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ABSTRACT

This thesis encompasses the design criteria required to produce
an effective incineration system for the disposal of solid/liquid human
waste. 'Coupled with the overall design parameters is an investigation
.of the chemical decomposition of the waste during the incineration
process, odor treatment and control, and the physiological effects on
the human body due to the inhalation of the toxic gases given dff

during the combustion of human waste.

The variables involved in the combustion process are studied
and equations presented that relate the combustion variables of flame
temperature, residence time and air requirements. These equations are

tested based upon published data concerning present incinerating

systems in use.

A study of the established réaction kinetics»shows that the relation-
ship between combustion temperature and reaction time as a function of
incinerator loading can be predicted quite readily. A design procedure
is outlined supplying equations for the major design parameters to be
used in order to minimize reaction time end gaseous effluents at

optimal loading conditions.
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In an era when thé solid waste disposal problem has become
so acute, the author has attempted to relate the variables associated
with the incineration process as a means to obtain ultimafe disposal
of sclid waste materials. The combustion process incorporates the
advantages of minimum operating costs and greatest volumetric size
reduction as épposed to biological and/or chemical fre;tment. Research
- and development in the areas of odor elimination and air pollution
control should result in the incineration process becoming the

major solid waste disposal technique of the future.

The author wishes to express his sincerest graditude to Dr.
Angelo Perna for his guidance and constructive comments in the area
of solid waste disposal and to Theresa M. Allen for her clerical

'expertise used in assembly and typing of this text.
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NOMENCLATURE

frequency factor, g-moles/sq cm-sec
weight of ash -

calorific value of waste, BTU/1b-
calorific value of dry waste, BTU/1lb
Biot number, hrO/S
weight of carbon

specific heat, BTU/1b °F

thickness of flat plate and diameter of sphere, cm

coefficient of diffusion of oxygen in ambient gas,
sq cm/ sec

activation energy, kcal/mole
excess alr percentage
mole fraction of oxygen in ambient gas

moles of solid material burned per‘mole of oxygen
reacting

Fourier number
firing rate, 1lb/hr
firing rate of dry waste, 1lb/hr

coefficient of heat transfer from ambient gas to
surface of waste specimen, cal/sq cm-sec-deg C

evaporation enthalpy of water

. total wall loss, BTU/hr

factor defined by equation (16)
J factor modified for auxiliary fuel equation (17)
reaction rate constant, g-moles/sq cm-sec

pyrolysis rate constant, l/sec



o

kf; mass transfer codfficient for oxygen flow to
burning surface, g-moles/sq cm-sec

k - Boltzmann constant

K - ratio of burning time of solid sphere to the
square of the initial sphere diameter, sec/sq cm

K1~ a constant,cm-sec/g-mole

Ko- a dimensionless function of U

Kq- the stoichiometric ratio of the moles of oxygen
required to burn unit volume of solid material,
g-moles/cc

K4- a constant for combustion in air, sq cm~sec1/2/g~mole

Kg- a constant for the carbon-oxygen reaction, sec/cm

Kg- a constant for the carbon-oxygen reaction, sec/cm

Kem initial rate/of change ;n the fraction of material

remaining

Ky,- initial rate of change in the fraction of volatile
matter remaining

L - length of flat plate of waste specimen, cm

m - order of the temperature dependence of the relative
velocity between solids and ambient gas

m - moisture fraction
M - molecular weight
n - order of the pressure dependence of the relative

velocity between solids and ambient gas
n.- exponential constant referfed to carbon
'nv—_exponential constant referred to volatile
.N - fraction of ﬁolecules with energy E
N - oxygen flux reaching burning surface, g—moles/éq cm sec

Nu- Nusselt number for heat transfer from ambient gas to
‘ surface of waste

P - absolute pressure, atm



Pr-

o

Prandtl number of ambient gas: ratio of kinematic
viscosity to thermal diffusivity

half-thickness of a flat-plate, waste specimen, or
radius of spherical specimen, at any time during
burnout, cm '

specific reaction rate,'g—moles/sq cm—-sec

ideal gas constant, 82.05 cc-atm/g-mole-degK

specific burning rate, grams solid material/sq cm-sec

Reynolds number for flow of ambient gas past waste
specimen '

frequency factor

Schmidt number of ambient gas: ratio of kinematic
viscosity to thermal diffusivity

_time, sec

burning time, sec

heating time, sec

flame temperature, deg R

flame temperature of dry waste, deg R

surroundings temperature, deg R

boiling temperature of water, deg R

a dimensionless, temperature-dependent function of Re

relative velocity between waste pieces and ambient
gas, cm/sec

weight of total solids

moisture weight ratio

moisfure weiéht ratio adjusted for auxiliary fuel
weight fraction of material remaining

distance from center of spherical specimens, and
perpendicular distance from midplane of flat plates,cm

integration variable



-vii-

4.integration variable
- thermal diffusivity of solid waste, sq cm/sec
- steric factor for oxygen adsorption on carbon

- fraction of active sites on carbon surface occupied
by absorbed oxygen

thermal conductivity, cal/cm-deg C-sec
- kinematic viscosity of ambient gas, sq cm/sec

-~ density of solid material, g/cc

o5 N 0SS R &

SUBSCRIPTS

1 - adsorption

2 - desorption

a - in ambient gas; adsorption-controlled burning
¢ - carbon

c.c.- chemically controlled burning

d:— desorption controlled burning

m.t.- mass-transfer controlled burning

o - initial wvalue
p - pyrolysis
S —-—

at solid surface
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INCINERATION

Combustion

Ordinarily, combusion is regarded as the oxidation of
,hydrochbons with the simultaneous release of heat. While
this is a valid assumption for many incinerators, there are
frequently additional chemical reactions which may be of
major imporpance. These must be considered carefully if
good incinerators are the objective. For example, if a
cyanide gas is to be disposed of, the oxidation step is of
minor importance. AIt is of major importance that the
cyanide radical be destroyed completely. The'thermodynamics
of the reaction which converts the toxic gas to a nontoxic

gasbmust be evaluated carefully.

Accurate analysis of the waste and the quantities to
be burned may be difficult to get or mnonexistent. Without
this information, the possibility of an adequate design
with good performance may disappear. Without question, the
first step toward good combustion and consequently a good
incinerator is good basic datg. Table 1 lisfs‘some of the
-major items which should be kno&n as a first step in the

design of any incinerator system.

When adequate basic data'are obtained, one can proceed
to design a satisfactory unit. If no halogens, sulfur, or
metals. are involved, the problem may be a simple one of

combustion, requiring time, temperature and turbulence.

All of these factors are influenced by the basic data and



thevdesign. Once the incinerator unit is constructed,
only temperature may be readily controlled. This can be
done by varying the air/fuel ratio. Time and turbulence
can be controlléd only over a limited range, fixed by
the design. Figure 1 shows the adiabatic combustion
temperatures of a cellulose waste that will occur with
variations in excess air. In practice, the actual
temperatures will be less because of thermal'conduction
losses through the furnace wélls, thermal radiation to

cold surfaces and possible incomplete combustion of the

waste.

Control of Temperature

The temperature in an incinerator must be controlled
either by the design or by regulation of the fuel/air
ratio to achieve successful operation. If solid carbonaceous
waste is to be burned without smoke, a minimum temperature
of 1400°F must be maintained in the combustion chamber.
Upper temperature limits in the incinerator are dictated
by the refractroy materials avaiiable; Whenever a temperature
of 2400°F is exceeded, special refractories are required.
A design range of 1800 to 2000°F is usually desirable,
unless thermodynamic equilibrium considerations dictate
some other temperature requirement. The rates of most
combustion reactions increase rapidly with increases in
~temperature, while a few peak at relatively low values.
The latter are rare but must not be overlooked when

unusual fuels are burned.



" There are four basic methods of controlling the
combustion temperatures:

(1) Excess air control: This is shown in Figure 1.
However, control is not obtained by assuming a feed rate
and providing an air supply of ample proportions. Unless
the operation is automatically controlled or strenuously
supervised, it is)human nature to overfeed the incinerator
with waste. The designer can and should provide limiting
orifices, nozzles, or pumps to prevent overfiring during
continuous feeding of liquids and gases. For solid fuels
the problem is aggravated as the volatility of the fuel
increases. If an incinerator is fed with discrete amounts
at intervals, the hourly sum of these amounts must not
‘exceed the rated capacity, and the intervals between
feeding must be regulated. The greater the volatility of
the waste, the smaller these discrete amounts must be and
the more frequent the feed intervals.

(2) Radiant heat transfer: Most combustion processes
exist for the purpose of heat transfer. This is not
usually the case for incinerators. Some large municipal
waste incinerators use heat trénsfer surface as a means
'tolgontrol temperature and this design practice is growing.
It is seldom ecoﬁomically feasible for industrial incinerators.
It should be considered, however, whenever economics might
make it attractive. Radiation to the sky is feasible,

- and several designs are capable of doing this. Where

either heat transfer surface or radiation to. the sky is used,



table 2 can be used to estimate the combustion temperature.
(1)'

(3) Two-stage combustion. If the combustion step is
divided into two distinct steps and the first stage is
supplied with the deficiency of air, the first stage can
act as a gasifier for certain fuels while burning in-
completely. The air-deficient combustion results in a
reduced temperature. A second stage is nece;sary to
burn the combustible products produced in the first stage,
and its temperature must be limited by either the first
method discussed (excess air control) or by heat transfer.
Whenever feeding is stopped. the first stage progressively
moves toward complete combustion, and combustion tempera-
.tures will increase (see Figure 1).

(4) Direct heat transfer. If heat-absorbing materials
or other fuels are added to the waste fuel the temperature
of combustion can be controlled. The most common method
of achieving lower temperatures is to add water to the fuel.
Since each pound of water that is added absorbs approximately
1000 Btu to evaporate and 1/2 Btu for every degree F of
temperature rise, the maximum temperature of the combustion
‘products can be reduced. The water may be added with the
"fuel or sprayed into the combustion zone. Water sprays
must be carefully controlled to avoid quenching the fire or
‘damaging the refractory. Temperatures may be increased by

burning other fuels with the waste stream. Figure 2 shows



the benefits of burning auxiliary fﬁel. It should be
noted that only a fraction of the heating value of the

auxiliary fuel is usuable to heat the waste stream. (2)

Contrbl of Turbulence

The degree of intimate mixing of the air for oxida-
tion with the waste fuel will affect the incinerator
performance significantly. 1In general, either mechanical
or aerodyn;mic means are utilized to achieve the intimate
scrubbing and mixing of thé air and fuel. The completeness
of combustion and the time required for complete combustion
are significantly affected by the amount and the effective-
ness of the flame turbulence. There is no accepted para-
meter that will quantitatively define an amount of tur-
bulence. Turbulence can best be judged by the combus tion

results that are produced.

The degree of mixing achieved is proportioﬁal to
the energy expended in méving gas in the combustion region.
Since natural draft is limited by stack dimensions and
atmospheric conditions, the best performance can be achieved
using mechanical draft for airlhandling. The forced
vortex produced in the liquid and gas burner requires
high fan horsepoWer for the air supply, but the combustion
is proportionately improved. For solids, the turbulence
can be improved by directing high velocity air jets over

~the fuel bed. (3) For fixed nozzles and vanes, and



sometimes for variable ones, the degree of turbulence
is almost always at its maximum with the maximum air
flow. For this reason best results are often obtained
" if the incinerator is fired at its maximum rating.
Shorter firing periods at maximum rate may prdduce
better results than continued operation at low firing

rates. (4)

Control of Time

The third major requirement for good combustion is
time. Sufficient time must be provided to the combus-
tion process to allow slow-burning particles or drop-
lets to completely burn before they are chilled by
contact with cold surfaces or the atmosphere. The amount
of time required depends 6n the temperature, fuel size
and degree of turbulence aéhieved. It is customary to
specify certain furnace volumes for heat releases in
an attempt to obtain proper combustion times. It is now
recognized that this method is inadequate. 1In the absence
of specific data, combustion chambers with heat releases
of 20,000 to 60,000 Btu/cﬁ ft-hr are common. VThese values
may be too conservative for high performanée burners,
and small compact incinerators can mean lower investment
and lower maintenance. The evaluation of‘this factor of
time can only be made by tests of individual burners

and furnaces. If slow-burning items are present, such

as carbon particles, or carbon monoxide, additional chambers
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(secdndary combustion chambers) may be needed to allow

time for complete combustion. (5)

Equilibrium Combustion

The mechanisms of combustionbreactions are extremely
complex. The combustion process is one of many reaction
chains forming, branching, and ending. Many intermediate
compounds are formed that do not appear in the initial or

final constituents. (6)

In general, combustion products will seek the level
in which they contain a minimum amount of free energy.
Excellent tables of thermodynamic properties of a wide
variety of substances are available in reference 3. Even
.more important is the fact that the combustion process
must be carried out under equilibrium conditions. For
example, Figure 3 shows the calculated equilibrium
amounts of nitric oxide (NO) that will occur in burning
a ﬁide range of fuels. These were calculated for
ordinary fuels such as natural gas, coal, and oil as
well as for wastes containing nitric acid and nitrogen
dioxide (NOZ)' If one wishes fo abate nitrogen dioxide
or other nitrogen compounds, it is not sufficient to
-heat the NO2 to Lhe temperature shown. The NO, must pass
fhrough the combustion flame of an equilibrium burner.
Adding N02 to hot combustion gases will only convert it

to nitric oxide (NO) and decolorize it. Once it cools
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in the atmosphere it reverts to NO2 and no poilution
abatement has been achieved. For gas and liquid burners,
the burner must demonstrate on any fuel that it is
capable of approaching stoichiometric combustion. A
burner that gives complete combustion at zero excess
air proves that it can achieve equilibrium. Time,
temperature and turbulence are all at sufficient values
to achieve the desired thermodynamic results. For
solid fuel incinerators it is often not practical to
operate a unit at zero excess air. While a gas or
liquid unit can be adjusted quickly to such conditions
and tested, it is seldom possible to quickly adjust
solid fuel incinerétors. The long periods required can
create excessive temperature rises in the furnace

enclosure and result in their destruction.
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COMBUSTION OF SOLID WASTE

Introduction

The waste is assumed to be converted to gaseous
combuétion products and an inert solid residue in a
series of steps including drying, pyrolysis, and
combustion. Drying is assumed to occur before
pyrolysis and combustion, and the time requirgd for
drying is Aot considered in the following. Further-
more, pyrolysis and combustion are treated as independent
processes, even though the combustion of pyrolyzing solids

has been shown to be influenced by the pyrolysis process. (7)

Pyrolysis

Pyrolysis of carbonaceous materials, even those as
simple in structure and composition as cellulose, includes
many individual reactions, some of which are eﬁdothermic,
bond—breaking, or cracking reactions, and others of
which are exothermic, bond-forming reactions. In general,
the cracking reactions occur as an early stage of pyrolysis
and convert the original material into a new, sometimes
plastic structure. These reactions generate gaseous
pro&uct; with a composition that varies from mainly CO2
and H,0 at first, to mainly hydrocarbons (tar, light oil,
and fixed gases) in the later stages of pyrolysis. The

bond-forming reactions are accompanied by solidification

of plastic material to form char with the evolution of
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volatiles that become progressively hydrogen-rich as
pyrolysis is carried to higher temperatures. The over-

all pyrolysis reaction is generally endothermic.

The extent of pyrolysis of a given material depends
upon the temperature to which the material is heated and
the time spent at that temperature. It is now generally
believed that pyrdlysis is fast enough to keep up with
the heating process, unless the rate of temperature
rise is faster than some critical value which is probably

around 104 deg C/sec.

Pyrolysis is an activated process; therefore, the
temperature dependence of the rate of pyrolysis may be
expressed in terms of an activation energy in the

standard form

Ko = Ap exp (- Ee/RT) (1)

where kp is the pyrolysis rate constant, Ap is the

frequency factor, Ep is the activatioﬁ energy for pyrblysis,
R is ideal gas constant, and T is the absolute temperature.
However, the 'pyrolysis" process observed in practice

: includes not only pyrolysis as described in the foregoing,
’but also the processes of heat transfer from the surround-
ings to the decomposing material and mass transfer of the

pyrolysis products both out of the solid specimen and into

" the surroundings.
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"Sbme disagreement exists among different investiga-
tbfs about the rate-controlling stepi-of the overall
pyrolysis process. For example, Pitt (8) and van Krevelen
(9) support the proposition that the rate of pyrolysis
of bituminous coal is controlled by the decomposition
ofbthe material, whereas Berkowitz (10) argues that the
rate is controlled by diffusion of volatiles to the sur-
face of the particle. Such disagreement probébly results
from differences in experimental conditions. The over-
all pyrolysis rate is known to depend upon properties of
the system, such as particle size, heating rate, upper
temperature attained, and the type.of material, but to
account for variations in these quaﬁtities between
different experiments is very difficult. Until sufficient
data are available, prediction of the pyrolysis rate
for a given material, under a given set of condifions,
required judgment based on qualitative knowledge of the

reiative rates of the individual processes (11).

