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INTRODUCTION

NOMENCLATURE

A - surface area of product (m2);
Ap - specific surface area of product

j3 = convective mass transfer coefficient

ify,
c = average specific heat of product

/ kcal v
vkg°C'

kcalcpa = specific heat of air (3^5);
Cp = averaged specific heat of gas mix

ture (kcs£ v
€ = percentage of void space of solids;
<p = relative humidity;
7 = averaged specific weight of gas

mixture (-£ );

h = convective heat transfer coefficient
/ kcal x.
V h6C}'

K drying constant (j-);

Mw = molecular weight of water (-^7);
mol

Ma - molecular weight ofair (—^-f);
mol

Ps - saturation vapor pressure (^-);
m^

Pt = total pressure (-^);

vapor pressure (—£-);
mz

heat ofevaporation (%^);
kg

f = density ofdry matter (^f);
md

$a = density ofair(^|);
O = convective mass transfer coefficient

( kS y
Km*hh

Ta = temperature of drying air (°C);
Tp = temperature of product (°C);
t = time (h);
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V =

Xa =

Xeq ~

volume of product (m3);
velocity of drying air over drier cross

section (~);

velocity of product over drier cross

section (~);

specific humidity of drying air (^);
Kg

specific humidity in boundary layer

of product particles k-^);
kg

average moisture content of product

(jj) (DB);
initial average moisture content of

product (|p) (DB);
distance along axis of drying drum
(m).

the drying process would not cost more
than the required treatment for pollution
control, then the sales returns would
give an advantage to the recovery
process.

ECONOMIC AND TECHNICAL

PREREQUISITES

An example of a waste material with
high nutrient concentration is poultry
manure. Research has shown that it

possesses a good potential to be used as a
fertilizer component or as a feed
component for ruminants (1, 4, 5).
High-temperature drying, however, ap
pears to be necessary if it is to be stored
and shipped commercially.

Fresh poultry manure has an initial
moisture content which exceeds econom

ic limits for high-temperature drying.
Low cost pre-drying systems that work
on the principle of recirculating the air in
the chicken house over the droppings in
the manure pits (2), on the gutter (9) or
in a special duct over the collected
droppings (6, 18), were developed. The
maximum reduction in moisture content
to approximately 30% (WB) at a cost of
$1.30 per ton was reported in 1971 for
pit aeration (2). A reduction to 55%
(WB), which means a removal of more
than 50% of the initial water at 75%
(WB), would still dramatically improve
the economic aspects of poultry waste
drying (9). High temperature dehydration
of other animal wastes eventually requires
low cost mechanical devices to remove
excess water.

The successful marketing of dehy
drated poultry manure will not only
depend on its price but also on its quality
standards. Drying and processing is bound
by the following constraints to assure
profitable and safe use of the product as
fertilizer or feed component:
(i) The dried product must be absolute-

In the last three decades, many food
production phases and most processing
and marketing phases became detached
from traditional farm operations and
consolidated into the modern food

industry which now represents the largest
manufacturing industry group in both the
U.S. and Canada (15, 17). This industrial
concentration created serious emission
control problems for many food enter
prises, especially since the land basis for
traditional disposal of,waste materials is
no longer available (8, i9).

Many waste materials in the food
industry have a sufficiently high nutrient
concentration to be marketed as by
products. Examples are feedstuffs obtain
ed from processing of oil crops, sugar
beet refining or beverage production.
Other waste compounds consist of
slurries with a rather low content of
carbohydrates and proteins. Their con
centration is generally too high for release
into the public water system without
expensive treatment. At the same time, it
is too low for an economically feasible
dehydration process to recover the
nutrients for feeding or fertilizing pur
poses. If, however, the waste product
could be dehydrated and marketed, and
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ly sterile and free of toxic com
pounds,

(ii) Protein denaturation should be
avoided to retain high feed value,

(hi) The dried product must be homo
geneous and contain not over 15%
moisture for safe storage.

Pollution control regulations require that
emissions of odor and particulate in the
drying process must be prevented.

