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ABSTRACT

MODELLING OF THE FEED-PELLET COOLING PROCESS

By

Joao Domingos Biagi

The commercial feed industry ranks among the top 25
industries in the United States. It is projected that 107.5
million metric tons of feed will be pelleted in the U.S. in
1985-86.

Pelleting is a process of conditioning, compacting,
and extruding small feed particles into larger particles.
Following the pelleting process, cooling and drying of the
pPellets are necessary to remove excess heat and moisture
resulting from steam conditioning and frictional heating.

Thin-layer drying of individual pellets was
investigated. Experimental drying tests were conducted at
156.6 to 43.3 C, 40 to 70% relative humidity, and 18.1 to
19.1% DB initial moisture content. The thin-layer data was
used to determine the equilibrium moisture content equation

and diffusion coefficient equation of pelleted feed with a
pellet diameter of 4.76 mm and density of 673 kg/m3.
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The horizontal-belt cooling of pellets was evaluated
experimentally and theoretically in the same temperature,
relative humidty, and moisture content range. Two deep-bed
simulation models were developed and tested; both models are
solvable on PC-size microcomputers. The simulated results
are in good agreement with the experimental data.

The effect of the cooling conditions, including the
cooling air temperature, humidity and velocity, on the
pPellet temperature and moisture content in a horizontal-belt
pellet cooler was analysed. The cooling air temperature and
velocity have a marked effect on both these values; the
relative humidity only has an effect on the pellet moisture
content.

Likewise, the effect of several pellet properties,
including the pellet diameter, conductivity, and specific
heat, on the pellet temperature and moisture in a
horizontal-belt pellet cooler bed was investigated. The
pellet diameter and specific heat are the main pellet
properties affecting the cooling rate and drying behavior of

a horizontal-belt pellet cooler.
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1 - INTRODUCTION

Feed pelleting can be defined as the agglomeration
of small feed particles into larger pellets by means of a
mechanical process in combination with moisture, heat and
pressure. The nature of the feed pelleting process requires
the removal of excess heat and moisture resulting from steam
conditioning and frictional heat during the pelleting phase.
This is most economically accomplished by drawing
atmospheric air through a uniform bed of pellets,
evaporating the excess moisture and at the same time
reducing the temperature. Cooling and drying in this manner
can be accomplished in a wide range of temperatures and
relative humidities without requiring artificial
conditioning of the cooling air.

The pelleting process has a relatively short
history, beginning in 1929 with the conception and design of
equipment using the die- and -roller principle (Robinson,
1977). For many years, pelleting was classified as an art,
because the process was governed more by feeling than by the
use of instrumentation and controls (Falk, 19885). More

recently, the feed industry has become a science due to
technology being developed in this field.
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The commercial feed industry in the U.5., which
ranks among the top 25 industries, currently is composed of
about 400 companies, with about 3,000 primary feed
manufacturing plants serving 10,000 secondary msanufacturing
pPlants (Anderson, 1985).

The formula feed industry is divided by the United
States Department of Agriculture in the following
categories:

(1) Feed-milling - usually a stationary mill
operation at a single location together with a mobile mill
based at that location.

(2) Primary feed manufacturing - the processing and
mixing of individual feed ingredients, sometimes with
addition of a premix at a rate less than 100 pounds/ton of
finished feed.

(3) Secondary feed manufacturing - the processing
and mixing of one or more ingredients with formula feed
supplements. Supplements are usually used at a rate of 300
pounds or more per ton of finished feed, depending on the
protein content of the supplement and percentage of protein
desired in the finished feed.

(4) Custom grinding and mixing - grinding
customer-owned feed ingredients and usually mixing
supplements with them. Mainly, this is a service provided to
farmers feeding their own animals.

Feed costs represent 60X to 80X of the total

production cost of livestock production (Olentine, 1985). It
is essential for the 1livestock or poultry producer to
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maximize the use of the feed. To accomplish this, feed is
pelleted to prevent spillage and waste, to enhancp
consumption, and to improve the feed efficiency and the
handling characteristics. It is estimated that approximately
90X to 95X of the feed produced in Holland and 65X in the
United States is pelleted (Olentine, 1985; Perry, 1984).

There are a number of models presently available for
the classification of the status of a nation’s economy. Most
divide the world into developed and developing countries.
Developing usually connotes the fact that a country has not
reached the economic development of western industrialized
countries. Whatever the status of a developing nation, one
of the key areas of growth that is evaluated is the
upgrading of agriculture, in particular of the liveastock and
poultry industries, and thus also the feed industry.

The importance of developing countries in
agriculture is shown in Table 1.1. In 1970 the share of the
total agriculture output was 64X for the developed countries
and 36X for the developing countries. It is projoéted that
in the year 2000 the developing nations will produce 62X of
the total agricultural output, while the developed countries
will produce 38% (Olentine, 1985). Feed production will
follow the same trend.

The problems incurred by feed manufactures vary froa
country to country. Culture and religion, governmental
policies, transportation, handling and storage are among the
factors that need to be evaluated when the feed formula

industries are analyzed.



Table 1.1 - Production Share of Different Agricultural
Sectors in Developed and Developing Countries.

1970 2000
(%) (%)
Share of total agriculture output
Developed 64 38
Developing 36 62
Grain consumption
Developed 45 33
Developing 55 87
Animal Products
Developed 64 42
Developing 36 58

From Olentine (1985)

With the rapid rise in the speed of transportation
and the methods of communications, the feed industry has
become a world business. The ingredient prices are being
determined by world demand rather than local or regional
demand as has been the case in the past.

South America, including Brazil (the author’s birth
pPlace), increased between 1972 and 1982 the per capita food
production and increased its share of global exports by 16%
(Samuelson, 1986). The feed industry increased accordingly.

Table 1.2 shows the world production and consumption
of feed grains. The U.S. share of the world production of
feed grains has decreased from 32X in 1981 to a projected
29.5X in 1988, while the U.5. consumption has remained at
about 22X since 1981 (Feedstuffs, 1985).



Table 1.2 - World Production and Consumption of Feed Grains
(corn, barley, soybeans, oats, rye, and millet).

Country or 1981-82 1982-83 19683-84 1985-86
Region Projected
Production millions of metric tons.

Canada 26.0 26.5 21.0 21.9
Eastern Europe 64.5 71.8 67.1 74.3
Us 246.8 250.7 137.1 237.1
USSR 72.0 86.0 99.0 86.0
Western Europe 87.8 93.6 84.8 103.4
Total Non US 522.1 528.0 548.0 565.7
World Total 768.8 778.8 685.1 802.9
Consumption

0s 16564.8 167.9 147.9 165.5
USSR 98.5 98.3 110.5 112.0
World Total 738.86 753.0 758.7 782.7
End of Stocks

Total Non US 44.7 41.3 33.4 39.4
0s 68.2 97.56 31.7 45.8
World Total 113.0 138.7 65.8 86.2
From Feedstuffs (1985)

Brazil is a developing country with a steady
increase in agricultural production in the past ten years.
It needs new technologies to support its growth. The pellet
cooling techniques, described in this study, should aid in
the development of a successful feed pellet manufacturing

industry in Brazil.



The effective cooling of the pellets immediatelly
after leaving the pellet-mill is very important; it has a
considerable effect on the quality of the pelleted feed. It
is essential that the moisture content is controlled to
ensure acceptable shelf-life and reduce the risk of mould.
Since the cooling and drying in the feed pelleting process
have not been investigated in depth (Trickett, 1982), a
comprehensive study of these two subjects from a engineering
point of view will contribute to a better understanding of

the pelleting process.



2 - OBJECTIVES

The main objective of this study is to analyze the
cooling and drying of pellets in a horizontal-belt pellet
cooler. An experimental investigation had to be conducted of
single-layer drying and stationary deep-bed cooling of
pellets to verify the simulation models of the horizontal-
belt cooling process.

The specific objectives of this investigation of the

cooling of feed pellets in a horizontal-belt cooler are:

1. To determine the drying and cooling rate of a
single-layer of pellets under various environmental

conditions.

2. To determine the equilibrium moisture content and
diffusion coefficient  of feed. pellets under various

environmental conditions.

3. To determine the drying and cooling rate of a
stationary deep-bed of pellets under various environmental

conditions.



4. To develop two microcomputer-based simulation
models for the cooling and drying of a horizontal-belt

pellet cooler.

5. To investigate the effects of air velocity, air
temperature, and air relative humidity on the pellet cooling
and drying rate of a horizontal-belt pellet cooler.

6. To investigate the sensitivity of several pellet
and bed parameters on the pellet cooling and drying rate of
a horizontal-belt pellet cooler.



3 - LITERATURE REVIEW

The literature review will focus on the factors that
affect the <cooling process of pellets, and on the
development of a computer model of the cooling of pellets in
a deep-bed cooler. The review is subdivided in eight major
sections: (1) feed mills, (2) pelleting process, (3) cooling
of pellets, (4) single particle drying equations, (5) pellet
properties, (6) quality of pellets, (7) deep-bed models and

simulation, and (8) statistics.
3.1 - Feed Mills

The term "feed processing” refers to any treatment
that a feedstuff or part of a feedstuff undergoes prior to
the consumption by animals. The processing may be one step
or a series of steps, and may include cooking, mechanical
extraction, dehydration, grinding, and pelleting.

According to Robinson (1971) and Perry (1984), in
the United States approximately 60X of the non-forage feeds

are processed in feed mills.
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A feed mill process flow diagram is shown in Figure
3.1, illuatrating the different mill processes and the flow
of material from plant entry to exit (Balding, 1985). The
receiving is the firat process of the plant and includes the
actual receiving of the materials, scheduling of
ingredients, quality control analysia and material handling.
The second process is the processing which consists of the
grinding, rolling and flaking operations, and the movement
of the materials to and from the processing equipment. The
third is the mixing process, including the movement of both
sacked and bulk ingredients from storage to the mixing
center, proportioning these ingredients, and mixing,
conveying, scalping, and blending them. The fourth is the
pelleting process which includes conditioning, compacting,
extruding, and cooling/drying. The final two processes are
packaging, consisting of weighing, bagging, and loading of
the finished, packaged products on railcars and trucks. A
liat of the equipment in a typical feed mill is given in
Figure 3.1.

Table 3.1 lists the connected horsepower values for
the various processes of a 10-20 ton/h capacity feed
manufacturing plant. The processing and pelleting processes
account for T7T0% of the total horsepower required in a feed
mill plant.
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Table 3.1 - Connected Motor Borsepower for Various Processes
in a Feed Mill with a Capacity of 10-20 tons/h.

—_Centers Conpnected Motor Horsepower
Receiving 60
Processing

Griding 160

Cracking 25

Steam Roling _190
Total Processing 375
Mixing

Batch 120

Continuous 50
Total Mixing 170
Pelleting 300
Packaging 30
Bulk Loading 30

Total Plant 965
From McEllhiney (1985)

3.2 - The Pelleting Process

A typical flow diagram of the pelleting process is
shown in Figure 3.2. Feed mash from an overhead bin flows
into the feed conditioner where steam and binders are added.
The conditioned mash flows into the pelleting mill in which
the pellets are formed. The hot pellets pass to the cooler
where they are cooled by ambient air. Fines carried by the
cooling air are separated in a cyclone and returned to the
feed mash to be reproceassed. The cool pellets are passed
through the crumbler, if crumbled pellets are required.

After the crumbler the pellets pass over a screen in a

roto-shaker to remove the fines and overs. The pellets
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flow into bins for conditioning, while the fines and overs
are returned to the pellet mill to be reprocessed (Falk,
1985).

Table 3.2 1lists the connected horsepower for the
various electric motors used in a 10-20 ton/h pelleting
system. The pellet mill uses 86X of the energy, while the
cooling/drying system, including the cooler/dryer, the
cooler fan, and the airlock, accounts for 17% of the energy
consumption of the pelleting proceas. Therefore, only an
improvement in the pellet mill can significantly reduce the
final cost of the pelleted feed.

Table 3.2 - Pelleting System Connected Motor Horsepower for
a Plant with a Capacity of 10-20 tons/h.

Driven Unit Motor HP
Feed Conveyor 1.00
Mash Conditioner 7.50
Pellet Mill 200.00
Centri-Feeder 3.00
Cooler (Borizontal Belt) 1.00
Cooler Fan 50.00
Airlock 0.75
Crumble Rolls 20.00
Bucket Elevator 5.00
Shaker 3.00
Distributor 0.25
Pellet Coater with Pump 6.00
Conveyor 2.00
Distributor __0.25
Total Connected Motor HP 300.00

From McKllhiney (1885)
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Figure 3.3 shows the major components of a pellet
mill: the variable feeder, the conditioning chamber, the die
and roller assembly, the speed reducer, and the motor.

Pellet mills are available in a wide range of
capacities, varying from 20 HP (14.9 kW) to 700 HP (522 kW)
(Falk, 1985). The inside diameter of the pellet-die varies
from 30.5 cm (12 in.) to 81.3 cm (32 in.). The working area
of the pellet die ranges from 582 cm? (90 in.2) to 5,180
cm? (804 in.z). The pellet-mill capacity varies with the
physical characteristics of the material being pelleted. It
also depends on the number of time different formulas are
pelleted, and on the number of die-changes per day. The
average pellet-mill capacity 1is 68 Kg/HP-h (150 1b/HP-h)
(Pfost, 1970).

Some products pellet readily while others require
the addition of binders or lubricants to produce a stable
pellet. Moisture content, density, and particle size
contribute to the condition of the finished pellet. Other
factors affecting the pelletability are: pellet-mill
die-design, die-apeed, and the mash flowrate.

The actual pelleting process consists of
conditioning, compacting, extruding, cooling/drying, and
conditioning. The pelleting process transforms finely
divided materials into larger particles with a greater bulk
density and improved flow characteristics.

The feeder is generally of the screw type, and is
equipped with a speed-control device. In normal operations
the screw-speed is over 100 rpm (Falk, 1985). The purpose of
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the feeder is to provide a uniform flow of feed to the
mixing and pelleting operations.

Conditioning is an important step to improve the
feed value, pellet durability, and power requirements of the
pellet mill. The conditioning occurs in a mixer before the
pellet mill, and is accomplished by the addition of steam,
fat, or molasses to the mash. The flow-through mixer with
either fixed or adjustable paddles, is equipped with steam
manifolds and liquid injection ports. The mixer-shaft speed
varies from 90 to 500 rpm depending on the material being
pelleted. Steam used in conditionig process should be of a
specific quality and have a constant pressure. Usually, high
pressure steam ranging from 60 to 150 psig is introduced to
the mixer through a steam harness designed to remove
moisture and to ensure the required pressure. The addition
of a conditioner ensures the pelleting of the mash,
increases die-life, and reduces the power requirements
(Robinson, 1971).

Figure 3.4 describes the boiler requirements of a
pPellet mill based on the percentage of moisture added to the
pellet mash by the steam. This amount is usually less than
6% and varies with the type of feed pelleted (McEllhiney,
1985).

The conditioning process of the meal results in an
increase in the moisture content of the meal. About 1%
moisture is added in the steam conditioning process for
every 11 C (20 F) increase in temperature. In the case of
dairy pellets, the addition of 8X of molasses adds 2X of
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moisture. In general, the moisture content of the pellets
leaving a pellet mill varies from 15% to 18.5% (WB)
(Atkinson, 1981b).

Table 3.3 shows the effects of fines and steam
addition on the pellet-mill capacity (McBain, 1968). The
results are the average of 100 tests on two typical
high-corn content formulas and one natural 32X high-protein
formula. The data shows that low pressure steam results in
the highest capacity and quality for the high-corn
formulations, whereas high-pressure steam is best for the
high-protein formulation. At the higher pressure, less
moisture is added by the steam.

Compaction of the feed mash is accomplished in the
pellet mill by the action of rollers upon a perforated die
face. The first pellet mill using steel dies and rollers was
build on the principle of a flat steel die with four rollers
running on the upper surfaces. The ring-type die and roller
pellet mill was developed in the mid 1930°’s; it has become
the most popular pellet mill in the pelleting industry
(Robinson, 1971). Figure 3.5 shows a drawing of a ring-type
die and roller pellet mill. The die-speed of a pellet mill
normally ranges from 100 rpm to 400 rpm. The rotation of the
rollers and die develops the force necessary to extrude the
material through the die holes. The extruded product is cut
off by knives adjustable in léngth to the desired pellet
length.
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Table 3.3 - Effects of Fines and Steam Addition on the
Capacity of a 100 HP Pellet Mill.

Stean Meal Condition. Moisture Fines Over Pellet

Preassure Temp. Meal Moist. Added #16 Screen Mill Cap.
(PSIG) (F) (X WB) (%) (%) (Tons/h)
Test #1 Formula: Pig Grower (70% Corn)
Dry Meal Bound Moisture: 10.8 XWB Die 3/16" x 2"
50 190 12.8 2.0 9.7 8.5
20 190 14.0 3.2 4.3 7.0
14 202 16.3 5.5 2.3 8.5
Test #2 Formula: Chick Grower (85% Corn)
Dry Meal Bound Moisture: 11.9 XWB Die 5/32" x 1 3/4"
75 180 13.4 1.5 7.5 7.0
40 190 14.1 2.2 6.2 7.5
16 195 16.6 4.7 2.5 10.0
Test #3 Formula: 32X Steer Fattner
Dry Meal Bound Moisture: 12.0 XWB Die 1/4" x 1 1/2"
75 155 13.1 1.1 1.3 5.5
55 160 14.0 2.0 1.2 6.5
40 140 14.0 2.0 1.8 5.0
16 140 15.3 3.3 2.3 4.0

From McBain (1968)

The commercially available die-sizes for cylindrical
pellets range in diameter from 0.24 cm (3/32 in.) to 3.5 om
(1 3/8 in.). The pellet lengths are 1.5 to 3.0 times the
diameter. For some of the large pellets sizes, square and
oval shapes are available (Robinson, 1971).

Die-thickness is determined by the quality and
production rate desired for the product being pelleted. A
thick die normally produces a better quality product, but

also reduces the production rate compared to that of the
thinner dies. Products which are difficult to pellet, such
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Fig. 3.5 - Schematic of operation of ring-type die and roller
pellet mill (Robinson, 1971).

1 - Feed material
2 - Compacted and extruded feed
3 - Knives
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as fiber and urea, are normally produced in thin dies, while
grain products are most frequently pelleted in thick dies.
The usual die-thickness varies between 3.2 cm (1 1/4 in.)
and 12.7 ca (5 in.) (Falk, 19856).

The pellets leave the die at an elevated temperature
between 65 C (150 F) and 93 C (200 F) because of the
combined effects of the steam injected into the meal during
the conditioning process and of the temperature rise

resulting from the friction in the die (Atkinson, 1981a).

3.3 - Cooling of Pellets

After a feed has been pelleted, it is necessary to
remove the excess heat and moisture to ensure safe long-term
storage. The cooling and drying process is acomplished by
moving ambient air through a bed of the warm, moist
pellets.

The process objectives of a pellet cooler are
(Trickett, 1982): (1) to reduce the temperature to just
above the ambient air temperature; (2) to reduce the
moisture content of the pellets to 12-14X DB; (3) to cool at
a controlled rate to prevent overdyring of the pellet
surfaces, and ensure pellet durability; (4) to operate
effectively under a wide range of climatic conditions; and
(5) to operate efficiently with the minimum usage of power.

Factors affecting cooler performance include
(Whiteley, 1883): (1) cooler design (vertical, horiszontal,

crossflow, or counterflow); (2) air flow rate, air inlet
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temperature, air inlet relative humidity; and (3) pellet
flow rate, pellet size, pellet inlet temperature, and pellet
initial moisture content.

Regardless of the inlet relative humidity of the
cooling air, the relative humidity is decreased due to the
heating of the air by the warm pellets. However, the
absolute humidity of the air increases. Thus, the cooler
removes moisture along with excess heat from the pellets.

Pellets are usually dried to 12X to 14X (DB)
moisture content and to within 2 to 8 C (5 to 15 F) above
the ambient temperature (Atkinson, 1981b; Falk, 1985).

The approximate cooling air requirement for various
pellet diameters is listed in Table 3.4; the required
retention time in the cooler of pellets of different
diameter is shown in Table 3.5. Large diameter pellets
require higher air flows and larger cooling times than
smaller pellets because a larger path has to be traversed by
the heat and moisture, in migrating from the inside to the
outside, in large than in small diameter pellets
(Falk,1985).

Table 3.4 - Cooling Air Requirements for Various Pellet
Diameters.
Pellet Diameter CFM/Ton/Hours
{(in.)
10/64 to 12/64 800
1/4 900
3/8 1000
1/2 to 3/4 1100
7/8 to 1 1200

From Falk (1985)
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Table 3.5 - Minimum Retention Time in a Cooler for Various
Pellet Diameters.