In general, if particle size is small enough, or if
heating rate is slow enough 55 that significant pressure
and'temperature gradients are not established within
the solid material, then the overall rate of pyrolysis
is simply the rate of decomposition of the material;

otherwise, the processes of heat and mass transfer

influence the rate.
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'In order to estimate the time required for the over-
all pyrolysis process, it is assumed that the overall
rate is equal to the rate of heating, thus implying
that both the pyrolysis reaction and the flow of pyrolysis
products out of and away from the particles are infinite-

ly fast.

The pieFes of waste are assumed to be plunged sudden-
ly into a hot combustion chamber, maintained at a certain
temperature which, for purposes of discussion, is assumed
to be 1300°C (23756F). The times réquired for the sur-
face temperature, the center temperature, and the space-
mean temperature of the pieces to rise by 95 percent of
the initial temperature difference between the waste
and the combustion chamber are calculated. These times
serve as a measure of pyroiysis time. Heat transfer
by radiation and by direct contact with hot particles

already in the chamber is neglected.

The calculations are described in Appendix A. The
pyrolysis (heating) times are.given in FiguréS'é ande
as a function of particle size énd relative velocity
bet%een_the pieces and tﬂe sﬁrroundings. Two different
shapes, thin slags and spheres, are considered, but
space-mean températures are given for slabs only. With
regard to heating times, these two shapes should braéket

the particle shapes found in practice.
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" The particle-size dependence of the pyrolysis time
is very significant. Within the range of conditions
studied here, the time varies approximately with the
square of the dimension of the specimen for both spheres
and the flat plates. For example, if the ambient velocity
is 1 fps, the heating time for the center of a sphere
drops from about 3 to about 0.5 min. as the diameter is

reduced from 3/8 to 1/8 in.

The effect of ambient velocity is also significant.
Relative velocitieé between the specimens and the
surroundings of up to 100 fps are considered; even though
such large values may be difficult to achieve in practice.
The curves labeled 2_ Rslh do = O represent an
infinitely large surface heat-transfer coefficient,
"which is equivalent to an infinitely large velocity of
the ambient gas relative to that of the particle. Under
such conditions, the surface of the specimenvattainsv
the temperature of the combustion chamber immediately
upon entering the chamber, and the rate of heating is

determined solely by the properties of the specimen.

Combustion

Although incineration of solid waste includes both
gas-phase and heterogeneous combustion, only hetero-
-geneous combustion is considered here, since we are

‘mainly interested in the time required for burning, and



17.

heterogeneous combustion is, by far, the slower of the
two processes. The material experiencing heterogenous
combustion includes both solid residues of pyrolyzed

material and non-pyrolyzing pieces.

Ignition of the solid pieces of waste requires that
certain conditions of temperature and oxygen concentration
be satisfied at the solid surfaces. If we vi§ualize, for
the purpose of discussion, a well-mixed combﬁstion
chamber containing a certain concentration of oxygen,
then the oxygen concentration at the surface of an un-
ignited pyrolyzing particle is less than that‘in the
ambient gas, owing. to the outward flow of volatiles
from the surface. If pyrolysis (i.e., heating) is fast
enough, ignition may be délayed, even though the surface
-may be very hot, until the surface flux of volatiles
drops below a certain critical value which depends
heavily upon particle size (7). For present purposes,
we shall define the burning time of a piece of waste
as the time between ignition and complete conversion»
to gaseous combustion products and an inert sélid residue
(ash), and we shall assume this time to be;independent

of the details of the ignition process.

Heterogeneoﬁs combustion of waste consists of the
physical processes of heat and mass transfer and the

chemical process of reaction between the solid material
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and the gaseous surroundings. The physical processes
are largely independent of the type of material being
burned and may be formulated, even though the chemistry
of the combustion of some of the materials in waste is

unknown.

The chemistry of heterogeneous combustion depends
upon the material being burned. One or more reactions
may be involved, and parallel or sequential steps, or
both may occur. A large portion of the solid material
encountered in incineration is mainly carbon, whose

reaction with oxygen is relatively well understood.

The chemistry of the combustion of carbon with oxygen
has been shown to agree well with a mechanism involving
t@o steps in series (12). The first step is adsorption
of oxygen on the carbon surface; the second step is
desorption of oxides of carbon. Adsorption is first-
order, and desorption is zero-order witﬁ respect to
oxygen concentration. The activation energy of adsorp-
tion depends upon surface coverage and is generally
low. At low surface coverage (fapid desorption), the
adsérption activation energy corresponds to a temperature
dependence similar to that of heat 'and mass transfer (12).
Conversely, the activation energy of desorption is iarge,
so that the temperature dependence of desorption is very

.strong. The rates of these two steps are given in the
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following.

Adsorption rate:

R, = K¢ (1- o) (2)

Desorption rate:

a ' '

R, = Ky (3)
where il and fz are the specific rates of adsorption and
desorption (g-moles carbon equivalent/sq cm-sec), kl and
k2 are the rate constants for adsorption and desorption,
f, is the mole fraction of oxygen at the solid surface,

and © is the fraction of the active sites on the carbon

surface that is occupied by adsorbed oxygen.

At low temperatures, less than about 750°C (1400°F)
for the case of chemically controlled combustion in air,
the rate of the combined chemical steps- of the carbon-
oxygen reaction is completely controlled by the rate of
desorption. At high temperatures, greater than about
1150°C (2100°F) for the case of chemiéally controlled
combustion in air, the rate 1is contfolled by adsorption.
In the transition region, both steps influence the rate.
This behavior is illustrated in Figure 6, which gives
.results obtained by fitting the data of Tu, Davis, .and
Hottel (13) with the mechanism described in the fore-
going. The transition region between adsorption and
desorption control is seen to depend upon the concentra-

tion of oxygen at the solid surface, which, in turn,
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depénds not only upon the oxygen concentration in the
ambient gas, but also upon the rate of mass transfer

between the ambient gas and the burning surface.

The rate of transport of oxygen to the burning

surface of a carbon specimen is given as follows:

Mass transfer rate:

N = Ke (£ -£.) )

where kf is the mass transfer coefficient, fa is the
mole fraction of oxygen in the ambient gas, and N is tﬁe
molar flux of oxygen reaching the surface. A similar
equation could be written describing convective heat
transfer-from the specimens; however, consideration of
heat transfer is avoided in the present analysis by

assuming that the solids and ambient gas are at the

same temperature during burning.

Thus, the rate of carbon combustion is described
in terms of three sequential steps. Since the rates
of these steps are all equal aﬁ steédy state, an. equation
fo? the rate of the overall proceés is obtained from
equations (2), (é), and (4), by eliminating both the
surface coverage and the partial pressure of oxygen at

the reacting surface. The overall burning rate, R is.

S’

expressed in terms of the ambient oxygen partial pressure

and the chemical and physical rate constants as follows:
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Overall burning rate:

Y |
Re =

] ! A
/2(-,&&-& HCEN

.f.,.‘»'}‘%,{(.,[ R N W I C Y
K} G W—F{A Kt'ﬁx KZ 5 * KlKZ{:A

The burning rate described by equation (5) is studied
best by considering specific, limiting conditions. Since
the rate of the overall process is no faster than the
rate of the slowest step, the rate-controlling step,
under a given set of conditions, is identified by com-
paring the rate of the three individual steps. Information
for such a comparison is given in Figure 7. Mass transfer
becomes more important as a rate limiting step as particle
size increases; for the given set of conditions, there
is a critical particle size above which mass transfer
completely controls the rate. For example, if we consider
the combustion of carboﬁ spheres in air at 1527°C (2780°F)
with a relative velocity of 3.5 cm/sec (0.11 fps) between
the sphere and air, then the burning rate is limited by
mass transfer, if the Spheré diameter is 1argef than about
3/8 in. Under the same conditions, the rate is adsorption
controlled, if the particle size is less than about
0.01 in.

Most of the residues from waste pyrolysis are
probébly porous. Under conditions- where méss transfer
is much faster than the chemical reaction, a non-zero

concentration of oxygen exists at the outer surface of a



22.

specimen, and oxygen may diffuse into and burn out the
pores. The rate of pore combustion increases as the
concentration of oxygen at the surface increases, but

the reaction on the superficial surface, plus the
reaction in pores, can never exceed the rate of transport
of oxygen to the specimen. In general, the importance
increases, as total pressure increases, as particle size
increases, and as.the relative velocity betweéen the

specimen and the surroundings decreases.

The technique, used for studying the time required
to burn pieces of refuse with air, is to consider
simplified, limiting cases. - Basically, two categories
of cases are considered: combustion of any solid material
under such conditions that the rate is completely
masstransfer controlled, and combustion of carbon specimens
under conditions where both chemical and mass transfer

phenomena limit the burning rate.

Burning Time of Any Solid Material with the Burning

Rate Controlled by Mass Transfer. The case of mass~transfer

controlled burning rate is realized when the solid pieces
are so reactive that the chemical rate exerfs negligible
»resistance to burning. Mass transfer thrcugh the gaseous
surroundings of the solids is assumed to be the rafe—
limiting physical process, thus neglecting possible

~contributions from accumulated oxide on the burning surface.
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The results are valid, under conditions of mass-transfer
control, whether the material is porous or nonporous,

and for material of any composition, provided the

stoichiometry is accounted for properly.

The folleowing equations, derived in Appendix B, give
the mass-transfer controlled burning time (tb) m.t. of
spheres of diameter, do’ and slabs of thickness, d_, and

‘length, L, as functions of known properties of the system.

Sphere; mass—-transfer control:

(tb)M.‘T. = LK‘KZKBQTC’ [T)‘/z (‘ IQA\] d02. ' (6)

where K1 is a constant, K2 is a dimensionless function of
the relative velocity between the specimen and the ambient

gas, K3 is a function of the combustion stoichiometry, and

T, is 273°K.

Flat plate; mas~transfer control:

Gyl = [ Ky (o) ()2 018 e )

where Ky is a constant for combustion in air, and Vo is

the relative velocity (at STP) between the specimen and

the ambient gas.

Burning Time of Solid Carbon Under Various Conditions

" of Rate Control. The equations given in the following,
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derived in Appendix B, give the burning times of
carbon specimens in air. When the burning rate is com-
pletely controlled by the adsorption of oxygen on the

carbon surface, the burning time is:

Carbon sphere or flat plate; adsorption control:

(), = Kg e, /e)iie )V (Tl ‘“—"F’(”EIRT),]& (8)

where K5 is a constant, P is absolute pressure (Po = 1

atm), and E; is the activation energy of oxygen adsorption

on carbon.

If desorption controls the burning rate, the

burning time is:

Carbon sphere or flat plate; desorption control:

(t,), = Ko Difexp (-Bo/rT) ] do | ©®

where K¢ is a constant, and E2 is the activation energy

of the desorption of combustion products (assumed to be

C02) from the carbon surface.

When the burning rate is controlled jointly by
adsorption and mass transfer (i.e., desorption infinitely

fast); the burﬁing time is found to be:

Carbon sphere or flat pléte; joint adsorption and

mass—-transfer control:
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ty = (bl + (E bla (+0)

When adsorption is infinitely rapld relative to the
rates of desorption and mass transfer, the burning time
is not given by the sum of the burning times predicted
for complete deso?ption control and complete mass-transfer
control as might be expected in view of the form of equa-
tion (10). The case of infinitely rapid adsorption differs
from that of infinitely rapid desorption, because desorp-
tion; unlike adsorption, is not coupled with mass transfer,
since it is independent of the concentration of oxygen
at the solid surface. Thus,when adsorption is infinitely

fast, the burning time is given by:

Carbon sphere or flat plate; desorption and mass-

transfer control:

ty s (B ur or (£)g

where (tb) m.t., from equations (6) and (7), is used if
mass transfer is slower than desorption, and (;L)d,

equation (9), is used if desorption is slower than mass

transfer.

Test of Equations with Experimental Data. Few data

~exist for testing the foregoing equations. In the case of

mass—-transfer controlled burning, Essenhigh (15) finds
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that existing data on the -burning times of coal and

carbon particles are correlated by- an equation of the

form ty = Kdzo, which is similar in form to equation (6).
These data cover the size range .05 to .4 cm, but pertinent
information, such as temperature and ambient velocity,

is missing. Nevertheless, Essenhigh's estimated values

of K range from 330 to 2125 sec/sq cm for the different

data.

The expression for K obtained from equation (6) is:

K = K, Ky Ky (To Y2 (1ER)
Valﬁes of K predicted from this exéression are very
similar to the larger values in Essenhigh's summary. For
example, if the particles are assumed to be burning in
éir, with natural convection creating an ambient velocity
of 1 fps past the particle, and if the particlebsurface
is assumed to be at 1400°C (2550°F), then K in equation (6)
is found to be 2100 and 2640'sec/s§ cm for 0.05 and 0.4 cm
particles, respectively. 1In order to predict K values
near the lower limit of the experimental data, either
ambient velocity br temperaturé (or.both), would have to
be much higher than the foregoing values. Nevertheless,
the agreement apbears to be good enough to allow equation
(6) to be used with.considerable confidence; and, by

inference, equation (7) should also be useful for the' case

- of flat—plates.
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Data on burning times.of carbon particles under
chemically coﬁtrolled conditions appear to be limited
to particle sizes.less than about 0.0050r 0.01 cm, the
reason being that, under the conditions of most experi-
ments, the combustion of particles larger than about 0.01
cm is mass transfer controlled. However, in spite of
the lack of data on burning times, equations (8) and (9)
receive considerable experimental backing for two reasons:
1) the kinetics parameters are evaluated with experimental
data (see AppendigB); and 2) burning times predicted from
these equations agree well with data from pulverized-

coal flames operating under chemically controlled conditions.

Calculated Burning Times. Burning times for mass-

transfer controlled conditions, calculated from equationé
(6) and (7), are presented in figure 8. Even though

this figure applies specifiéally to a véry limited set of
conditions, it does demonstrate the influence of some of
the important variables and shows the range of burningv

times to be expected.

The times, shown in Figuré 8, are minimum‘values,
since cheﬁical resistance is neglected. Thé effect of
chemical resistance can be accounted for in the case of
carbon combustion. For example, the combustion of a
2-in. x 2-in, x 0.1-in. carbon plate in air at a temperature

of 817°C (1500°F), and an air velocity of 1fps (at STP)
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is controlled jointly by desorption and mass transfer.
Therefore, according to the earlier discussion, the burning
‘time is the larger of the two values predictéd by~ assuming
a) complete desorption control, and b) complete mass-
transfer control. The times predicted by equations (7)
(méss—transfer'control) and (9) (desorption control)

are 1450 and 2000 sec, respecfively. Hence, the burning
time is 2000 sec, which is about 3.4 percent iarger than

that predicted in figure 8.

A second éxémple is the combustion of a 0.1-in. carbon
sphere in air af l-atm and 1300°C (2370°F) with no ambient
velocity past the particle. In’this case, the burning
rate is controlled jointly by adsorption and mass transfer;
tﬁereforé, the burning time is given by equation (10).

The separaté contributions to burning time by adsorption

and mass transfer are found to be 171 sec from equation

(8) and 210 sec from equation (6), respectively. Therefore,
the burning time is 381 sec, which is 81 percent larger

than that given in Figure 8.

In the case of materials of unknown combustion
characteristics, the effect of chemical resistance cannot
be accounted for, and the burning times obtained from

mass transfer comnsiderations serve as limiting values.
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THE INFLUENCE OF MOISTURE ON THE COMBUSTION INTENSITY

Introduction

There are several ways in which moisture can influence
the cémbustion intensity--in an incinerator. The most
obvious is by straight dilution. The presence of evaporat-
ed moisture increases the gas volume so that the concentra-
tions of the fuel (smoke, volatiles, etc.) anﬁ the oxygen
are reduced. At the same time the increased volume of gas
decreases the residence time in the combustion chamber
so that, either combustion is completely outside the chamber,
or else the residence time is increased again by reducing
the air input which in turn must be balanced by reducing
the overall combustion rate. The presence of moisture also
provides an extra thermalvload so that the flame temperafure
-will drop. In general, as shown by calculations given
elsewhere on coal (21), the moisture has to be at a very
high level before the extra thermal load becomes appreciable,
but relatively small changes in flame temperature can have
a big effect on the ratg of reaction if the activation
energy of the process 1is High, and this affecgs the burning
time. Finally, the moisture may interferevdirectly (chemically)

with the progress of the reaction, though this is thought

to be unlikely..

Heat and Mass Balance

The flame temperature, T, may be estimated by means
of a heat and mass balance on the incinerator. In principle

this is quite simplé to set up since all the heat of
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combustion must go either into the sensible heat of the
stack gases or the wall loss, Hy (Btu/hr). Two complica-
tions to be considered are the magnitude of the unknown

wall loss and the effect of supplementary fuel.