All the constraints indicated above,
except the one for toxicity, can be
observed in the drier design and opera
tion. The literature reports favorable
results without toxic side effects from

feeding trials with ruminants (3, 7, 16).
Because of these rather positive pros
pects, an analysis of the drying behavior
of poultry manure was performed in
order to obtain design data for an
odor-free high temperature drying sys
tem.

Collection and transport of predried
poultry waste causes compaction and,
ultimately, aggregation. High temperature
drying basically tends to stabilize these
aggregates by surface incrustation. The
internal moisture has to overcome a

considerable resistance to diffusion in the

drying process. This resistance in manure
aggregates of different sizes (see Figure 1)
was tested in a conventional drying oven
having an air circulation system (9). The
aggregates shown under A are the original
droppings, while the ones under B were
prepared by breaking up aggregates
similar in shape and weight of those
shown under A. Aggregate size of manure
entering the drier was generally larger
than that shown under A.

The drying curves obtained for
samples A and B in the oven experiment
are shown in Figure 2. The broken
aggregates, as shown under B, dried
approximately twice as fast as the original
droppings. A milling drum, which pro
duced still smaller aggregates and sharply
increased airflow around them with
accordingly higher transfer rates was,
therefore, included in the design concept.
Its effect is shown by the finely divided
product under C in Figure 1 as produced
in the pilot drying system. The exponen
tial behavior of the drying curves between
50% and 2% (DB) moisture content - a
level well below the desired final one
between 10 and 15% (WB) - allowed the
conclusion that the transient heat and
mass flow rates for the bulk of the
oven-dried aggregates is mainly dependent
on convective surface transfer and can
thus be defined as (11, 13):

bX _QA
ht $V (Xeq ~ Xa)
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Figure 1. Poultry manure aggregates.
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Also, X «* Xeq can be assumed for the
major part of the drying process, so that
equation (1 a) for Xa * 0 and constant a
can be integrated to give

-Kt
•(2)

which by comparison with Figure 2
supports the assumption of low moisture
gradients. In the pilot drier, however, a
much finer particle size was produced by
the milling drum (Figures 1 and 3). This
fact, coupled with the intensified con
vective transfer, plus the low resistance to
diffusion as recognized from the oven
experiment, were then used as arguments
for the assumption that the Biot numbers
for heat and mass transfer in the pilot
drier were smaller than 0.1, which had a
significant influence on the simulation of
the drying process.

DEVELOPMENT OF PILOT
SCALE DRIER

Much preliminary experimentation
was needed to develop a pilot drier that
would satisfy the requirements stated in
the experimental objectives (Figure 3).
Poultry manure with a moisture content
of 50% to 55% (WB) was fed by auger
into the drying drum. There it was
tumbled and transported, also by auger,
concurrently with the drying air having
an inlet temperature of approximately
400°C. The drying drum was 3,000 mm

50 100 1S0 200 2SO

PRYING TIMEfmin]

Figure 2. Drying curves of poultry manure of
different aggregate size.

long and 1,000 mm in diameter. In the
front section, the material was picked up
by a milling drum that broke up the
original aggregates and continuously kept
a major portion of the material suspended
in the drying air. After passing the milling
section the pulverized material, which
now resembled a feed meal, was further
transported by the auger. Baffles were
spaced in the windings to pick it up for
the tumbling action. It finally reached a
fan and was conveyed through the open
face impeller to a meal cyclone, which
separated it into a star wheel for final
discharge (Figure 3).

The exhaust stream from the cyclone
was fed through a manifold into a
gas-heated afterburner, where odorous
gases and dust were oxidized at approxi
mately 650°C with an oxygen:fuel ratio
of 5.3:1. This temperature was sufficient
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to destroy the most objectionable
compounds listed below:

Compounds

Mercaptane
Skatols

Putrescin

Organic dust

Ignition temperature
(°C)

<500

<500
<500

<450

The effect of the afterburner was

tested organoleptically. All testing per
sons agreed that there was no putrid or
otherobjectionable odor left in the exhaust
stream. Only a faint ammonia content
was noticed. No particulate emissions or
smoke could be observed if the tempera
ture in the afterburner was maintained at

a minimum of 650°C. Odor levels,
however, became unbearable when that
temperature dropped to 550°C. Also, no
odors were released from the drying drum
since it was kept under a lower pressure
than that of the surrounding atmosphere.

