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from a properly operated fuidized bed sewag

sludge incinerator appear well below any current pollutant emission

standards; particulate matter js the significant pollutant.

As sludge production by United States sewage treat-
ments plants increcses, the problem of its disposal
wiil become more serious. A recent federal report
poirted tfo incineration as potentially the most feas-
ible sludge disposal methed

A problem connecied with sludge incineration
methods, which include fluidized bed, multiple
hearth, flash drying and incineration, atomized sus-
pension firing and wet air oxidation,? is ajr pollution.
This paper deals with the air pollutant emissions
produced by a fluidized bed sewage sludge in-
cineraior,

Fluidized bed incinerator. A fluidized bed sewage
sludge incinerator System consists of a sludge thick-
ener, centrifuge or equivalent, sludge -feeder, pre-
heut burner, air distribution box (fluidized sand
supporter), air blower, combuystion chamber, exhaust
pipe fchimney), air pollution control facility (usually
scrubber), cyclore (solid separctor) and an ash pit
(Fig. 1. Silica sand js p'aced in the combustion
chamber, Air s applied underneath and goes
through the oir box to force the sand into suspension,
creating a fluid-like mixture of sand and gases. The
fluidized bed is preheated to operating temperature,
ond dewatered sludge fed into it. The combustion
products, inert ashes and finer fluidizing sand are
carried out of the combustion chamber by the ex-
haust goses, which are treated by a scrubber before
emission into the atmosphere.

Test program. Air pollutant emissions from fluidized
bed incineration include particuiates, CO, CO,, SO,
NO,, hydrocarbons and water vapor. A test pro-
gram was designed to measure these emissions and
to determine whsther or not they varied ‘with vari-
oble conditions. Samples to be tested were taken
upsireom of air pollution control systems so that
the measurements would be accurate,

Two fluidized bed incinerators, located at Lynn-
woed and Edmonds in Washington, were used in
the test program. The Lynnwood incinerator, 4 ft in
diameter ond about 17 f high, was the first com-
mercial unit installed {1961) in the United States, It
was designed with o copacity of 220 Ib dry sludge/
hr. The Edmonds incinerator was constructed in 1947
to handle 500 Ib. dry sludge/hr. It is & ft in diam-
eter ond approximately 22 ft high.

The tlow diagrams of both plants are identical,
and they are similar 1o that in Fig. 1. Sewage
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sludges collected in  the primary clarifiers are
pumped to a sludge thickener for concentration and
then to a centrifuge for further dewatering. The
dewatered sludges which are 65 to 75 percent mois-
ture, are injected by means of a screw feeder into
the reactor. In the reactor sludge is rapidly mixed
with fluidized sand, dried and burned, leaving inert
cshes in the exhaust stream. A scrubber treats the
exhoust goses before emission to the atmosphere.
Sampling procedures. Sampling trains (Fig. 2) were
vsed to collect exhaust gas and particulate samples
ot various operating conditions and different sludge
loodings before and after the scrubber, at both
the Lynnwood and Edmonds incinerators, Tests were
made on the samples collected to determine partic-
viate mass concentration (grain loading), size dis-
tribution and concentrations of SOz, NO;, CO, CO,,
02, N2 and water vapor.

Particulate moss concentration and size distribu-
fion were meosured using an alundum thimble?
ond University of Washington cascade impactor?
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respectively. O,, CO,, CO and N. were determined
by Orsat test kit. CO was also determined by in-
dustrial hygiene indicator, The Phenoldisulfonic acid
method ond the icdine method were used to mea-
sure NOy, and SO, respectively.

For particulate analysis, the fractions of ash and

. send in the exhoust porticulete matter were deter-
mined by washing. Because sand is much heavier
than the ashes, water is used to wash away the
cshes. The seporaied sonds are then dried and
weighed. ) .

Sewage sludge scmples were collected at the
reactor to determine moisture, volotile contents and
heat value. The cize distribution of the fluidizing
sand was determined. Operating conditions, includ-
ing combustion temperatures, pressures, auxiliary
oil supply rate, sludge feeding rate, amount of sand
in bed, efc., were recorded for each pollutant sam-
pling test.