At a firing rate F 1lb/hr the total heat input is FB
Btu/hr. Equating this to the sensible heat in the stack
gases plus.the wall loss leads to an equation with the
firing rate, F, appearing in every term but the wall loss.
Dividing through by F gives a balance on the basis of
one 1b of waste

B = [(1-m) + (pB/100) (1 + BE/100)] ¢ (T; - T))

+ [hg ¥ 2¢cg (Tg = T (m) 4+ (H_/F) (11)

This simple balance on the common assumption that the
Aspecific heat (cp) of the total mass of fuel (with ash)
and air is the same as that of the same mass of combustion
products. The heat in the moisture is the evaporation
enfhalpy (hg) plus the sensible heat above the boiling
point, Ty, with the specific heat of the moistufe taken as

twice that of the combustion products ( = O.S'for cP = 0.25).

-Substituting for B gives approximately [for the ratio

0.05/(0.95-m) assumed small]

o}

B = [1+ (PoBo/loo)' (1+ E/100] ¢ £

p (T, - To)

+[h, + 2c, (Ty - T,)] [mA0.95-m)] 4 H_/F 'E_ri)égsvam)
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--If the material is dry this becomes
B, = [14-(f>oBo/100) (1+ E/100)] cp(Tfo—To)-k HW/0.95F0
(13)

The wall loss can be taken into account in one of two
ways. The first is by direct calculation. The second is
by its elimination. So far as direct calculation is
concerned, this would be very much a matter of guess work.
The range of possibilities can be reduced somewhat by
using known ranges of the heat utilization factor defined
by Thring (22) and used in furnace analysis by MacLellan

(23).

In the absence of any other method of estimating the
wall loss, this way would be acceptable. However, a
bétter way may be the elimination of the loss term.
Inspection of the two loss terms in equation (12) and (13)
shows that H, is divided by the rate of input of combustible
alone. As this drops and the moisture rises the flame
temperature drops, and so must HW. As a first approximation
H, is likely to be roughly proportionél to the actual
thermal input, BF, or BOF(O.95rm). (HW/FB) is then apbrox—
imately constant so subtracting equation (13) from (12)
would eliminate the loss terms. Performing this subtraction
gives

[1 4 (9080/100)(1'5- E/100)] cp(Te~Te)= hg“‘@Cp(TffTb)]W

| (14)

where W is the weight ratio of moisture, 1b/1b, fuel = m/(0.95-m)
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"Rewriting this in terms of T we have
(Tf/Tfo)= [1+~(Tb~hg/2cp) (2J/TfO)W] / (14 2JW)
(15)
where ‘ J= 1/ [1%-((JOBG/IOO)(14-E/1OO)]
(16)
These can be evaluated if Teo is evaluated from equation
(13) making some reasonable assumption about the ratio

(Hwo/0'95 FoBb)'

So far as the heat balances are concerned the effect
of suppleméntary fuel is clear. 1In equations (12) and (13)
. a quantity B' for the supplementary Btu input should bé
added to Bo" Then on the R. H. S. of each equation the
gas volume should be increased by (pOB'/IOO). By sub-
traction to obtain equation (14) the extra B' terms on
the L.H.S. will cancel out again and the overall effect
will be replacement of the J term [equation (16)] by a
J' given by

(1/3'") = 144 (F oBo/lOO)-(}_+- E/100) + (e oB'/100)

| (17)

This can be regarded as equivaient to a redﬁction of the
true moisture content to an effective content W', given by
W' = (J'/3).w (18)

Strictly, there should be a further correction to the
maximum flame temperature for the dry material, Tfo’ but

the correction is small and it appears only in a small

correction term.
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" The equations given above can be substantially
simplified by evaluating the constants. Values adopted
for the coefficients are as follows cp = 0,25, PO= 0.05

l1b/cu ft, B 10,000 Btu/lb, E%Z = 250. These give a value

o =

for J of 0.054.

The boiling point of water, T,, is 672°R; the evapora-

tion enthalpy, h can be_taken as 1150 Btu/lb. The flame

g’
temperature, Tfo’ can be calculated from equation (15)

by assuming 15 percent wall loss so Teo= 2300°R. Insert-

ing these values equation (17) can be written
(Tf/Tfo) = (1 - 0.0765W)/ (1 <4 0.108W) (19)
Substituting for W by the moisture fraction, m, then gives

(Tf/Tfo) = (1 - 1.13m)/(1 - 0.94m) {20)
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'~ 'FUNDAMENTALS OF HUMAN WASTE INCINERATION

Introduction

A number of different methods can be used for the
dispoéal of wastes, but most of these present serious-
engineering problems and result in undue construction
and operation costs. In general the following systems
can be use@:

1. Induction heating, which is simiiar to the
dielectric type of heating used on ordinary electric
ranges.

2. The Zimmerman process, which involves large
scale and unnecessarily complicated equipment.

3. Biological Treatment.

4, Chemical Treatmenf.

5. Dumping and Burial.

6. Incineration.

Systems 3 through 6 are the most feasible for use in
the majority of installations. As the physical, climatic,
and other conditions charactgristic of a speéific area
affect the choice of the method of disposal, a brief
des;ription of the diffefent systems is presented, with
the problems peréinent to each, so that conclusions can

be drawn as to the most desirable method of disposal.

Biological Treatment.,

Fecal matter, like all forms of dead organic matter,
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animal or vegetable, undergoes decoﬁposition and dis-
integration, when exposed to the air, eventually becominé
reduced to stable inorganic compounds. Offensive
putrescible matter is destroyed, and complex substances
are transformed into simple ones which can be utilized

by growing plants and animals. This transformation of
sewage and other organic wastes is achieved by the action
of bacteria and other microorganisms. Under proper
environmental conditions, these microorganisms utilize
organic waste as food, converting it into simpler, non-
polluting compounds such as carbon dioxide, qitrates,
sulphates, and water. The rate of biological activity

is dependent on the temperature of the media and the
surrounding atmosphere, and decreases with decreasing

temperatﬁre.

Chemical Treatment

The addition of chemicals causes some organic and
inorganic substances in solution to separate and then
precipitate, together with the matter in suspension.

The solids, or sludge, maj be removed and diséosed of by
dumping, or may be pelletized for use as a-fertilizer,
while the liquids can be discharged into a body of water.
The chemicals most commonly used as coaguiants are alum,
lime, and iron sulfate, either along or in combination.

The degree of purification depends on the dosage, the

types of chemicals that are used, and the temperature and

characteristics of the waste.
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Dumﬁing and Burial

The waste solids from biological or chemical treat-
ment plants can be disposed of by dumping on waste land
or on land that requires fill. Some wastes mix readily
with the earth to produce a soil suitable for plant
grbwth; other wastes, which ‘are not desirable in soil,

should be buried on waste land.

Incineration

The incineration of organic wastes provides the
ultimate in volume reduction, reducing them to carbon
dioxide, water and highly oxygenated nitrogen and
sulfur compounds. The effectiveness of the incineration
process is dependent on the incinerator design and on
such variables as temperature, oxygen and the time of
contact. The ash remaining from incineration can

usually be dumped at sea without creating a nuisance,

or can be used as land fill.

It is recommended that the wastes be concentrated as
much as possible before incineration in order to reduce

auxiliary fuel requirements.
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STUDY ON A INCINERATOR SYSTEM

Every successful incinerator in operation today has
at least two distiﬁct'stages. The first stage consists
of the evaporation of the liquids and the Volatilization
of the solids, while the second stage consists of the

combustion of the volatiles in the gas.

In an incinerator system there are certain require-
ments that must be fulfilled in regard to the safe,
efficient and complete destruction of human wastes, which

are as follows:

The primary chamber must be supplied with sufficient
heat to accomplish evaporation and to volatize the organic

material present in the urine and the feces.

The vapors from the primary chamber must péss into
the secondary chamber where the vapors must be subjected
to high enough temperatufes, in the presence of a
sufficient amount of oxygen, to undergo complete combustion
of the volatile organics in the waste gas. 1In addition,
the time of contact of the wésté gas with the oxygen
mus£ be.sufficiently long, with a high degfee of turbqlence,

to allow intimate contact between the gas and the oxygen.

The unit should warm up instantly, i.e., there should
be no danger of the initial products of evaporation not

'being exposed to oxidizing temperatures. The primary

chamber should be cqoled to less than 212°F in less than two
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minutes to prevent flash during loading.

It is desirable to obtain exhaust gases in the form

‘of COZ’ N

9 water vapor, and 02 without the preéence of
carbon mogoxide and/or products of imcomplete combustion
of the organic materials originally present in the urine
and feces, such as oxalic acid, hippuric acid, glucose,
fats, etc., or combinations of any of these spbstances.

A low percentage of CO in an exhaust gas analysis without

a trace of odors would indicate that there is almost

complete combustion.

An exhaust analysis should show that the concentrations
of all toxic, odorous, or otherwise objectionable compounds

are less than the Threshold Limit Values (Table 3).

The unit should be supplied with the safety features

necessary to eliminate any possible danger.

Electric Incinerator

The following information applies to an electric

system made by Incinemode, Inc., of Garland, Texas.

. The following plot (Figure 9) shows the relationship of
temperature with time at various points within the Incinemode

unit during a test on the disposal of one pound of water.

The water had an initial temperature of 104°F, about
10°F higher than the normal discharge temperature of
urine. With a room temperature of 66°F, the liquid cooled

to 86°F before operation commenced. The first noticeable
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temperature rise occurred after a span of eight minutes;
the liquid was fully evaporated after a period of 45
minutes. At no time during this evaporation period did
the vapor temperature rise above 415°F. These temperatures
were attained by the use of natural draft, i.e., no ex-
haust fan was used; and exhaust fan would have the effect
of cooling the Vapor: An effective temperature rise of
600°F to 900°F would be theoretically possible by using

a catalyst; this would raise the temperature from 600°F

to 1300°F, not including the air required for the complete
oxidation of the waste. In essence, this suggests that
the vapors cannot reach sufficient temperatures without
the use of a superheater or a preheater prior to the
catalyst. A catalyst must have the necessary contact
surface, the proper combination of materials for the

waste in question, a sufficient air supply and a preheater
to provide the proper temperature prior to the catalyst

in order to perform its function.

The Incinemode unit has a power réting of 2,400 watts
for the main heating coils and 900 watts for the Oxycat
‘superheater. As the superheater was inoperative, 2,400
watts was used; at this power, a time of 45 minutes was
.needed to evaporate one pound of water. This resulted in

a thermal efficiency as shown below:
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(212 - 85)}? 970 = 1,097 Btu/1lb water
1 watt = 3,414 Btu/hr
2,400  watts = 8,200 BTU/hr =6,150 BTU/45 min

Thermal eff. _1097 _0.178 _ 17.87%
6150

The unit without the superheater had a time lag to
bring the water up to boiling temperature. The lack of
any superheater prevented exhaust gases from reaching the
temperaturé necessary for combustion. This unit did
not have an exhaust fan which would be necessary for
complete oxidation, and which would also result in cooling
the exhaust gases more thoroughly. The surface tempera-
ture of the coils was a maximum of 1060°F and the pan 1020°F
after evaporation was completed. Intermediate temperatures

are as shown in Figure 9.

The results of this experiment clearly demonstrate
that evaporation can only be used if the evaporated vapors
are then exposed to other heat sources or to a second

stage process such as exposure to an oil flame.

Complete oxidation éaﬁnot be accomplished-unless the
waste is in intimate contact with air at 1500°F (24).
Coil temperatures were never above 1100°F in this unit.
Up to the present time, no electric heatiﬁg coils have

been found which can exceed this temperature,

The Chemistry of Combustion‘

Preliminary to the design of an incinerator, it is
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necessary to have an analysis of the waste material to

be destroyed and to conduct studies on the behavior of
this material in the incineration process. While it

is true that incineration is used as a method of a sludge
disposal from biological treatment processes, it should
be noted that this sludge has undergone aerobic and/or
anaerobic decompogition, hence this sludge does

not have similar operational characteristics 'in an
incinerator to that of fresh human excreta. The analysis
of the waste material and a study of the chemistry of

combustion follows.

TaBles 4 and 5 are presénted to show that the con-
stituents of urine and feces are primarily carbon, hydrogen,
and oxygen with other elements being present to a lesser
extent. Compounds which have similar constituents are
the hydrocarbon fuels which are composed of carbon and

hydrogen with very small amounts of impurities, such as

sulphur.

Because of this analogy between fuels and wastes,
the analysis can be confined to the products of com-

‘bustion of fuels and then relate this to the combustion

. of wastes.

Products of Combustion of Hydrocarbon Fuels

At the temperature of combustion, hydrocarbons

rapidly dissociate into free hydrocarbon radicals. These
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hydfdcarbon radiéals are liable to oxygen attack, with
highly reactive, unstable oxygenated compounds or radicals
being formed which have only transitory lives. It is only
through successions of these active radicals that the
carbon and hydrogen of fuels and wastes are converted

into carbon dioxide and water. The atoms and radicals,

0, H, OH, and HO,, involved in the oxidation of hydrogen
are also active in the combustion of hydrocafbons.

Aldehydes are also essential links in the combustion

process.

The hydroxylation theory is of importance in consider-

ing the combustion of hydrocarbon fuels.

There is a combination of the hydrocarbon with oxygen
preliminary to final combustion. Hydrocarbons combine
with oxygen to form alcohols and aldehydes previous to,

and as a preliminary step in, burning to CO, CO2 or water.

This holds true at all temperatures.

The initial addition of oxygen to-the hydrocarbon
molecule forms an alcohol with which, in turn, more oxygen
reacts, fofming an aldehyde. This aldehyde; in many
cases, breaksvdown into intermediate combustible gases,

CO and H,, or the aldehyde may burn completely to CO2
and HZO' This process is termed hydroxylation because the

first addition of oxygen to the hydrocarbon molecule gives

the hydroxyl grouping (—OH) characteristic of alcohols (28).
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A survey of available'literaturg regarding oaor and
the measurement of odor intensities did not reveal a
method suitable for evaluating the complex mixture of
odors that can result from incineration. An example of
a complex odor that is the result of incomplete combustion

is a substance called urinoid (C6H80).

The breakdown of such substances as hippurric acid,
oxalic acid, uric acid, urea, indican, crectinine, phenols,
indole, skatole, etc., under the influence of temperatures
of 1600°F or.more and excess air (air more than reqﬁired
for the cﬁemical reactions) is a sfudy requiring full
scale reseafch. A literature review failed to show any

information regarding this subject at the present time.

Therefore, if sufficient oxygen is supplied and a
temperature greater than the ignition temperature of all
of the organic compounds present in the waste, then

‘theoretically complete combustion should be .assured.

Methods to Determine Products of Combustion

The objective of this section is to present methods
foé determing the concentration of the intermediate
?roductslof combustion from the burning of wastes in an
incinerator. These methods are presented here very
briefly while the complete experimental procedure can be

found in the references cited (29).
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1. Aldehydes.

Total aldehydes can be determined by a method
similar to that used by Goldman and Yagoda (30) after the
incinerator effluent is collected in five gallon carboys
containing 100 ml of one per cent sodium bisulfite solution,

drained and washed with distilled water.

2. Ammonia.
Five gallon carboys can be used here also but
instead contain 100 ml of one percent HZSO4 as the absorb--
ing solution. A modification of the Kjeldahl (31)

distillation method can be used for the analysis of ammonia.

3. Oxides of Nitrogen.
Total oxides of nitrogen samples from the effluent
can be drawn into carboys containing 100 ml of 0.1 N
sulphuric acid and 1 to 2 ml of 30 per cent hydrogen
‘peroxide; the phenoldisulfonic acid method (32) of

analysis is used to determine the total oxides of nitrogen.

To determine the nitrogen dioxidé (33) in the effluent,
‘the Saltzman method may be used. Forty ml of effluent
~are drawn into a 50 ml of Saltzman's reagent. After
absbrption the remaining material, which is red-violet in
color, is read on a Beckman Model DU spectrophotometer at
a wave length of 505 millimicrons using distilled water as

a reference. Standards are used to calibrate the instrument

so as to permit determinations of the concentrations of
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4, Organic Acids.
Sampling for organic acids in the effluent is done

by drawing about 0.7 cfm through a series of Greenbury-Smith

impingers (34). The first two impingers contain 100 ml
each of a 5 per cent solution of sodium hydroxide. The
third impinger is used dry to separate mist. 1In the

analysis the results are calculated as acetic acid in

ppm by volume in the effluent.

5. Hydrocarbons.

The mader method (35) of tﬁe Los Angeles Air
Pollution Coﬁtrol District can be used for the determination
of hydrocarbons. This method involves the concentration
df the hydrocarbons-from a large gas sample by freeze-out
techniques and determination of the hydrocarbons, as

hexaﬁe, by infrared spectrogaphic analysis.

6. Particulate Matter.
The A.S.A; method (36) 1is a process by which the
total weight of fly ash, smoké,and combustible tars per
unit volume of gas is determined by filtering the gas

through fine fiber-glass wood filter paper.

7. Smoke.

Many smoke measuring meters are available of which

the Bacharach Smoke Meter is an example. Some are of the
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continous recording type and others only furnish spot

values.
8. Odor.
Conventional odor comparison methods- as used in
water treatment practices can be used. The A.G.A. requires

that odors present must not be more objectionable than

those developed due to the burning of paper.,

9. Other Methods.
The Orsat Analysis can be used to determine the
amount,of-COZ) CO and H, present in a samplg of exhéust
gaé. The lower level of detection for the Orsat is 0.1

percent of 1000 ppm.