Pellet Diameter Retention Time
(in.) (min)
10/64 to 12/64 5 to 6
1/4 6 to 8
3/8 7 to 8
1/2 8 to 10
3/4 12
/8 15

From Falk (1985)

Pfost and Young (1973) investigated the effect of
colloidal binders on the pellet durability and on the pellet
energy requirement. This last quantity is also called the
pelleting efficiency, and measured in 1b/Kwh. Factors
studied included the amount of steam or binding agent added,
the granulation of the pelleted grain, and the cooling time.
Table 3.8 shows the effect of cooling time on pellet
durability. The percentage of fines refers to the damage of
the pellets occurring in the handling system. Long cooling
times resulted in fewer fines than short cooling times. At
the low steam level, which corresponds to 30 F temperature
rise and 1.4X wmoisture added to the mash, 24X fines was
produced at an efficiency of 125 1b of pellets/Kwh. At the
high steam level, corresponding to 90 F temperature rise and
an addition of 3.9% in moisture to the mash, 10X fines was
produced at an efficiency of 250 1lb of pellets/Kwh. The use
of betonite as a binding agent increased the durability but
did not affect the pelleting efficiency.
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Table 3.8 - Effect of Cooling Time on Pellet Durability.

Cooling Time Moisture Content (X WB) X Fines
(min) Before Cooling After Cooling

5 14.4 11.4 10.5

10 14.3 11.8 8.5

156 14.5 10.8 8.6

From Pfost and Young (1973)

Whiteley (1983) studied the effects of air flow,
residence time, bed depth, product size, and air inlet
humidity, on the cooling and drying of .95 cm (3/8 inmn.)
diameter pellets initially at 65 C (150 F) and 15% (WB)
moisture content; cooling took place in a vertical and a
single deck horizontal cooler. Table 3.7 shows some of the
resulta. A high air flow rate cools the pellets faster; a
long cooling time results in a cooler product. Also, a
deeper bed improves the drying, and a smaller diameter
pellet improves the cooling and removes more moisture
content; and, the relative humidity of the cooling air has
little effect on the moisture loss.

Improper cooling and drying can result in: (1) poor
pellet quality, (2) pellet breakdown, (3) spoilage, (4)
heating and spontaneous combustion in large volume storage,
(5) caking in bags or bins, and (6) monetary loss from

excess moisture removal (Robinson, 1983).
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Table 3.7 - Effect of Air Velocity, Bed Depth, Residence
Time on Pellet Temperature During the Cooling
of Pellets in a Stationary Bed.

Air Velocity Bed Depthir Temperature (C) Above Ambient

(ft/min) (in.) After Cooling Period (min)
5 10 20 30
2 17.5 7.0 3.0 1.0
4 23.5 12.5 5.0 2.0
40 6 27.0 17.0 8.0 3.0
8 28.0 20.0 10.0 4.5
10 29.0 22.0 11.5 6.0
2 13.0 5.0 1.0 1.0
4 18.5 8.0 3.0 1.0
60 8 22.5 12.0 4.5 1.5
8 25.5 16.0 6.5 2.0
10 28.5 17.0 8.5 3.0
2 8.0 4.0 1.0 1.0
4 14.0 8.0 2.0 1.5
80 6 17.5 8.0 3.0 1.5
8 21.0 11.5 4.0 2.0
10 23.5 14.0 5.0 2.5
2 8.0 3.0 1.5 -
4 12.0 5.0 2.0 -
120 8 18.5 7.0 2.5 -
8 20.0 9.5 3.5 -
10 21.0 12.0 4.0 -

% Bed depth measured in direction of air flow
From Whiteley (1983)

Pelleting is a cause of shrink in feed manufacturing
operations. A part of the shrink is the result of moisture
loas between the mash-feed inlet and the pellet outlet.
Table 3.8 shows the results of typical cooling tests
conducted by Wolfe (1982), as cited by McEllhiney (1985a).
Wolfe (1982) considered the level of shrink occuring in the
feed manufacturing process to be directly affected by the

cooling air temperature. The water-holding capability of the
cooling air doubles for every 11 C (20 F) rise in
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temperature. Thus, pellets can be cooled in a pellet cooler
even on high relative humidity days. Figure 3.6 illustrates
the effect of the average moisture content on the pellet

temperature during a 12-month period.

Table 3.8 - Pelleting Moisture Loss.

)
Dairy w/ Dairy w/

—_Sample Location = 2.5X%X Molasses 1% Molasses & Urea
Feed Inlet 12.80 13.30
Cond. Chamber with

Molasses & Steam* 16.37 16.61
Die Discharge 16.67 16.81
Cooler Discharge 12.62 12.70
Moisture Loss 0.18 0.60
Value of Loss Based on

d $ 0.27/ton 2 0.90/ton

*Molasses added at conditiomer
From Wolfe, cited by McEllhiney (1985a)

Figure 3.7 shows the average moisture content of
pellets over a 3-year period. The moisture content of the
pellets is lower during the warmer months when the ambient
temperature is high (McEllhiney, 1985a).

Dust particles exiting a pellet cooler are normally
large and therefore easy to collect. To avoid breakage of
the dust particles into smaller sizes and reduce fan
impellor wear, the air system fans is located on the
negative pressure side of the collector (McEllhiney, 1985).

Pellet cooling takes place in a crossflow,
horizontal belt, or  counterflow cooler. In the following
sections each of these cooler-types will be discussed in
detail.
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3.3.1. Vertical Crosaflow Coolers

Figure 3.8 is a schematic of a vertical crossflow
cooler. The supply hopper has a level-sensing device (1)
which spreads the pellets over the width of the cooling
column (2). The air is drawn through the screen-walled
columns into a central plenum (3). The discharge drive gate
motor (4) powers the discharge control mechanism (5) which
is wusually of the star-wheeled or vibratory type. The fan
drive motor (7) centrifugal fan assembly draws the air
through the pellets and discharges it into a cyclone for
removal of the fines.

The cooler must a have uniform air flow through the
pPellet columns and an uniform pellet flow. Cooling requires
a high air volume and, therefore, has a high power
requirement (Trickett, 1982).

Typical dimensions of a vertical cooler are: 140 cm
(55 in.) to 152 cm (60 in.) wide, 198 ca (78 in.) to 518 ca
(204 in.) high, with the thickness of the cooling columns
varying from 23 cm (9 in.) to 25.4 cm (10 in.). The cooler
capacity depends on the equipment dimensions, the air flow
rate and the pellet size, and ranges from 3.5 to 22 tons per
hour. A vertical cooler to cool and dry 8 to 13 tons of
Pellets per hour, requires a 40 HP fan and a pellet-flow
control-gate powered by 1/4 HP variable speed motor
(Robinson, 1970).
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Fig. 3.8 - Vertical crossflow cooler (Robinson, 1971).
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- Cooling column
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Discharge gate drive motor
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Atkinson (1981) emphasized that the main problem
with vertical coolers is that they need to be full to
operate, and that the retention time is inversely
proportional to the production rate. Thus, for a specific
capacity of small versus large pellets, the retention time
should be larger for the larger pellets. If, for instance, a
cooler is designed to cool .95 cm (3/8 in.) diameter pellets
in 20 minutes at a rate of 10 tons/h, .24 cm (3/32 in.)
diameter pellets will be cooled at 5 tons/h remaining in the
cooler for 40 minutes. Because of the small diameter and
greater surface area, a period of 5 to 10 minutes would have
been adequate for the smaller pellets; in 40 minutes
excessive dehydration would occur. This problem may be
solved by adding in the cooler a discharge mechanisa which
regulates the rate of discharge to correspond to the rate of
pellets delivered to the cooler.

Trickett (1982) stated that the use of vertical
coolers in hot humid climates is likely to lower product
quality and shelf life.

3.3.2 - Horizontal Belt Coolers

In a horizontal cooler the pellets are carried on a
moving perforated metal belt through the cooler while air is
drawn through the layer(s) of pellets on the belt. Single,
~ double, and triple belt coolers are used in the pellet mill
industry.

The capacity of a belt cooler depends on the length,
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width and depth of the bed(s). The width, usually four to
seven feet, is limited by the requirement to spread the
incoming pellet-flow evenly over the bed to ensure uniform
cooling. In order to limit the length of a cooler, dual or
triple passing is employed (Atkinson, 1981).

The pellets are delivered from the pellet mill to
the cooler feeding device which spreads the incoming pellet
flow evenly over the cooling belt and also controls the
speed of the cooling belt. Therefore, the retention time
will be different for each pellet type, thereby avoiding
overdrying (Atkinson, 1981b; Robinson, 1983).

¥When pelleting high molasses, high fat, or urea
pellets, a horizontal cooler should be used (McBain, 1968).
In these cases, the weight of the pellets in the vertical
cooler can cause caking of the pellets prior to the

discharge and can lead to acreen clogging.

3.3.2.1 - Single Deck Horizontal Coolers

In a single-deck horizontal cooler the cooling air
passes only through one layer of pellets as in the vertical
coolers.

Figure 3.9 is a schematic of a single-deck
horizontal cooler. A bed of pellets 5 cm (2 in.) to 30.5 cm
(12 1in.) 1is evenly spread on a perforated belt (2) by the
oscillating feeder (1). A level sensing device |is
incorporated in the design to start and stop the belt, thus
maintaining a constant thickness of the cooling bed
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Fig 3.9 - Single deck horizontal cooler (Robinson, 1970).

1 - Oscillating feeder

2 - Product carrying belts
3 - Air chamber

4-- Air inlets

5 - Cooling belt drive
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regardless of the production rate. Air flows through the
pellets by means of a centrifugal fan, drawing air from the
space below the cooling belt (4) to the plenum chamber (3).
As in the vertical cooler, the cooling fan discharges the
air into a cyclone for removal of the fines which are
subsequently reprocessed.

The typical dimensions of a single-belt horizontal
cooler are: .9m (3 ft) to 2.4 m (8 ft) wide, 3 m (10 ft) to
16.8 m (55 ft) long with a pellet bed adjustable to b cm (2
in.) to 30.5 cm (12 in.). The capacity varies from 2 to 60
tons/h, depending on pellet size and type of feed (Robinson,
1983).

The single-deck horizontal cooler requires about
1,000 CFM of air per ton/hour of pellets. Thus, a unit rated
at 10 tons/h needs a fan and dust separation equipment
capable of handling about 10,000 CFM. When less air is
roquired‘ to pass through the pellet bed due to a lower
output, a lower teaperature drop and/or a lower moisture
decrease, a bypass valve is opened to prevent all the air
from flowing through the cooler. This construction allows
some air to be passed to the dust collector to avoid the

possibility of condensation (Atkinson, 1981b).

3.3.2.2 - Dual-Deck Horizontal Coolers

The dual-deck horizontal cooler is usually

constructed in a single enclosure with one air source.

Figure 3.10 is an 1illustration of a dual-deck horizontal
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cooler. The operation and components are the same as for the
single-deck horizontal cooler, except that the dual-deck
models have two carrying belts.

A dual-deck cooler is more efficient than a vertical
and a single-deck horizontal cooler because the cooling air
passes twice through the pellets. It cools pellets with
approximatelly half the air volume of the single-deck cooler
(500 CFM per ton/hour); however, the static pressure will be
slightly higher (Trickett, 1982). Absorption of moisture of
the exhaust air is higher in the dual-belt cooler than in
the single-belt cooler because of the higher absolute
humidity of the exhaust air.

3.3.2.3 - Multi-Deck Horizontal Coolers

A multi-deck horizontal cooler can be made in four,
five or six deck versions (Trickett, 1982). It is the most
efficient of the horizontal belt coolers in terms of cooling
and drying. A four-deck horizontal cooler operates at one
quarter of the air volume of a single-deck cooler, thus at
250 CIM per ton/hour of pelleta. The average temperature of
the exhaust air in a multi-deck cooler is much higher than
in a single-deck cooler, about 56 C (132 F); this greatly
increases the moisture carrying capacity of the exhaust air.
The multi-pass cooler is the only existing pellet-cooler
design that can successfully cope with the full range of

climatic conditions encountered at many pellet mill
locations (Trickett,1982).
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Fig. 3.10 - Dual-deck horizontal cooler (Robinson, 1971).
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3.3.3 - Cooler Comparison

Robinson (1983) compared vertical and horizontal
coolers:

Vertical Coolera:

Advantages - lower first cost; relatively
maintenance free; require less floor space.

Disavantages - require more headspace; capacities
limited unleas multiple units are provided; tend to choke,
bridge and channel with pellets of certain types of feed; no
control on retention time as cooler must be full to properly
function; the column thickness is nonadjustable; the output
is a function of the pelleting rate.

Borizontal Coolers:

Advantages - basically unlimited in size; retention
time is easily adjustable by varying bed-thickness; no
bridging or channeling; require mimimum headspace.

Disavantages - high firast cost; high maintenance
cost.

Space limitation in the feed =mill is a major
criterion in selecting a cooler. Low ceiling-height and
adequate floor-space favor a horizontal cooler (McBain,
1968).

Atkinson (1981b) stated that the use of horizontal
coolers in the feed mill industry is increasing.
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3.3.4 - Counterflow Coolers

A counterflow pellet cooler has been advertised by the
Geelen Company (Geelen, the Netherlands) in the German
journal die Muhle and Mischfuttertechnik (May,1986). The
counterflow cooler is manufactured in three models in
capacities of 2.75 to 33 tons/h at bed depths from 25 ca (10
in.) to 147 cm (58 in.). The air volume is about 244 cubic
meter per minute/ton or 800 CFM/ton.

The advantages of counterflow cooling according to
the Geelen Company are: (1) the counterflow cooler saves up
to 50X in energy compared to other cooler types, (2)
requires less maintenance, (3) controls the cooling time
more precisely, (4) requires 1less power, and (5) can be
installed quickly into an existing pellet line.

No research has been reported on the topic'of.

counterflow pellet cooling.

3.4 - Single Particle Drying Equations

In thin-layer drying experiments the drying behavior
of a thin-layer of moist material exposed to constant
external conditions - air at constant temperature, humidity,
and flow rate - is observed over a period of time.

Sherwood (1936) observed that the drying process
takes place in two or more distinct periods. First, in very
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wet materials, there is a period during which evaporation
occurs at a constant rate; this is followed by one or more
periods in which evaporation continuously falls (Parry,
1985).

A comprehensive analysis of +the constant-rate
period, the falling-rate period(s), and the theories
proposed for the transport of moisture in biological
materials, is presented in Brooker et al. (1974), Fortes and
Okos (1980), and Parry (1985).

The mathematical models proposed for describing the
falling-rate drying ©period of ©Dbiological materials,
including pellets, may be divided into three categories:

1 - theoretical equations

2 - semi-theoretical equations

3 - empirical equations.

3.4.1 - Theoretical Equations

Simplifying assumptions made for Luikov’s

capillary-porous products drying model lead to the following

equation in rectangular co-ordinates (Brooker et al., 1974

and Parry, 1985):

s = —mmm (D ----) (3.1)

where D is the diffusion coefficient, and M is the moisture

content.
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If a constant diffusion coefficient is assumed,
equation (3.1) may be written as:
M §2 M c tM

————= =D ( —---— 4 ——= ———- ) (3.2)
§t P 2 r Sr

where: ¢ 1is zero for a slab, unity for a cylinder,

and two for a sphere.

In order to solve equation (3.2), an appropriate
geometric shape must be assumed for the representation of
the individual product particles (e.g. rectangular,
cylindrical, or spherical). Solutions to equation (3.2) for
various so0lid shapes have been used as drying equations for
solid biological materials to provide estimates of the
average moisture ratio (MR) as a function of time (Crank,

1975). The MR is defined as:

MR = (My - M) / (My - M) (3-3)
where: M= the average moisture content at time t
Mo= the average (initial) moisture content
at time =0
Me= equilibrium moisture content (EMC).
The initial and boundary conditions usually assumed
in solving equation (3.3) are of the form (Brooker et al.,

1974):

M(r,0) M(in) (3.4)

Mo (3.5)

H(root)

In this study, pellets of cylindrical shape are
used. Thus, with ¢ = 1, equation (3.2) becomes:



M §2 M 1 M
=D (----- + ——= ——=-) (3.8)
5t sr? r §r

For conditions (3.4) and (3.5) and assuming negligible end
effects, the average moisture ratio of the pellets is given

by (Crank, 1975):

@ 4 xn?
MR = T -—- exp(- -———- D t) (3.7)
n=1 an? ) 2/

where: n are the positive roots of the Bessel
function of order =zero, Jo(“g) =0

D = diffusion coefficient (m4/h)
R = radius (m)
t = time (hour)

Equation (3.7) is used in this study to predict the
thin-layer drying curve for pellets; it allows calculation
of the moisture content after time t as a function of
diffusivity (D) and pellet diameter.

A convective type boundary condition given by
Brooker et al. (1974) can replace equation (3.5):

&M

-D —;;- = hq (Mg - EMC) at r = R (3.8)
where: D = diffusion coefficient (m2/h)

hq = convective mass transfer coefficient (kg/h m?)

:§c= moisture content at pellet surface (dec, DB)
= equilibrium moisture content (dec, DB).

The temperature gradients inside a pellet can be
calculated by solving the heat conduction equation for

constant thermal diffusivity without heat sources. The
unsteady-state differential equation is (Rohsenow and Choi,



42

1961):
§6 §2 9 1 §6
———— =« (----- + ——= -——- ) (3.9)
5t §2 p r tr
where pellet temperature (C)

thermal diffusivity = k/ *Cg

thermal conductivity sﬂ C
pellet density (kg/m?)
pellet specific heat (J/kg C).

T e
inn

Equation (3.9) 1is solved in this study assuming a
boundary condition of the third kind which implies that the
surfaces under consideration dissipate heat by convection
according to Newton’s law of cooling, i.e. heat transfer is
proportional to temperature difference. Thus, the boundary
condition has the form (Ozisik, 1980):

§0
-k ---——=h (6g - T) at r = R (3.10)
tr
where: k thermal conductivity (W/h C)

h = convective heat transfer coefficient (W/m? -C)
s = pellet surface temperature (C)
= air temperature (C).

The initial condition is given by:
e(r,0) = (in) (3.11)

3.4.2 - Semi-Theoretical Single Particle Equations

The solution to the diffusion equation (3.2) in
spherical coordinatos; with conditions (3.4) and (3.5), is
(Crank, 1975):
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6 @ 1 Dm m ¢
MR = --- L ---—- exp( - -———------ ) (3.12)
n? n=1 n! R
Instead of an infinite number of terms, only the
first term of Eqn. 3.12 is often used, resulting in the
expression (Brooker et al., 1974):
6 Dm t 6
MR = --- exp(- —-——----- ) = ——- exp(-kt) (3.13)
1 R n2
Alves (1985), Chhinnam (1984), Pabis and HBenderson
(1961), Sharaf-Eldeen (1979), Steffe and Singh (1980), and
Young and Whitaker (1971) employed equation (3.13) in the
study of drying grain and other agricultural products.
A second semi-theoretical expression often used is
Newton’s law of cooling; thus, for dehydration (Parry,
1985):

&M
———= = -k (M - M) (3.14)
5t

Integrating equation (3.14) and using equations

(3.4) and (3.5), results in (Brooker et al., 1974):

MR = exp( - kt) (3.15)

Equations (3.13) and (3.15) are both called the

drying equations; k, the drying constant, has units of hr-1

or sec~ 1,
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3.4.3 - Empirical Equations

Brook and Foster (1981), Brooker et al. (1974), and
Parry (1985) compiled a number of empirical drying equations
for biological products.

Thompson (1967) proposed for shelled corn in the
temperature range of 140 to 300 F the following equation:

t = Axln(MR) + Bxln(MR)’ (3.186)
where: A = - 1.86178 + 0.00448%6
B = 427.3640 * exp(-0.03301x%9)

product temperature (F).

Sabbah (1968) proposed for corn in the temperature
range of 36 to 70 F:

MR = exp(- kx(t-664)) (3.17)
where: k = exp(- x*t7¥)
x and y are 6 and relative humidity
dependent.
Nellist and O’Callaghan (1971) determined a two-term

exponential equation for the drying of ryegrass seeds:

M = Mg + A¥exp(-kjt) + B*exp(-k t) (3.18)

where A, B, Kj, and K3 are product constants.

Morey and Li (1984) investigated the effects of the
thin-layer equation on deep bed drying prediction. The deep
bed drying model developed by Bakker-Arkema et al. (1974)
was used to evaluate the thin-layer equations proposed by Li
and Morey (1984), Misra and Brooker (1980), Thompson (1967),
and Sharaf-Eldeen et al. (1979). They concluded that the
drying rate predicted with all these equations is slower
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than the measured results, that the Li and Morey (1984)
equation predict faster drying than the other equations, and
that the thin-layer equation significantly affects the
results derived from deep bed models.

Bruce (1985) obtained a set of thin-layer drying
curves for barley at drying air temperatures from 50 to 150
C. Two empirical equations and a diffusion type equation
with a time-varying boundary condition were fitted to the
data. He concluded that: (1) the moisture loss data are
described well by the diffusion model if the grain
temperature rather than the air temperature is used to
calculate the diffusivity; (2) the two empirical models do
not describe the drying curves as well as the diffusion
model; and (3) the diffusion model allows intra-kermel

moisture movement calculation unlike the empirical models.