The results of tests on exhaust gas compositions
and particulate mass concentrations at various oper-
ating conditions and sludge loadings were summar-
ized (Table 1). Gaseous pollutant emissions were
plotted ogainst sludge looding rates (Fig. 3). A
typical set of the particulate size distributions of
somples collected before and after the scrubber is
shown (Fig. 4). Also, the relationships between air
and ouxiliory oil requirements at various burning
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rates are presented (Fig. ). The test results of air
pollutant emissions after the scrubber are averaged
and listed together with the pertinent data collected
(Table 2).

Predicted emissions. Given the empirical {formulas
of sewage sludge and auxiliary fuel, the rctios of
air/sludge and auxiliary fuel/sludge and the mois-
ture and ash contents of sludge, the amount of air
pollutants emitted during sludge incineration may
be calculated.

Based on data available, the empirical chemical
formula of row sewage sludge (ash and moisture
free) is Cas2.5Hs17.50276.6N22,0S and of auxiliary
fuel (No. 2 oil) is Ci290H2230S. For a sludge loading
rate of about 11.5 Ib dry/sq ft-hr. combustion of
one dry pound of raw sewage sludge requires 23.75
Ib of air and 0.0545 gal (0.4246 Ib) of residual
oil (Fig. 5). The corresponding moisture and ash
contents of sludge are 74.9 and 14 percent re-
spectively (Table 1). Giveh the empirical chemical
formulas and data mentioned above, the quanti-
ties of the constituent elements of one dry pound
of sludge and 0.4246 pound of No. 2 oil can be
calculated (Table 3). .

Assuming that combustion is complete, the amount
of CO,, water vapor ond SO, produced by burn-
ing one pound of dry sludge can be computed with

to SO, impingers or

NOyx evacuation bottles

69

o

et e
D e L 2 S gy

PRSP g fp e e ety

e R o y




Table 1.~ Air Pollutants Emitted From Fluidized Bed Sewage Sludge Incinerator

Sludge loading Rates Air Pollutant Emissions
Particulate Matter Gaseous Pollutants
grains/scf* ' Ib/hr Ib/ton co CO, SO, NO, H20
ib/hr Ib/ft3-hr ’ . mg/l Percent mg/i mg/! Percent
. . . by volume
100 6.60 1.180 9.35 187.00 0 3.0 27.1 7 10.3
134 8.84 0.170 : 1.43 21.30 0 14,2 11.2 30.6 12.5
172 11.36 3.430 29.50 342.00 0 6.4 18.3 0 126
175 11.53 0.936 7.53 85.80 10 9.4 30.5 2 18.4
179 11.80 0.732 6.07 67.80 0 7.0 29.2 4 17.7
183 12,10 0.555 5.1 55.60 ] 7.4 22.5 [¢] 15.3
189 12.46 0.446 4.39 446.40 [} 8.7 247 8 17.8
213 14,10 0.233 : 1.95 18.34 0 12.6 334 6 17.7 .
236 . 15.50 - 0.883 7.79 66.00 0 116 243 21.6 20.3
280 18.45 0.803 . 7.72 §5.20 10 4.5 35.7 260 19.9
Remarks: 1. The volatile and moisture contents of ;ludge are 85.7.87.5 percent and 73.5.78.3 percent.
respectively. .
2. The combustion temperature ranges from 1290 to 1380 °F.
3. The exhaust gas flow ranges from 928 to 1151 scfm.
* Corrected to 12 percent CO,. '
the aid of the following combustion equations: Ib, 0.928 b and 0.0032 Ib for converting corbon
to CO,, hydrogen to water vapor and sulfur o SO,
C -+ O, CO, respectively (totaling 3.0802 b required). Based
1ib 2.67 Ib 3.67 Ib on the above calculotions a material balance for
2H, + 0, .2 H,0 sludge. incineration is illustrated (Fig. 6)..
11b 7.941b 8.94 Ib As illustrated on the mass bolance diagram the
S + o sz total volume of exhaust gases at a temperature of
2 °
' 60 °F moy be computed as follows:
11b Vb 2.0 Ib y be comp
Cem = 2, .63 scf/1b = 25.51 scf
The values of CO,, water vapor and SO, caleulated o, 2.955 Ib x 8.63 scf/ —
are 2.955 1b, 1.043 |Ib and 0.0064 |b, respectivel SO, = 0.0064 Ibx 5.93 scf/lb == 0.038 scf
7O B VRS D oo 1, Tespectively. H,O = 4.027 Ib x 20.00 scf/lb = 80.540 scf
The moisture content of sludge is 74.9 percent. N, = 18.3116 b x 13.55 scf/Ib = 248.00 scf
Therefore, 2.984 Ib of water evaporate when one O, = 271401lbx 11.85scf/lb =— 3220 scf
dry pound of sludge is incinerated. The total water
vapor produced upon ignition of one dry pound of Total - 386.288 scf
sludge is 1.043 Ib water from combustion products scf = (standard cubic feet)
and 2.984 Ib water evaporated, or 4.027 Ib. Using - : . : '
the combusion eguations, the amount of oxygen The, concentrations of COg, water vapor, SOz ond
consumed for complete combustion of one dry particulate in the exhaust gases can be calculated
pound of sewage sludge can be calculated, 2.149 as follows:
Table 2. Fluidized Bed Sludge Incinerator Effluent Quality After Scrubber
{ncinerator Plants Air Pollutant Concentrations
particulate co CO, SO, NO_ Hydrocarbon Water Vapor ‘References
(grains/sct') (mg/h) {percent) {mg/1) (mg/l) {mg/1). Percent
lynnwood, Wash. 0.096 — 13.5 28 4.7 —_ 21.0
Edmonds, Wesh. 0.011 o} 7.3 22 70 —_ 18.5 authors
East-Cliff Caopitola, Calif.  0.039 0 9.8 - 186 7.0 none —_ 8
Lynnwood, Wash. 0.050 0 15.5 none none none _ _ : ) 9
Foster City, Calif. 0.059 9] 14.3 200 0 o 11.25 10
Edmonds, Wash. 0.058 0 14,9 0 0 4] 25.6 10
Barstow, Calif. 0.025 0 14.8 0 (¢} 0 29 ' 10
Douglas County, Nev. 0.055 0 15.1 0 0 0 1.9 10
Port Washington 0.025 0 15.5 0 0 0 120 .10
Average 0.046 0 134 48.2 2.1 0 11.46
Emission standards? 0.200° —_ —_ 2000 —_ - —_—
0.100 .