Comparison of Stack Emissions from Gas-Fired Incinerators

.and otherx Sources. Gas-fired domestic incinerators,
minicipal incinerators,and gas and oil-fired industrial
heating units do not attain.complete combustion which
.would emit gases pnly in the form of COZ’ 02, N2 and water
vapor, but instead emit gases that result from incomplete
combustion, such as NOZ’ SOZ’ NH3,‘CO, etc. The concentra-
tions of the gases emitted‘from these units are presented

in Table 3 along with the Treshold Limit Values of these

gases. This table is presented for the following reasons:

1. To show that the concentrations of various exhaust

gases vary considerably with the type of unit.
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2. To show that exhaust gases from these incinerators
are above the Threshold Limit Values for man and that
-incinerators should be designed to avoid the dangers

of these gases.

3. To show what level of concentration of exhaust
gases an incinerator system should achieve in comparison

with other units and the Threshold Values.

Physiological effects of the products of combustion.

Carbon Monoxide.

_CarbonvmonoXide at room temperature is a colorless;
odorless, tasteless gas that is-highly poisonous. It is
lighter than air and diffuses readily with air. Carbon
monoxide is formed in operations resulting from the
oxidation of carbon-containing material. It is present
in the pfoducts of combustion of gaseous, liquid or solid
fuels when the conditions of combustion are not properly

controlled (37).

The physiological effects of carbon monoxide are very
noticeable and sudden, with only small concentrations

of the gas being required.

Carbon monoxide is a blood poison since it combines
with the hemoglobin in the blood forming a stable compound,

carbon monoxide hemoglobin, which causes internal asphyxia-

tion because the hemoglobin is no longer able to absorb-
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ox?gén and deliver it to the tissues. Hemoglobin has
an affinity for carbon monoxide which is-300 times
greater than for oxygen, hence it will rapidly absorb

- the CO from any atmosphere containing even small amounts.

Table 4 shows the physiological effects when the
blood contains varying percentages of carbon monoxide.
Table 5 shows the physiological effects when the
concentration of carbon monoxide in air wvaries over a

given range.

Aldehydes.

The simplest molecular form of the carbonyl group
(aldehyde) is formaldehyde (CH,0) which is found by the

addition of oxygen to methyl alcohol:

CHCH + 1/202 -+ CH,0 HZO

Formaldehyde as a gas is -a powerful irritant to
the tissues to which it comes in cbntact, such as skin,
'conjunctiva and muccous membranes. This effect is due to
the formation of an irreversible combination of formaldehyde
with the protein §f the surfacé cells. In contact with
thé body surface, it is changed to formic acid (carboxyl
group) and methyi alcohol (38). Formic acid is a source of

dermatitis and of irritation of the upper air passages.

In man the first symptom noticed is burning of the eyes

and weeping, then irritation of the upper-air passages. If
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the gas is stronger, there.is a cough, tightness in

the chest, and a sense of pressure in the heat, with
pneumonia occurring rarely. After inhaling a large
quantity, there may be anorexia, sleeplessness, a feeling

" of weakness, and palpitation of the heart (40).

The danger limit for man has never been determined,
although for cats it is 200 ppm. At 20 ppm the fumes

become unendurable (41).

The American Standards Association has adopted a

figure of 10 ppm as the maximum allowable concentration

of formaldehyde.

Ammonia.

Ammonia gas is very irfitating to the upper air-
-passages, hence smell serves as a warning of its
potential danger. If avoidance of the gas is not possible
the gas may be deeply inhaled and cause congestion of

the lungs, followed by edema.

Table 8 shows the physiological effects of various

.concentrations of ammonia in the air (38).

High concentrations of ammonia, in addition to their
corrosive action on mucous surfaces, which can cause
permanent injury to the cornea, extensive damage to the

throat and upper respiratory.ﬁract, chronic bronchial

catarrh and edema, may affect heart action or cause
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cessation of respiration by reflex action (42). Maximum

allowable concentration has been set at 100 ppm (43).

Sulphur Dioxide.

Sﬁlphur dioxide gas causes a violent reflex action
which acts as a fefense against any dangerous amount and
hence allows the escape of man from the expésure to

the gas and its fatal effects.

The injuries that result are frequently bronchitis,
or possibly bronchial pneumonia, although edema of the

larynx and lungs has been known to occur.

Acute cases of 50, poisoning are rare due to the
intensely irritating fumes. Chronic poisoning is more
pfevalent and important thén acute cases (41). There
"is no real toierance to thié gas, and the apparent tolerance
is due to a chronic inflammation of the upper air passages,
producing a tenacious mucus which acts as a protective
coating. This protection does not extend to the lower
ait passages. The coating also deadens the reflex,
hence this inflammation has removed one measure of pro-

tection. Table 9 shows acute effects of sulphur dioxide.

~

Inhalation affects chiefly the upper respiratory
tract and bronchi, may catsevedema of the lungs and can

produce respiratory paralysis. (44).

Organic Acids.

The inhalation of formic or acetic acid produces
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severe corrosion of the mucous membranes and pulmonary
epithelium. Secondary effects are the result of hemorrhagic

pneumonia due to the irritant action of the chemicals (42).

At low or tolerable levels of exposure, the amounts
of the acid absorbed are readily oxidized; at higher
concentrations, the discomfort is usually sufficient to

force a person to leave the area.

Nitrogen Dioxide.

Nitrogen dioxide in concentrations of 100 to 1,000 ppm

can cause death in animals. See Table 10.

The results of exposure of man to NO2 are believed to
be similar to that of animals based on the deaths resulting
ffom»acute exposure to this gas. Death is due to asphyxia
~resulting from a pulmonary edema and not due to the‘effects
of nitrite. Asphyxia results due to the collection of
fluid in the lungs which interferes with oxygen exchange.
Symptoms may include weakness, nausea, abdominal pain,
coughing with a foamy yellow or brownish expectorate,
accelerated heart action,vand severe cyanosis ﬁith con-
vulsions. Slightest exertion under this coﬁdition may
produce dysprea, cyanosis, cardiac dilitation, and collapse,

with death within 8 to 48 hours.

Exposures in a range of 5 to 30 ppm with an average of

10 to 20 ppm, for periods of up to 18 months has shown no
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significant ill effects on . man, no were there any adverse
effects detected in any future examinations (42). The

maximum permissible concentration has been set by various

sources at from 5 to 25 ppm.

Combustion Variables.

The usual combustion process 1is accompahied by the
bright glow or flame characteristic of fast, high tem-
perature oxidation. The flame front or surface is an
area of very rapid chemical reaction and is a boundary
between burned and unburned gas that continously moves
toward the unburned gas. The thickness of the flame
front (or combustion wave) ranges from about a millimeter
to indefinite thickness depending on local conditions.
In passing through the flame front, combustion is either
practically complete or consumes the locally available
oxygen. The more rapid the combustion, the thinner the
flame front. 1In the usual burner flame, ignition and
combustion occur almost simultaneously and inseparably.
Propagation of flame islgenerally a thermal process in
that the flame must transfer'heat to the unbufnéd gas to

cause it to ignite (50)..

Solid Carbon in Flames (51),

a. Luminous flames c¢an carbonize.

b. Tendency to smoke increases with molecular weight.

Reverse is true for the olefine, diolefine,
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benzene, and naphthalene series. Methyl alcohol
does not soot at all, but the tendency increases
with molecular weight for primary alcohols.
Secondary alcohols soot more readily than primary
alcohols.

c. Branched chain paraffins smoke more readily than
corresponding normal isomers, even though the C/H
ratio is the same. The higher the branching, the
greater is the smqking tendency.

d. VUndersaturation increases the tendency to smoke.

e. Tendency to smoke increases with compactness.

f. In pre-mixed flames, carbon formations are not
exprected if there is sufficient 0Oy to burn C to
CO. 1If 0y is insufficient to convert all the C
to CO, then some C is thrown out.

g. High pressure favors carbon formation, low
pressure reduces it.

h. For pre-mixed flamés both S0, and HZS tend to
decrease carbon formation.

i. TIf sufficient time is available for éntrance.of
oxygen into the hydrocafbon molecule, then

~hydroxylation (férmation of a hydroxyl group)
is favoréd rather than thermal decomposition
into carbon and hydrogen.

Effects of Local Conditions on Combustion and Their

Application (50).

Increases in temperature accelerate both the speed of
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ignition and the rate at which combustion is completed.

A hot refractory surface received heat from the flame
and transmits it to colder portions of a burning mixture,
increésing the rates both of ignition and of combusticn.
Refractory-tile burner ports always improve burner
performance, and the role of the hot refractory lining
in promoting combustion is essential to the operation of
high temperature furnace. The influence of the hot
refractory is so pronounced that its effect has been
designated as "surface combustion". Silica, fire-clay,
and other refractories catalyze combustion chain reactions
at low temperatures (about 750 to 1300°F). This heat-
transfer temperature effect coupled with local turbulence
caused by surface roughneés of refractory are of major
- importance in surface combﬁstion phenomena at high

temperatures.

The process of burning is controlled more by external
factors such as concentrations, initial gas temperature,
and the manner of mixing of the combustion air, than by

differences of composition and other characteristics of

the fuel.

Devices for the Complete Combustion of Gases.
Complete incineration is a two stage process. The

first stage consists of drying, ignition, and volatilization.

The second stage involves the total oxidation of the
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volatile products as they are released from the first

stage.

The second stage process or the combustion of the
intermediate products might be performed by any-one of

four different methods which are discussed below.

Catalyst;

In cat&lytic.OXidation a combination of the molecules
of the combustible gases with oxygen takes place at
the surface of the catalyst. The rate at which this
phenomenon occurs determines the activity of the catalyst.
The physical and chemical characteristics of cataiytic
surfaces have an iﬁportant bearing on the relative activity
or rate of reaction. Keeping in mind these basic principles,
it can be seen that to realize a successful catalytic
oxidation reaction, the following factors must be con-

sidered:

Precautions must be taken to minimize deposits on the
catalytic surface or clogging, in order to maintain

contact with the molecules of combustible gases and the

oxygen.

The catalytic agent must be extremely active and
applied uniformly to the carrier. A deposit or coating
is less apt to hinder the reaction on a very active

catalyst surface than on one which is less active.

The catalytic element must be designed in such a way
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as to permit an even and equal flow over the catalyst

surface.

Waste gases should be relatively free of catalyst. poisons

such as metallic oxides and other non—combustible con-

taminants.

As stated above, a very active and stable catalyst 1is
able to withstand the presence of contaminating agents far
more efficiently than one which is less active. Experiments
in commercial installations have shown that one catalyst
will function satisfactorily for several thousand hours,
whereas another form of catalyst may be poisoned in a
matter of a few hours under the same conditions. This
difference in the behavior of catalysts can exist when
the catalysts are composed of the same basic elements
but of different preparation and configuration.v The correct
proportion of the chemicals and metals which enter into
the preparation of the catalytic agent is vital to obtain
catalytic activity; equally important is the design of

the catalyst carrier (52).

.Catalysts are generally limited to gases which are
essentially a mixture of air and pure hydrocarbons
or other gases which can be oxidized complétely to CO,
and HZOm The use of appfoﬁriate catalysts can extend the

»

use of catalytic oxidation beyond these simple applications.
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The effect of the gases resulting from the evaporation

of urine and feces on the catalyst has not been determined.

The gases must be preheated to a temperature of
appro#imately 600°F for the catalytic reaction to occur
(this temperature varies somewhat with the catalyst).
As the gases are deficient in oxygen, air must be added
to supply ;he oxygen for complete combustion of the CO
and the hydrocarbons. The catalytic gxidation reaction
results in a temperature rise of 600 to 900°F bringing

the final temperature of the gas stream to 1200 to 1500°F.

The coﬁstituents of urine and feces vary, hence the
products of combusﬁion are €0y and water vapor, the
composition of the other compounds will be variable in
~nature. A situation such as this would affect the

usefulness or life of the catalyst.
Direct Fuel-Fired After-Burner.

The first method (Figure 10) utilized natural gas as

the fuel source.

-In this device, the products of combustion and free
of excess air from the incinerator, plus additional excess
air for the second stage_prdcess, are mixed in the throat
of a venturi.With the after~-burner fuel gas for theoretically
complete combustion within thé venturi. The admission

of secondary air for the after-burner should be made between
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thé'primary—burning chamber and the after-burner chamber
as a deficiency of combustion air often exists with a

common entrance fotr primary and secondary combustion air.

This is one of many techniques that can be:used in
the after-burner chamber and is probably one of the most .
effective with regard to the thoroughness of mixing of the

volatile gases ,oxygen, and the flame.

The second method utilizes fuel 0il as the heat
source. Two general variations can be used with this heat
source. The first method brings the flame in direct
contact with the volatile gases, while the second-method
uses the heat from'the oil flame to heat chips of fire-
brick placed in the secondary-chamber. These chips of
firebrick are maintained at temperatures above 1600°F
and provide sufficient contact surface and obstructions
to create turbulent conditions between the volatile gases,

the oxygen, and the radiant heat.

EXPERIMENTS ON A FUEL-FIRED INCINERATOR

. Odor Elimination.

'The_possibility of destroying odors completely or
reducing them beiow the level of perception was determined
experimentally.' The test apparatus consisted of two
separate units, the first for evaporation of the liquids

(priméry chamber), while the second (secondéry—chamber)



59.

used an oil burner whose function was to destroy the odors
in the gases. Two separate experiments were conducted,
since the two primary units in our possession had radically

different mass flow rates for the exhaust gases.

The first experiment consisted of a natural gas

primary unit with an o0il burner in the exhaust stack.

The second experiment consisted of an electric unit
(previously tested) with an o0il burner in the exhaust stack.
Figure 10 shows the equipment layout used in the experi-
ments. The exhaust arrangement shown applies to the

experiments.

This 0il burner was the type used in the 1960 Corvair
Aﬁtomobile. This burner was operated at a flow rate of
"0.435 gph at a line pressuré of 25 psig. Initial tests
using both-the gas and the o0il unit have shown that odor
reduction is possible. The test procedure cbnsisted_of
evaporating a sample of urine in the gas unit and then
passing the vapors thru the flame of the oil unit. The
blower at point C (Figure ii)'was not operating during
this test. One of the products developed as a result of
evaporafing urine is urinoid (pGHSO). Thi; substance is
toxic and has- a very objectibnable odor. The initial
vapors had an odor index bétWeen 3 and 4 which was reduced

to a value of 2 after passage of these vapofs through the
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0il flame. The following table explains this odor index.
TABLE 12
Degree of Odor Odor Index
Too little to smell 0
Threshold (just perceptible) 1
Definite 2
Strong : 3
Overpowering 4

Toxic (process only) 5

Further reduction in odor is believed possible with
"proper control of excess aif and the rate of evaporation in
the primary gas unit. A quantitative study could not be
made, since the gas unit had to be returned ﬁo the manufactur—
er. On the basis of the gas flame temperature and the
temperature in the 1owe; exhaust stack a rough computation
of the amount of air that ﬁas'supplied can be calculated.

The ‘heat balance equation is as follows:

mlcpAT -;- m,cy AT = m3cpAT
mlATv-g- moy &aT = m3 & T
ml(T1 - Tz) -+ mZ(TZ.? TZ) = mg (T3_— Tz)
where:
T, = 3450°F o theoretical flame temperature

T, = 100°F assumed inlet air temperature
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”Tj = 700°F .measured temperature in the
’ lower exhaust stack for gas
unit
my = 1 ‘ assume 1 pound of air required

for combustion
m, = X excess air supplied to unit
mg = 1 - x total air supplied
then (1) (3450-100) 4 (x) (100-100) = (1 4 x) (700-100)

and x = 4.5 pounds or 4507 excess air

A reduction in the amount of excess air to 150 per
cent would be about the lower limit to assure safe opera-
tion of the unit. This reduction in air has a further
effect of increasing the temperature T4 above 7005F,
hence more completé combustion and a greater reduction
in odor is attained. The heat balance equation for 150
per cent excess air is as follows:

1 (3450~100)4+ 1.5(100-100) = (1 4 1.5) (T3 - 100)

T

3 = 1540 F

In addition there are other factors which play an important

part in determining the completeness of combustion of the

waste gas:
The time of contact of the oxygen molecules with the
volatile organics. fhe felative capacity of the
secondary burher with»res?ect to the primary burner
(i.e., slowér evaporation with the same after-burner
would result in more complete combustion). This- -
ex?eriment has shown thaf‘it is possible to reduce the-.
odor levél, if not destroy it, if proper design

‘Procedures are followed and complete combustion is
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“attained. With this background experimental work
and the theoretical information regarding incinera-
tion, it is possible to devise a number of schemes

for use in incinerator systems.

The second experiment consisted of the Incinemode
electric system as the primary unit with an oil fired
secondary unit. Prior tests on the Incinemode (without
an Oxycat superheater) showed that objectionable odors
were emitted from this unit. Subsequent tests with the
Oxycat superheater-failed to reduce the intensity of the
odor below its previous level. The electric unit had a
very low mass-flow rate; 45 minutes is required to eva-
porate one pound of water and the unit depends on natural
draft for the air movement.through the unit. The rate of
‘heat supplied to the electric unit was 3,300 BTU/hr, while
the oil unit operated at 54,000 BTU/hr (0.75 gph nozzle

at 25 psig; see Figure 12).