Thin-layer models are required for calculation of
the drying rate of the individual particles in the deep-bed

cooling/drying models (the subject of section 3.7).

3.5 - Pellet Properties

3.5.1 - Equilibrium Moisture Content (EMC)

The equilibrium moisture content (EMC) determines

the moisture content to which a biological material is dried

or wetted in a certain environment. Knowledge of the EMC is
essential for simulating the cooling/drying of a bed of feed
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pellets.

Berry and Dickerson (1973), Boquet et al. (1978),
HBall and Rodrigues-Arias (1958), Headley (1969), and Nellist
(1976) have determined the EMC for feedstuffs.

Empirical and semi-empirical equilibrium moisture
equations have been proposed by Becker and Sallans (1956),
Chung and Pfost (1967), Henderson (1952), Pfost et al.
(1976), Nellist (1976), Smith (1947), and Thompson (1967).
Parry (1985) reviewed the EMC models.

Boquet et al. (1978) and Chirife and Iglesias (1978)
compiled the origin, range of applicability, and use of 23
equations reported 1in the literature for fitting the water
sorption isotherms of foods.

Brook and Foster (1981) presented a tabulation of
grain property values, EMC data, and EMC models available in
the literature. Variations in the EMC reported for one grain
at the same temperature and humidity are common (Brooker et
al., 1974). The variations may be caused by the difference
in the EMC determination methods or the chemical composition
of the grain samples.

Errors in moisture content measurement or
difficulties encountered in maintaining and measuring
temperature and humidity while the sample equilibrates may
cause experimental errors in the EMC determination. EMC
values for desorption are different from those for
absorption due to chemical or physical changes which take

pPlace upon drying to a low moisture content (Bakker-Arkema
et al., 1978).
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Desorption values are generally higher than
adsorption. The difference between adsorption and desorption
isotherms is called hysteresis. Several theories have been
proposed to explain hysteresis. Chung and Pfost (1967)
suggested that hysteresis is due mainly to molecular
shrinkage in the absorbent. Ngoddy and Bakker-Arkema (1970)
and Labuza (1968) used the "ink-bottle" theory to explain
the hysteresis effect.

Headley (1969) determined the EMC, using the static
EMC method, of several pelleted feeds and feedstuffs,
including cattle ration, high-urea cattle supplement, and
high-urea cattle supplement coated with animal fat. All
pellets were 3/16 in. in diameter. The temperature varied
from 10 to 32 C (50 to 90 F) and the relative humidity
ranged from 20 to 90X. Table 3.9 shows the results for the
three pelleted rations.

Table 3.9 - EMC (XDB) of Pelleted Rations Measured at
Various Temperatures and Relative Humidities.

Temperature ( F)
1

50 0
Relative Bumidity (%)
!sg; 58 75 82 35 55 76 80 32 51 76
Feeds

1 11.2 17.8 20.9
2 12.0 19.5 21.2
3 10.1 13.9 14.8
x

--N7-N. )
= NN
-~
Rd

21.8 10.
22.2 10.
16.4 8.

ﬂho
b
MU‘U‘
Oﬂ@
e
Y K]

Cattle Ration

High Urea Cattle Supplement

High Urea Cattle Supplement (surface coated)
From Headley (1969)

W=
nwun



48

Headley (1969) compared the results of the pelleted
rations with EMC data for corn and milo available in the
literature. Except for the data for high-urea cattle
supplement (surface coated), the results indicate that the
EMC of pelleted rations is higher than of corn and milo.

Berry and Dickerson (1973) investigated the effects
of particle size on EMC of laying mash and laying mash
pellets. They concluded that at relative humidities up to
70X the pellets equilibrate at about .5% higher in moisture
content than the mash.

According to Headley (1969), the reason why only
limited EMC data for pellets is available, is due to the
variation in the quantities of the different materials used
in formulating livestock feeds.

Though empirical or semi-empirical models of EMC for
various agricultural and food products have been developeﬁ.,
similar models for pelleted feeds are not known.

In this study three models - the Nellist (19768), the
Modified Henderson (1952), and the Chung and Pfost (1967)
equations - are used to analyze the experimental pellet EMC
data. The models were chosen because they have been widely
used, are simple, have a limited number of parameters, and

are temperature dependent.
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3.5.1.1 - Nellist Equation

Smith (1947) used the Langmuir and the BET equations
to model the EMC data for high polymers:

Mg = My - a*ln(1-RH) (3.19)

maximum bound moisture content (decimal, DB)
relative humidity (decimal)

equilibrium moisture content (decimal, DB)
product constant.

where: :B

Nellist (1976), investigating the EMC of ryegrass,
proposed a wmodified version of the Saith EMC equation
(3.19):

Mg = a - b*1n(1-RH) - c*1n(9) (3.20)

where: a,b,c are product constants
® = product temperature (C).

3.5.1.2 - Modified Henderson Equation

Henderson (1952) proposed a semi-empirical model to
predict the EMC of biological products. Using Gibb’s

adsorption equation the following equation was derived:
1 - RH = exp(-a%d pa*(Me)P) (3.21)

where: Mgy = equilibrium moisture content (% DB)
© = absolute product temperature (K)
a and b are product constants.

Henderson’s equation in its original form was found

to be inadequate for cereal grains (Brooker et al., 1974).
The modified form of the Henderson’s equation was proposed
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by Thompson (1967):

1 - RH = exp(a¥*(¢+b)*(Mg)€) (3.22)

product temperature (C)

where: 6 =
a,b,c are product constants.

3.5.1.3 - Chung and Pfost Equation

Chung and Pfost (1967) developed an EMC equation

based on the potential theory:

Mg = a - bxln(-(9+c)*1n(RH)) (3.23)
where: a,b,c are product constants

9 = product temperature (C)
Mo = equilibrium moisture content (decimal, DB).

3.5.2 - Diffusion Coefficient

The diffusion coefficient is a measure of the
moisture flow in a biological product. It is a function of
the product temperature and moisture content (Crank, 1975).

The units of the diffusion coefficient are usually
given in terms of lengthz per time (lzlt).

The relationship between the diffusion coefficient
and the product temperature is usually of the Arrhenius type
(Brooker et al., 1974):

D = a*exp(-b/Oaps) (3.24)

where: D diffusion coefficient (length2/time)

abs = product temperature (K)
and b are product constants.
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Thus, as the product temperature increases, the
diffusion coefficient increases.
Diffusivity is measured by collecting drying data of
a particular biological product with respect to time.
It is frequently assumed that the diffusion
coefficient of grain products is not affected by moisture
content (Brooker et al., 1974). For feed pellets the same

assumption is made in this study.

3.5.3 - Heat and Mass Transfer Coefficients

The values of h and hg, the convective heat and
mass transfer coefficients, are functions of the particle
Reynold’s number. Baker (1965) conducted an extensive
literature review of the available theoretical and empirical
relationships for the heat and mass transfer coefficients.
The following equations were considered by Bakker-Arkema et
al. (1967) to be the most satisfactory and are used for

pellets in this study:

h = .992 Ga C, Re—-34 (3.25)

hd = 15.5 Ga Re~1 8¢~2/3 (1 - ¢)1.2 (3.26)
where:

h = convective heat transfer coefficient (BTU/h-ft: -F)

hd = convective mass transfer coefficient (1lb Hy0/ft: -h)

Ga = air flow rate (lb/h-ft2)

Ca = specific heat of the air (BTU/1b-F)

¢ = porosity of the deep bed

Re = Reynolds number = Ga Di/¥v

8c = Schmidts number = v/D dp

Di = particle diameter (ft)

absolute viscosity (1lb/ft-h).
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3.5-4 - Thermal Conductivity and Specific Heat
Fortes and Okos (1982) investigating the drying of
extruded corm at 30-70 C (76-158 F) and 8 to 36% DB,
developed the following equations for the thermal
conductivity and specific heat of this product:

For the thermal conductivity:

k = .1133 - 2.936 M2 + 25.44 M3 - 38.71 M4 (3.27)

and for the specific heat:
Cp = 4180 (.343 + M) / (1 + M) (3.28)

where: K

>

thermal conductivity (W/m-K)
specific heat (J/kg-K)
moisture content (decimal, DB).

It is assumed that the k and Cp values for feed

pellets are the same as for extruded corn.

3.5.5 - Latent Heat of Vaporization

Spencer (1971), saimulating drying of wheat in a
deep-bed, developed the following equation for the latent
heat of vaporization as a function of the grain temperature

and moisture content:

heg = (1085 - .55(9 - 520)) (1 + 23 exp(-4 6 M)) (3.29)
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where: hf‘ = latent heat of vaporization (BTU/1lb)
0 = product temperature (R)
M = moisture content (decimal, DB).

It 1is assumed in this study that the hfg for feed

pellets is the same as for wheat.
3.5.6 - Ailr and Water Vapor Properties

The values of the density of air, and the specific
heat of air, vapor, and water were obtained from

thermodynamic tables (Threlkeld, 1962).

3.6 - Pellet Quality
3.6.1 - Nutritional Quality of Pellets

The nutritional value of pellets is affected by
different factors including the equipment utilized, the
conditions employed during the pelleting process, the
nutritional value of the ration, and the animal itself.

Crampton (18956) observed that some animals have a
tendency to select the coarse materials in a feed mixture
from the fines. When small quantities of purified nutrients
are added as supplement to a pelleted mixture, pellets
should not disintegrate easily.

Calet (1965) reviewed the pelleting of poultry feed

and its relative value versus mash and grain, and concluded
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that pellets reduce wastage, improve feed conversion,
improve feed digestibility, and increase the retention of
nutrients.

Slinger (1972) and Pepper et al. (1960) studied the
effects of pellet use in the diets of chickens and turkeys,
and concluded that significantly less concentrate was
consumed with pellets than with mash, although more weight
was gained with the pellets.

Jensen et al. (1962) investigated the pelleting of
wheat bran and noted an increase in feed intake of chickens;
this led to an increase in weight gain and a decrease in the
feed/gain ratio. They pointed out that the improvement was
probably due to an increase in the bulk density of the feed,
resulting in less time and energy expended for eating.

Kling et al. (1985) investigated the effect of
pelleting the feed of chickens on egg production and size,
and concluded that neither the egg-production nor egg-size
was affected by the physical form of the feed.

Olsen and Slinger (1968) and Saunders et al. (19869)
found that most of the feed intake improvement in rats from
steam pelleting wheat bran and shorts is due to the
increased availability of the contents of the aleurone
layer.

Perry (1984) investigated the effect of pelleting a
swine diet containing corn, soybeans, and barley. The
pPelleted diet produced a 14X faster and 15X more efficient

&ain than the same unpelleted diet.
Ensminger (1985) stated that in diets containing a
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low level of crude fiber, there is no advantage in pelleting
feed for beef cattle and swine. However, with more fibroug
feeds, especially barley, there is a decided advantage in
pelleting feed for awine.

Rinehart (1981) reviewed the effect of pelleting on
feed value, and observed that the nutritional value of
pelleting is due to the mechanical pressure and heat
production of the process rather than to the form of the
ration. He also noted that pelleting increases the feed
intake of animals, and improves the feed conversion.
Nutrient destruction and decreased nutrient availability
were mentioned as potential disavantages.

Slinger (1972) observed that during the formulation
of least-cost rations the nutritional value of the pelleted
feed and not the mash feed should be considered. In
determining nutrient requirements, the pelleted feed should
be used.

Cassard and Juergenson (1963) listed the advantages
and disavantages of the pelleting compared to the grinding
of grains. The advantages are: larger feed intake
(especially with high roughage rations), increased gain,
increased feed efficiency, no sorting of the ration by the
animals, easier mechanical feeding, reduced labor
requirement, reduced waste, easier handling, reduced storage
space, greater net energy availablity, and reduced dust
production. Disavantages are: the cost of grinding and

Pelleting, the reduced rumination in cattle sometimes
leading to digestive troubles, and the cost of handling



56
bulky ingredients to the mill for pelleting.

3.6.2 - Physical Quality of Pellets

The physical quality of pellets from the producers’
point of view concerns the hardness, the lack of fines, and
the ability to withstand physical deterioration during
handling and feeding operations (Slinger, 1972).

The ingredient characteristics which affect the
physical quality of the pellets include the fat-, fiber-,
and protein-contents, and the texture of the mix (McBain,
1968). The fat content may refer to natural fat, which is
already a feed ingredient, or to added fat; adding 1X fat to
a feed mixture has a greater effect on pellet quality tham
the 1X fat already present in the mixture. Fiber is
considered a natural binder; a high-fiber feed produces high
quality pellets but results in a low production raﬁe. Feeds
with a high protein content have a relatively high bulk
density because they plasticize as the mix passes through
the die during pelleting.

Bulk density is a major factor in pellet production.
For example, a 100 HP mill pelleting 100X dehydrated alfalfa
at 272 Kg/m3 (17 1lb/cft), can pellet 4 to 5 tons/h; the same
mill pelleting 100X solvent extracted cottonseed meal at 560
Kg/m3 (35 1lb/cft) to 640 Kg/m3 (40 1lb/cft) can pellet 16 to
17 +tons/h. Also, pelleting materials with high density

require less power for the pellet mill than pelleting of low
density materials (McBain, 1968).
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The texture (or granulation) includes three general
categories: coarse, medium, and fine grinds. ASAEK
Standard:R246.1 (1984b) defines coarse as the remaining
material, after screening, on the 3/8, 4, and 8-mesh
screens; that on 14 and 28-mesh screens as medium, and that
on 48 and 100-mesh screens and in the pan as fine. Medium
and fine grinds generally result in a higher pellet-mill
capacity and an improved feed compared to that made from a
coarse grind. The reasons are a greater surface area for
aborption of moisture from the steam, and a higher starting
bulk density provided by the medium and fine grinds.

Table 3.10 1lists the common ingredients used in
pelleted feeds (Falk, 1985). The chart can be used to rate
the pelletability of saingle ingredients. Also, it 1is
possible to determine the characteristics of a feed formula
based on the percentage of the ingredients used. A composite
rating provides an approximate capacity rating for a feed
formula. The physical quality of a certain type of pellet
will change when the content of the ingredients changes. The
fat, fiber, and protein contents provide a key to the pellet
quality. The column "abrasiveness"” gives an indication of
how an ingredient will affect die life.

Pellet durability tests are important to determine
the pellet quality and are used to designate pellet
resistance to breakage. The equipment utilized to obtain the
Pellet durability is described in ASAE Standard:5269.3
(1984b).
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Weight Percent Percent Percent Peliet- Abrasiveness Molasses
Product per cu. ft. Protein Fat Fiber ability Degree Reason  Absorbabiiity
Altaits Oshydrated 12-19 20 3.0 20 Med High LGC 40%
Berley kX ] 10 2 [ Med Med HGC
Best Pulp 16-20 8 K ] 20 Low Med wepP
Biood Mesl 35-40 80 1 1 Med Low
Brewers Grain 15 24 [ ] 15 Low Med weap 9%
Buttermilk 3 32 H 0 Low High CHEM
Citrus Pulp 20 ) 2.5 18 Low Med weep
Coconut Meel 20 (] 1 Low High CHEM 3%
Com 40 8.4 38 25 Med Low HGC 15%
Comn Cob & Mesl 3s 7 3 8 V Low V High NAY
Comn Giuten Feed 25 21 1.6 8 Med Low wBpP ™
Com Giuten Meel 30 62 4 ) Med Low wee
Corn Oil Mes! s 18.5 1 ns High Low HGC
Cottonseed Mes! Solv. 35-40 41 1.5 13 High Low HGC 15%
Cottonseed Meal Exp. 35-40 38 4 16 Med Med HGC
Distillers Grain 18 28 8 128 Low Med wesP 5%
Distillers Solubles 27 8 3 Med Med wap
Fish Mesl 3s 68 8 1.5 Med Med CHEM
Hominy-Yellow 28 10 2.5 kN4 Low Low wep 2%
Kafir Comn 40-4S 1" 25 25 High High LSC
Kaftr Head Chop 10 2 7 Low High LGC
Linseed Mesl Exp. 27 32 38 8 High Low HGC %
Linseed Meel Solv 33 4 20 8 High Med CHEM ™
Mest Scrap 41 L1 9 2.5 High Low
Milo Maize 40-48 1 2.8 2.8 High High LGC
Mile Head Chop 10 2 7 Low High LGC
Molesses
Osts-ground 13 s 12 Med Med HGC 20%
Ost Hulls 8 18.8 5 36.8 V Low High NAT
Ost Screening $12 3s 1 k7 ) V Low High NAY
Peanut Mesl Solv 40 50 S 7 High Low wep
Rice Bran 21 14 6 18.5 Low High CHEM
Rice Polishings 45-58 1" 10 ) Med High CHEM
Soysbeens Meel Exp. 40 42 3s [ ] High Low wep 10%
Soysbeans Mesl Sotv. 40 43 ] High Low wep 5%
Wheet-Gray Shorts 15 16 s 6.5 Med Low wee
Whest-Red Dog 28 1.6 3s 3 Med Low wep
Wheet-Brown Shorts 15 18 35 Med Low wep
Wheet-Midde 20 15 38 [ ] High Low wap
Wheet-Flour N 14 2 1 Med Low weP
Wheet-Bran 1118 14 s " Low Low wer 15%
Whey-Oried 8 12 L] 0 Low High CHEM
Bone Mesl 49
Dicsicium Q
Urea 40

Abbreviations: CHEM
LGC
HGC
NAT
WBP

Chemical reaction plasticity
Low grown crops

High grown crops

Naturally abrasive

Washed by-product
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In a pellet durability test a 500 g (1.1 1b) sample

of whole pellets is placed in tumbling box (30x30x7.5 cm).

After tumbling for 10 minutes at 50 rpm, the sample is

removed, sieved, and the percentage of whole pellets is
determined. The pellet durability is defined by:

Mass of Pellets After Tumbling
Durability = - (100) (3.30)
Mass of Pellets Before Tumbling

The percentage of fines is determined by screening
the pellets on a wire sieve with openings slightly smaller
than the nominal pellet diameter. Table 3.11 shows the

recommended sieves for pellets of various diameters.

Table 3.11 - Screens Sizes for Pellet Durability Tests.

Diameter of Pellets Required Screen Size
(mm) (in.) Size (mm) (in.)
2.4 0.094 No. 10 2.0 0.079
3.2 0.125 No. 17 2.8 0.111
4.8 0.188 No. 5 4.0 0.157
5.2 0.203 No. 4 4.8 0.187
6.4 0.250 No. 3.5 5.7 0.223

12.7 0.500 7/186 11.1 0.438

From ASAE Standard:5269.3 (1984b)

Normally, pellets are tested imediately after
cooling. If tested at a later time, the <time will be

indicated by a subscript. For example, if the pellet
durability tested 95 four hours after cooling, then the
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durability is expressed as (95)4.

If pellets are tested before cooling, there will be
a significant weight-loss caused by water vaporization; the
durability will be decreased by the loss of moisture. The
loss of moisture must be evaluated by determining the
moisture content before and after tumbling, and compensating
for the final mass accordingly. When this procedure is
followed, the durability is expressed as (95)-3 (Falk,
1985).

The pellet durability index of pellets stored under
equilibrium relative humidities ranging from 22% to 92% and
temperatures from 10 C (50 F) to 33.2 C (90 F) was
inveastigated by (Headley, 1969). The relative humidity range
from 55% to 75% resulted in better pellet durabilities than

those obtained at higher or lower relative humidites.

3.7 - Deep Bed Models and Simulation

Deep bed models are generally divided into three
types: (1) logarithmic, (2) heat and mass balance (HMB), and
(3) partial differential equation (PDE) models (Parry,
1965).

The first two models are of an empirical or
semi-empirical nature, and require 1little computer time.
However, the product temperature and moisture profiles are

predicted 1inaccurately (Bakker-Arkema, 1984; Sharp, 1982).
Therefore, both logarithmic and heat mass balance models are
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limited in their range of applicability (Parry,1985). The
BMB model is used in this thesis because it is suitable for

PC-size computers.

3.7.1 - Algebraic or Heat and Mass Balances (HMB) Model

Thompson et al. (1968) first proposed a deep-bed
drying model for grain based on heat and mass balances. The
model first calculates an equilibrium drying temperature
based on the sensible heat balance between air and grain;
subsequently, the equilibrium moisture content and the
drying rate of the grain are estimated using this
temperature.

The equations proposed by Thompson et al. (1968) are
presented in this section.