1. Corrected to 12 percent CO,.
2. Estoblished by the Puget Sound Air Poliution Control Agency, State of Washington, March 13, 1948.

3. Stondord for incinerators installed prior to March 13, 1968; 0.10 grains/scf for incinerators installed
after March 13, 1948,
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FIGURE 3. GASEOUS POLLUTANT EMISSIONS AT
VARIOUS SLUDGE LOADINGS

2551 scf X 100 = 6.62 percent by

O: = 386.288 scf volume (8.35 percent dry basis)
H.O — 80.54 scf X 100 = 20.6 percent
FY T 356288 scf by volume
0.038 scfx10¢
SO, = 386288 s = 98 mg/l by volume
) 0.14 |b x 453.6 gm/Ib x 15.43 grains/gm
particulate =

386.288 scf
= 2.53 grains/scf

Some nitrogen oxides are formed during com-
bustion, but, because the formation of NO; is a
function of temperature, time and air, the quantity
of NO; produced is fairly complicated and has not
been caleulated. i

Measured emissions. Air pollutants discharged from
o fluidized bed sludge incinerator may be classified
€s gases (CO,, CO, SO, NO,, and water vapor)
ond particle matter (Table 1).

The maximum CO concentration measured at the
Edmonds fluidized bed sewoge sludge incinerator up-
stream of the scrubber was only 10 mg/l. In most
cases CO was not detected in the exhaust gases,
indicating that combustion was complete most of the
fime. NO, concentrations ranged from 0 to 30.6
mg/l during the tests, with an average of 10.5
mg/l. The average concentration of SOz was 257
mg/l with a range of 11.2 to 35.7 mg/I. The amount
of water vapor present in the exhaust goses ranged
from 10.3 to 20.3 percent by volume with an aver-
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oge of 16.3 percent. The water vapor concentra-
tions were affected by sludge moisture content and
omount of fluidizing air (combustion air).

Based on these test results gaseous emissions except
water vapor from a fluidized bed sewage sludge
incinerator appear well below any pollutant emis-
sion standards. Water vapor is usually not con- -
sidered a pollutant,

Rather, particulate matter is the significant pol-
lutant from a fluidized bed sewage sludge incinera-
tor. The particle mass concentration measured
ranged from 0.17 to 3.43 grains/scf (comparable to
caleulated value of 2.53 grains/scf) with an average
of 0.986. This value is fairly comparable to that from
other types of incinerators burning municipal refuse
or pathological wastes.’