The test procedure was as follows:
1. A sample of urine was placed in pan of-electric
.unit (Figure 11).

’2. After evaporation ﬁad begun, sniff tests were
conducted on the ﬁroducts from the exhaust stack;

3. The o0il burner unit in gtack was--put in operation
with subsequent sniffing of the products 1eaving the
exhaust.

4. The oil burner was thén taken out of operation and

the sniff tests repeated.
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5. On-off procedure with the sniffing of the exhaust
products was repeated a number of times.

The result of this simple experiment has shown the

following:
TABLE 13
ODOR TEST RESULTS

Units Operating; Cycle Repeated Odor Index
Electric unit 3
Electriec and oil units 0 -1
Electric unit ’ 3
Electric and oil units o -1

The odor index may have been zero after the oil unit
was in operation. This is difficult to tell, as one of the
. chéracteristic odors of urine (urinoid) has the property
of retaining its odor for some time on surfaces it comes
in contact with; which in this case is the olfactory

organ in the nose.

With a high mass flow rate in the gas—oil experiment,
the odor index was reduced from 3 to 2. With the lower
mass flow rate in the electric-o0il experiment, this index

was reduced to less than 1.
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This flow rate can be determined by using the follow-

ing procedure:

1. Operate the o0il burner located in the stack

(Figure 11).

2. Measure the temperatures—at points 1 through 4

(Figure 11 and Table 14).

3. Measure the concentrations of CO, and'Oz with a

Fyrite absorption apparatus at a point A downstream of the

burner under conditions of induced and no-induced draft. The

air-fuel ratio associated with these concentrations -of CO2

and O2 are obtained from Figure 13 and summarized in Table

15.

TABLE 14

TEMPERATURE VARIATIONS

Location

Temperature °F

Induced Draft

No Induced Draft

(Sée Blower at C Operating Blower at C Not Operating
Figure 10)
1 270 310
‘2 1900 2150
3 \ 1450 1600
4 410 430
75 75

Ambient
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TABLE ‘15

EXHAUST GAS CONCENTRATIONS

Induced Draft No Induced Draft
Blower at C Operating Blower at C Not Operating
Pipe open at Pipe closed at Pipe open at Pipe Closed at
Point B " Point B Point B Point B
CO2 O2 CO2 » O2 CO2 02 CO,y 0,y
Per
“cent ofl0.5 6.5 14,5 1.0 : 14.5 1.0 14,5 1.0
con- .
stituent
Air-fuel
Ratio 21 21 14.5 14.5 14.5 14.5 14.5 14.5
at this .
percent-
age (see
Figure
13)

Note: For Locations of Points B & C, see Figure 11.
4. Utilizing the above information, the gas law equation
and equation of continuity; the mass flow rate, flow

velocity and time of contact of the gases can be calculated.

The unit was operated with a 0.75 gph nozzle at 25
psig; this is equivalent to 0.435 gph (Figure 12). A’

sample calculation for no-induced draft conditions at an
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air-fuel ratio of 14.5 is as follows:
Notation:
Subscript for the quantities refers to the point in

the stack as shown in Figure 11.

Distance from 2 to 3 = d = 1.0 ft
T2 = 2150°F = 2610°R
T3 = 1600°F + 2060 R
Data:
Air-Fuel ratio = A/F = 14.5

Fuel rate = 0.435 gal/hr = 8.1(}0_4) lbs/sec

Air rate = 14.5 (Fuel rate) = 1.175 (1072) 1bs/sec
Pipe diameter = 4 inches

Pipe area = 8.72 (10—2) ft2

Equations:

Perfect gas law: ‘ PV = WRT
. = P
or: (3 = T
" Equation of continuity: ' Q = av
Calcﬁlations:
For a flame temperature, T, = 2150°F = 2610°R
or P2 =2 = (14.7)148) = 1.52(1072) 1bs/f¢t3
RT2 (53.3)(2610) :
Q, = Air Rate = 0.773 ft3/sec
P 2 |
v, = Q .,

= 8.87 ft/sec
a
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" For a flame temperature, T3 = 1600°F = 2060°R

P

Q3

[

1.75(1072) 1bs/ft3

i}

0.672 ft3/sec

7.71 ft/sec

V3
Average velocity from points 2 to 3

v = 8.29 ft/sec
avg.

Time for gases to travel from points 2 to 3

t = d =

2-3 = 0.121 sec

1.0
Vavg. 8.29

hence time of contact of vapors to temperatures above 1600°F
is 0.121 seconds.

The effect of the quantity of air on the temperatures
and velocities of gases is dpparent from the results
summarized in Table 16. The no-induced draft condition
abplies to the odor elimination tests performed which
were successful in eliminating odors at temperatures
between 1600°F and 2150°F for a contact time of 0.12
seconds.

To determine with greater accuracy the magnitude of the
parameters involved in this process réquires more extensive
and refined studies. This would neéessitate the control
of the following factors:

1. The rétenof evaporation and the temperature and

the quantity of the air and waste gases-leaving
the primary unit.

2. The secondary burner fuel and air rate.



68.

3. The heat losses through-the unit.
In addition protected thermocouple wires and a more accurate

CO2 and O2 measuring device would be necessary.
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TABLE 16

FLOW PARAMETERS AND THEIR VARIATIONS WITH DRAFT

Air-Fuel Mass Flow Temperature @ Velocity Temperature Velocity Average Time of
Ratio Rate of Air of vapors of vapors Velocity contact Pt.
lb/sec Oy ft/sec Op ft/sec from ptl to Pt. 2

to pt. 2 seconds
ft/sec

14,.5% 1.175(10)?* 2150%* 8.87% 1600% 7.71% 8.29% L121%

*~No Induced Draft
21.0%% l-7(10)2** 1900 %= 11.6%% 1450%% 9+.38%% 10.49%%* ,095%%

**~-Induced Draft
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Air Requirements for the Combustion of the Waste and Fuel.

The chemical analysis of urine and feces presented in
tables 4 and 5 shows the approximate composition of the
various substances found in these compounds. The approx-

imate daily loadings for one man are as follows:

TABLE 17

QUANTITY OF WASTES

Substance Average Weight per day per man

Urine 1300 gms- or 2.9- pounds

Feces A 135 gms or 0.3 pounds

Water . 1265 gns or 2.8 pounds
present in the Urine and

Feces

Water makes up a major portion (aboﬁt-902) of the waste
to be burned with the remainder being the organic compounds
in the waste. The distribution of these compounds is quite
variable, thus--making it'difficult to determineAwith
Aaccuracy the exact air requirements. An appfoximation of
0.5 to 1.0 pounds of air per pound of liquid and/or solid

waste can be made using the values in table 18.

From Figure 13, it can be seen that the theoretical

amount of air required is in the proportion of 14.5 pounds
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of air per pound of diesel fuel oil.‘ With a given flow

rate for the. fuel, the air requirement can be determined

with accuracy. Any additional air is termed an excess, but
.is necessary for safety reasons, that is, to assure complete
‘combustion of the fuels and wastes which may vary in quantity.
A reasonable excess is 100 to 150%. This excess (as shown
before in table 16) can result in a temperature and contact
time decrease, and also assures more intimate and complete

~contact of the fuel and wastes with the oxygen.
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DESIGN OF A FUEL-FIRED INCINERATOR SYSTEM

Design requirements for Incinerator Systems.

The primary chamber must be supplied with sufficient
‘heat to accomplish evaporation, volatilize the organic
material present in the. dry urine and feces, and raise

"the temperature of all of the vapors to over 1000°F.

The vapors from the primary chamber must pass into
the secondary chamber where the vapors must be subjected to
temperatures above 1600°F in the presence of a sufficient
amount of oxygen in order to undergo complete combustion
of the volatile organics in the waste gas. In addition,
the time of contact of the waste gas with the oxygen must.
" be sufficiently long with a high degree of turbulence to

allow intimate contact between the gas and oxygen molecules-

The secondary chamber should warm up instantly or be
designed to retain heat and not cool below 1600°F, so tﬁat
the initial products of evapgration woqld be exposed to
oxidizing temperatures. The primary chamber should be
cooled to less than 212°F in less- than two minutes to
prevént flash during loading and the pnit should contain a
ablowér to create an air movement into the unit and not into

the room.

If the unit is of the type that can be used duriné
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the evaporation and incineration process, then the exterior
of’ﬁhe unit should not reach temperatures in excess of 100°F.
If'the unit is of the type that cannot be used during the
 incineration process, then the extérior of the unit must
‘reach a temperature of less than 100°F less than two minﬁtes

after the shutdown of the unit.

The fuel burners should have sufficient capacity to
dispose of 1 pint of liquids and 1/4 pound of solids in

less than 6 minutes.

The machinery necessary for operation should be accessible
by the removal of appropriate panels, be protected from the
hot combustion chambers, and not be exposed in any manner

so as to endanger the personnel using the unit.

The material used in the construction of the incinera-
tor chambers and the exhaust stack must be able to resist
the corrosive action of the waste and be able to withstand
the extreme temperature variations to which the unit will
be subjected. 1In éddition these chambers must be designed
so that they can be removed and'replaced. The chambers
must.also be able to burn clean (i.e., they must not retain

materials and odors on their surface).

The design of the unit must be such that it can be

maintained in perfect working order by using a simple
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operating manual. Materials used in construction must
be readily available and capable of resisting corrosive

atmospheres.

Tﬁe organic volatiles present in urine and feces should
be reduced to simple, odorless, harmless, unobjectionable
compounds such as C02, 02, N2, and water vapor. The products
of incomplete combustion of the organic materigls originally
present in the urine and feces- (such as oxalic acid, hippuric
acid, glucose, fats, etc., or combinations of these and
other substances) are usually in the form of aldehydes,-nitro-
gen oxides-,organic acids, ammonia, hydrocarbdns, shlfur
oxides, carbon monoxide, etc. If any of these or similar
substances are present whicﬁ can have a harmful effect or

are objectionable, their concentrations should be well

below the Threshold Limit Values (see Table 3 for examples).

Fuel is composed primarily of carbon and,hydrogen
with--small traces of sulfur. Urine and feces- are composed
primarily of water and organic compounds. These are mainly
carbon, hydrogen and oxygen, with smaller quaﬁtities 6f
sulfur and nitrogen, being preseﬁt. Theoretically, in
compiete_combustion all of the carbon, hydrogen, oxygen,
sulfur, and nitroéen will be emitted in the exhauét gas; the
ash will contain the inorganic materials originally present

in the urine and feces, with small amounts of unburned.

carbon-being allowable.



75.

' The piping and other equipment required to carry the
fuel should be able to withstand pressures at least twice
the designed carring capacity of the .unit without any
- dangers of deformation, leakage, or bursting. The pipe
‘at the inlet to the burner shall be provided with a shut-off
valve which will close if there is an electrical power

failure in the system.

The electrical system should be interlocked with the
mechanical system, thus closing the fuel valves if there

is a power failure.

A locking switch should be provided to prevent the
opening of the charging door if temperatures are above
212°F and if the blower cooling the primary chamber is.

inoperative.

A heat sensing device must be placed in the stack and
in other strategic locations in the unit and serve to shut

off the fuel supply if temperatures become excessive.

All electrical equipment should be proteéted from the

-flame source with all motors being of explosion-proof design.

In the event of an electric failure, the air blowers
Qould stop befqre the fuel sdpply was shut off. There
would therefore be come inéomplete combustion continuing
in the hot chamber until the témperature had been reduéed.

For this reason it is necessary that a natural draft into
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the unit and out the exhaust stack should aiways be present.

Suggested Incinerator Plans.

Three methods of ﬁeeting the design requirements are presented,
two of these very bfiefly, since they require automatic devices
.which are subject to break@own. The third scheme is by fér the
most favorable in terms of ability to satisfy the design require-

ments with a minimum of danger;

The first scheme consists of a system and incinerator se-
parated by a building-wall with the incinerator on the exterior
side. This systen requirés a transport mechanism to move the

pan below the systems into the incinerator (Figure 14).

The incinerator consists of a burner designed to heat the
firebrick to over 1600°F and rétain this temperature until the
unit is shut off. A heat sensing device located in the fire-
brick actuates a butterfly valve at the top of the pan to
open when the firebrick temperature is over 1600°F and close when
it is below this temperature. Therefore, it is possiﬁle utilizing
one burner, to evaporate énd burn the solids and 1iquids and then
pass the vapors through a ho£ multi—surface combustion chamber thus
theoretically accomplishing complete combustion. This system, however,
has basic disadvantages, namely, reliance on automatic devices to
control the coﬁvéyor and thé bﬁtterfly vaivé at the‘top of the pan

and the excessive heat loss throﬁgh the exhaust stack.

The second scheme consists of a layer of insulating material
separating the heated chips of firebrick from the pan containing the

wastes (Figure 15). The unit operates in the following manner: the
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burner first heats the firebrick chips until they are above 1600°f,.

vhereby a heat seﬁsing device is actuated, starts a motor and through

appropriate drive linkages moves the layer of insulating material from
above the chips of firebrick. Heat is then transmitted to the pan

”,where—bf the solids and liquids are evaporated and burned. The

vapors are then cycled back through the flame and through the

hot firebrick aﬁd out the exhaust stack. This system also has the

basic disadvantages of the previous unit,ﬂnamely, reliance on automatic

devices and the excessive heat loss through the exhaust stack.

The third scheme consists of two separate burners and chambers
(Figure 16). The primary burner is of the gun type with a capacity of
0.95 gph at 100 psi, while the secondary burner is a gun type

with a capacity of 0.40 gph at 100 psi.

In operation the secondary burner is turned on first to heat the
secondary chamber. After a temperature of 2000°F is reached, the auto-
matic controls turn on the primary burner and evéporationvcommences.
With this method the vapors are'always assured of being exposed
to oxidizing temperatures. The heat sensing device in this case
is only requiféd to actuate aArelayvso as to turn on the primary
burner and generally does not result.in‘any of the complications

. preserit when conveyors or doors must be moved.

Based upon the information obtained in the precéding experinments,
heat calculations will be performed to determine the economics of
this odor destruction process. The heat calculations apply to

a unit which has the following configuration (Figure 16).
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1., Primary'burner and chamber to evaporate and raise vapors
to- 2000°F,

2. Secondary burner end chamber to increase the contact time of
' fhe wastes and the oxygen et ZOOOOF and to preheat the primary air.
3. Heaf exchanger in exhaust stack to preheat the primary

air to 700°F and reduce the stack temperature from 2000°F to 4OOOF.

The physical model used for these calculations does not necessarily
imply than an incinerator system should follow this configuration, but
- instead serves to illustrate that this type of unit could satisfy

the design requirements and be reascnably economical.

The primery stage receives combustion air at 700°F heated by
means of a heat exchanger located in the exhaust stack (Figure 16).

Gases leaving the primary stage are at ZOOOOF.

Iﬁ the coﬁputation of fable 19 the following assumptions were
made.

1. The waste is composed of water (cp:: 1.0); the small amount
of organic substances (tables 4 and-S) with a lower heat capacity
(ép = 0.30) and its effect on lowering the total heat requiremeht
of the process is neglected.

2. The air requirement for the wastes is 1 pound of air per

-pound of wastes.

3. A1l computations based on a burning cycle of 6 mimites per

pound of wastes.

4. The primary oil burner has a capacity of 0.95 gph.
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-.Based upon the above assumptions the air requirement for com~
bustion of the fuel is:
 Weight of diesel oil = 6.7 1bs/gal (Figure 12)
Theoretical air requirement =14.5 1lbs air/lb fuel (Figure 13)
| Excess air (150%) = 21.8 1bs air/lb fuel
(0.95 gal/hr) (6.7 1bs/gal) (36.3 1bs air/1b fuel) = 227 1lbs air/hour
= 22.7 lbs air/cycle
The heat requireménts are computed according to the following

equation:

Q = Mep (Tp - Tp)

where:
Q is the heat required in.BTﬁ/pound of waste

cp is the heat capacity in BTU/pound mass - degree Rankine

To is the final temperature in dégree Rankine

Ty is the initial temperature in degree Rankine

M is the mass of waste in pounds mass
- At 0.95 gph the heat dclivcry for diesel fuel oil is 119,000 BTU/hdur
or 11,900 BTU/cycle which is more than the 10,300 BTU required for
the process.

The function of the secondary stage is:

1. To provide more thorough heating, increased ﬁime of contact,
~and mixing of the vapors in this high temperature region before they
pass to the exhaust stack.