The maximum temperature of the
drying air was not allowed to exceed the
ignition point of the dried material,
which is approximately 450°C. Both
temperatures, in the drier and in the
afterburner, were adjusted through
butterfly valves (Figure 3) which re
gulated the portions of the exhaust
volume going through the gas burner and
bypasses as well as the total air intake.

The pilot system was allowed to warm
up for approximately 50 min prior to
each drying run in order to avoid initial
condensation of vapor in the duct and
separation system. The development of
the temperatures in a typical experiment
in Figure 5 show that steady state
conditions were reached approximately
15-20 min after the feeding mechanism
was started. Drying results obtained in
this experiment were as follows: material
input, 100 kg/h; initial moisture content,
55%; final moisture content, 13%; air
flow, approx. 850 kg/h; water evapor
ated, 50 kg/h; intake air temperature of
drier, 370 C; and energy consumption
per kg of evaporated water, 1,200
kcal/kg.

The intake rate of 100 kg/h is limited
by the amount of heat available from the
afterburning system. Higher temperatures
of the intake air at lower airflow rates
seem to be feasible although product
ignition occurred at temperatures above
450° C.

ANALYSIS OF DRIER PERFORMANCE

The theoretical analysis of the drying
process provided information for further

(FM.

Figure 3. Drying system for waste materials. 1, drying drum with auger; 2, feeding hopper and
auger; 3, exhaust stack; 4, air intake; 5, heat exchanger; 6, hot air intake duct; 7, milling
drum; 8, afterburner; 9, gas burner; 10, exhaust air bypasses; 11, blower; 12, exhaust gas
duct; 13, star wheel outlet; 14, meal cyclone.
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Figure 4. Analysis of heat and mass tansfer in drier.

drier modifications. It was based on the
following assumptions:
1. Material evenly distributed over cross

section of drier by milling drum and
auger baffles;
Even distribution of airflow over drier
cross section;
No temperature and moisture gradi
ents in direction perpendicular to
product and airflow;

4. Constant air and product flow rates;
5. No temperature and moisture gradi

ents within particles of material being
dried;

6. No heat generation (chemical reaction)
within product.

The entire heat and mass transfer in
the experiment was considered to be
steady state (10). Temperatures and
moisture contents can, under that condi
tion be expressed exclusively as functions
of distance travelled in the drier (Figure
4) in the following system of equations
(9,11).

2.

3.

S7i.AMl.0-e)
ox Va$acPae v

6xa _ oAD (1.0 - e)
^ ~~ifa~e iX^~X^ (3b)

I? =v\c^H{Ja~ Tp) -R'a(X«!- x*> 1
(3c)

g^C*,-*) (3d)
The specific humidity of the air in the
particle boundary layer is again defined
by equation (lc). The convective transfer
coefficients for heat (h) and mass (j3) are
related as

^=7r ptotal ~ Py
P~7Cp Ptotal .(4)

If Pv = ip Ps, a = 70 and M^/Ma = 0.622
are substituted into equations (lc) and
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(5) and cp is replaced by the approximate
value Cpa, then both equations yield

h Xeq +0.622

LPa 0.622
(5)

as an expression for the convective mass
transfer coefficient, which is now readily
determined as a function of the convec

tive heat transfer coefficient (12, 13).
System (3) was simulated on a digital
computer using implicit numerical
integration and the measured initial
values given in Figure 5. More basic data
of the material, however, were needed for
the simulation. The relative humidity in
the boundary layer of the particles was
expressed by the empirically established
relationship (9).

»• 0.47. ^cos[^00X2f25)]+ 1.0}.... (6)

The latent heat R was assumed to be 600

kcal/kg. Since there was no opportunity
to determine the heat transfer coeffi
cient in the usual manner from known

geometrical particle conditions and air
flows around them, the values of h and A
were combined to form a single para
meter h^ having a value of 70,000
kcal/m3.h.°C(l3).