However, the particulate emission rate in terms of
pounds particulate per ton dry sludge burned ranged
from 183 to 342 with an average of 94.5. This
rate is much higher than that from a refuse incinera-
tor, in which about 1.5 to 35 has been reported.

Measurement of the bulk densities of fluidized
bed incinerator emissions indicated that finer sand

RY SLUDGE/FT°HR.

Table 3. Calculated Elemental Composition of Sewage Sludge

and oil
Elements Cc H S [ 1% Nj Ash
Ib b b b Ib b
Dry Sludgé
1 b 0.4363 0.0637 0.0024 0.3335 0.0241 0.140
No. 2 olf ’
0.4246 b 0.3705 0.0533 0.0008 0 0 0
Total 0.8048 0.1170 0.0032 0.3335 0.0241 0.140
- 71
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FIGURE 4. EXHAUST PARTICLE SIZE DISTRIBUTION

gronules were emitted in addition to inert ash. The
bulk densities of the porticulates exhausted and bed
sand were 1.43 and 1.8 g/cm® respectively. In most
cases, the density of inert ash of sludge is less than
1 g/cm® The measured value of 1.43 g/em® for
particulates indicates that the exhaust particulate
matter of sand granules and ashes.

Comparison. The calculated air pollutant emissions
using material balance relationship were tabulated
together with those measured (Table 4).

Table 4. Air Pollutant Emissions from Fluidized
Bed Sewage Sludge Incinerator

Air Pollutant Measured
Emissions Calevloted Average Range
Particulate:
grains/scf 2.53 2.19 0.94 to 3.43
Ib/Ib sludge 0.14* 0.11 0.043 to 0.171
CO,, percent 8.35 7.90 6.400 to 9.400
SO,, mg/l 98 25 18.30 to 30.50
H,0, percent 206 15.5 126 1o 18.40

*The results of recen! meosurements indicate that the average
ash content is about 0.1 [b ash/Ib sludge.

in general, the calculated values are well in the
ronge of that measured. Sulfur dioxide and water
vapor dre exceptions.

The sources of sulfur are sludge and auxiliary

tuel oil. The sulfur content of Edmonds sewage
sludge and No. 2 oil are approximately 0.28 and
0.18 percent by weight, respectively. The concen-
tration of SOp measured is lower than that calcu-
lated, probably reflecting a lower sulfur content in
both sludge and oil than that proposed in the
equations, or sulfur trapped in the ashes. Also, some
SOz may have been converted to SO; or sulfuric
acid prior to sampling. - :

The difference in quantity of water vapor calcu-
lated and measured may be attributed to condensa-
tion. Woter vapor condensation may also have
occurred in the exhaust pipe and in the sampling
tube. For the above reason the measured water
vapor concentration was lower than thot caleulated.

Based on the above comparison, it appears that
in the absence of measured data air pollutant
emissions from a fluidized bed sewage sludge
incinerator may be predicted using the combustion
equations and material balance data.,

Sludge loading rates. The relationships between the
gaseous pollutant emissions and sludge feeding rates
obtained of the Edmonds fluidized bed sewage
sludge incinerator appear somewhat irregular
{Fig. 3). ’

Average concentrations of SO, and water vapor
do increase slightly with an increase in the sludge
loading rates. Irregularity of SO» and water vapor
emissions reflects the slight variations of sulfur and
water contents in sewage sludges and the change
of auxiliary fuel oil feeding rates. If the sulfur and
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AUXILIARY FUEL AND AIR REQUIREMENTS

AT DIFFERENT SLUDGE LOADINGS

water contents in sludges were uniform, the increase
in sludge load would result in a higher emission
of SO, ond water vopor, since the amount of
fluidized air remoined fairly constant. Existing plants
are designed with very narrow ranges of air sup-
plies-automatic control.

Relationships between particulate mass concen-
trations ond sludge loading rates were also irregular,
The fluctuation in particulate emission probably
. reflects the wvarigtion in fluidization. Sands and
sludges in the combustion zone are forced up and
down by the fluidizing air. This action tends o
breck coarser sand particles into smaller ones. When
these smaller and lighter sond particles return to
the bottom of the bed they are instantaneously re-
jected by the cir jets. Because the smaller sand
porticles are lighter, their upward trajactory path is
higher than the bed height, and they are emitted.