2. To preheat the primary air by utilizing a heat exchanger,
located in the exhaust stack (Figure 16), to cool the exhaust products

ﬁhrough an exchange of heat to the combustion air.
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TABLE 19

PRIMARY HEAT REQUIREMENTS

¢
p Q
- Process Performed in the System BTU/1b °R BTU/1b waste
Heat water from 90°F to 212°F 1 122
Vaporize water at 212°F; latent : 970
heat of varporization '
Heat water vapor from 212°F to 0.46(from fig.i7) 230
700°F -
_ : . 0.545(from fig.17) 710
Heat water vapor from 700°F to
2000°F
Heat combustion air for wastes 0.269(from fig.18) 350
from 70C°F to 2000°F (1.0 1b)
Heat combustion air for fuel 0.269(from fig.18) 7,900
from 700°F to 2000°F (22.7 1bs)
' Total Heat required for Primary stage - 10,282

In computing the secondary burner's capacity, the following
.assumptions are made.

1. The exhaust stack will exchange heat to the combustion air in
‘codling from 2OOOOF to 7000°F and provide 3,406 BTU/1b of air in éontact
with the exhaust stack.

2. Addifional air of an amount of 0.5 1bs/1b of waste is necessary
 for assurance of éomplete combustion.

3. Air fér combustion of the fuel in the secondary burner
is required at the rate of 29.0 1bs/1b of fuel (a 100% excess).

Le M1 computations based on a burning cycle of 6 minutes per
pound of waste. |

5. The secondary oil burner has a capacity of 0.40 gph.
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_Based upon the above assumptions the air rgquirements for the

secondary burner are: | '
Theoretical air requirement = 14.5 1lbs air/l1b fuel (Figure 12)
Excess Air (100%) = 14.5 1bs air/1b fuel

 (0.40 gal/hr) (6.7 1bs/ga1)(29.o 1bs air/lb fuel) = 77.7 lbs air/hour

” = 7.77 1bs air/cycle

" Total air flowing through exhaust stack per 1b. waste.

Total primary Air 247
Total secondary air | ‘ 8.3
Total Air 33.0

Heat value of this air if cooled from 2000°F to 7000F
Q= MCP(TZ - Tl) .
Q = (33.0)(0.26)(1300) = 11,200 BTU
Heat required to heat 33.0 1bs of combustion air from 80°F to 7OOOF

Q= Mep(Ty - T9)

Q=33.0(0.25)(620) = 5,100 BTU

If heat transfer efficiency is _5,100 0.45 or 45%, then the 33.0 lbs
11,200 : :
of combustion air will be heated to 700°F.

‘ At 0.40 gph the heat delivery for diesel fuel oil is 50,000 BTU/hour

‘or 5,000 BTU/cycle which is more than the 4,975 BTU required for the

process.

The operational costs are as follows:

Primary unit , 119,000 Btuh
Secondary unit 50,000 Btuh
Total : 169,000 Btuh

or 16,900 BTU/6 minute burning cycle for a 1 pound load of wastes.
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With'a aaily load of 3 pounds per man, the heat required is 49,700 BTU
which can be attained from 0.40 gallons of diesel oil at a cost of $0.30
per gallon.
Fuel cost per man-day is:
0.40(0.30) = $0.12

excluding electrical costs, maintenance, and amortization.

TABLE 20

SECONDARY HEAT REQUIREMENTS

T
p Q
Process Performed in System BTU/1b °R BTU/1b waste
Heat combustionoair for wasfes from 0.269 (from fig.18) 175
700°F to 2000°F (0.5 1bs)
Heat combustionoair for fuel from 0.269 (from fig.l8) 2,730
700°F to 2000°F (7.8 1bs)
Provide BOOOF of additional heat- 0.28 (from fig.lS) 2,070

ing for the 24.7 1bs of primary
gases flowing to the secondary
chamber g

Total | 4,975
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THERMAL DECOMPOSITION OF HUMAN WASTE

Introduction

The volatile matter and carbon remaining as a function of time
was determined for different operating conditions of the volatilization
_chamber. An equation is proposed to describe the volatilization pro-
cess, and the dependence of the constants in the volatility equation
on temperature and on the rate of air supply to the volatilization
chamber was determined. Volatilization temperatures as low as BOOOC
may be feasible for some incinerator designs that provide a reactor
for the oxidation of the material volatilized..

One of the primary reasons for the inadequacies of the available
.incinerator systems is the lack of basic iﬁformation on incineration
as a waste treatﬁent process. Published information of the various
different methods of waste incinerator design are meager. Most
of-the cabacity_pgrameters used in the design of incinerators are
based solely on ﬁeat release and heat transfer considerations patterned
after the design of industrial furnaces, (56, 57). Oxygen or air
reqﬁirements for complete combustion of solids are calculated on the
basis of the'Btu content of the material used as fuel, again patterned
after the design of industrial furnaces, which endeavors to maximize the
thermal efficiency of the unit. These‘consiaerations are necessary
‘but ciearly insufficient when incineration is to be designed as a
waste treatment proce;s. The quanfity and types of combustion products
have been shown to be dependent on the type of fuel used, (58, 59), and
6n ehe "completeness" of oxidation, (60). Complete oxidation of golids
is difficult to attain and reaction time nééded for the oxidation of

volatilized material, although frequently ignored in design, should be -
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a prime consideration.

The development of meaningful capacity parameters and operating
conditions for the design of an effective waste incinerator depends

on a detailed knowledge of the process of destructive volatilization

of the waste material aﬁd of the oxidation of the volatilized compounds

- to innocous end products. The character of human waste énd the rate

of volatilization as a function of time, temperature, and available

oxygen was investigatediwith particular emphasis on providing in-

formation for developing rational design parameters for processés

depending on the destrugtive volatilization of human waste. The

experimental methods reported herein are applicable towfurthér studies

with domestic sewage sludge and, to a more limited extent, industrial

waste sludge.

Experimeﬁ%al Methods.

Urine and feces were collected separately and mixed at a fresh
weight ratio of eight parts urine to one part of feces. The mixtures
were blended in a Waring blender for a period of at'ieast 20 miﬁ to
assure uniformity of characteristics throughout the mixtures. The
percentage of solids in the sémplesAwag determined by drying_at 103°C
“and wgighing, (61). A semi-micro carbon and hydrogen apparatus was used
to determine the fracpion of ash, volatile matter, éarbon, and hydrogen
in the dried samples, (62). Approximately 20 mg samples were used;

The weight remaining after ighition at 850°C for a period of 30 min

in the carbon and hydrogen apparatus was taken.as the weight of aéh;
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the wéight loss as the weight of ‘volatile matter; the quantity of
carbon dioxide produced on ignition as the carbon content; and the
quantity of hydrogen in the water produced on ignition as the hydrogen
" content in the sampie. Samples dried at 103°C, kept in a dessicator,
-and refrigerated may be stéred for a period of a month wiﬁhout
significant changes in the gross charactefistics. Analysis were made

‘periodically on the dried raw samples.

The volatilization chamber used was a gas-tight retort approx+ |
imately 12 cm I.D. and chm.dcep with a total effective volume of 1f4 1.
The temperature within'the retort was measured with a shielded Chromed-
Alumel thermocouple with air flow through the retort at the desired
rate. The temperature withih the retort can be contrélled to
within 5°C. The rate of air supplied to the volatilization

chamber was metered with rotameters calibrated for 2% accuracy.

The change in weight and other characteristiés of the human waste
with respect to time for a given rate of aif supply and temperature was
studied, using dried samples of approximétely 2 gn eaéh (corresponding
roughly to a wet weight of 50 gm). The weight as a function of time was
determined by weighing at sighificant time intervals, as dictated
by experience. On removal from the volatilization chamber;vthe
sample was air quenchgd in a small aluminum desiccator for a few
minutes, then'transferred to a large pyrex desiccator to attain
temperature and mbisture equilibfium before weighing. Weights were

determined to the nearest .lmg.

After each weighing, the sampie was milled with either a small
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staiﬁieés steel spatula or a porcelain pestle, as needed to assure
uniformity, and a 20-mg portion was removed for carbon and hydrogen
analysis. The weight of material removed was assumed to undergo the
same changes as those experimeced by the bulk sample in subsequent,

time periods.

It was observed that the weight, carbon, and yolatile matter
content of dried human wasﬂe change slowly at temperatures less then
2OOOC and the fire ignition temperaturg in air at atmospheric pressure
was determined to be 42560. Thus, the temperature range for the study
of the volatility of humanbwaste was varied from ZOOOC to AOOOC. The rate
of air supply ranged from 1 1. per min per gram sample to 7.5 1. per min

per gram sample, reported at 21°C to 760mm Hg.

Analysis
The characteristics of the five raw samples ﬁsed to study the
volatilization of human wastes are presented in Table 21,
TABLE 21

-RAW SAMPLE CHARACTERISTICS

Raw Carbon Total C/A C/V. V/W

Sample % dry solids,% by by by

Number basis dry basis weight weight weight
1 - 48.8 - 5.53 .535 .912
2 32.5 S 6.50 | ' 1.43 VAL 773
3 2.1 . 3.89 2.53 .506 .833
i 45.1 © 3.80 427 504 .89/
5 [1.8 - 3.81 2. 493 849

Fach tabulated value represents the arithmetic average of three determin-
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ations.. Variatiens were usually less tnen one unit in the third signi-
ficant figure. The variation in the carbon and solids content, and
in the ratios of carbon to ash (C/A), carbon to volatile (C/V), and
volatile to total solids (V/W) reflect, in part, the variation in
the diets of the individuals who contributed the samples. A fairly
wide variation in the characteristics of heterogeneous waste
materials such as domestlc sewage sludge and human waste are
typical. (63) The total solids and the carbon to ash rdtio show
 the greatest variation. Total solids shows a two fold variation,
and the carbon to ash shows a fourfold variation. The percentage

of carbon and Volatile.matter in the samples are approximately

42% and 85%, respectively. A total solids of 4% and an 85% volatile
matter are also typical values for primary domestic sewage sludge

from primary sedimentation units that are preceded by grit removal.

The volatility of a given solid or the time rete of loss of a
given solid from the bulk phase to the gas phase depends on the im-
balance between the number or molecules escaping from and condensing
onto the bulk phase. According to classical physical chemistry, (64)
-the fraction of molecules escaping the bulk phese in a given time
is proportional to the Boltzmann factor, the fraction of molecules
with energies greater‘than a certain critical value, or

N= Fse ~B/KT (21)
iﬁ which N represents the fraction of molecules escaping per time, S
is the frequency factor, ¥ 1s the proportionality constant, E represents
the ‘minimum energy possessed by an escaping molecule, k is the Boltzmann ‘

constant, and T is the temperature, in degrees Kelvin.
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-The proportionality constant, F, is usually a function of both
temperature and the type of material. The number of molecules con-
densing in a given time is primarily a function of their velocity
~and the concentration of molecules in the guas phase. The process
‘of condensation is considered to require no energy of activation.
Following the preceding concept, the fraction of material loss per
"time is proportional to the Boltzmann factor. The gquantity of
material condensing is‘sméll»for large air flows or flushing rates.

: From Eq. 21, the fraction of material ioss with respect to time
is a constant for a givgn temperature and material. However, the
waste material undérgoeé decomposition at inéreased temperatures
and the value of the Boltzmann factor and the frequency factor will
change with the time. It is reasonable to assume that thermal de-
composition of waste material involves a rearrangement of atoms or
a change in configuration of the molecules in the waste. The relative
change of the frequency factor is, therefore, large as compared
with the change in the critical energy necessary for vaporization as
'Athe waste undergoes decomposition. An exponential function of the
fraction of material remaining at a given time was used to represent
'the frequency factor,
ax__ -Fse/rbogx (n-1) (22)
. Xdt : ‘
~in which X denotes the fraction of material remaining measured either
by volatile matter or.carbon; n, K are constants, and tﬁdenotes time.

Separating variables and integrating yields

1 (l(l-n)_ X (1-—1’1))

=t
) _ (23)
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Rearranging,
= (1-n) Kt+1 - (24)
When 1 is small compazj‘ed with (n-1) Kt, then

log ’X= E%EY log t 4. '('i:%{)“ log (n-1)X (25)

Eq. 22 predicts that the logarithm of K will be inversely proportional

to the temperature for the simplest molecules and deviations from the
‘linear relationship can be expected for more complicated molecules.
Values for n and K will, in general, be dependent on boéh temperature
. and oxygen supply, as a variation in either parameter will affect the
opportunity for changes in the molecular structure of‘the weste material.
It should be recognized that n and K are average values representative of
a conglomeration of different types of material in the waste.

"A typical set of observation made at AOOOC is shown in table 22 and
presented graphically in Figs. 19 & 20 in accordance with Eq. 25. The
values for n and K were calculated from.the sloée of the linevrepresenting
the liﬁear regression of log X on log t and the intercept of the regression
line at t 1. Correlation studies indicate that Eq. 25 is a reasonable
-representation of the volatilization procees. Values of correlation
- coeffients for the observation, summarized in Table 23, are greater than
.98. The vaiues of correlation coefficients'for observations summarized

in Table 24 are .78 for runs 1 & 2 and greater than .95 for the remaining

runs.
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TABLE 22

WEIGHT OF RESIDUAL MATERIAL VERSUS TIME

- Time, Carbon . Vola?i%e matter
in minutes ‘ %eg;iZi?Sﬁt | %egilzzgght
3.5 ‘ 35.4 344
13.5 17.7 13.7
0.5 ' ’ 14.9 9.7
62.5 8.36 7.7
125 | | 7.16 7.1
184 v ; Lm——— 5.4
248 e b

The volatility of the feces and urine mixtures as measured by volatile
matter and by carbon are presented in Tables 23 & 24 respectively. The
volatility is a function of temperature, rate of air supply, and the
material involved. The parameters, n and K, which describe the rate of
material loss as a function of time, are summarized for different operating
conditions of the volatilization chamber. The time required for 90% material
loss for a given temperature and rate of air supply was computed by using

Eq. 25, Figs. 21-28 are graphical presentations of selected information

contained in Tables 23 & 24.

The fraction of material remaining at time zero is one. At time
zero, according to Eq. 22, the value of K can be interpreted as the
initial time rate of change of X, the fraction of material remaining.

The initial rate of volatilization is proportional to X. The nonlinear
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rélationship between K énd 1/T for an air supply of 7.5 1. per min‘éer
gram sample, shown in Figs. 21 &-22 reflects the influence of two factors:
(1) the proportionality constant in Eq. 21, F, is a functipn of tempera—
. ture for chplicated molecules, and (2) the average critical energy E,
.required for a molecule to be volatilized may vary from sample to

sample even though the gross characteristics show only a limited
-variation. The information calculated for the data describing the

rate of loss of &olatiie matter or carbon indicate that. the initial time
rate of change in the fraction of material remaining increases marked-

1y for temperatures gréater thén 350°C. The dependence of the

initial rate of decrease in X on tﬁe raﬁe of air or oxygen supply with
the temperature at 400°C is represented by figures 25 and 26. The initial
rate of decrease fbr the fraction 6f volatile matter remaining, K., was
found to be highest for an oxygen supply of 0.56 1 per min per gram to
l.b 1 per min per gfam of volatile matter (liters per minute per gram

of Vo), decreased slightly with an increasing oxygen supply, and
decreased sharply for a lower oxygen éupply. The low value of Ky at
A the low oxygen supply rates may be attributéd to the influence of éon—

densatiéh, which is ignored by Eq. 22.

Values of K fér an oxygen sapply'greater than 0.56 1 per min
per gram of V  may be considered essentially constént. The.initial
: réte of decrease for phe fraction of carbon remaining, Kc’ might be
‘ roggh1y proportional to Ky were it not for.processes such as de-
hydration. The observation that Ko increases linearly with increases

in oxygen supply indicate that both vaporization and surface oxida%ion
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contribute to K, and, therefore,.to Ky. A typical value for the ration
of Vo/Cy is two (table 21). Thus, the ratio of K /K, would be approx-
imately one-half if the initial rate of change in the fraction of

- volatile matter were equal to the initial rate of change in the
fraction of carbon. The ratio of KV/KC at AOOOC for an air supply
greater than 2 1 per min per gram sample varies from 2 to 0.5. This
‘merely indicates that, for high values of K., the loss in volatile
matter is predominately a loss in carbon. Obviously, av/at mist be

- greater than dC/dt at all times, in which V is volatile matter and

C is carbon.

The value of X is, by definition, between zero and one. The
larger the value of the exponent n in Eq. 22, the lower the rate of
loss of material, indicating lower volatility. The slight dependence
" of n on oxygen supply at AOOOC is shown in figures 23 and 24. Figuresﬂ
27 and 28 indicétes that n, increases rapidly for temperature less
than 400°C; ny appears to increase linearly with deéreases in tem~
perature. From figure 25, it is noted that variations in the value
‘of n influence the rate of material loss more than corresponding
" variations in the valué of K. The rate of Volétilization is thusk
primarily temperature dependent, incluenced only slightly by air

supply, provided it be greater than 3.8 1 per min per'gram of ma-

 terial.

The intercept tabulated in tables 22 and 23 represents the value
of log X for time equal to 1 min. The fraction of material remain-

ing after 1 min is essentially 100% for temperatures less than 300°C
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or air supply not exceeaing 1 1 per min per gram of material. A
significant quantity of materialris volatilized in 1 min only for
temperatures greater fhan 350°C. AThe time required for 90% vola-
tilization of the material was computed from Eq. 25 with the experi-
‘mentally determined constants and the values tabulated in tables 22
4andv23. These values indicate that temperatures less than AOOOC are
impractical and air rates of less than 2 1. per min per gram of
material are not desirable if one is interested in obtaining a

90% reduction of volatile matter by thermal decdmposition in less than

1 hr.