The results of the simulation of the

experiment described above are illus
trated in Figure 6. Although minor
differences in simulated and measured air

temperatures occurred, the simulated
data provide reliable information about
the drying process. They show that under
the assumed conditions, the drying is
finished after the material has travelled

0.3 m in the drier. This was not measured

but should not significantly deviate from
reality, since the assumed intensive
turbulence and drastic size reduction

were achieved in the section of the

milling drum next to the intake. The
simulation also shows that the material

was not heated sufficiently to accomplish
complete sterilization. A sterilizing drum
heated by the exhaust air stream could be
included in the system. The relatively low
product temperature in the drier, however,
will exclude major protein denaturation.

ANIMAL FEED VALUE OF

DEHYDRATED POULTRY MANURE

Major nutrient components of poultry
manure were determined before and after
several drying experiments. Average
values obtained from 24 samples are
listed in Table I. Acid detergent fibre
decreased during high-temperature drying
indicating that the drying slightly im
proved the digestibility of the manure.
Losses in protein during drying were

78
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Figure 5. Typical temperature development of drying air during experiments.

small. In addition, the slight decrease in
pH likely increased protein stability. The
decrease in pH was probably brought
about by losses of ammonium-nitrogen
during dehydration.

FERTILIZER VALUE

Concentrations of some plant nutri
ents in poultry manure before and after
high-temperature drying are given in
Table 2. Approximately 16% of the total
nitrogen was lost during drying. Much of
that loss resulted from the volatilization

of ammonia. Loss of ammonia from

poultry manure could be considered as
beneficial, because it would decrease the
likelihood of crop burning. High-tempera
ture drying resulted in rather small
decreases in the concentrations of the
other plant nutrients. Assuming that most
of the phosphorus in the dehydrated
manure was in the organic form and
therefore available for plant growth, the
analysis of the dried product as a
fertilizer was approximately 5-7-3 (or 5%
N, 7% P205, and 3% K20).

ECONOMIC CONSIDERATIONS

The approximate cost of the odor-free
high-temperature drying of aerated
poultry manure was estimated and
compared to the cost of an oxidation
ditch treatment. All drier calculations
were based upon the pilot model. That
made it difficult to estimate the com
mercial construction costs of the drying
drum and combustion chamber which
were constructed in a non-specialized
research shop. Therefore, labor costs of
those components were not typical. The

b4
80-

60-

£?350-
^ 300 \

15 200-1

hso-
700-

so-f

o

40-

20-

C^'

Xp
Xa

TP
Ta

—1—1—r—1—1—1—1—1—1—1—1—1—1 1

1 2 *

DRIER LENGTH [m]

Figure 6. Theoretical development of tempera
tures and moisture contents in the

drier.

conveying system, gas burner, heat
exchanger and all controls were com
mercially manufactured and had definite
market prices. Based on those prices and
material cost as well as estimated labor
cost, total drier construction cost re
quired approximately $6,000. The total
fixed cost was estimated from that
investment as follows:

Interest, mainten
ance, insurance 10% $600.00

Depreciation 10% $600.00

TFCnt 20% $1,200.00

The variable cost was based upon 8
h/day of operation for 250 days/yr.
Labor was assumed to be $3/h for 1
h/day, electricity costs as $0.015/kwh
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TABLE I AVERAGED ANIMAL FEED VALUE OF DRIED POULTRY MANURE (14)

Concentration (% <oven-dry basis)

High temp. High temp.
Component 1 wk aerationl drying 3 wk aeration drying

Dry matter (% wet basis) 45.38 95.0 45.83 95.0

Acid detergent fibre 19.03 18.2 19.02 15.5

Ash 20.04 20.2 23.40 22.8

Metabolizable energy 3.41 2.9 3.37 2.76

Protein 33.76 32.7 30.56 29.6

Ammonium nitrogen 0.63 0.56 0.70 0.66

Calcium 5.24 5.24 6.65 6.41

Phosphorus 2.49 2.18 2.52 2.18

pH 6.6 6.3 7.7 6.7

TABLE II FERTILIZER VALUE OF DRIED POULTRY MANURE (14)

Concentration (%, oven dry basis)