The porticulate mass concentration measured un-
der normal operating conditions was about 1 grain/
scf or less, disregarding the sludge loading rates.
This volue is lower than that calculated using mass
balance dicgrem. Ash may have been trapped in
the bed or the inert ash content of sludge may have
been lower than measured.

WATER ¢ SEWAGE WORKS, February, 1972

Particulate size distribution. More than 85 percent
by weight of the particles exhcusted had sizes
greater than 30 microns. Particles of diameter great-
er than 30 microns can be separated from the
gaseous stream by a number of methods including
water scrubbing.® This is proved by the results of
size distributions meosured on samples collected
downstream of the scrubber (Fig. 4) where the
largest porticle sizes measured were about 20 mi-
crons.

Odor. Usually odor is considered the major air
pollution problem associated with sewerage systems.”
Odors in sewerage systems are mainly developed
from the reduction of proteins to amines or from
anaerobic decomposition of orgonic compounds.
Sewage sludge incinerators oxidize odors. In oddi-
tion the sludge conveying and feeding systems at
the Edmonds plant are completely enclosed, further
reducing odors. During the field study ot Edmonds
plant odor was detected in the sludge thickener
room. However, no odor was detected in the in-
cineration room or in the exhaust stock.

Conclusions. The amounts of gaseous pollutants (ex-
cept water vapor) emitted from a fluid bed sewoge

y
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sludge incinerator ‘are quite small: 2.79 b SO,
0.022 Ib CO, and 1.14 Ib NO; per ton dry sewage
sludge burned. Thus, with the present emission stan-
dards, controls for these pollutants are not required.

Field test results indicate that more than 95 per-
cent of the exhaust solids has particle sizes greater
than 30 microns and that porticle density is about
1.5 grams/cm3. Under normal operating conditions
the suspended particulates emitted are of 1 grain or
less per standard cubic foot mass concentration and
of size distribution with o mean diameter of 123
microns with @ geometric standard deviation of 2.82.
The uncontrolled particulate emission rate is about
94.5 Ib particulate per ton dry sludge burned. There-
fore, control of particulate matter emissions is neces-
sory. However, test results (Table 2) indicate that a
water scrubber or equivalent is adequate for particu-
late removal. Ali the pollutant concentrations in
somples collected downstream of the control facility-
water scrubber met the local air pollution control
codes which are SO.< 2,000 mg/! and particulate
mass concentration < .02 grain/scf (0.10 grain/scf
for new installction),

Water vapor emitted from a fluidized bed sewage
sludge reactor may be objectionable, although the
State of Washington currently does not consider it as
o pollutant and requires no control. Sewage sludges
injected into the reactor contain more than 65 per-
cent of water by weight resulting in a white plume
from the exhaust stack. When the local meteorologi-
cal conditions are not favorable for plume dispersion

AUXILIARY FUEL
{(NO.2 OIL )
0.4246 LB.
0.3705 LB. €
0.0533 LB.
0.0008 LB. §

x

AIR 23.75 LBS.

(5.4625 LBS. 0
18.2875 LBS. Np)

EXCESS AIR
20.7262 LBS.

127140 LBS. 0,
18.3116 LBS. N,)

—

SLUDGE ONE DRY PCUND = ASH 0.18 LB.

(0.4363 LB. C FB'l;:l[J)lDIZED

00637 L8. H L = 10 4027 LB.
0.0024 LB. S INCINER~ 2 :
0.1400 LB. ASH ATOR

0.3335 LB. 0,
0.024! LB. N )

H0 2.984 LBS, o _puf
{IN WET SLUDGE
WHICH CONTAINS
ONE DRY POUND
SLUDGE )

{ SANDS) —--co2 2.955 LB.

f— 50, 0.0064 LB.

NN

SAND GRANULES ?

NO, P

FIGURE 6. MATERIAL BALANCE FOR FLUIDIZED

BED SEWAGE SLUDGE INCINERATION.

ond the relative humidity is high, a water vapor
plume moy sweep residential or business areas near
the plont. Complaints agoinst the plume have been
received by the cities operating this type of in-
cinerator. Should water vapor control become neces-
sary a demister in the exhaust pipe will remove
water from the gas stream. If dilution is acceptable
os a pollution control methed, o taller stack could
ke installed. Another method involves condensing
the water vapor from the gas stream.

The amounts of SO, and water vapor emitted from
a fluidized bed sewage sludge incinerator increase
slightly with on increase in the sludge loading rates. m
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