From the data presented and Eq. 25, it is possible to calculate
the time temperature required for any desifed percentage reduction
in volatile matter. A temperature of 400°C énd an air supply rate of
3.8 1 per min per gram of material appear to be the minimum practical
coﬁditions for volatilization if greater than 80% of the Volatilé
matter is to be volatilized in a short time, for example, less
than 1 hour. If volatile matter reduction of 50% to 70% is acceptable,
theﬁ'a temperature as low as 300°0 ﬁay be used. It was observed that,
when at least 50% reduction in volatile matter was achieved, the
residue appeared black and had only a slight odor. The selection
of thg désired percentage reduction in volagile matter will depend

on the method of final disposal.

Effective incineration of human waste involves volatilization
of the waste and oxidation of the material volatilized. Material,
loading is generally a major consideration in the disign of a reactor

involving an oxidation process. The information on the volatilization
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procéés'presented will aid in determining and regulating the load to
the reactor and in selecting the proper operating conditions for the
volatilizafion process to enable an optimum over-all design. Low

" volatilization temperatures, less than the fire ignition temperature,
.may be used if a two-stage operation with respect to temperature is
provided. The first stage involves volatilization of the waste at
300°C and a 3.8 1. per min per gram of material-air supply, which
reduces the volatile content to less than 50% of the original value in

210 min to 15 min. The second stage subjects the residual solid waste
to a temperature of 600°¢ or higher and reduces the volatile content
to any desired level. The second stage of volatilization can be

—.provided by transferring the residue from the first stage of volatiliza-
tion to the oxidation where a high temperature is provided for another

. purpose. Other schemes may be conceived, using the information

presented.
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CONCLUSTONS

The time required for pyrolysis is approximately the time
required for heating, and the time required for combustion
is the time.required to burn the solid pieces for both
non-pyrolyzing materials and residues of pyrolyzing

materials.

Specimen size, and therefore comminution, has a striking
effect on residence time, since héating time is approx-
imately proportional to the square of specimen size, and
burning ﬁime is proportional of either the first or secbnd
power.of size, depending upon the éhape of the specimen
and the relative rates of mass transfer and the chemical

reactions.

- Burning time is inversely proportional to the mole

fraction of oxygen in the ambient gas, provided that the

burning rate is note significantly influenced by chemical v

reactions that are not first-order in oxygen.

The fime rate of loss of material was found to be pro-
portional to an exponential fuﬁctioﬁ 6f the fraction of
material remaining. The equation proposed for describing
the process of ﬁolatilization for human waste represented
the observations extremely well. Values of the cor-
relation coefficients generally were above 0.95. The

exponent and proportional constant were found to be
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dependent on both temperature and the rate of air supply

to the volatilization chamber.

The initial rate of change in the fraction of material
remaining, Ky, based on volatile matter measurements, was
found to vary but slightly with variations in the rate
of air supply when the rate was greater than 2 liters

per minute pef gram of material. The initial rate of

-change in the fraction of material remaining, Ko, based

on carbon measurements, is that the initial carbon loss

is due to both vaporization and surface oxidation and the
relative role of oxidation increases with an increase

in the aif supply.

The ratio of maximum to minimum initial rate of volatili-
zation was approximately three to one for air supply
rates corresponding to constant initial time rate of

change in the fraction of volatile matter.

The time required for a given percentage of reduction of

volatile matter or carbon depends more on the exponent n‘
in the rate equation than on the proportionality constant
K. The exponent n was found to be primarily dependent

on temperature for air supply rates exceeding 3.8 liters

per minﬁte per gram of material; for air rates less than

3.8, a small increase in n (lower volatility) was observed.
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TABLE ONE. BASIC DATA CONSIDERATIONS

~ Type(s) of waste

-Ultimate analysis

Ash characteristics
Metals

‘ Halogens

Heating value
Solids

Liquids

Gases

Special characteristics

-Disposal rates

Supply conditions

Liquid, solid, gas, or mixtures.

Carbon, hydrogen, oxygen and nitrogen,
water, sulfur and ash on an "as-received"
basis.

If appreciable and significant.

0alcium, sodium, copper, vanadium, etc.
Bromides, chlorides, fluorides.

Btu/1b on an "as-received" basis.

Size, form and quantity to be received.

Viscosity versus temperature, specific
gravity and impurities.

Density and impurities.

Toxicity and corrosiveness, other
unusual features.

Peak, average, minimum (present and future).

Temperature and pressure available.



98.

TABLE TWO. FURNACE TEMPERATURE VERSUS FIRING RATE

s OLye
Firing Rate Furnace Temperature (TF)
Fractiong Btu/hr ‘ 0% 50% 100%
Cold (%) sq £P Excess Air Excess Air Excess Air
0 Any 3677 2790 2230
10,000 2021 1839 1668
10 40,000 2680 2303 . 198,
80,000 2992 2482 2083
120,000 3137 2563 2124
10,000 1709 1587 1470
20 40,000 | 2349 2083 1844
80,000 2680 2303 1984
120,000 | - 2866 2413 2047
10,000 1538 1442 - 1350
30 40,000 2156 1942 1745
, 80,000 2487 2178 1907
120,000 2680 2303 198/,
10,000 12 1342 1265
40 40,000 - 2021 1839 1668
80,000 2349 2083 1844
120,000 2544, 2216 1930
- 10,000 1336 1266 1199
50 40,000 1918 1758 1606
80,000 2243 2004 1791
120,000 | 24,37 2144, 1884
10,000 1268 1206 1146
60 . 40,000 1836 1691 155/
80,000 2156 1942 1745
120,000 B 2349 2083 1844,
10,000 | 1165 1114 106/,
80 40,000 1709 1587 1470
80,000 A 2021 1839 1668
120,000 E 2212 1984, 1775
10,000 o 1089 1045 1001
100 40,000 1613 1507 1404
80,000 1918 1758 1606

120,000 2106 1904 1717




99.

a. Fraction Cold is the ratio of the surface of the furnace
enclosure that received heat divided by the total furnace
.surface.

b. Firing rate is the ratio of the heat release in Btu/hr
divided by the éum of all enclosing surfaces.

c. Table is theoretical for conditions given and is computed

with No. 6 fuel oil.
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TABLE THREE, COMPARISON OF STACK EMISSIONS

Industrial

Aldehydes © Nitrogen Organic Hydrocarbons Carbon
» as Oxide Acid as as Monoxide
Source Formaldehyde as NOy Acetic Acid Ammonia Hexane ’
ppm bpm ppm ppnm ppm prm
Gas-fired; AGA = 8 15 7 5 0.7 200-400
prototype; : : ’
domestic wastes
Municipal incin-. 1-9 24=58 — — — 1000
erator; with : ‘
scrubber
Other incinerators; 760 1.5 — 65 —— 5,500
backyard 27,000
Gas & oil-fired
heating units ’
Large gas-fired 49 215 30 0.6 —— —
. Industrial : '
Large oil-fired 61 390 365 0.6 _— —r—
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TABLE THREE. (CONTINUED)

Aldehydes Nitrogen Organic Hydrocarbons Carbon .

as Oxide Acid as As Monoxide
Source Formaldehyde as NO, Acetic Acid Ammonia Hexane

ppm ppm ppm bpm ppm - ppm
Automobile exhaust
Idling 88 8 — — 1,275 36,000
Acceleration 1,369 4,180 — S /10 100
Cruising 264 1,606 — : - 354 4,000
Deceleration 193 18 -— - 5,125 15,000
Threshold Limit ' '
Values 5 5 10 100 — 100
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TABLE 4
URINE ANALYSIS (25)(26)

Organic Compound Amount in Per éent
Urine of
Name Formula (gm/dav/cap) Total
~ Urea NH,CONH, 30 2.3
Oxalic Acid  (COOH), 2H,) 0.02 —
Hippuric Acid  CgH,CONHHCH,COOH 0.7 0.05
Crectinine C/H, N30 1.2 0.09
Allantoin NHCONHCOCHNHCONH, 0.04 —
 Phenols g ;0H 0.2 0.015
Glucose C6H1206 - 0.05 —
Uric Acid NHCONHC:C(CO)NHCONH Unknown | Unknown
Indican ¥ . 0.01 —
Purine Basis | * | 0.01 —_—
. Protein ®
Fats * 0.05 —
cher Colloids *
Amino Acid Nitrogen * - 0.20 0.015

% Formula was omitted because of the complicated structure of its carbon,

hydrogen, nitrogen and oxygen molecules.
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TABLE

FECES ANATYSIS (26)(27)

Chemical Compounds

: Amount in Per cent
~ Name : Formula Feces of
: (gm/day/cap) Total
Indole CeH, NHCH: CH
Skatole CgH 4 NHCH: CCH 5
.” Methylmercaptan CH3SH 33.3 25
Ammonia NH3
Amino acids H,NCHROOOH
Fats o
Water .'H20 S 100 75
¥ éee note Table 1
Organisms
Name Amount in Feces per day
Escherichia coli ,' 200 billion/capita
Pathogenic bacteria asﬁ
1) Salmonella typhosa 200 billion/carrier

2) Endamoeba histolytica 10 million cysts/carrier
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CARBON MONOXIDE IN THE BLOOD (38)(39)

Physiological Effects

Per cent CO Hemoglobin

No appreciable effect, except shortness of

breath on vigorous muscular exertion.

No appreciable effect in most instances, ex-
cept shortness of breath, even on moderate

exertion; occasionally slight headache.

Decided headache; irritable; easily fatigued;
judgement dustrubed, weakness, dizzinéss,

nausea; vomiting.

Headache; slight confusion; collapse and faint-
ing on exertion; increased respiration and

pulse.

Unconsciousness; intermittent convulsions;
respiratory failure; depressed heart action;

and possibly death.

Weak pulse, slow respiration, respifatory

failure, possible death.

Immediately fatal.

10

20

30

40 to 50

60 to 70

70 to 80

Over 80
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CARBON MONOXIDE IN THE AIR (38)

105.

Physiological Effects

Parts of Carbon

. Monoxide per million

parts of air

Concentration allowable for an exposure of 8

hours without appreciable effect.

Concentration which can be inhaled for 1

: hour without appreciable effect.

Concentration causing an appreciable effect’

after exposure of 1 hour.

Concentration causing unpleasant but not
dangerous symptoms after exposufe of 1

‘hour.

Dangerous concentration for exposure for 1

hour.

Concentrations which are fatal in exposures

of less than 1 hour.

100

400 to 500

6OQ to 700

1,000 to 1,200

1,500 to 2,000

4,000 and above
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TABLE &

CONCENTRATIONS AND EFFECTS OF AMMONIA GAS

. Physiological Effects Concentration in ppm
Least detectable odor. 53
Least amount causing irritation to the eye. 698
Least amount qausing immediate irritation 408

to the throatl.

Least amount causing coughing.‘ ’ - 1,720

Maximum concentration éllowable for pro-; 100

longed exposure.

Maximam allowable concentration for shorﬁ 300 to 500
exposures (1/2 to 1 hour). | _
Dangerous for even short exposufe.(l/? hr) 2,500 to 4,500

Rapidly fatal for short exposure. - ~ 5,000 to 10,000
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TABLE 9
ACUTE EFFECTS OF SULPHUR DIOXIDE

Effects Concentration
Immediate irritation to nose and ﬁhroat - 6 to 12 ppm
Detection by taste rather than odor .0.3 fo 1 ppm
Noticeable odor | 3 ppm
Leést amount irritating to the eyes 220 ppm
Irritating to moist areas of thevskin within » | 1. per cent

a few minutes.
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TABLE 10

CONCENTRATIONS OF NO, AND AVERAGE TIME TO PRODUCE

DEATH IN ANIMALS (33)

Concentration in ppm - Time in min
30 No deaths
100 318
150 ' 90
400 58
600 32
800 29

1,000 19
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TABLE 11

IGNITION TEMPERATURES OF VARIOUS GASES AND LIQUIDS

Air -% in Gas- Investigator

Mixture with Air Air Mixture Temperature °F (
‘Hydrogen  —me—— 1376 (45)
13.5 1283 (45)
_____ 1076 - (46)
Carbon monoxide @ = mm——e 1708 (45)
Moist Air 1180 (46)
Methane 25 1832 (45)
_____ 1616 - (45)
13.5 11628 (45)

_____ . 1202
1382 (46)
Ethane = - 1832 (45)
_____ 960 (46)
1160

Ethyl Alechol ~  =—em- 932 (47)
Acetone e 932 (47)
AMldehyde e 716 (48)
Hydrogen sulphide S 687 (46)
Propane . eee—— 9846 (46)
Ammonia e 1436 (46)
Ether 50 1892 (45)




110.

TABLE 18

COMBUSTION CONSTANTS (49)

Part I
1 2 3 4 5 6 7 g 9
" No. Substance Foynmla 1b§ per SP.Gr. Heat of Combustion
£t Air BTU/ft BTU/1b
1,000 Gross Net Gross Net
1 Carbon C —— ——— —— ——— 14093 14093
2 Hydrogen H, 0.005327 0.0696  325.0 275.0 © 61000 51623
3 Oxygen 0, 0.08461 »1 RN 0L % R — ——— ——— —
4 Nitrogen Ny © 0.07439 0.9718  ——— N —— ——
(Atmos) ‘
5 Carbon monoxide  CO 0.07404 0.9672 321.8 321.5 43477 4347
6 Car‘bon dioxide CO, 0.1170 1.5282 e ——— —— ——
- Paraffin Series  CpH, 2
7 Methane CH, 0.424 0.5543 1013.2 913.1 23879 21520
8 Ethane - 02H6 ©0.0803 1.0488 1792 1641 22320 20432
Propane C4Hg 0.1196 i.5617 2590 2385 21661 19944
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TABLE 18 - Part 1 - COMBUSTION CONSTANTS (Cont.)

1 2 3 b 5 6 7 8 9
No. Substance | - Formula 1b§ per Sp.Gr. Heat of Combustion
£t Air BTU/ft BTU/1b
1,000 Gross Net Gross Net

Miscellaneous Gases ) '

10 Methyl alcohol CHBOH 0.0846 1.1052 867.9 768.0 .10259 9078

11 Ethyl Alcohol C2H50Hr 0.1216 1.5890 1600.3 1450.5 13161 11929

12 Ammonia NH3 0.0456 : 0.5961 44101 365.11 - 0668 8001
13 Sulphur s — =--- 3983 3983
.14 Hydrogen Sulphide H,S 0.0911 1.1898 647 596 ,‘ 7100 6545

15  Sulphur dioxide SO, 0.1733 2.26  —mmm - ' _—_

16 . Water vapor H50 0.0476 0.6215 = —emm : ——

17 Air — 0.0766 1,0000 ——m—- . —
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TABLE 18 - Part II - COMBUSTION CONSTANTS (Cont.)

10 11 12 13 14 - 15 16
No. Required for Combustion Flue Products
0, N, Adr CO, Ho0 X,

1 — — — ——
2 0.5 - 1.882 2.382 — 1.0 1.882
3 —— — — ——
4 ——— i ———— ———-
-5 0.5 - 1.882 2.382 1.0 —_—— 1.882
6 —_— —— — —
7 2.0 7.528 9.528 1.0 2.0 7.528
8 3.5  13.175 16.675 2.0 3.0 13.175
9 5.0 18.821  23.821 3.0 4.0 18.821
10 1.5 5.646 7.146 1.0 2.0 5.646
11 3.0 11.293  14.293 2;0 ; 3.0 11.293
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TABLE 18 - Part II - COMBUSTION CONSTANTS (Cont.)

10 11 12 13 14 15 16

No. Required for Combustion Flue Products

12 0.75 2.823 3.573 —_— 1.5 3.323

13 ——— ———— ——— ——
S0,

14 1.5 5.646 7.146 - 1.0 1.0 5.646

15 —— ——— —— —_—

16 ——— — —— —————

17
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TABLE 18 - Part III - COMBUSTION CONSTANTS (Cont.)

17 18 19 20 21 - 22 23 24
No. . Pounds per pound of{cdmbustible Experimental Error .
' in Heat of Combustion
Required for Combustion Flue Products
, Per cent ( or -)
0, : N2 Air 002 : HZO N2 '
1 2.664 8.863 11.527 3.664 —— 8.863 0.012
2 75937‘ 26.407 3l 3hd —— 8.937 26.407 0.015
3 ——— — — — — — —
4 — —— —— — —— —— ——
5 0.571 1.900 R.471 1.571 — 1.900 0.045
6 —_— ——— ————— ———— —_— ——— ———
7 3.990 13.275 17.265 R.Tht, 2.246 13.275 0.033
8 3.725 12.394 16.119 2.927 1.798 12.394 0.030
9 3.629 12.074 15.703 2.994 1.634 12.074  0.023
10 1.498 4984 6.482 1.374 1.125 4.984 0.027
11 2.084 6.934 9.018 1.922 1.170 6.934  0.030
12 1.409 4,688 6.097 ~—— 1.587 5.511  0.088
| S0 -
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TABLE 18 - Part III - COMBUSTION CONSTANTS (Cont.)