The drying air temperature is the equilibrium
temperature of the drying air and the grain. It 1is
calculated by performing a heat balance on each layer and
has the form:

(1.005+1.884 Ho) To + Cp 60
Te = ————————————— - (3.31)
1.005+1.884 Ho + Cp

where:
Te = equilibrium air temperature, K
To = initial air temperature, K
Ho = initial air humidity ratio, Kg/Kg
Cp = specific heat of product, KJ/Kg K
60 = initial product temperature, K.
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The final moisture content is calcualted by using a
single-layer drying equation (Eqn. 3.7), and the equilibrium
moisture content equation (Eqn. 3.22).
The final air and grain temperatures are assumed to

be equal and are determined by:

(1.005+1.884Ho)Te - DH(2467.4 +hgg+273.16-Te) + CpTe

Tf = -~~~ e
1.005 + 1.884 Bg + Cp
(3.32)
where:
Tf = final product temperature, K
Te = equation (3.31)
hf‘ = latent heat of vaporization, KJ/Kg
Be = final air humidity ratio, Kg/Kg
and
(Mo - Mg) Dm
DH=H¢ - Ho = ~-———------———-—- (3.33)
100 Ga t
where:
Mo = initial product moisture content, % DB
My = final product moisture content, X DB
Dm = product dry matter in each layer, Kg
Ga = air mass flow rate, Kg/ min
t = time step for simulation, min.

Noomhorn and Verma (1988) used the Thompson et al.
(1968) model to evaluate the influence of two generalized
single-layer equations on the drying rate of a fixed-bed of
rice. They concluded that both equations underpredicted the
moisture content; the rice temperatures were higher than the
observed values, and the largest difference was observed at

the top layers.
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3.7.2 - Partial Differential Equation (PDE) Models

The development of stable computational techniques
and the increasing power of modern computing have encouraged
researchers to implement drying and cooling models of the
PDE type. These models are formulated according to the
standard laws of heat and mass transfer, and are of a more
fundamental nature than the algebraic (HMB) models.

In the development of the deep-bed drying model for
stationary bed the following assumptions are made: (1)
particle to particle conduction is negligible, (2) there are
no temperature or mass gradients in the y- and
z-directions, (3) the heat capacities of moist air and of
grain are constant during short periods of time, (4) the
airflow 1is plug type, (5) ¢T/5t and tH/5t are negligible
compared to iT/éx and ¢H/fx, and (6) accurate thin-layer
drying and moisture equilibrium equations are known
(Bakker-Arkema et al., 1967; Brooker et al., 1974; Sharp,
1982).

The PDE models of the drying, cooling, and heating
of a deep-bed of biological products such as feed pellets
consist of four to six differential equations, depending on
the assumptions made in the analysis. For a stationary bed
of pellets in which the airflow is of the plugflow type the
following simulation has been proposed (Brooker et al.,
1974):
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1y} oM
———— = - _gg_ _——— (3.34)
§x Ga 6t
§T - h SA
———m = - (T - 6) (3.35)
§x Ga(Cy, + Cy H)
59 h SA (T - 9) heg + Cy(T - 9) 5H
iSO A Ga--—-
5t dp(Cp + G, M) (Cp + Gy M) & x
(3.36)
5M
---- = single pellet drying equation (3.37)
5t

For a bed of depth L, the appropriate initial and

boundary conditions are, respectively:

M(r,0) = Mj(x),  9(x,0) = 63(x) 0 < x < L (3.38)

H(O,t) Hj (t), T(O,t) Ty(t) t >0 (3.39)

Equations (3.36) and (3.37) compute the average
product temperature and moisture content values,
respectively.

In the solution of the model (Egqns. 3.34 - 3.39) the
deep-bed is divided into layers. Each layer is assumed to be
of uniform moisture content and temperature; the inlet

conditions for a layer are the outlet conditions of the

previous layer. Numerical techniques are applied to solve
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the set of differential equations for each layer. Carnmahan
et al. (1969) and Ozisik (1980) describe the numerical
methods for solving such systems of differential equations.

Bakker-Arkema (1984) and Brooker et al. (1974)
presented the PDE models for the basic grain cooler/dryer
configurations of the fixed bed, crossflow, concurrent flow,
and counterflow.

Parry (1985) and Sharp (1982) reviewed the deep bed
models which have been employed in the simulation of heat
and mass transfer in biological products.

Bakker-Arkema et al. (1984) used a counterflow model
to analyze the cooling of grain; the simulation model
accurately described the counterflow cooling process. The
airflow rate and cooling air temperature significantly
affected the exit grain temperature but not the exit grain
moisture content; the relative humidity of the cooling air
neither affected the exit grain temperature nor the exit

grain moisture content.
3.7.3 - Pasychrometrics

The topic of paychrometrics is important to the
understanding drying and cooling of bilogical products.
Professional organizations, such as ASAE (1984a) and ASHRAE
(1977), have published psychrometric charts, tables, and
. equations.

Since charts and tables are not suitable for the

applications of computer-aided design and simulation, a
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standard computer model of the psychrometric chart is
needed.

Brooker (1967) and Wilhelm (1976) have compiled
thermodynamic and eampirical equations which describe the
psychrometric chart. The equations have been programmed as a
computer subroutine for use in grain drying simulation
programs (Brooker et al., 1974). Bakker-Arkema et al. (1974)
published a package of psychrometric subprograms in SI
units.

Chau (1980) proposed new empirical psychrometrics
equations for the saturation temperature given the
saturation vapor pressure and the wet-bulb temperature, or

the dew-point temperature and dry-bulb temperature.

3.9 - Statistics

The statistical package Bio-Medical Data Processing
(BMDP) program BMDPAR (Dixon, 1981) estimates the parameters
of a nonlinear function by a least squares technique using a
pseudo Gauss-Newton algorithm. The program is suitable for
functions not linear in the parameters; it does not use the
derivative of the functionm.

The information provided by BMDPAR includes the
total number of data points, the number of data points in
the analysis, the standard deviation, the mean, the minimum
and maximum of each variable, and the residual sum squares

for each iteration. The program calculates a linear function

equal to the given function, using an improved set of
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parameters. This process is repeated until convergence, or
the specified number of iterarions, is reached.

The following results are printed out: the best set
of parameters encountered, the estimated mean square error,
the estimated asymptotic correlation matrix, the estimated
standard deviation for each parameter, and the estimated and
observed value at each data point. If required, the program
draws simple graphs of the predicted values and the
residuals.

When the predicted values, obtained by a prediction
equation using the estimates of the parameters, are compared
with the observed values, and result in the smallest
residual sum of squares, the estimate of the parameters is
said to be the best set of parameters.

The criterion used to evaluate goodness of fit is
the average of the relative percent difference between the
experimental and predicted values. For instance, for the’
case of the EMC data points, the mean relative deviation

modulus (P) is defined by the following equation (Lomauro et

al., 1985):
100 n |EMCj - EMCP; |
P=--—-—--- I = (3.40)
n i=1 EMC4
Where
EMC; = equilibrium moisture content at observation
EMCP{= predicted equilibrium moisture content at

observation
n = number of observations.



The value of P is minimized when the error sum of
squares 1is minimized in the selection of the equation
parameters. The P value is an indication of the goodness of
f£it. A P value of less than or equal to 5 is considered to
be a good fit (Lomauro et al., 1985).

3.10 - Summary

The review of literature has emphasized the cooling
process of feed pellets. The following are the principal
findings relevant to the current study:

- The pellets should leave the cooler within 5 C (10
F) of the ambient temperature and should be stable at that
temperature.

- The pellets should be at a moisture level such
that at average ambient temperature and humidity they remain
at a constant weight.

- The pellet moisture content should be suficiently
low to avoid mold growth.

- The retention time in a pellet cooler is a
function of pellet size, initial temperature and moisture
content; the amount of heat to be removed is a function of
formulation, steam addition and die friction; and, the
ability of the air to cool and dry is a function of the flow
rate, temperature and relative humidity.

- Space limitation is one of main points to be
considered when selecting a pellet cooler; horizontal
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coolers are high in initial cost but need limited vertical
space; also, they are flexible since the retention time ig
easily adjustable.

- No simulation models are available in the
literature for the cooling of feed-pellets.

- The equilibrium moisture content and the single
pellet drying/cooling equations are required for the

solution of the simulation models for pellet coolers.



4 - MODEL DEVELOPMENT

The following sections present the development of

two pellet cooling simulation models.
4.1 - Model #1 - Heat and Mass Balance (HMB) Model

The development of this model is based on the
approach followed by Thompson et al. (1968). The deep-bed of
pellets is assumed to consist of a series of thin-layers
positioned normal to the direction of the air flow. No heat
transfer is assumed to occur through the cooler walls. The
cooling air passes through a thin-layer of pellets in a
specific cooling-time interval. The average pellet
temperature is assumed to be equal to the temperature of the
air surrounding the pellet. The thin-layer cooling/drying
equation and the moisture equilibrium equation are known.

The relationships used in the development of this
model are: (1) equation (3.31) for the equilibrium air
temperature, (2) equation (3.7) for the drying rate, (3)
equation (4.1) for the absolute humidity ratio, and (4)
equation (3.32) for the pellet temperature. The flow diagram

of the heat and mass balance stationary bed pellet cooling
model is shown in Figure 4.1.
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| For t = Dt to total time
Position (depth) loop

71

Input data
read data

'

Set initial conditions
M(x,0) = Mi 0(x,0) = o4
T(x,0) = o1 B(x,0) = Hi

RH(x,0) = fc(T(x,0), H(x,0)

#

Time loop

For x = 0 to bed

'

EMC = fc(o0(x,t), RH(x,t))
DC = fc(9(x,t))
M(x,t) = Eqn. (3.7)
H(x,t) = Eqn. (4.1)
Te = Eqn. (3.31)
0(x,t) = Eqn. (3.32)
RH(x,t) = fc(T(x,t), H(x,t))

|

IF time for|Y , |Print: 6,6 Mc,EMC,

print out RH,H
N
l— Next x
——— Next ¢
1 - Flow diagram of the HMB stationary-bed pellet

cooling model.
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4.2 - Model #2 - Partial Differential Equations (PDE) Model

The equations used in PDE stationary-bed pellet
cooling model to simulate the cooling of a fixed bed of
pPellets are: equations (3.34) through (3.37) with initial
and boundary conditions (3.38) and (3.39). To determine the
moisture content and temperature gradients inside the
pellets, equations (3.6) and (3.9) with initial conditions
(3.4) and (3.11) and boundary conditions (3.10) and (3.11),
respectively, are employed. Since the set of equations can
not be solved analytically due to non-linearity, numerical
techniques are used to obtain the solution of the set of
equations.

In order to compute the air temperature (T),
absolute humdity (H), pellet temperature (9), and average
pellet moisture content (M) at each Dx location at time t+Dt
within the cooler, the equations (3.34) to (3.37) are

written in finite-difference form using forward-difference

formulae.
Thus,
dp Dx
Hete1,6 = By, ¢ = - —7--o-- (My,t41 — Mx,t) (4.1)
Ga Dt
- h SA Dx
Te+1,t -~ Tx,t = —---o-———=---=- (Tx,t - °x,t) (4.2)

Ga(Ca + Cv B)
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h SA (Tx, ¢ 9x,t) heg+Cv(Tx t9x,t)
Ox,t4+1 ~ Ox,t = —""---——TTTTToToo- - —mm————————————————o
dp(Cg + Cw My ) dp(Cp + Cw My )
Ga
—=—= (Bx+1,t - By, ¢) (4.3)
Dx
My,t+1 = Equation (3.7) (4.4)

To determine the internal moisture content and
temperature gradients at each Dx location within the cooler,
the pellet is divided into n concentric shells. The moisture
content and temperature are calculated at n+l points from
the center (r = 0) to the surface (r = R). Given the pellet
moisture content and temperature at time t and the
equilibrium moisture content and air temperature at t+Dt,
the model subsequently computes the values of moisture
content and temperature at each internal node at time t+Dt.

Numerical techniques are also used to solve
equations (3.6) and (3.9). Since the equations are similar
in form, only the finite-difference form of equation (3.86)
is discussed.

Applying the forward-difference formula to the
left-hand side term, and the central-difference formula to

both terms on the right-hand side of equation (3.8), gives:
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Mi-1,5 - 2M3, 5 + Mi41,35 1 Mi+1,53 - Mi-1,3

S L T .31 (4.5)

Setting r = NDr and a = D Dt/(Dr)z, and solving equation
(4.5) for M; j4+1, gives:

1 1
M = a(l - -——-)M3- + (1-2a)M + a(l+-——--)M
1,3+1 oN i-1,3 1,3 oN 1+1,3

(4.8)
Setting b =1 - 1/2N and ¢ = 1 + 1/2N, Eqn. 4.6 becomes:

Mj j+1 = ab Mj_3 j + (1-2a) Mj 5 + ac Mj4q 3 (4.7)
Equation (3.68) 4is not valid at the center of the

pellet because r equals zero. This implies that the

(1/r)(tM/5r) term cannot be determined. However, by

1’Hopital’s rule (Thomas,1969), at r = 0 the center of a

pellet:
1 5M 5 2
lim ( -———- --==) = =—=—e-
r+o r Sr sre

The moisture-diffusion equation at the location r=0
takes the form:

2 -———- = —m—— m——— (4-8)

At 1 = 0, equation (4.7) becomes:

Ho.j+1 = ab H—l,j + (1-2a) Ho,J + ac Hl,j (4.9)
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Equation (4.9) has a fictitious moisture conten@
u-l,j which can be eliminated by using equation (4.8).
Applying the central-difference formula at the left-hand
side and the forward-difference formula at the right-hand

side, and solving for H—l.j at 1 = 0, results in:

1 1 - 4a

M1,3 = = Mo,y — T Moy~ Mg (4.10)

where a =D Dt/(Dr)z.

Substituting equation (4.10) into (4.9) and solving for

Mp, j+1» the moisture content at the center of the pellet
becomes:

1 + 2N - 4a 4a
—————————————— Mo, j + —————--- M j (4.11)
1 + 2N 1 + 2N

Mo, 3+1

where N =R / Dr.

At r = R (i=N), the surface of the pellet, equation (4.7)
becomes:
My,j+1 = ab My-g 3 + (1-2a) My, j + ac My+q,j (4.12)

Equation (4.12) has a fictitious moisture content
Hn+1.3. which can be eliminated by using the convective

boundary condition at r = R:

tM
D -——— + hq Mg = hy EMC (3.8)
Sr
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The central-difference formula gives:

D ———————— - + hg Mj ;3 = hq EMC (4.13)

At i = N and solving for My4+y, ;¢

2 hgq Dr 2 hg Dr
Mu+1,5 = MN-1,5 - T My,j + ———-- - EMC (4.14)

Substituting Equation (4.14) into (4.12) and rearranging,

results in:

2ac hg Dr 2ac hg Dr

MN, j+1 = 22 MN-p,3 + (1-28- --—-----—- ) My, 3 ¥+ ———————- EMC
D

Let d = (2ac hg Dr) / D. Thus,

MN,j+1 = 2a My_1,35 + (1-2a- d) My, 3 + d EMC (4.16)

The final finite-difference equations for

calculation of the moisture content inside a pellet are:
At r = 0 (1=0), the center of the pellet:

1 + 2N - 4a 4a
Mp,j41 = ——-7-—mo—m=- Mo,5 + ~7——=-=- M, (4.11)

For r =Drtor=R-Dr (i=1toN-1):

Mj j+#1 = ab Mj_g3 5 + (1-2a) Mj 35 + ac Mj,41 j (4.7)
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At r = R (1 = N), the surface of the pellet:

My, +1 = 2a My-1,j + (1-2a-d) My, 5 + d EMC (4.18)
where: a = D Dt / (Dr)2

b=1-1/2N, c=1+1/2N, d = (2ac hg Dr)/ D

D = diffusion coefficient, m2/h

hq = mass transfer coefficient, m/h.

The initial condition is:
M(r,o0) = HJ 0

A
L}
7N
¥

(4.17)

Following the same procedure as for moisture
content, the finite-difference temperature equations inside
a pellet can be written.

At r = 0 (i=0), the center of the pellet:

0,341 = ——Tm———-———-- 0,3 ¥ —Tm——==- 1,3 (4.18)

For r = Dr tor =R-Dr (i =1¢%toN-1):

1]

91, 3+1 ab 941 3 + (1-2a) ©3 j + ac ©341, (4.19)

At r = R (1 = N), the surface of the pellet:

ON,j+1 = 2a ON-1,35 + (1-2a-d) ON,j3 + d Tair (4.20)
The initial condition is:

<R (4.21)

(7
L, ]

®(1,0) = 9y _ 0

where: a = « Dt / (Dr)2 and « =K / dp Cp
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b=1-1/2N, c=1+1/2N, d = (2ac hDr)/ K
h = heat transfer coefficient, W/m2-K

¢« = thermal diffusivity, W/lz-J

K = thermal conductivity, W/m-K

dp = pellet density, kg/m3

Cp = specific heat, J/kg-K.

At all time steps and locations within the fixed bed
the average moisture content and temperature inside the

pellets are computed by the following formula:

Agye = ———mmmmmmm—--——- (4.22)

where: Ayye = average moisture content or temperature
, 3 = moisture content or temperature at each
node within the pellet

number of nodes.

N

In the above calculations, once the « (thermal

diffusivity), D (diffusion coefficient), and Dr are fixed,

the size of the time step is 1limited by the following
stability criterion (Ozisik, 1980):

D Dt/(Dr)2 ¢

A
o

(4.23)

(=)
A
®
1}

A
o

« Dt/(Dr)2 s (4.24)

o
A
[
1]

The three differential equations (4.1),(4.2),(4.3),
and the thin-layer drying equation (3.7), along with the
moisture content gradient equations (4.7), (4.11), (4.18),
(4.17), (4.22), (4.23) and the temperature gradient
equations (4.18) to (4.22), and (4.24) constitute the PDE
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simulation model for the horizontal-belt pellet cooler. The
flow diagram of PDE pellet cooling model is presented in
Figure 4.2.

4.3 - Pellet Properties

The pellet properties necessary in the the pellet

cooling models are given by;

Equilibrium moisture content (EMC) Eaqns. 3.20,22,23

Diffusion coefficient (D) Eqn. 3.24
Heat transfer coefficient (h) Egn. 3.25
Mass transfer coefficient (hg) Eqn. 3.26
Thermal conductivity (K) Eqn. 3.27
Specific heat (Cp) Eqn. 3.28

Latent heat of vaporization (heg) Eqn. 3.29
Pellet bulk density (at MC=20.5 XDB) 673 kg/m3
Surface area (SA) = 2/R

where: R = pellet radius.

The fixed-bed cooling simulation model programs are
written in IBM BASICA which runs on IBM PCs and other IBM
compatible microcomputers. The programs are compiled with a
MICROSOFT BASIC compiler. Each cooling test simulation is
performed with a bed depth of 30.48 cm (1 ft).

The HMB and PDE computer programs are presented in

Appendices C and D each with a sample run.
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start

T

Input data
read data

!

Set initial conditions
M(x,0) = Mi 0(x,0) = o1
H(x,0) = Hi = fc(Ti,RHi)
T(x,0) = fc(e(x,0),H(x,0)) = Eqn. (4.1)
RH(x,0) = £c(T(x,0), H(x,0)

— Time loop
For t = Dt to total time
Position (depth) loop
. For x = 0 to bed

'

EMC = fc(0(x,t), RH(x,t))
DC = fc(9(x,t))
M(x,t) = Eqn. (3.7)
M(r,j) = Eqns. 4.7,11,16,17,22
H(x,t) = Eqn. (4.1)
0(x,t) Eqn. (4.3)
o(r,J) = Eqns. 4.18 to 4.22
T(x,t) = Eqn. (4.2)
RH(x,t) = fc(T(x,t), H(x,t))

|

IF time for |y Print: T,6c,9s,9,Mc,Ms,
print out [ 7 M,EMC,RH,H
" !
—— Next x
—_— Next t
End
Fig. 4.2 - Flow diagram of the PDE stationary-bed pellet

cooling model.
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4.4 - Paychrometric Chart Model

The psychrometric model developéd in this study for
use on the IBM-AT is written in BASICA. It is based on a
combination of theoretical and empirical equations presented
by Brooker et al. (1974), Chau (1980), and Wilhelm (1978).

The model accepts as input, in English or SI units,
the following combination of dry air-water vapor mixture
properties: (1) dry-bulb temperature and relative humidity,
(2) dry-bulb temperature and absolute humdity, (3) dry-bulb
temperature and wet-bulb temperature, (4) dry-bulb
temperature and dew-point temperature, (5) wet-bulb
temperature and relative humidity, (6) dew-point temperature
and relative humdity, and (7) dew-point temperature and
enthalpy.

The psychrometric model was developed for use as a
subroutine in the drying and cooling simulation models of
biological materials. The PSYCHART program is presented in
the Appendix B.



5 - EXPERIMENTAL PROCEDURES

The research reported in this study was carried out
at the processing laboratory in the Agricultural Engineering
Department at Michigan State University.

5.1 - Pellets

The pellets used in this study were obtained from
Purina Mills, Lansing, Michigan. The pellet type was Milk
Generator # 1000 (B) 16X, with a diameter of 4.76 mm (3/16
in.). The following ingredients are contained according to
the company in the pellets: grain products, processed grain
by-products, plant protein products, molasses products,
vitamins, and minerals. Purina was unwilling to supply the
exact composition of the pellets.