High temp.
Component 3 wk aeration drying

Dry matter (% WB) 44.45 96.67

Ash 29.69 31.46

Nitrogen 6.16 5.17

Organic-nitrogen 4.87 4.65

Ammonium-nitrogen 1.29 0.52

Nitrate-nitrogen trace trace

Phosphorus 3.17 2.91

Potassium 2.64 2.39

Calcium 6.51 6.28

Magnesium 0.76 0.67

Copper (ppm oven DB) 35.7 29.8

Zinc (ppm oven DB) 639 524

Manganese (ppm oven DB)i 464 379

and gas (propane, small containers) as
$0.28/gal. Those items resulted in the
following daily expenses:

Labor,
Fuel,
Electricity

TVCht

$3.00/day
9.42/day
0.84/day

$10.26/day

The total variable cost per year would
be $2,565 and the total costs for 1 yr's
operation would be

TFCht + TVCht = TCht = $3,765.

For a total cost of $3,765/yr, the pilot
system could annually dry 100 tons of
poultry manure having an average initial
moisture content of 55% (WB). There
fore, drying from 55% (WB) to 14% (WB)
would cost approximately $37.65/ton of
dried product. The estimate shows that
drying costs depend strongly upon fuel
and labor costs. Fuel costs for the pilot
drier were higher than normal due to the
inclusion of an afterburner in the system.
A higher rate of heat recovery should
therefore be attempted, but more re

search is needed first. Under practical
operating conditions, however, fuel costs
could be substantially decreased by using
less expensive fuel purchased in larger
quantities. Automated operation of the
system would keep labor cost low but
eventually lead to higher investment
expenses. The fixed cost, however, would
tend to be lower under practical opera
ting conditions, since drier capacity
would be larger than that of the pilot
system.

The variable costs for labor, fuel, and
electricity could be decreased by more
than 70% if a predrying system of
Bressler and Bergman (2) were used. In
that case, the initial moisture content
would be approximately 30% (WB), such
that only 260 kg of water instead of 960
kg of water would have to be evaporated.
Drier capacity, on a yearly basis, would
then be 3.7 times larger, which would
result in total high temperature drying
cost of approximately TCht = $10.20/
ton. If the predrying cost of Bressler and
Bergman (2) in the amount of $1.30/ton
were assumed, then total drying cost
would be approximately TC = $ 11.50/
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ton. That cost is considerably less than
that for other animal feeds with compar
able nutrient concentrations.

Assuming that fertilizer nitrogen (N),
phosphate (P205) and potash (K20) cost
$0.15, $0.10 and $0.07/lb, respectively, a
commercial fertilizer having an analysis
comparable to that of the poultry manure
in Table II would cost approximately
$33.00/ton. Because of the relatively low
analysis of the manure, transportation and
application costs per pound plant nutri
ent would be greater than for most
commercial fertilizers. However, those
costs would not bring the cost of the
dehydrated poultry manure up to that of
commercial fertilizers of comparable
analysis. In addition, dried poultry
manure would tend to maintain soil

organic matter levels better than chemical
fertilizer.

The pilot system could continuously
process the manure from approximately
12,500 caged layers, assuming a drying
capacity of 370 tons/yr. If the processing
cost can be completely recovered through
sales returns or animal feed cost savings,
drying of poultry manure would compete
well with other treatment methods such

as in oxidation ditches, which do not
allow a cost recovery (14).

SUMMARY

A pilot scale, odor-free waste drying
system consisting of a continuous flow
drying unit, afterburner and heat ex
changer was developed and its
performance analyzed at the Waste
Research Station of the University of
Guelph. The exhaust air from the drier
entered an afterburner, where odorous
compounds and dust were oxidized by
open flame combustion at 650°C.
Complete odor elimination, except for
traces of ammonia, was achieved in the
drying of poultry manure. Nearly 60
percent of the heat supplied for this
process was recovered by heat exchanger
for the drying, which required about
1,200 kilocalories per kilogram of water
evaporated. Temperatures and moisture
contents of the drying air and the waste
materials were monitored at different

locations within the system. These values
could also be predicted as functions of
distance travelled in the drier through a
computer simulation of the heat and mass
transfer phenomena. Theoretical and
experimental data agreed well. The dried
products can be used as feed components
for ruminants or as fertilizer. The drying
costs of poultry manure can be recovered
through sales returns as animal feed costs
savings. Drying of poultry manure also
competes well with other treatment
methods.
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