17 18 19 20 : 21 22 23 24
No. Pounds per pound of combustible Experimental Error
in Heat of Combustion
Required for Combustion Flue Products
; v Per Cent ( or - )

0o N2 Air 602 HZO N2

13 0.998 3.287 4,285 1.998 ———— 3,287 0.071
| S0,

14 1.409 4.688 6.097 1.880 0.529 4.688 0.030

15 ————— ———— — ——— —_—

16 —— — — e — —— —

17




116.

TABLE 23
VOLATILITY OF HUMAN WASTE BASED ON VOLATILE MATTER

TN

Constants for Volatility Equation | : Air Supply
' Oxygen
Rate, in liters Time
Raw Slope Intercept n, K, Temperature, in liters per min for 90%
Sample _ in°C per min per gram Volatilization,
) of V, in minutes
1 - -0.358  -0.0388 3.79  0.459 400 - 2.03 0.256 480
2 -0.443 =~ ~0.283 ‘ 3.26 1.92 400 426 0.565 42
2 -0.528  -0.300 2.89  1.95 400 .56 0.973 21
-2 -0.692 ~0.224 2.45 1.46 400 S 15.13 . R.06 13
2 ~0.707  =0.149 2.42  1.15 400 . 15.13 2.06 16
3 -0.175 -0.134 ‘ 6.71 1.02 350 4.16 - 0.515 a
| | | (5.79) (0.686)
1 ~-0.281 0 4.56 0.281 300 15.13 1.91 a
1 -0.272 0 L.68  0.272 300 15.13 1.91 a
=0.0764 0O 14.1  0.076 200 7.56 0.890 a
-0.0899 0 12.1 0.090 200 15.13 1.91 a
Time greater than 10 days. Notes: Values in parenthesis are corrected to air supply rate of 15.13

1 per min, Volumetric rates of air supply reported at 21°C,760 mm He.
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TABLE 2
VOLATILITY OF HUMAN WASTE BASED ON CARBON

Constants for Volatility Egquation

Raw Slope Intercept n, K, Temperature Rate - Oxygen Time
Sample in ©C in liters in liters for 90%

' per min per min Volatiliz-
per gram ation, in
of CO minutes

5 -.400 0 3.50 .400 400 _ 2.03 | 4360 317

1 —.353 0 3.83 .353 400 2.03 .506 677
2 ~ 445 -.218 3.25  1.37 400 416 1.33 57

2 -.587 -.0858 2.70 822 400 7.56 .44 36

2 -.501 - 397 3.00 3.12 400 15.13 4.89 16 .

2 485 -.319 3,06 2.21 400 - 15.13 4089 25

3 -.214 0 5.66 137 350 4.16 1.05 a

(4.84)  (.418)

1 -.168 0 6.95 .168 300 15.13 3.78 . a

1 -.173 0 6.78  .173 300 15.13 3.78 a

4 -.0492 0 21.4 .0490 200 7.56 1.76 a

1 -.154 0 7.50 154 200 15.13 3.78 a

8Time greater than 10 days. Notes: Parenthesis value corrected to air supply rate of 15.13 1. per

min. Volumetric rates of air supply reported at 21°C, 760 mm He
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APPENDIX

Appendix A

Heating times of solid specimens. The heating of dry pieces of

~solid waste in an incinerator is a problem in unsteady state heat
transfer which is complicated by both endothermic and exothermic
pyrolysis reactions. The time required for heating is estimated in
the following .analysis by considering simplified, but still meaning-

ful, conditions.

Energy absorption and 1ibération within the pieces of waste is
'neglected. The error introducted by this simplification 1s decreased
by the fact that the endothermic reactions, which are more energetic
than the exothermic reactioné, occur at a temperature which is low
in comparison with that of the ambient gas, so that heat transfer

to the energy-absorbing zone within a specimen tends to be rapid.

The pieces of waste are assumed to be suddenly plunged into a
hot chamber whose temperature remains constant. This is, in effect,

assuming well-mixed, steady conditions in the heating chamber.

Heat transfer by radiation'and»by'particle—particlé contacf is
‘neglected. The error thus introduced depends on thebdesign of the
incinerator. Furthermore, the particles are assumed to be either
thin, flat slabs or spheres, the heating times of which should bracke

the times for the actual shapes;

The heating time is defined as the time required for the
temperature of a specimen to rise 95 percent of the initial tempera-

ture difference between the specimen and the surroundings. Fach of the
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following criteria of hotness is employed: surface, center, and in

the .case of flat plates, space-mean temperatures.

The time defined in the foregoing is given in terms of the
Fourier number (Fo), which is expressed as a function of the independ-
‘ent variables of the system by using the Nusselt number (Nu) and the
Biot number (Bi).

Thus, we have

F, =€ (8, Ny, x/d,) @

where d, is the dimension of the specimen (sphere diameter of plate
thickness), and x is digtance from the specimen to the material whose
heating time is referred to in Fo. This relationship, represent-
ing the solution of the differential equationvdescribing the heat-
transfer process, is given in graphical form in the literature

(16). Therefore, for a given specimen of known thermal diffusivity,
the heatlng time for material at a given position within a sp601men

is obtained by first calculating the Biot and Nusselt numbers.

Calculation of Nusselt Number

The nusselt number, which is a'meésure of the rate vaheat transfer
from the ambiént gas to the surface of the specimen; ié given by Nu
hdo/A g fér spheres and Nu = hL/Rg for flat plates, where d, is the
sphere diameter, L is the plate length, h is the heat~transfer co-
efficient for convection from the ambient gas to the surface of the
specimen, andA g is the thermal coﬁductivity of the aﬁbient gas. The

following semi-empirical relationships are known:
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" For sphere (14):

Nu =20 1+.3Re"2 Pz 2] (2

For flat plate (17):

NuU = .664 Re V2 pR'/?’ (3)

Pr is the Prandtl number of the amblent gas, and Re 1s Reynolds
number gased on the relative velocity between the speciﬁen and the

© ambient gas. Equation (3) is limited to laminar flow over the surface
of the slab, a condition which is expected 1o be éatisfied in most

all incinerators.

Prandtl number, which is essentially independent of both
temperature and pressure, has a value of about 0.7 for air. Pr

1/3 is approximated by unity in this calculation.

In calculating Reynolds number, the dimensioh of thevspecimen
is taken to be the diameter of spheres and the length of plates. The
lengfh and width of the plate are assumed to be much iarger thaﬁ thé
thickness, and the plate is assuhed to be oriented with its length
parallel to the velocity of the amblent gas. OSpecific values of width are
‘of no consequence in this calculation. The properties of the ambient

gas are assumed to be identical to those of dry air.

Calculation of Biot Number

The Biot number is a measure of the relative rates of surface
and internal heat transfer and is given by Bi = hro/Q s, where A s
. “is the thermal conductivity of the solid material, and ry is the

radius of spheres and the half-thickness of flat plates. Bi is
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expressed in the following in terms of Nu. In the case of flat
plates, the length has been assumed to be 10 times the thickness.

For sphere: -

B¢ = (/2)(Aa/2s) No (%)
For flat plate: ' '
B.= ('/_?-O)QD\AIXS)MU | (5)

The thermal conductivity of a wide range of carbonaceous
- materials, including various woods, plastics, rubber, and coal, is
within the range 2.8 X 1074 to 3.8 x 1074 cal/cm-deg C-sec (18,19).

It is assumed here that a value of
Py -4 e o/ WeoF - B+
"is representative of solid waste.

Biot number is calculated using the values of Nu calculated in

the foregoing and assuming the ambient gas to be air.

" Calculation of Fourier Number

The Fourier number is given by Foz & th/fi’ where a is the thermal
diffusivity of the solid material, and ty, is the heating time. Fo is
calculated using the values of Bi obtained in the foregoing and

 graphs of equation (l) found in reference (16).

Calculation of Heating Time

The heating time of a specimen of given dimension is obtained

from the Fourier number and the thermal diffusivity of the material.
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This analysis uses the value ©4 = 1.0 x 107> sq cm/sec (3.9 x ILO“3
sq-Tt/hr) which should be appropriate for waste, since it is approximate-

ly valid for coal, wood, and many other carbonaceous materials (18,19).

The extreme casé, where surface heat transfer is infinitely
ffaster than heat transfer within the specimen (i.e., ;\_S/hro = 0),
repfesents an upper limit to the héating rate obtained by increasing
without bonds the relative velocity between the specimen and the ambient
gas. Heating times for this case are found in a,similaf manner to

that described in the foregoing.
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Appendix B

Derivation of burning time ecuations. As was done in the analysis

of heating time in Appendix A, two extreme specimen geometries are
considered here: flat plates and spheres. In the case of each
.geometry, the equations for burning time are derived for cases of

complete mass-transfer control and complete chemical control.

Flat plate: mass-transfer controlled burning rate..The plate

is assumed to be oriented with its length parallel to the velocity
of the ambient gas. Combustion ‘of the edges of the specimen is
assumed to be negligible with respect to both total burning rate and

changes in the dimensions.of the specimen.

The molar flux of oxygen reaching the burning surface is

N kp(fy - )
where kf is the mass transfer coefficient (g—molés/sq cm-sec),‘and
f, and fg are the mole fractioﬁs of oxygen in thebambient gas and at
the solid surface. Owinglto the assumption that burning rate is
mass;transfer controlled, fs = 0. Therefore,

I(I = kffa A (6) .
For the case of laminar flow at the_su;face of the specimen, which
will glmost always be the case, kf is given by the following semi-
empirical equation (20): |

ke = 0.664 (PD/RIL) RePsc 1/ (7)
where P is absolute pressure,’D and Sc‘are the coefficient of diffusion
and Schmidt number for oxygen in the ambient gas, R is the ideal éas

constant, and T is absolute temperature.
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VThé Schmidt number is essentially independent of both tempera-
tufe‘and pressure and has a value of about 0.9 for oxygen-in air. Since
_the ambient gas of the waste has properties similar to air, Sc 1/3 is
" assumed to be unity.v Therefore,

Rg = P - (8)
whefe F is the moles of solid material consumed per mole of oxygen

used, and Mg is the molecular weight of the solid material.

Combining equations (6), (7), and (8) giveé

L
2

Rg = (0.664) FM, (D/L) (Pfy/RT) Re (9)
The specifid burning rate is also given as follows in terms of
‘the density of the solid material (F)S) and the rate of decrease of
specimen thickness (dr/dt): |
Rg = P gdr/dt
Assuming temperature pressure, oxygen concentration, and ambient
velocity to be independent of time, és is constant, and integration
of the foregoing gives:
t, = (P s/Ry) o : (10)
The desired burning-time ié obtained by replacing Rs in equation
(10) with equation (9). In making this substitution, it is convenient
to express D and Re in terms of temperature and pressure as follows:
/2 (p,/F) (11)
Re = (TLAV,) (T,/1) 72 (p/p,) (12)

where V is the relative velocity between the ambient gas and the specimen,

3
D = D, (T/T,)

V/ is the kinematic viscosity of the ambient gas, and the subscript o

0
~ denotes STP conditions (0 C and latm).
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-The temperaﬁure and pressure dependence of the relative velocity
is'not clearly known, If we expross V as
V=V, (T/To)m(P/Po)n
.'fhen values of m ranging ffom.1/2 to 1 and values of n ranging from O
‘to -1 are obﬁained depending upon the conditions chosen with regard to:
1) the size of the specimen, 2) whether the specimen is stationary
with respect to the combustion chamber or suspended in the flow, 3) the
extent to vwhich the suspended spedimen interacts with other specimens, and
i 4) the fractions of the time that the suSpended ﬁlate is oriented
parellel wiﬂh and perpendicular to the main flow. The velocity of the
ambient gas relaﬁive to the specimen will be treated as though it is
‘the average linear flow rate through the chamber, Hence,

V= T (1/1,) (,/P) | (13)
Since this equation is not necessarily correct, it shéuld be remembered
‘that the burning-time equation resulting from this analysis may not
reveal the actual influence of pressure and temperature on buming

time.

Substituting equations (11) to (13) into equation (10) gives

Flat plates; mass~transfer control:

e (e e m ey P sl e, o

where

/

o 1/2
K3z Po/FMg,  K;= RIV, "~ /1.328D P
and d  is the initial thickness of the plate.

1/2
For combustion in air, K4’= 3.19 x 10[P Sp cm-sec / /g-mole. The
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value of KB depends upon the material being:burned.

Sphere: mass-transfer controlled burning rate. The sphere is

assumed to burn uniformly over its surface, and the ambient gas is
assuméd-to remain constant Qith respect to temperature, pressure,

'oxygen concentration, and velocity relative to the burning specimen.

The following analysis is very similar to that performed in the following
in the foregoing for flat plates, except that Re changes during burn-

out for the case of spheres.

Assuming that Schmidt number is unity, the mass-transfer co-
efficient for a sphere‘may be writﬁen (20)
ke = (DP/RTr) (1 + 0.276067? ]
where r is the radius of the sphere at any time t. Using this équation
and equating the réte of oxygen tfan3port‘to the surface of the sphere
to the equivalent rate of decreése of the sphere radius, we have
- psdr/dt = (DP/RTr)

- [1« .276Re01/2(r/r0)1/

21o/m ]

where Re has been expressed in terms of its initial, STP value with

velocity assumed to be V= Vb(T/TO)(PO/P). This equation is arranged

for integration in the following manner:

DPL, /RTKB St:b 4T = SR [R/('_g_zﬁ'/z)]vdg

1/2 |
where z = 0.276 (ReOTO/rOT) /v, ry is the initial sphere radius

and (tp) m.t. is the burning time under mass-transfer controlled
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1/2

condifiéns. The substitution zr = y-1 allows this equation to be

integrated to give
Sphere; mass-transfer control:
| 1/2 2
(nt, = [ KaEK3(T/T) / (/)] a5 (5)
where dgy is the initial sphere diameter and
Ky = RT,/8DP,
Ky = ((4/9)0P-20% 4-in 0 0] /0t
1/ /2 ‘

2 1
U = 0.276Re, (TO/T)

psﬁMS

K

3

The value of K, is 1.273 x 10% cm-sec/g-mole for combustion in
air. The value of X2 is uhity for tﬁe case of no bonvéctionl(i.e;,
for V = 0), and decreasés as Re, increases. For values of Re, greater
than about 1500, K5 becomes inversely proportional to Reol/z, so that
- burning time becomes prOporﬁionalito di 2 and inversely proportional
to Vl/z. The stoichiometric cohstant K3 is evaluated in the analysis

of flat-plate combustion.

Chemicallv Controlled Burning of Cérbon: Spheres and.Flat Plateé

Combustion is aésumed to occur oﬁly on the outer surface of
specimens, thus neglecting reéction<in,pores; Assuming fhétwoxygen
‘concentration and temperature afe constant, the specific burning rate
és’ is also constant,nand the burning times of a spherical or flat-
plate specimen is obtained by integrating the quatidn ﬁS: -fz dr/dt,
where P o is the density ofvcéfbon, and r is either the sphere radius
or the plate half-thickness. The burning time under conditions of

chemical rate contfol is found to be
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Hi

OIS (Po/2R)d, (16)

From the chemistry of the carboh—oxygen reaction, Rs is given as

- follows:

Adsorption control:

Rg= M, 1) £,P (1/2wMRT) 1/26Xp(— 1 /RT)

Desorption control:

Rg = M Asexp (-E,/RT)

where F, and E2 are the activation energies for oxygen adsorption

on carbon and desorption of carbon oxides (assumed to be solely‘COz),
M, and Mb are the molecular weights of carbon and oxygen, ty is the
steric factor of the adsorption précess, and A, is the frequency factor

of the desorption process. Substitution of these expressions into

equation (16) gives the following results:
Carbon sphere or flat plate; adsorption control:
1/2 )
(tp)a= K5(BP)(1/5,) [1/(1y/T) " “exp(-8 /&1)] o,  (7)
Carbon sphere or flat plate; desorption control:
(ty)g = K [L/exp(-Ey/RT)] 4 (e
where -
v,
Kg = R (27 M RT,)2/2 M D P,

Ke = Pc/2 Mc A,
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APPENDIX C

DEFINITION OF MEDICAL TERMS

Anorexia - ‘loss of appetite.

'ASphyxia -~ unconsciousness due to suffocation or inter-
ference of any kind with oxygenation of the
blood. |

Cardiac dilatation -- enlarging of the heart, occuring path-
ologically or made artificially.

Catarrh - simple inflamation of a mucous membrane.

Conjunctiva » -~  the mucous membrane covering the anterior
surface of the eyeball and lining the lids.

Cyanosis - | a dark bluish or purplish coloration of the
skin and micous membrane due to deficient
oxygenation of the blood.

Dyspnea — difficult respiration.

Edema | —— an abnormal accumilation of clear watery

| fluid in the lymph spaces of the tissues.

~Hemoglobin -—  the coloring matter of the blood.

Pulmonary epithelium -~  the purely cellulér, nonvascular layer

covering all the free surfaces of the lungs.
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