The analysis of <the pellets indicates that the
pellets have at least 16X of protein, 2X of crude fat, and
no more than 7.5% of crude fiber. The moisture content of
the warm pellets ranged from .18.1 X to 20.7% DB., the

temperature after rhe pellet-mill from 60 C (140 F) to 80 C
(176 F).
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5.2 - Equipment

Figure 5.1 is the schematic of the equipment used in
the deep-bed cooling and drying tests.

The cooling and drying chamber is constructed of
sheet metal. It measures 50.8 cm (20 in.) hight and 20.32 cm
(8 in.) in diameter, and has a volume of .02 m3 (.6 f£t3); it
is insulated with 2.5 cm (1 in.) of fiber-glass to minimize
the effect of temperature fluctuation in the surroundings.
At 10.16 cm (4 in.) from the bottom, the chamber is fitted
with a wire mesh to hold the bed of pellets. The bed-depth
of the cooler is 30.48 cm (12 in.). A series of 4 mm
diameter holes were drilled in the cooler wall for the
thermocouples probes; an additional set of holes of 2.5 ca
(1 in.) diameter enable withdrawal of small samples for
moisture determination.

The .22 cubic meter (eight cubic foot) plenum
chamber is constructed of plywood.

An Aminco-Aire* air conditioning unit, model
4-5460, was used to deliver air to the drying and cooling
chamber. The unit is able to condition a maximum of 8.5
cubic meters per minute (300 CFM); it 1is designed to
condition chambers of less than 1.1 cubic meters (40 cubic
feet). About 2.8 cubic meter (100 CFM) of air were required

x Trade names are used solely to provide specific
information. Mention of a trade name does not constitute an

endorsement by the Agricultural Engineering Department of
the Michigan State University of the product nor to the

exclusion of other products not mentioned.
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air  ¢——— X 0

-

+ 0
0
Air + 0
Conditioning 0 Cooler
Unit + 0
0
+}F ---0-—-4 Mesh Bottom

air—> X

Damper

Airflow Control

o Dry-bulb temperature probe
x Wet-bulb temperature probe
+ Moisture content probe

Fio. 5.1 - Fixed-bed cooling experimentation.



85

in the experiments. The air is conditioned by the
Aminco-Aire 1in two stages. In the first stage, in which the
alr is washed by a spray of water droplets, the required
dew-point temperature is obtained. In the second stage, the
air is heated or cooled to the desired dry-buldb
temperature.

The s0lid state controls on the Aminco-Aire unit
maintain the dry-bulb temperature and relative humidity of

the air to within ¢+ .5 C and * 1%, respectively.

The Aminco-Aire unit is connected with a 10.16 cm (4
in.) diameter flexible plastic hose to the plenum chamber of
the dryer or cooler. The top of the cooler is connected with
a similar plastic hose to the inlet port of the
air-conditioning unit. The hoses are insulated with 1.2 cm
(.5 in.) of fiber-glass.

5.3 - Single-Layer Tests

The single-layer drying tests were conducted using
the Aminco-Aire unit at an airflow of .5 m/s (100 CFM)
(Bruce, 1985). The experimental single-layer drying
conditions are summarized in Table 5.1.

When the Aminco-Aire conditions had reached the
desired air temperature and relative humidity, a

single-layer of pellets of approximately 200 g was placed on
a wire-mesh tray in the drying chamber. The moisture content
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was determined before and after each specified drying time.

The values of the moisture content (as a function of
drying time, temperature, and relative humidity) formed the
input to the BMDPAR program of the statistical package BMDP
(Dixon, 1981). BMDPAR performed the non-linear regression
analysis for the estimation of the equilibrium moisture

content and diffusion coefficient of the feed pellets.

Table 5.1 - Experimental Single-Layer Drying Conditiomns for
4.76 mm Diameter Pellets.

Test Drying R.H. Air Drying Initial
* Air Temp. Flow Time Mois.Cont.
(C) (%) (m/8) (Min.) (XDB)
1 15.6 55 5 1,2,5,10,60 19.1
2 15.6 70 5 1,2,5,10,60 18.7
3 21.1 40 5 1,2,5,10,60 18.6
4 21.1 55 5 1,2,5,10,60 18.1
5 21.1 70 5 1,2,5,10,60 18.5
6 26.7 40 5 1,2,5,10,60 18.6
7 28.7 55 5 1,2,5,10,60 18.2
8 28.7 70 5 1,2,5,10,60 18.6
9 32.2 40 5 1,2,5,10,60 18.6
10 32.2 55 5 1,2,5,10,60 18.5
11 32.2 70 5 1,2,5,10,60 18.7
12 37.8 40 5 1,2,5,10,60 18.6
13 37.8 55 5 1,2,5,10,60 19.1
14 37.8 70 5 1,2,5,10,60 18.6
15 43.3 40 5 1,10,60 18.6
16 43.3 55 5 1,2,5,10,60 19.1
17 43.3 70 5 10,60 18.6
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5.4 - Fixed-Bed Tests

The parameters required for the evaluation of the
fixed-bed pellet cooling process are: (1) the pellet inlet
moisture content (2) the pellet inlet temperature, (3) the
pellet diameter, (4) the pellet density, (5) the cooling air
temperature and relative humidity, (6) the air flow, (7) the
cooling time, and (8) the bed depth.

The warm pellets ware tranasported from tha
commercial pellet mill to the MSU laboratory in an insulated
box. About 25 Kg (55 1b.) were used to conduct each test.

The hot pellets were poured into the cooler by
free-fall from about 30 cm (1 ft) hight. Thus, the condition
of the pellets is similar to that encountered in commercial
horizontal belt coolers. Therefore, the fixed-bed of pellets
represents a working section of a cooler with an elapsed
time corresponding to the passage time over the length of
the cooler belt.

Air velocities of .1 and .5 m/s were tested. the
values represent the lower and upper limit of the commercial
pellet coolers.

It was assumed that the moisture content and
temperature of the pellets were initially uniform throughout
the cooler.

The test condition desired in the cooling chamber

" was maintained for at least one hour before the start of a

test. The dry-bulb and wet-bulb temperatures were
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continuously monitored; they varied by less than ¢+ .5 C.
Table 5.2 1is a summary of the experimental cooling
test conditions during the fixed-bed cooling tests. Only the
tests for which a complete set of data was collected are

used in the evaluation.

Table 5.2 - Experimental Cooling Test Conditions of a 30.48
cm Fixed-Bed of Pellets of 4.76 mm diameter.

Test Cooling R.H. Air Cooling Initial Initial
* Air Temp. Flow Time Mois.Cont. Pel.Temp.
(C) (%) (m/5) (Min.) (XDB) ©)

1 21.1 55 5 10,15,20 20.7 71.6

2 21.1 55 1 15 20.7 65.6

3 26.7 55 5 10,15,20 20.5 82.8

4 26.7 55 1 15 20.5 58.5

5 32.2 55 5 10,15,20 19.1 72.7

6 32.2 55 1 15,20 19.1 87.2

7 17.7 70 5 10,15,20 19.6 89.4

8 17.7 70 1 15,20 19.86 81.7

9 21.1 70 5 10,15,20 19.8 71.1
10 21.1 70 1 15,20 19.8 63.3
11 268.7 70 5 10,15,20 20.5 85.6
12 26.7 70 1 15 20.5 60.0
13 21.1 55 1 10,15,20 18.1 69.3
14 21.1 55 5 15 18.1 63.4

5.5 - Instrumentation

The following parameters required measurement for
the performance evaluation of a pellet cooler: (1) air
velocity, (2) air temperature, (3) relative humidity, (4)
pellet temperature, (5) initial and final moisture contents,
and (8) pellet densities.



The air flow across the pellets was controlled by a
manually adjustable damper located in the duct to the plenum
chamber. It was measured by a Weathertronics hot-wire

anemometer model 2440, with an accuracy of *:.05 m/s.

Temperature:

The temperatures (dry- and wet-bulb) were measured
with copper constantan thermocouples and recorded every
minute with a Ramp/Processor (Kaye Instruments) data logger.
A total of 11 thermocouples monitored the temperatures of
the inlet air (dry- and wet-buldb),the exhaust air (dry and
wet-bulb), and at seven selected points between the pellets
within the cooler. The accuracy of the temperature

measurement is *.5 C.

Relative Humidity:

The relative humidity was controlled automatically
by the air conditioning unit and measured by dry- and
wet-bulb copper constantan thermocouples located at the
inlet of the cooler. The accuracy of the relative humidity

measurements is *: 1%.
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Moisture Content:

The initial moisture content was obtained by
sampling the warm pellets. After the cooling was completed
four samples were collected at the locations indicated in
Figure 5.1.

The moisture content of the pellets was determined
by drying triplicate samples for 24 hours in an air oven at
103 C according to ASAE Standards (1984b). The samples were
cooled 1in a desiccator before reweighing. The accuracy of

the moisture content measurement is . 2%.

Pellet Densities:

The pellet bulk density was obtained by weighing a
container of known volume filled with pellets. A scale with
an accuracy of .03 Kg was used to weigh the container.

The individual pellet density was determined by the
ratio weight/volume of a single pellets. A PAV digital
caliper with an accuracy of :.001 mm was used to measure the
pellet lenght and diameter. The pellet weight was measured

with a analytical scale with an accuracy of *.001 g.



6 - RESULTS AND DISCUSSION

In this chapter the experimental results of the
thin-layer drying and of the fixed-bed cooling tests are
presented. Also, the experimental and simulated results of
the deep-bed cooling tests are compared. Subsequently, the
simulation models are used to predict the pellet temperature

and the pellet cooling rate under different conditions.

8.1 - Thin-Layer Drying Tests

The drying experimental data of 18X to 19% DB
moisture content milk pellets obtained during thin-layer
drying at constant temperature and relative humidity are
shown in Table 6.1a and Table 68.1b. The air velocity during
the experiments was .5 m/s. The drying air temperature
ranged from 15.6 to 43.3 C (60 to 110 F), the relative
humidity between 40 and 70%.

91



92

Table 6.1a - Experimental and Predicted Pellet Moisture
Content (%XDB) as a Function of Temperature,
Relative Humidity and Time. Experimental
Data Obtained in Thin-Layer Pellet Drying

Tests.
Temperature (C)
Time 15.6 21.1 26.7
(min) Obs. Pred.* Obs. Pred. Obs. Pred.
Relative Humidity = 40%
0.0 - 18.86 18.6 18.6 18.6 18.6
1.0 - 17.9 18.0 17.8 18.0 17.7
2.0 - 17.6 17.8 17.5 17.7 17.3
5.0 - 17.1 17.2 16.8 17.2 16.6
10.0 - 16.6 16.5 16.2 16.3 15.9
60.0 - 14.6 13.5 13.9 12.8 13.3
180.0 - 13.9 - 13.2 - 12.6
Relative HBumidity = 55%
0.0 19.2 19.2 18.1 18.1 18.2 18.2
1.0 18.7 18.7 17.9 17.6 17.5 17.6
2.0 18.5 18.5 17.6 17.5 17.5 17.4
5.0 18.3 18.1 17.4 17.1 17.1 16.9
10.0 17.7 17.7 17.2 16.7 16.6 16.5
60.0 16 5 16.2 15.8 15.4 14.9 14.8
180.0 15.7 - 15.0 - 14.4
Relative Humidity = 70%
0.0 18.7 18.7 18.5 18.5 18.6 18.6
1.0 18.4 18.6 18.4 18.3 18.2 18.3
2.0 18.4 18.5 18.4 18.2 18.0 18.2
5.0 18.2 18.5 18.3 18.1 17.9 17.9
10.0 17.9 18.4 18.1 17.9 17.7 17.7
60.0 16.9 18.0 16.6 17.3 16.4 16.8
180.0 - 17.9 - 17.2 - 18.5

Milk pellet 16X protein; diameter = 4.76 mm. (3/16 in.)

Assumed that equilibrium has been reached after 60 minutes.

Airflow rate = .5 m/s

Pellet density = 945 Kg/m3

Pellet bulk density (at MC = 20.5 XDB) = 873 Kg/m3

* Predicted values obtained using Eqns. (6.1), (6.2), (6.5)
and (6.6).
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Table 6.1b - Experimental and Predicted Pellet Moisture
Content (%DB) as a Function of Temperature,
Relative Humidity and Time. Experimental
Data Obtained in Thin-Layer Pellet Drying
Tests.

Temperature (C)
Time 32.2 37.8 43.3
(min) Obs. Pred.* Obs. Pred. Obs. Pred.

Relative Bumidity = 40%

0.0 18.6 18.6 18.6 18.6 18.6 18.6
1.0 18.2 17.6 18.2 17.5 17.8 17.4
2.0 17.7 17.2 17.7 17.1 - 16.9
5.0 16.8 16.4 16.7 16.2 - 16.1
10.0 15.7 15.6 15.6 15.4 14.7 15.1
60.0 11.7 12.8 11.4 12.3 10.3 11.9
180.0 - 12.0 - 11.5 - 11.1
Relative Humidity = 55%
0.0 18.5 18.5 19.1 19.1 19.1 19.1
1.0 17.8 17.7 18.7 18.2 18.4 18.1
2.0 17.5 17.5 18.4 17.8 18.2 17.7
5.0 17.5 16.9 17.6 17.2 17.3 17.0
10.0 16.6 16.4 16.7 16.5 16.2 16.2
60.0 14.5 14.4 13.8 13.9 12.7 13.5
180.0 - 13.8 - 13.4 - 12.9
Relative Humidity = 70%
0.0 18.7 18.7 18.6 18.6 18.5 18.5
1.0 18.6 18.3 18.5 18.1 - 17.9
2.0 18.5 18.1 18.4 17.9 - 17.7
5.0 17.8 17.8 17.5 17.6 - 17.3
10.0 17.4 17.5 17.2 17.2 17.8 16.9
60.0 16.0 16.3 15.9 15.8 16.7 15.4
180.0 - 16.0 - 156.5 - 15.1

Milk pellet 16X protein; diameter = 4.76 mm. (3/16 in.)

Assumed that equilibrium has been reached after 60 minutes.

Airflow rate = .5 m/s

Pellet density = 945 Kg/m3

Pellet bulk density (at MC = 20.5 XDB) = 673 Kg/m3

* Predicted values obtained using Eqns. (6.1), (6.2), (6.5)
and (6.6).
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6.1.1 - Equilibrium Moisture Content and Diffusion
Coefficient

The program BMDPAR, contained in the BMDP
statistical software package of Dixon (1981), was used in
the statistical analysis to fit a nonlinear model to the
experimental thin-layer drying data shown in Tables 6.1a and
6.1b,and to estimate the constants in the EMC and D
equations.

In the first step, the data is fitted to Equation
(3.7) (in which it is assumed that hg = ), using three
exponentials terms to estimate the values of the equilibrium
moisture content (EMC) and the diffusion coefficient (D) at
the same time (Byler, 1983). Assuming that hg = ® Equation

(3.7) can be then written in the following form:

Mt = EMC + (Mi-EMC)*(A*exp(-k1x*D*xt) + (B*exp(-k2%Dxt)
+ (Cxexp(-k3%Dxt)) (6.1)
where: Mt = Moisture content at time t (decimal DB)
Mi = Initial moisture content (decimal DB)
EMC = Equilibrium moisture content (decimal DB)
D = Diffusion coefficient (-z/h)
t = Time (hour)
A = 4/(c1)2 B = 4/(1p)2 C = 4/(x3)2
kl = (¢1)2/R k2 = (x2)2/R k3 = (13)2/R
tn = Roots of the Bessel function of zZero order

given by Churchill and Brown (1978)

&1 2.405 0o = 5.52 03 = 8.654
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A subroutine EMCD, presented in Appendix E, was
written in FORTRAN using Equation 6.1 with EMC and D as
parameters to be estimated for each combination of
temperature and relative humidity (five points, the moisture
contents at time zero were excluded) listed in Tables 6.1la
and 6.1b. The results showed that the EMC and D are highly
correlated, (correlation coefficient = .9997). Therefore, it
is impossible to estimate EMC and D simultaneously and
accurately (Beck, 1986). Hence, one parameter has to be
fixed to estimate the other.

It was assumed that equilibrium has been reached
after 60 minutes of drying time. Thus, the observed values
of the moisture content (decimal) in Tables 6.1a and 6.1b at
60 minutes (17 points) can be employed as EMC data in the
BMDPAR program for the estimation of the parameters in the
Nellist (Egn.3.20), Henderson (Eqn. 3.22), and Chung-Pfost
(Eqn. 3.23) EMC equations. The parameter values, with the
asymptotic standard deviation, the residual sum of squares
and the mean relative deviation modulus (P) are presented in
Table 6.2.

The goodness of fit of the equations can be
evaluated from: (1) the mean relative deviation modulus (P)
(defined by Equation 3.40). A P value of less than or equal
to 5 means that the equation is a good fit (Lomauro, 1985);
the equation with the smallest P value is considered the
best fit. All three EMC equations gave P values less than 5;

thus the equations can be considered a good fit. (2) the
residual sum of squares (ZR?). The equation with the
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smallets value of ILR!? is considered the best fit. The
Chung-Pfost EMC equation resulted in the smallest P and

residual sum of squares values.

Table 6.2 - Constants and Statistical Data Obtained by
Regression Analysis of the Equilibrium
Moisture Content Data*** in Tables 6.1a and

6.1b.
EMC Constants Asymptotic St P¥ LRZ¥¥
Equations Deviation
a .191 .017
Nellist b .055 .0056 3.40 5.906E-04
c .028 .004
a 6.686 5.03
Henderson b 22.12 10.82 3.44 5.750E-04
c 3.11 .32
a 277 .017
Chung-Pfost b .042 .003 3.13 4. .898E-04
c 13.3 7.89

% P = Mean relative deviation modulus

*x LR? = Residual sum of squares

xx%x EMC is assumed to be the moisture content reached after
60 minutes of drying.

The observed and predicted values of the EMC in the
three equations are presented in Table 6.3. Figure 6.1 shows
the observed and predicted values at 55X relative humidity;
there is acceptable agreement between the two sets of
values.

The predicted EMC values are also in good agreement
with the experimental data shown in Table 3.9 obtained by
Headley (1969). For example, at 21.1 C and 55X relative
humidity, Headley’s values range from 13.6 to 15.9 XDB

compared to the predicted EMC value of 15.0 XDB from thg
Chung-Pfost equation.
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Pellet diaometer = 4.76 mm.
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| % Predicted by Chung—Pfost Eqn.
o—eo Predicted by Henderson Eqn.

1 &—a Predicted by Nellist Eqn.
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100 150 200 250 300 350 400 450 500
Temperature (C)

Fig. 6.1 Observed and predicted equilibrium
moisture content. Relative humidity 557%.



Table 6.3 - Observed and Predicted Values of the Equilibrium
Moisture Content (XDB) of Feed Pellets.

Temp. Observed Predicted by Equations
(C) Nellist Henderson Chung-Pfost

Relative Humidity = 40%

21.1 13.5 13.4 13.0 13.2
26.7 12.8 12.7 12.5 12.6
32.2 11.7 12.2 12.1 12.0
37.8 11.4 11.7 11.7 11.5
43.3 10.3 11.4 11.4 11.1
Relative Bumidity = 55%
15.6 16.5 15.8 15.7 15.7
21.1 15.8 15.0 15.1 15.0
26.7 14.9 14.3 14.5 14.4
32.2 14.5 13.8 14.0 13.8
37.8 13.8 13.3 13.6 13.3
43.3 12.7 12.9 13.2 12.9
Relative HBumidity = 70%
15.6 16.9 18.0 18.0 17.9
21.1 16.6 17.2 17.2 17.2
26.7 16.4 16.5 16.5 16.5
32.2 16.0 16.0 16.0 16.0
37.8 15.9 15.6 15.5 15.5
43.3 15.7 15.2 15.0 15.1

The plots of the residuals of the three EMC
equations were examined. Figure 6.2 shows the residuals of
the Chung-Pfost Equation plotted against the predicted
equilibrium moisture content. Instead of being randomly
distributed around the y-axis, the residuals form a
systematic pattern, which implies that the parameters in the
equation are correlated (Beck and Arnold, 1977). The other

two. EMC equations showed similar pattern.
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Fig. 6.2 Residuals of equilibrium moisture content
for Chung—Pfost EMC equation.
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With the experimental EMC values known (see the 60
minutes data in Tables 6.1a and 6.1b), the D values can be
determined at each of the six temperatures (it is assumed
that D is only a function of temperature). Equation (8.1) is
used for time > 2 minutes, and the following equation is
employed for time : 2 minutes (Crank, 1975):

My 4 Dt 1/2 Dt 1 Dt 3/2
------- (-----) - ===== = ===== (-----) + .. (6.2)
Mo nl/2 R R 3nl/2 R
where:My = moisture content at time t (decimal DB)

My = moisture content after infinite time (dec DB)

D = diffusion coefficient (lz/h)

R = pellet radius (m)

t = time (hour)

Figure 6.3 shows the values of D (with asymptotic
standard deviation varying fro- 2.00E-07 to 2.65E-07) found
with Equations (6.1) and (6.2). These D values das'
subsequently employed to determine the parameters a and b in
the Arrhenius equation (3.24); the results were: a =
1.015E-05 and b = 547, with asymptotic standard deviations
of .1E-086 and 301, respectively. The analysis of the
residuals showed that the parameters are correlated. (Figure
6.3 shows the five individual D values determined with the
BMDPAR program along with the values predicted by the
Arrhenius equation. The high value of D at 26.7 C appears to

be due to experimental error).
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Fig. 6.3 Determined and predicted diffusion
coefficients as a function of temperature.
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The resulting equations for the EMC of feed pellets

are
Nellist Equation (Egqn. 3.20):

EMC = .191 - .055%1n(1-RH) - .028%1n(9) (6.3)
Henderson Equation (Eqn. 3.22):

EMC = (-1n(1-RH)/(6.66x%(¢ + 22.12)))(1/3.11) (6.4)
Chung-Pfost Equation (Eqmn. 3.23):

EMC = 277 - .042*1n(-(6 + 13.3)*1n(RH)) (6.5)

The resulting equation for the diffusion coefficient
is (Eqn. 3.24):

D = 1.015E-05%EXP(-547/(¢ + 273.15)) (6.6)

assuming that Equation (3.68) in cylindical form is used in
the temperature range 15.6 to 43.3 C.

