia, facility. 
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FIGURE 12 Multipurpose incinerator during assembly at 
Dahlgren test facility. 
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FIGURE 13 Multipurpose incinerator during studies at Dahlgren. 

U1 
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The main combustion chamber is lined with a cast ceramic 
composed of 97.5 percent Al2o3, 23 percent Cao, and 0.1 per­
cent Sio2 • The liner of the combustion chamber door is com­
posed of 59.5 percent Al2o 3 , 33.5 percent Sio2 , and 4.5 per­
cent Cao. A test panel of 87 percent Al2o 3 , 10 percent 
Ca203, 2.5 percent Sio2 , and 0.06 percent Cao has been 
installed in one of the hottest zones (Figure 14). 

The incinerator has been operated for about 1200 hr. 
The main problems involve cracking and spalling of the 
ceramic (Figure 15). In addition, some wasting of the ceramic 
liner has been observed in hot areas where salts build up. 
Because · ~ this salt build-up, it will not be practical to 
burn sewage collected using a sea water flush system. The 
combustion chamber appears to be in satisfactory condition: 
however, no vibratory tests have been run as yet. 
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FIGURE 14 The 87 percent Al2o 3 , 10 percent ca2o 3 , 2.5 percent Sio2 , and 0.06 percent 
Cao patch in hot zone of the multipurpose incinerator. 

°' .... 
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FIGURE 15 Cracking and spalling of the ceramic liner in the multipurpose 
incinerator. 

°' t-.J 
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