In Equations (6.3) to (6.8):
® = Average pellet temperature (C) and
RH = Relative humidity (decimal).

The use of equations 6.3 to 6.8 is limited to the
temperature range of 15.6 C to 43.3 C, the relative humidity
range from 40X to 70X, for pellets with a density of 673
kg/m3 and a chemical analysis as given on page 82.

The analysis of the residuals shows that the
parameters in the EMC and D equations are correlated. This
seems to imply that the pellets did not reach equilibrium
after 60 minutes of drying. This is confirmed in Tables 6.1la
andl 6.1b (compare the predicted values at 60 minutes of

drying with the prediéted values at 180 minutes of drying).
In the opinion of the author, the correlation of the
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parameters in the EMC and D equations does not introduce a
serious error in the analysis.

Finally, close analysis of the results shows that in
the 15.8 to 43.3 C range the variation in D is so small that
use of an average value of D may suffice. This is confirmed
by comparing the data in Table 6.4, obtained with a constant
D in Equation (6.1), with that in Tables 6.1a and 6.1b.

Table 6.4 - Predicted Pellet Moisture Content (%XDB) using a

constant Diffusinon Coefficient = 1.66E-08
mZ/h.
Time Temperature (C)
(min) 15.6 21.1 287 32.2 37.8 4.33
Relative Bumidity = 40%
0.0 18.6 18.6 18.6 18.8 18.6 18.6
1.0 17.8 17.7 17.6 17.6 17.5 17.4
2.0 17.6 17.4 17.3 17.2 17.1 17.0
5.0 17.1 16.8 16.6 16.4 16.3 16.1
10.0 16.5 16.2 15.9 15.6 15.4 15.2
60.0 14.5 13.8 13.3 12.8 12.4 12.0 .
180.0 13.9 13.2 12.6 12.1 11.5 11.1
Relative Humidity = 55%
0.0 19.2 18.1 18.2 18.5 19.1 19.1
1.0 18.6 17.6 17.6 17.7 18.2 18.1
2.0 18.5 17.4 17.4 17.5 17.8 17.8
5.0 18.1 17.1 16.9 16.9 17.2 17.1
10.0 17.6 16.7 16.5 16.4 18.5 16.3
60.0 16.2 15.4 14.8 14.4 14.1 13.6
180.0 15.7 15.0 14.4 13.8 13.4 12.9
Relative Bumidity = 70%
0.0 18.7 18.5 18.6 18.7 18.6 18.5
1.0 18.6 18.3 18.3 18.3 18.1 17.9
2.0 18.5 18.2 18.2 18.1 17.9 17.7
5.0 18.4 18.1 17.9 17.8 17.6 17.4
10.0 18.3 17.9 17.7 17.5 17.2 16.9
60.0 18.0 17.3 16.8 16.3 15.9 15.5
180.0 17.9 17.2 16.5 16.0 156.5 15.1
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6.2 - Deep-Bed Cooling Tests

The objective of these experiments was to study the
effect of cooling air temperature, relative humidity, and
velocity on the pellet temperature and moisture content
during the fixed-bed cooling process.

A major problem encountered in the study of pellet
cooling is the extreme variation in the additives used in
formulating a 1livestock feed. The frequent change in price
and availability of the different ingredients greatly
affects the formulation of a feed. This change influences
the amount of steam and liquid added to the mash during the
pelleting process. This in turn results in different
temperatures and moisture contents of the pellets. The
change in formulation also affects the pellet properties
such as the diffusion and mass transfer coefficients, the
density, the thermal conductivity, the specific heat, etc.

Tables 6.5 and 6.6 show typical temperature data of
deep-bed pellet cooling tests. The results correspond to the
conditions of test numbers 3 and 4 shown in Table 5.2. The
results of the other tests are presented in Appendix A. In
test number 3 (Table 6.4) the pellets cooled from 63 C to an
average temperature of 24.6 C after 20 minutes at an air
velocity of .5 m/s. (The average temperature is defined as
the sum of the thermocouple readings divided by the number
of thermocouples within the bed of pellets after 20 minutes

of cooling).
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The data of Table 6.5 is ploted in Figure 6.4. Due

to evaporative cooling,

centre

lower than the cooling air temperature.

the pellet temperatures

at the

and top of the bed after 11 minutes cooling time are

Table 6.5 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 26.7 C, RH 55X%,
Air Velocity .5 m/s. Test #3.
Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48
0 61.7 62.6 63.8 63.4 63.4 62.9 63.2
1 32.8 43.9 47.8 50.7 52.8 53.9 55.2
2 31.4 37.7 41 .8 44.0 45.8 47.0 48.2
3 30.1 33.6 37.4 39.4 40.7 42.1 43.1
4 28.9 30.9 34.1 36.1 37.3 38.6 39.4
5 28.1 28.9 31.4 33.4 34.7 35.8 36.7
6 27.6 27.7 29.4 31.2 32.4 33.4 34.3
7 27.5 26.9 28.0 29.4 30.6 31.6 32.4
8 27.4 26.4 26.9 28.1 29.1 30.0 30.8
9 27.3 26.1 26.1 27.1 27.9 28.7 29.5
10 27.3 25.9 25.6 26.2 26.9 27.7 28.3
11 27.3 25.8 25.2 25.8 26.1 26.7 27.3
12 27.3 25.8 25.0 25.1 25.4 26.0 26.6
13 27.3 25.8 24.8 24.7 24.9 25.4 25.9
14 27.3 25.7 24.7 24.3 24.5 24.8 25.3
15 27.2 25.8 24.7 24.2 24.2 24.6 24.9
16 27.2 25.8 24.6 24.1 23.9 24.2 24.5
17 27.3 25.9 24.6 23.9 23.8 23.9 24.2
18 27.3 25.9 24.6 23.8 23.7 23.7 23.9
19 27.3 25.9 24.6 23.8 23.8 23.8 23.7
20 27.3 25.9 24.7 23.9 23.4 23.4 23.5

Initial moisture content
Pellet diameter = 4.76 mm, Pellet density 945 Kg/m3
Pellet bulk density

20.5 XDB

673 Kg/m3, Bed depth = 30.48 cm
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Fig. 6.4 Effect of cooling time on the observed
temperatures of a fixed bed of pellets at three
bed depths. Cooling air temperature 26.7 C.
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Table 6.8 shows the results of test 4. The pellets
in this test were cooled at an airflow rate of .1 m/s from
58.5 C to an average temperature 27 C in 15 minutes.

The moisture contents in a bed of pellets after
cooling are presented in Table 6.7 for tests 3 and 4. (The
average moisture content is the sum of the moisture content
measured in four different positions within the bed divided
by four).

In test number 3, pellets were dried from an initial
moisture content of 20.5 X dry basis to an average moisture
content of 17.3 XDB after 20 minutes cooling with air
velocity of .5 m/s. There was no change in the average
moisture content at .1 m/s (test 4). These results show a
deviation from the expected trend. In the cooling and drying
of pellets the heat necessary to evaporate liquid is
supplied by the pellets, which is not the case in
conventional drying where the heat comes from the airstream.
Therefore, the initial heat content of the product limits
the amount of moisture which can be removed. It was expected
that rapid cooling, high air velocity, would reduce moisture
content less than low air rates.

Figure 6.5 shows the moisture content within a
stationary bed of pellets after three cooling periods at a
cooling air temperature of 28.7 C and an air velocity .5
m/s. honger cooler times results in lower moisture

contents.
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Table 6.8 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 26.7 C, RH 55%,
Ailr Velocity .1 m/s. Test 4.

Cooling Cooler Depth (cm)

Time

(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48
0 56.7 58.6 56.9 58.6 58.7 61.6 58.7
1 31.3 44 .8 48.1 52.7 54.9 56.1 56.5
2 29.8 39.1 42.2 47.1 50.6 53.3 55.1
3 29.0 35.8 38.6 42.7 46.2 49.5 51.6
4 28.3 33.4 35.9 39.4 42.5 45.8 48.1
5 27.8 31.7 33.9 36.9 39.6 42.7 44.9
6 27.4 30.2 32.3 35.0 37.4 40.3 42 .4
7 27.2 29.2 30.9 33.3 35.4 38.1 40.1
8 26.9 28.1 29.7 31.9 33.8 36.2 38.1
9 26.7 27.3 28.8 30.7 32.4 34.6 36.3
10 26.7 26.7 28.0 29.7 31.2 33.3 34.9
11 26.4 26.2 27.2 28.8 30.2 32.1 33.6
12 26.4 25.8 26.7 28.1 29.3 31.1 32.4
13 26.4 25.4 26.1 27.4 28.5 30.1 31.5
14 26.3 25.2 25.8 26.9 27.9 29.3 30.6
15 26.3 25.0 25.5 28.5 27.3 28.7 29.9

Initial moisture content = 20.5 XDB
Pellet diameter = 4.76 mm, Pellet demnsity = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm

Table 6.7 - Experimental Values of Moisture Content (%XDB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow Rates. Air Temperature 26.7 C, RH 55%.

Air Velocity = .5 m/s .1 m/s
Cooler Cooling Time (min)

___ Depth (cm) 10 15 20 15
Bottom 18.3 17.7 17.2 18.3
10.16 17.7 17.5 17.3 18.1
20.32 17.7 17.5 17.4 18.2
30.48 17.9 17.7 17.5 18.5
Average 17.9 17.6 17.3 18.3

Initial moisture content = 20.5 XDB
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Fig. 6.5 Effect of cooling time on the observed
moisture content of a fixed bed of pellets after
20,15,10 min. of cooling. Cooling air temp.26.7 C.
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Figure 6.6 shows the effect of cooling air
temperature on the observed pellet temperature at the top of
a fixed-bed. As expected, a lower cooling air temperature
results in a cooler pellet temperature. The effects of
cooling air temperature on the moisture content within the
bad after 20 minutes cooling is depicted in Figure 6.7.
Higher temperatures allow the pellets to approach the
ambient conditions more rapidly, but results in lower pellet
moisture contents.

Figures 6.8 to 6.11 depict the effect of air
velocity on temperature and moisture content of a fixed bed
of pellets for two different cooling air temperatures, 26.7
and 32.2 C. The lower airflow produced the warmer pellets,
although the pellets had a higher moisture content. The
differences between the values for temperature and moisture
content for different airflows were smaller for the higher
(32.2 C) cooling air temperature.

The effects of relative humidity on temperature at
the top of a fixed-bed of pellets and on the moisture
content within the bed are presented in Figures 6.12 and
6.13. The pellet temperatures were somewhat higher, about 5
C, for the T70% relative humidities. However, the moisture
content at the bottom of the bed was 2X higher which is
significant (see Figure 6.13). Since, the temperatures were
high at the top of the bed, the moisture content was lower
for the 70X relative humidity test.
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Fig. 6.6 Effect of cooling air temperatures on the
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fixed bed of pellets.
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Fig. 6.7 Effect of cooling air temperature on the

observed moisture content of a fixed bed of
pellets after 20 min. of cooling.



113

70.0
Relative humidity = 55%
Bed depth = 30.48 cm
60.0 4 Pellet diameter = 4.76 mm

Temperature (C)

20.0

Initial moisture content = 20.5 XDB

@—e Air velocity = .1 m/s
0—0 Air velocity = .5 m/s

v

T v T v v T — T
0 3 6
Cooling Time (Min.)

Fig. 6.8 Effect of air velocn‘try on the observed
temperatures at the top of a fixed bed of pellets.
Cooling air temperoture 26.7 C.
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Fig. 6.9 Effect of air velocity on the observed
moisture content of a fixed bed of pellets after
15 min. of cooling. Cooling air temp. 26.7 C.
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Fig. 6.10 Effect of air velocity on the observed
temperatures at the top of a fixed bed of pellets.
Cooling air temperature 32.2 C.
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Fig. 6.11 Effect of air velocity on the observed
moisture content of a fixed bed of c,pellets.
Cooling air temperature 32.2 C.
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Fig. 6.12 Effect of relative humidity on the
observed temperatures at the top of a fixed bed of
pellets. Cooling air temperature 26.7 C.
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6.2.1 - Comparison of Experimental and Simulated Deep-Bed
Data

The deep-bed pellet cooling heat and mass balance
(EMB) and partial differential equations (PDE) models
discussed in chapter 4 were used to simulate the cooling of
pellets. The experimental conditions given in Table 5.2, and
the model parameters shown in Table 6.8, formed the inputs
to the simulation models of the fixed-bed cooler. The
experimental and simulated results are compared in Figures

6.14 to 6.22.

Table 6.8 - Input Parameter Values to the Simulation Models
of a Fixed-Bed Pellet Cooler.

Bed depth (cm) 30.48
Bed porosity .44
Pellet bulk density (at MC=20.5 XDB) (Kg/m3) 673
Heat transfer coefficient (W/M2 K) Egqn. 3.25
Mass transfer coefficient (M/Hr) Eqn. 3.26
Pellet specific heat (J/Kg K) Eqn. 3.28
Pellet thermal conductivity (W/M K) Eqn. 3.27
Equilibrium moisture content (dec. DB) Eqn. 6.5
Diffusion coefficient (M2/Hr) Eqn. 6.6

The PDE model requires between three to five minutes
execution time on the IBM-AT micro-computer to simulate one
minute of cooling time. The HMB model requires only 10 to 15
seconds to simulate this period of cooling.

First, the equilibrium moisture content Equations
(6.3), (6.4), and (6.5) were used in the PDE model to

evaluate the effect of the EMC equation on the pellet

molsture content. The results are shown in Figure 6.14



Moisture Content (% DB)

120

20.0
18.0& 5 § ‘F
] o o iy
16.0 1
Initial peliet temp. = 63.0 C
Cooling air temperature = 21.1 C
1 Relative humidity = 55%
Air velocity = .5 m/s
Initial moisture content = 20.5 XDB
14.04 Pellet diameter = 4.76 mm
| =¥ Simuloted EMC Egn. 6.3
&—4 Simulated EMC Eqn. 6.4
—6 Simulated EMC Egn. 6.5
0 Observed
12.0 v T v r v T v Y v r v
0.00 5.08 10.16 15.24 20.32 25.40 30.48

Cooler Depth (cm)

Fig. 6.14 Observed and simulated moisture content
using three different EMC equations after
20 minutes of cooling.
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together with the experimental values. The three equations
predicted practically the same moisture content within the
fixed-bed after 20 minutes of cooling. When compared with
the observed data, the predicted results are in reasonably
good agreement. They experimental and predicted values are
about the same at the bottom of the cooler, and slightly
different at the other bed locations. Although all three EMC
equations predict the moisture content well, the Chung-Pfost
equation (Eqn. 6.5) is used in all subsequent simulations
conducted in this study, because it had the smallest mean
relative deviation modulus (P) (see Table 6.2).

Figures 6.15 and 6.22 compare the experimental and
the simulated values from the HMB and PDE models. Only the
values at the bottom and top of the cooler are shown because
these are the critical locations of the bed.

Both models predict the temperatures at the bottom
very well at the airflow of .5 m/s (see Figure 6.15). At the
top, the HMB model shows better agreement with the
experimental data than the PDE model for the first 9 minutes
of cooling but after that overpredicts the temperatures. The
opposite happens with PDE model which overpredicts the
temperatures in the first 10 minutes but 1is in a good
agreement with the experimental data during the last 10
minutes of cooling.

The observed and simulated moisture contents are
shown in Figure 6.16 for the cooling conditions of Figure

6.15. Both models give results fairly close to the
experimental data, although the PDE model better predicts
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Fig. 6.15 Observed and simulated temperatures at
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pellets. Cooling air temperature = 26.7 C.
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Fig. 6.16 Observed and simulated moisture content
of a fixed bed of pellets after 20 min. of
cooling. Cooling air temperature 26.7 C.
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the pellet moiture content.

Figures 6.17 and 6.18 show the pellet temperature
and moisture content, respectively, during the process of
pellet cooling at .1 m/s. For the low air flow the HMB model
better simulates the temperatures. The moisture content,
(see Figure 6.18) is predicted well by the PDE model at the
bottom of the bed, but is underpredicted by the PDE model
and overpredicted by the HMB model at the other bed
locations. 5till, the difference between observed and
simulated moisture content is within 10X%.

Figures 6.19 and 6.20 show the pellet temperature
and moisture, respectively, for cooling test 11 in Table
5.2. The trends are the sameas in Figures 6.15 and 6.186,
except that both models slightly underpredict the
temperatures during the last 10 minutes of cooling time. The
moisture content values are better simulated by the PDE
model. The final moisture content of the pellets was high at
the bottom of the cooler for this test because of the high
relative humidity (70%). Thus, the bottom-layer pellets
equilibrated to a relatively high moisture content. Since
the pellet temperature at the top of the cooler is higher
for higher relative humidities, the pellets tend to
equilibrate at a lower moisture content.

Figures 6.21 and 6.22 represent the experimental and
simulated values of temperature and moisture content for
test 7. The profile of the temperature curves are similar as

in Figure 6.15; the moisture content at the bottom is higher
than the moisture content at the top of the cooler.
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Fig. 6.17 The observed and simulated temperatures
at the top of a fixed bed of gellets.
Cooling air temperature 26.7 C..
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Fig. 6.18 Observed and simulated moisture content
of o fixed bed of pellets after 15 min. of
cooling. Cooling air temperature 26.7 C.
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Fig. 6.19 Observed and simulated temperatures at
the top layer of a fixed bed of pellets.
Cooling air temperature = 26.7 C.
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Fig. 6.20 Observed and simulated moisture content
of a fixed bed of pellets after 20 min. of
cooling. Cooling air temperature 26.7 C.
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Fig. 6.21 Observed and simulated temperatures at

the top layer of a fixed bed of pellets.
Cooling air temperature = 17.7 C.
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Fig. 6.22 Observed and simulated moisture content
of a fixed bed of pellets after 20 min. of
cooling. Cooling air temperature 17.7 C.
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Based on Figures 6.15 - 6.22, it is concluded that
the agreement between the experimental data and the values
simulated by the HMB and PDE models is acceptable.

The HMB model better predictes the pellet
temperature at low air flow rates and during the first 10
minutes of cooling, but does not simulate the moisture
content as good as the PDE model.

The computer time plays an important role when
selecting a simulation model. The HMB model can be used for
a quick simulation of deep-bed pellet cooling and for an
evaluation of the influence of selected parameters on the
cooling process such as the cooling air temperature and
humidity, the pellet temperature and moisture content, and
the air flow rate.

Although the PDE model requires longer computer
time, it is more fundamental in nature (i.e. it contains
fewer simplifications) and the results appear to be more
accurate. Therefore, it will be used in the next section to
evaluate the effect of the pellet thermal conductivity,
specific heat, density, heat and mass transfer coefficients

on the pellet cooling process.
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6.3 - Effect of Model Parameter Values

In this section the effect of several model
parameters (shown in Table 6.9) on the pellet temperature

and moisture content will be analysed.

Table 6.9 - Standard Input Parameter Values Used in the PDE
Model of a Fixed-Bed Pellet Cooler.

Cooling air temperature (C) 28.7
Relative humidity (X) 55.0
Air velocity (m/s) .5
Initial pellet temperature (C) 63.5
Initial pellet moisture content (% DB) 20.5
Pellet diameter (mm) 4.76
Bed depth (cm) 30.48
Pellet bulk density (at MC=20.5 XDB) (kg/m3) 673
Heat transfer coefficient (W/m2 K) Eqn. 3.25
Mass transfer coefficient (M/h) Eqn. 3.26
Pellet specific heat (J/kg K) Eqn. 3.28
Pellet thermal conductivity (W/m K) Eqn. 3.27
Equilibrium moistture content (¥ DB) Egqn. 6.5
Diffusion coefficient (m2/h) Eqn. 6.6
Bed porosity (decimal) .44

The effects of the values of the parameters in Table
6.9 on the temperatures and moisture contents in a deep-bed
of pellets is illustrated in Figures 6.23 - 6.34.

Figures 6.23 and 6.24 show the effect of pellet
density on temperature and moisture content. Two pellet bulk
density values are compared: 673 and 801 Kg/m3, assuming
that D is not a function of pellet density. The pellet
temperature is higher for the higher pellet density while

the pellet moisture content is lower.
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Fig. 6.24 Effect of pellet density on the
simulated moisture content of a fixed bed of
pellets. Cooling air temperature 26.7 C.
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Three values for the heat transfer coefficient 80,
106, and 120 W/m2 K, are compared. The value of 1068 W/m2 K
was calculated by Equation (3.25) under the conditions of
Table 6.9. Figure 6.25 shows that the heat transfer
coefficient has a marked influence on the rate at wich the
rellet temperature approaches equilibrium. For h = 80 W/m2
K, the pellet temperature is 40 C after 10 minutes cooling
while for h = 120 W/m2 K it is about 20 C at the top of the
cooler. The heat transfer coefficient not only affects the
pellet temperature but also affects the predicted moisture
content (see Figure 6.26), because the moisture diffusivity
is a function of the pellet temperature. For h = 80 W/m2 K,
the computed moisture content at the top of the cooler is
16.5 XDB, while for h = 120 W/m2 K this value is 18.4 XDB.

Figures 6.27 and 6.28 show the influence of the mass
transfer coefficient on the pellet temperature and moisture,
respectively. The .0126 M/Hr value is computed by Equation
(3.26) for the conditions given in Table 6.8. For the three
values of the mass transfer coefficient (.009, .0126, and
.025 m/h) used, the difference in the pellet temperature is
not large. A lower value in the mass transfer coefficient
results in a slightly higher pellet moisture content at the
air inlet side of the cooler (see Figure 6.28).

Figures 6.29 and 6.30 illustrate the effect of the
specific heat on the pellet temperature and moisture
content. Two fixed values of the specific heat 1700 and 2100

J/Kg K, and a specific heat value varying with the pellet
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the simulated temperatures at the top of a fixed
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Fig. 6.30 Effect of specific heat on the simulated
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Cooling air temperature 26.7 C.
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moisture content (Equation 3.28), are compared. A small
value of the specific heat results in lower pellet
temperature and high moisture content.

The effect of the thermal conductivity on the pellet
temperature and moisture content is shown in Figures 6.31
and 6.32. Two fixed values (.10 and .17 W/m K), and a
thermal conductivity value varying with the pellet moisture
content (Equation 3.27), were used. The changes in the
thermal conductivity neither affects the pellet temperature
nor the moisture content significantly.

Figures 6.33 and 6.34 show the effects of the bed
porosity (.35, .44, and .50) on the pellet temperature and
moisture content. In this range of bed porosities, the
values of pellet temperature are practically the same; for
the moisture content, a lower value of bed porosity results

in a slightly lower moisture content.

From the analysis in this section it is evident that
the parameters that most affect the pellet temperature and
moisture content are the pellet density, the heat and masas
transfer coefficients, and the specific heat. The exact
values of these parameters are not known; the values used in
the PDE model are educated guesses. This illustrates the

need for fundamental data for pelleted feeds.



Temperature (C)

75.0

143

65.0

55.04

45.0 1

35.01

25.01

15.0

Initial moist.content = 20.5 XDB
Bed depth = 30.48 cm

Pellet diameter = 4.76 mm

Air velocity = .5 m/s

Relative humidity = 55%

@6 Thermoal conductivity = .17 W/M K

1 &= Thermal conductivity = Eqn. 3.27

0

s Therr?ol conquctivity'- 10 \'V/M K_ _ i i
2 4 6 B 10 12 14 16 18
Cooling Time (Min.)
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6.4 - Effects of Air Temperature, Relative Humidty, Air

Velocity, Pellet Initial Moisture Content and
Temperature, and Pellet Diameter

Table 6.10 shows the range of the inputs to the PDE
model. The parameter values shown in Table 6.8 were used in

this analysis.

Table 6.10 - Input Values to the Simulation PDE Model of a
Fixed-Bed of Pellets Cooler.

Cooling air temperature (C) 21.1, 28.7, 32.2
Relative humidity (%) 40, 55, 70
Alr velocity (m/s) .5, .75
Initial pellet temperature (C) 48.9, 62.7, 71.1
Initial pellet moisture content (% DB) 16.3, 20.5
Pellet diameter (mm) 4.76, 6.35
Bed depth (cm) 30.48

Figures 6.35 and 6.38 ilustrate the effect of the
cooling air temperature on the pellet temperature and
moisture content. A lower inlet air temperature results in
faster cooling and a lower final temperature of the pellets,
and in a higher moisture content.

The effect of relative humidity is shown in Figures
6.37 and 6.38. The higher relative humidities result in
slightly higher pellet temperatures, but greatly affect the
moisture content. For example, at the bottom of the cooler
after 20 minutes of cooling, the moisture content is 16.5%
DB at 40X relative humidity and 18.5%X DB at 70%. At the top

the difference in moisture content is about 1% and 2X at the
bottom of the bed. The difference is smaller at the top of
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the cooler than at the bottom because the air is heated by
the pellets as it passes through the bed thereby increasing
its drying potential.

Figures 6.39 and 6.40 show the effect of the air
velocity on pellet temperature and moisture content. As
expected, the higher air flow results in more rapid cooling.
However, the faster cooling results in less pellet drying in
20 minutes.

The inlet pellet temperature effect is illustrated
in Figures 6.41 and 6.42. Only during the first 10 minutes
there 1is a difference in the pellet temperatures. After 10
minutes the pellet temperatures at the top of the bed have
reached about the same temperature. The moisture content of
the pellets is lower for the higher initial pellet
temperature due to the dependence of pellet diffusivity on
the pellet temperature.

Figures 6.43 and 6.44 show the effect of the initial
pellet moisture content after 20 minutes cooling. The pellet
temperature is not greatly affected in this range of initial
moisture content. After 20 minutes of cooling the pellets
with an initial moisture content of 20.5X% DB at the bottom
of the cooler had 1lost two percentage points while the
pellets with 16.3X DB had lost only 1X%.

The diameter of the pellets significantly affects
the cooling rate as illustrated in Figures 6.45 and 6.46. As
expected, the smaller diameter pellets cool faster than the

larger ones. The moisture content of the small pellets is

lower at the bottom of the cooler where the temperature of
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the small pellets equilibrates faster with the cooling air.
At the top the larger diameter pellets have a low moisture
content because they are about 20 C warmer than the small
ones.

Figures 6.47 and 6.48 illustrate the temperature and
moisture content gradients within a 4.76 mm and 6.35 mm
diameter pellet, respectively. The figures show that the
temperature gradients inside the pellets are negligible. The
pellet temperatures at the top of the bed are lower than at
the bottom due to evaporative cooling (see also Figure
6.15). The moisture content gradients within the pellets at
the bottom of the bed are significant due to the higher
temperatures and lower relative humidities at the bottom.
Figure 6.48 shows that for the larger pellets (6.35 mm
diameter) there is a significant moisture content gradient
inside the pellets at the bottom and at the top of the bed
during the cooling process. As shown in Figure 6.45, laréef
pellets cool slower than smaller pellets and have a higher
temperature; this results in dryer pellets with a higher
moisture content gradient at the top of the bed.

From the analysis in this section, it can conclude
that the cooling air temperature and velocity, and the
pellet diameter are the parameters that have a significant
effect on the pellet temperature and moisture content; also
that the relative humidity has a significant effect only on
the pellet moisture content. Thus, these parameters should

be measured accurately when performing a deep-bed cooling

test.
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7 - SUMMARY AND CONCLUSIONS

The summary and conclusions of this study of

deep-bed cooling of pellets are:

1. Thin-layer drying tests of feed pellets were conducted
at 15.6 to 43.3 C (60 to 110 F), 40 to 70X relative
humidity, and 18.1 to 19.1X DB moisture content.

2. The Chung-Pfost equilibrium moisture content equation
for pellets best represents the equilibrium moisture
content data.

3. An Arrhenius-type equation adequately describes the
effect of temperature on the diffusion coefficient of
feed pellets.

4. The heat and mass balance (HMB) and the partial
differential (FPDE) models for the cooling of pellets in
a horizontal-belt <cooler are both in acceptable
agreement with the experimental data.

5. The PDE model requires between three to five minutes
execution time on the IBM-AT, about ten times as long as
the HMB model, to simulate one minute of cooling, but is

more accurate than the HBM model.
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The cooling air temperature and velocity significantly
affect the final pellet temperature and moisture content
in a horizontal-belt pellet cooler.

The relative humidity only slightly affects the pellet
temperature but significantly influences the pellet
moisture content in a horizontal-belt pellet cooler.

The pellet diameter greatly affects the cooling and
drying rate of feed pellets in a horizontal-belt pellet
cooler.

The sensitivity analysis of the horizontal-belt pellet
cooler model shows that the initial pellet moisture
content has a minor influence on the final pellet
temperature; however, the initial pellet temperature has
a significant influence on the final pellet moisture
content.

The heat transfer coefficient, the specific heat, and
density are the pellet properties significantly
affecting the final pellet temperature and moisture

content in a horizontal-belt pellet cooler.



8 - SUGGESTIONS FOR FUTURE RESEARCH

Additional research remains to be carried out in the

following areas:

1. To develop the equilibrium moisture content for
different feed-pellet types.

2. To evaluate the dependence of pellet moisture content
and density on the feed-pellet diffusion coefficient.

3. To determine the heat and mass transfer coefficients,
the specific heat, and the thermal conductivity of
different types of feed-pellets. .

4. To 1investigate the horizontal-belt cooling of different
pellet types.

5. To investigate the influence of the cooling air
temperature, velocity, and relative humidty on the
pellet temperature and moisture content in different
pellet-cooler types (i.e. counterflow cooler, crossflow

cooler).
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EXPERIMENTAL RESULTS

Test 1

Table A.1 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 55%,
Air Velocity .5 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 71.4 71.5 72.3 71.8 71.6 72.8 72.6
1 29.6 47 .0 52.0 54.3 57.6 60.4 62.4
2 28.8 38.5 43.7 45.5 48.3 50.6 52.1
3 26.9 33.8 38.6 40 .4 42.7 44 .6 45.9
4 25.4 30.6 34.7 36.8 39.0 40.6 41 .6
5 24.3 28.1 31.8 33.7 35.8 37.4 38.86
6 23.6 26.1 29.2 31.1 33.2 34.8 35.8
7 23.2 24.6 27.1 28.9 30.9 32.3 33.4
8 22.6 23.4 25.6 27.2 29.1 30.5 31.6
9 22.4 22.6 24 .2 25.8 27.4 28.7 29.8
10 22.0 21.8 23.1 24.2 25.6 27.1 28.2
11 21.7 21.3 22.2 23.2 24.6 25.9 26.9
12 21.6 21.0 21.6 22.3 23.6 24 .8 25.8
13 21.4 20.7 21.0 21.6 22.7 23.6 24.7
14 21.2 20.4 20.6 21.1 22.0 22.9 23.8
15 21.2 20.2 20.2 20.6 21.3 22.2 23.1
16 21.2 20.2 20.1 20.3 20.9 21.6 22.4
17 21.2 20.1 19.9 20.1 20.5 21.1 21.8
18 21.1 20.1 19.7 19.8 20.2 20.7 21.3
19 21.1 20.1 19.7 19.7 19.9 20.3 20.9
20 21.1 20.1 19.7 19.6 19.8 20.2 20.6
Initial moisture content = 20.7 %XDB

Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 2

Table A.2 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 55%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48
0 62.2 62.8 62.5 63.2 63.4 63.9 63.7
1 28.1 51.2 54.2 58.6 60.3 62.3 64.0
2 25.7 41.7 45.1 49.6 53.5 56.1 58.4
3 25.9 36.5 39.9 43.6 47.3 50.2 52.3
4 25.5 33.4 36.4 39.6 42.8 45.3 47 .6
5 24.8 31.3 34.1 36.8 39.6 41.9 43.7
6 24.0 29.5 32.2 34.5 37.0 39.1 40.6
7 23.4 28.0 30.5 32.6 34.9 36.7 38.1
8 23.0 26.7 29.1 31.1 33.2 34.8 36.1
9 22.7 25.6 27.8 29.8 31.7 33.2 34.4
10 22.3 24.6 26.6 28.5 30.2 31.6 32.8
11 22.1 23.7 25.6 27.4 29.1 30.3 31.4
12 21.9 23.1 24.8 26.5 28.0 29.3 30.3
13 21.7 22.5 24 .1 25.7 27.1 28.2 29.2
14 21.6 22.0 23.3 24.9 26.3 27.3 28.2
15 21 21.6 22.8 24 .2 25.4 26.4 27.3
Initial moisture content = 20.7 XDB

Pellet diameter = 4.76 mm, Pellet density = 945 kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 5

Table A.3 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 32.2 C, RH 55%,
Air Velocity .5 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 71.2 73.7 73.3 72.4 71.6 73.4 73.3
1 36.8 51.3 54.8 56.4 59.1 62.1 64.0
2 34.9 42.6 46.2 47.0 49.4 52.3 53.9
3 33.9 38.0 41.2 42.7 43.9 46.3 47.8
4 33.2 35.4 38.1 39.6 40.5 42.4 43.7
5 32.9 33.6 35.7 37.1 37.8 39.6 40.6
6 32.8 32.6 33.9 35.2 35.9 37.4 38.3
7 32.7 32.0 32.8 33.9 34.6 35.7 36.6
8 32.6 31.4 32.0 32.8 33.3 34.3 35.1
9 32.8 31.3 31.5 32.1 32.4 33.3 33.9
10 32.8 31.2 31.1 31.4 31.8 32.5 33.1
11 32.9 31.2 30.8 31.1 31.3 31.9 32.4
12 33.0 31.1 30.7 30.8 30.9 31.3 31.7
13 33.0 31.2 30.6 30.5 30.6 30.9 31.3
14 33.0 31.2 30.5 30.3 30.3 30.6 30.9
15 33.0 31.3 30.5 30.3 30.2 30.4 30.6
16 33.0 31.3 30.4 30.1 30.0 30.2 30.4
17 33.1 31.4 30.4 30.1 30.0 30.1 30.2
18 33.1 31.4 30.4 30.0 29.9 29.8 30.0
19 33.2 31.4 30.4 29.9 29.7 29.7 29.9
20 33.0 31.4 30.5 29.9 29.7 29.6 29.7

Initial moisture content = 19.1 XDB
Pellet diameter - 4.76 mm, Pellet density
Pellet bulk density = 673Kg/m3, Bed depth

945 Kg/m3
30.48 cm
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Test 6

Table A.4 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 32.2 C, RH 55%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 65.3 65.3 67.5 67.8 67.9 68.4 68.2
1 36.7 50.8 56.2 60.5 63.2 65.4 67.1
2 34.5 42.7 47 .4 50.9 54.8 57.6 59.9
3 33.8 38.7 42.7 45.3 48.7 51.4 53.7
4 33.6 36.2 39.7 41.9 44 .6 47.0 49.2
5 33.3 34.7 37.4 39.3 41.5 43.6 45.6
6 33.2 33.6 35.8 37.3 39.2 40.9 42.8
7 33.1 32.7 34.5 35.8 37.3 39.0 40.6
8 32.9 32.1 33.4 34.7 35.9 37.4 38.8
9 32.8 31.7 32.7 33.7 34.7 36.2 37.4
10 32.8 31.3 32.1 33.0 33.8 35.0 36.2
11 32.7 31.1 31.5 32.3 33.1 34.2 35.2
12 32.6 30.9 31.1 31.8 32.4 33.4 34.4
13 32.6  30.7 30.7 31.3 31.9 32.7 33.6
14 32.5 30.5 30.3 30.9 31.4 32.1 32.8
15 32.7 30.5 30.1 30.4 30.8 31.8 32.2
16 32.8 30.6 30.0 30.3 30.7 31.3 31.9
17 32.8 30.5 29.8 30.1 30.4 30.9 31.4
18 32.9 30.5 29.68 29.6 30.1 30.6 31.1
19 32.9 30.5 29.6 29.7 29.9 30.4 30.8
20 32.8 30.5 29.4 29.4 29.7 30.1 30.5
Initial moisture content = 19.1 XDB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 7

Table A.5 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 17.7 C, RH 70%,
Air Velocity .5 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48
0 67.6 70.0 70.5 69.4 66.5 70.2 70.9
1 23.2 44.5 50.6 52.6 55.3 57.1 59.2
2 23.8 35.3 41.9 44.9 47.1 48.6 50.3
3 22.6 30.2 36.0 39.6 41.6 42.9 44.3
4 21.4 27.1 31.9 35.5 37.6 39.1 40.3
5 20.3 24.8 28.6 32.1 34.5 36.0 37.3
6 19.7 23.1 26.4 29.5 31.8 33.3 34.7
7 19.3 21.5 24.3 27.2 29.3 31.0 32.3
8 19.0 20.3 22.7 25.2 27.2 28.9 30.3
9 18.7 19.4 21.4 23.6 25.5 27.2 28.7
10 18.4 18.7 20.2 22.2 23.8 25.6 27.0
11 18.2 18.2 19.3 21.0 22.4 24.1 25.6
12 18.1 17.7 18.6 20.0 21.3 22.7 24.2
13 17.9 17.4 18.1 19.2 20.4 21.7 23.1
14 17.8 17.2 17.7 18.6 19.5 20.7 22.1
15 17.6 16.9 17.2 17.9 18.8 19.8 21.1
16 17.4 16.8 16.9 17.5 18.2 19.1 20.2
17 17.3 16.6 16.7 17.1 17.7 18.5 19.5
18 17.2 16.6 16.6 16.9 17.3 18.1 18.9
19 17.2 16.4 16.3 16.6 17.0 17.6 18.4
20 17.1 16.3 16.3 16.4 16.7 17.3 17.9
Initial moisture content = 19.6 %DB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 8

Table A.6 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 17.7 C, RH 70%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 60.3 61.2 60.0 61.6 62.4 62.4 62.6
1 23.9 45.3 50.1 53.3 56.4 58.3 59.3
2 22.4 36.6 42.9 45.8 49.1 51.5 52.5
3 22.4 31.9 38.6 41.4 44 .2 46.4 47.6
4 21.9 28.8 35.1 38.1 40.5 42 .4 43.7
5 21.2 26.7 32.4 35.4 37.6 39.4 40.6
6 20.4 25.1 30.1 33.2 35.3 36.9 38.2
7 19.8 23.7 28.2 31.3 33.4 34.9 36.2
8 19.4 22.5 26.6 29.6 31.6 33.1 34.4
9 19.1 21.5 25.2 28.1 30.1 31.6 32.8
10 18.7 20.6 24.1 26.8 28.8 30.3 31.4
11 18.5 20.0 22.9 25.6 27.5 28.9 30.1
12 18.2 19.3 21.9 24.5 26.3 27.7 28.9
13 18.1 18.8 21.1 23.4 25.3 26.7 27.8
14 17.9 18.4 20.3 22.6 24.3 25.8 26.9
15 17.8 18.0 19.7 21.7 23.4 24.8 26.0
16 17.7 17.7 19.1 21.1 22.6 23.9 25.1
17 17.5 17.4 18.7 20.3 21.6 23.1 24.3
18 17.4 17.2 18.2 19.8 21.2 22.4 23.5
19 17.2 17.0 17.9 19.3 20.6 21.8 22.9
20 17.1 16.7 17.5 18.8 20.1 21.2 22.2
Initial moisture content = 19.6 %XDB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm



181

Test 9

Table A.7 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 70%,
Air Velocity .5 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 61.1 62.4 64.4 63.9 62.1 64.6 64.6
1 26.7 46.8 50.4 51.9 54.4 56.4 57.9
2 24.5 37.4 42.8 44.5 46.8 48.3 49.6
3 23.9 32.1 37.8 40.1 41.6 42.8 43.9
4 23.5 28.8 33.8 36.4 38.1 39.1 40.1
5 23.3 27.1 30.9 33.86 35.3 36.4 37.3
6 23.2 26.1 29.1 31.6 33.3 34.2 35.2
7 23.0 25.3 27.7 29.8 31.4 32.4 33.3
8 22.9 24.8 268.7 28.5 29.9 31.0 31.8
9 22.8 24.3 28.1 27 .4 28.8 29.7 30.6
10 22.8 24.1 25.6 26.8 28.0 28.8 29.6
11 22.8 23.9 25.2 26.3 27.3 28.0 28.8
12 22.7 23.7 24.8 25.8 28.7 27.3 28.0
13 22.7 23.5 24.5 25.4 26.2 28.7 27 .4
14 22.6 23.4 24.3 25.2 25.9 26.4 27.1
15 22.6 23.3 24.2 24.9 25.6 26.1 26.6
16 22.6 23.3 24.0 24.7 25.3 25.8 26.3
17 22.6 23.2 23.9 24.6 25.2 25.5 26.0
18 22.6 23.1 23.8 24.4 25.0 25.3 25.8
19 22.5 23.1 23.7 24.3 24.8 25.1 25.6
20 22.6 23.0 23.6 24.2 24.7 25.1 25.4

Initial moisture content 19.8 XDB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 10

Table A.8 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 70X%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 58.5 58.7 58.4 58.4 58.6 59.9 59.1
1 26.9 46.4 50.8 53.2 55.8 57.1 58.3
2 24.9 38.9 43.7 46.4 49.9 52.1 54.1
3 24.4 34.2 39.1 41.7 44.8 47.1 48.9
4 24.3 31.3 35.8 38.4 41.0 43.1 44.8
5 24.1 29.5 33.5 36.0 38.3 40.2 41.8
6 24.1 28.2 31.7 34.0 36.1 37.8 39.3
7 23.9 27.4 30.3 32.5 34.3 35.7 37.5
8 23.7 28.7 29.2 31.3 32.8 34.1 35.5
9 23.7 26.2 28.4 30.3 31.7 32.9 34.2
10 23.6 25.8 27.7 29.3 30.6 31.7 32.9
11 23.6 25.8 27.3 28.7 29.8 30.8 31.9
12 23.5 25.3 26.8 28.1 29.1 30.0 30.9
13 23.4 25.1 28.5 27.7 28.6 29.3 30.3
14 23.3 24.8 26.1 27.3 28.0 28.7 29.6
15 23.3 24.7 25.9 26.9 27.6 28.2 29.0
16 23.3 24.4 25.7 26.86 27.2 27.8 28.5
17 23.3 24.4 25.5 26.3 28.9 27.4 28.2
18 23.2 24.3 25.3 26.1 26.7 27.2 27.7
19 23.2 24.2 25.1 25.9 26.4 28.9 27.4
20 23.2 24.1 24.9 25.8 26.2 26.6 27.1

Initial moisture content 19.8 %DB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm



183

Test 11

Table A.9 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 26.7 C, RH 70%,
Air Velocity .5 wm/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

64.8 67.1 66.4 65.2 65.1 65.5 64.4
30.4 46.2 50.9 55.1 57.9 60.2 62.1
28.8 38.1 42.6 45.9 47.8 51.8 53.3
28.1 33.9 38.2 40.7 42.0 45.6 46.9
27.6 31.8 35.3 37.7 38.6 41.3 42.7
27.2 30.6 33.4 35.4 36.2 38.3 39.4
26.9 29.7 32.1 33.8 34.4 36.1 37.1
26.7 29.1 31.2 32.7 33.3 34.6 35.4

CO~NAIONdWNO=O

26.7 28.8 30.5 31.8 32.3 33.3 34.0

26.8 28.4 29.9 31.2 31.6 32.3 32.9
10 26.6 28.1 29.6 30.7 31.1 31.6 32.1
11 26.8 27.9 29.3 30.3 30.7 31.1 31.5
12 286.5 27.8 29.1 30.0 30.3 30.7 31.1
13 26.6 27.6 28.8 29.7 30.1 30.3 30.6
14 26.6 27.5 28.9 29.5 29.8 30.0 30.3
15 26.86 27.4 28.4 29.3 29.8 29.8 30.0
16 26.6 27.3 28.3 29.2 29.4 29.6 29.8
17 26.6 27.3 28.2 28.9 29.3 29.4 29.86
18 286.6 27.2 28.2 28.8 29.2 29.3 29.4
19 26.6 27.2 28.2 28.8 29.2 29.3 29.4
20 26.6 27.1 27.9 28.6 28.9 29.1 29.2

Initial moisture content = 20.5 XDB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 12

Table A.10 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 26.7 C, RH 70%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 58.3 59.7 59.7 59.5 60.6 81.5 61.4
1 31.4 47 .4 53.3 56.6 58.1 59.5 61.4
2 29.1 39.7 45.3 49 .4 52.3 54.8 57.9
3 28.5 35.8 40.3 44.1 47.1 49.8 53.4
4 28.1 33.7 37.2 40.4 43.1 45.7 49 .4
5 27.8 32.3 35.1 37.7 40.1 42 .4 45.8
6 27.5 31.4 33.6 35.7 37.8 39.7 42.8
7 27.2 30.7 32.6 34.2 35.9 37.7 40.6
8 27.3 30.2 31.9 33.2 34.7 38.1 38.6
9 27.1 29.8 31.3 32.4 33.6 34.7 36.9
10 27.3 29.6 30.8 31.7 32.7 33.8 35.7
11 27.3 29.3 30.5 31.2 31.9 32.9 34.5
12 27.3 29.2 30.2 30.9 31.4 32.2 33.86
13 27.2 28.9 30.0 30.5 31.1 31.7 32.9
14 27.0 28.7 29.7 30.3 30.7 31.3 32.3
15 26.8 28.4 29.5 30.0 30.3 30.9 31.7
Initial moisture content = 20.5 XDB

Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 13

Table A.11 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 55%,
Air Velocity .1 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 68.7 69.8 68.5 69.2 68.7 68.8 71.4
1 29.4 52.86 64.3 65.2 67.9 68.2 69.2
2 26.1 42.5 55.2 62.4 63.8 65.3 67.8
3 25.7 36.9 47.8 55.9 57.9 60.2 63.8
4 25.4 33.8 42 .4 50.4 52.8 55.3 59.3
5 24.8 31.7 38.2 45.4 47.9 50.7 54.7
6 24.3 30.2 35.2 41.6 44.1 46.8 50.9
7 23.7 29.0 32.9 38.5 40.7 43.4 47.3
8 23.2 28.0 31.3 36.1 38.2 40.8 44 .4
9 22.7 27.0 30.0 34.0 36.0 38.5 41.7
10 22.3 26.0 28.8 32.4 34.1 36.4 39.4
11 21.9 25.1 27.7 31.0 32.6 34.7 37.4
12 21.7 24.3 26.8 29.8 31.2 33.3 35.7
13 21.4 23.6 26.0 28.7 29.9 31.9 34.2
14 21.2 22.9 25.2 27.7 28.9 30.7 32.8
15 21.2 22.5 24.5 26.9 28.0 29.7 31.8
16 21.1 22.1 23.9 26.1 27.1 28.7 30.7
17 20.9 21.7 23.4 25.4 26.3 27.8 29.6
18 21.1 21.3 22.8 24.8 25.8 27.3 28.8
19 21.1 21.1 22.4 24.2 24.9 26.3 28.0
20 21.1 20.8 22.1 23.7 24.3 25.7 27.2

Initial moisture content = 18.1 XDB
Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Test 14

Table A.12 - Experimental Values of the Air Temperatures
Between the Pellets (C) in a Deep-Bed Cooling
Test. Cooling Air Temperature 21.1 C, RH 55%,
Air Velocity .5 m/s.

Cooling Cooler Depth (cm)
Time
(min) 0.00 5.08 10.16 15.24 20.32 25.40 30.48

0 62.2 63.3 63.3 63.7 63.6 63.5 63.8
1 27.6 45.3 52.8 58.4 62.3 60.8 62.6
2 27.1 36.7 42.0 47 . 4 53.2 52.9 54.7
3 26.3 33.2 36.9 40.8 45.6 46.1 4T7.7
4 24 .8 30.5 33.5 36.4 39.9 40.9 42.2
5 24.0 28.4 31.1 33.4 36.2 37.3 38.4
6 23.4 26.5 29.1 31.1 33.5 34.5 35.6
7 22.9 25.1 27.4 29.3 31.3 32.4 33.3
8 22.4 23.8 25.9 27.6 29.4 30.4 31.3
9 22.2 22.8 24.7 26.3 27.8 28.7 29.6
10 21.9 22.1 23.7 25.2 26.5 27.4 28.2
11 21.86 21.5 22.8 24 .3 25.4 28.3 27.0
12 21.4 20.9 22.1 23.3 24.5 25.2 25.9
13 21.3 20.6 21.5 22.7 23.7 24.3 24.9
14 21.3 20.3 21.2 22.2 23.0 23.6 24.3
15 20.9 20.1 20.6 21.6 22.3 22.9 23.4
Initial moisture content = 18.1 %XDB

Pellet diameter = 4.76 mm, Pellet density = 945 Kg/m3
Pellet bulk density = 673 Kg/m3, Bed depth = 30.48 cm
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Table A.13 - Experimental Values of Moisture Content (%XDB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 21.1 C, RH 55%.
Tests 1 and 2.

Air Velocity = .5 m/s .1 m/s
Cooler Cooling Time (min)
____Depth (cm) 10 15 20 15

Bottom 18.5 18.3 17.8 18.2
10.16 17.4 17.4 17.0 17.6
20.32 17.2 17.1 17.0 17.9
30.48 16.3 17.2 16.9 17.8
Average 17.8 17.5 17.2 17.9

Initial moisture content = 20.7 %XDB

Table A.14 - Experimental Values of Moisture Content (%DB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 32.2 C, RH 55X%.
Tests 5 and 6.

_Air Velocity = .5 m/s -1 m/s
Cooler Cooling Time (min)

Depth (cm) 10 15 20 15 20
Bottom 16.2 15.9 15.4 16.2 15.8
10.16 16.3 16.0 15.8 16.4 16.0
20.32 16.3 16.1 15.9 16.7 16.0
30.48 16.3 16.1 16.0 17.1 16.2

__ _Average 16.3 16.0 15.8 16.6 16.0

Initial moisture content = 19.1 XDB

Table A.15 - Experimental Values of Moisture Content (%XDB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 17.7 C, RH 70%.
Tests 7 and 8.

_Air Velocity = .5 wm/s -1 m/s

Cooler Cooling Time (min)
——__Depth (cm) 10 15 20 20

Bottom 18.6 18.1 17.4 18.0

10.16 17.5 17.1 16.9 17.5

20.32 16.8 16.4 16.1 17.2

30.48 16.8 16.6 15.9 17.4
——___Average 17.4 17.0 16.6 17.5
Initial moisture content = 19.6 %DB
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Table A.16 - Experimental Values of Moisture Content (XDB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 21.1 C, RH 70X%.
Tests 9 and 10.

Air Velocity = .5 m/s .1 m/s
Cooler Cooling Time (min)

__Depth (cm) 10 15 20 15 20
Bottom 19.0 18.9 18.9 18.7 18.7
10.16 17.8 18.0 17.9 17.7 17.5
20.32 17.3 17.2 17.2 17.6 17.2
30.48 17.1 16.9 16.9 18.1 17.3

___Average 17.8 17.8 17.7 18.0 17.7

Initial moisture content = 19.8 XDB

Table A.17 - Experimental Values of Moisture Content (%DB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 26.7 C, RH 70X%.
Tests 11 and 12.

_Air Velocity = .5 m/s .1 m/s

Cooler Cooling Time (min)
____Depth (cm) 10 15 20 15

Bottom 18.9 19.1 19.2 18.8
10.186 18.0 17.7 17.7 18.0
20.32 17.8 17.6 17.5 17.9
30.48 17.6 17.4 17.3 18.3
Average 18.1 17.9 17.9 18.3

Initial moisture content = 20.5 XDB

Table A.18 - Experimental Values of Moisture Content (%XDB)
within a Fixed-Bed of Pellets Cooled at Two
Airflow rates. Air Temperature 21.1 C, RH 55%.
Tests 13 and 14.

_Air Velocity = .1 m/s .o m/s
Cooler Cooling Time (min)

——_ Depth (cm) 10 15 20 15
Bottom 16.0 15.7 15.6 15.9
10.16 15.2 15.1 14.8 15.1
20.32 15.6 15.2 14.9 15.0
30.48 15.9 15.7 15.3 15.4

—___ _Average 15.7 15.4 15.2 15.4

Initial moisture content = 18.1 XDB
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PSYCHROMKTRIC CHART MODXL
AND SAMPLE OUTPUT



100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
164
186
188

PSYCHROMETRIC CHART MODEL

CLS

REM PSYCHROMETRIC CHART MODEL

REM

REM JOAO D. BIABI - SPRING6/86 - MSU - E.LANSING
REM

PRINT TAB(5) " * STRING$(59,"#")

LOCATE 2,12
PRINT “FROM TWO GIVEN INDEPENDENT PROPERTIES OF THE MOIST AIR THIS"
LOCATE 3,12

PRINT "PSYCHROMETIRC CHART MODEL COMPUTES THE REMAINING PROPERTIES"
LOCATE 4,12

PRINT “OF A STATE POINT. THE INPUTS MAY BE IN ENGLISH OR SI UNITS."
PRINT TAB(5) *® * STRINGS$(59,"#")

PRINT: PRINT

PRINT SPC(18) " YOU HAVE SEVEN CHOICES FOR [INPUTS: *
PRINT:PRINT
PRINT SPC(18)
PRINT SPC(18)
PRINT SPC(18)
PRINT SPC(18)

1) DRY BULB TEMP, AND RELATIVE HUMIDITY *
2) DRY BULB TEMP. AND ABSOLUTE HUMIDITY *
3) DRY BULB TEMP. AND WET BULB TENP. *
4) DRY BULB TEMP. AND DEW POINT TEMP."
PRINT SPC(18) S5) WET BULB TEMP. AND RELATIVE HUMIDITY
PRINT SPC(18) 6) DEW POINT TEMP. AND RELATIVE HUMIDITY "
PRINT SPC(18) * 7) DEW POINT TEMP. AND ENTHALPY *

LOCATE 19,23: INPUT " ENTER A NUMBER FROM 1 TO 7 = ", 1

IF (I>=1) AND (I<=7) 607D 150 ELSE LOCATE 8,1: 607D 128

LOCATE 21,25:INPUT "ENGLISH OR SI UNITS ( E or SI ) ? *,U$

IF (U$="E") OR (U$="e@") GOTD 156

IF (U$="SI") OR (U$="si") GOTO 160 ELSE GOTO 150

T$="( F )“:AB$=" (LB H20/LB DRY AIR) ":E$=" (BTU/LB DRY AIR) "
6070 162

T$="( C )"1AB$=" (K6 H20/K6 DRY AIR) ":E$=" (KJ/KB DRY AIR) "
LOCATE 23,8

IF I=1 6070 170 ELSE IF I=2 607D 174 ELSE IF I=3 6070 178

IF I=4 GOTO 184 ELSE IF I=5 60T0O 190 ELSE IF I=6 BOTOD 194

IF I=7 6070 198

PRINT "DRY BULB TEMP. "T#$",RELATIVE HUMIDITY (%) "j3sINPUT DB,RH
IF RH>100 THEN PRINT " RH > 100 ":80T0 170:ELSE 60TO 200

PRINT "DRY BULB TEMP."T$",ABS. HUMIDITY "AB$;:INPUT DB,HA

60T0 200

PRINT "DRY BULB TEMP., “T$¢" ,WET BULB TEMP. "“T$" ";:INPUT DB,WB
IF DB < WB THEN PRINT " DB < WB ": GOTO 178

60T0 200

PRINT "DRY BULB TEMP. "“T$",DEW POINT TEMP. “T¢* "3;:INPUT DB,DP
IF DB < DP THEN PRINT * DB < DP ": GOTO 184

6070 200

189



190

190 PRINT "WET BULB TEMP. "T$",RELATIVE HUMIDITY (%) "3 ¢ INPUT WB,RHI
192 IF RHI>100 THEN PRINT * RH > 100 ":60T0 190:ELSE 60T0 200
194 PRINT "DEW POINT TEMP."T$" ,RELATIVE HUMIDITY (X) “3: INPUT DP,RH
196 IF RH>100 THEN PRINT " RH > 100 *":60TO 194:ELSE GOTO 200
198 PRINT "DEW POINT TEMP."T$" ,ENTHALPY "E$3:INPUT DP,H

200 RH = RH / 100: RHI = RHI / 100

202 IF (Us="E") OR (Us="e") 60TO 20é

204 DB=DB#1.8+32: WB=WB#1.8+¢32: DP=DP#1.8+32: H=H/2.326

206 REM PRINT FORMATS

208 F1$=" QUBGRR. 08 ":F28=" SRR 40000 "tF3S="R0880. 0000
210 FAS= "SREREA. 808 ":FS5$=" S8R308.0808 °

212 P¢=" LB/SQ IN ":AH$=" LB M/LB D.AIR “:EN$=" BTU/LB D.AIR "
214 VS$=" FT3I/LB D.AIR ":AHI$= " KGM/KG D.AIR“:ENI$=" KJI/KE D.AIR"
216 VSI$ = " M3/K6 D.AIR": PI$ = " KPa"

218 REM MAIN PROGRAM

220 IF I = 3 6070 260 ELSE IF (I=f¢) OR (I=7) GOTO 236

222 T = DB + 459.69: 60SUB 496

224 PSD = PS: IF I=7 THEN RH = PDP/PSD: 6070 254

226 IF I=4 THEN T=DP+459.69:60SUB 496:1PDP=PS:RH=PDP/P8D:PV=PS:60T0 254
228 IF 1 = 3 6070 260

230 IF 1=2 THEN PVsHA#14,696/(.6219+HA) tRH=PV/PSDsGOTO 234
232 PV=PSD # RH:IF [=5 THEN PV = PSD # RHI

234 G0SUB 526: DP = A # PV~B + C#*LOG(PV) + D

236 T = DP + 459.69: GOSUB 494

238 PDP = PS: IF I=7 THEN PV=PDP: 60TO 290

240 IF I< >6 GOTO 252 ELSE PSD=PDP/RH:PV=PDP

242 DELT = 10: DB = DP

244 T = DB+459.69: GOSUB 496: PSDA = PS

246 XP=PSD-PSDA:IF XP>0 THEN DBsDB+DELT:60T0 244

248 IF (DELTC.00001) OR (XP=0) 6070 252

250 IF XP<O THEN DB=DB-DELT:DELT=DELT/2:DB=DB+DELT:GOTO 244
252 IF I = 3 GOTO 294 ELSE IF I = 5 GOTO 290

254 DT = DB - DP

256 60SUB 544

258 WB=DP+(B1#DT~3+B2%#DT~2+B3#DT) #EXP ((BA*#DT+B5) #DP~Bé)

260 T = WB + 459.69: GOSUB 496

262 PWB = PS

264 IF I = 7 GOTO 294

266 IF 1 < > 5 6070 278

268 DELT = 103 DB = WB

270 T=DB+459,69:60SUB 496:1PSD=PS:T=DB:60SUB 508:60T0 284

272 XP=RHA-RHI:IF XP>0 THEN DB=DB+DELT:60T0 270

274 IF (DELTC,00001) OR (XP=0) 6070 232

276 IF XP<O THEN DB=DB-DELT:DELT=DELT/2:DB=DB+DELT:60T0 270
278 IF 1 = 4 GOTO 290

280 IF I ¢ > 3 GOTO 288

282 T=WB: GOSUB 508

284 BP=,2405 # (PWB-14.696)/(.52194%HF6)

286 PV=PWB+BP% (DB-WB)sRH=PV/PSD:IF I=5 THEN RHA=RH:60T0 272
288 IF [=2 GOTO 294

290 HA=,562198 & (PV/(14.696-PV))

292 IF =3 GOTO 234 ELSE IF I=7 GOTO 308

294 SV=(53.35#(DB+459.69))/(144%(14,696-PV))

296 IF I=7 6070 318

298 IF DP>32 GOTO 304
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H=,24054DB+HA#(, 448% (DB+459.69)-.01377% (DP+459.69) +862,34629)
6070 318

He,2405#DB+HA% (. 448% (DB+4359.69)-.01783%(DP+459.69)+864.7168)
6070 318

IF DP>= 32 607D 314
DB=(H-HA#(1068.304028-,01377%#(DP+459.69)))/(.2405+HA%, 448)
6070 222
DB=(H-HA#(1070.457928-.01783#(DP+459.69)))/(.2405+HA*,448)
6070 222

REM TRANSFORMS ENGLISH UNITS TO SI UNITS
DBI=(DB-32)/1.8:WBI=(WB-32)/1.8:DPI=(DP-32)/1.8

RH=RH#1003: IF I=5 THEN RH=RHI#100
PSDI=PSD#6.894757:1PWBI=PWB#6.894757:PDPI=PDP#6.894757

SVI = SV # 0624281 HI = H # 2,326

CLS:PRINT:PRINT SPC(19)3

PRINT "RESULTS FROM THE PSYCHROMETRIC CHART MODEL"
PRINT SPC(19) "INPUTS = "3

IF I = 1 THEN PRINT ®" DRY BULB TEMP. AND RELATIVE HUMIDITY"
IF I = 2 THEN PRINT " DRY BULB TEMP. AND ABSOLUTE HUMIDITY"®
IF I = 3 THEN PRINT * DRY BULB TEMP. AND MET BULB TEMP."®
IF I = & THEN PRINT * DRY BULB TEMP., AND DEW POINT TEMP."
IF I = 5 THEN PRINT * WET BULB TEMP. AND RELATIVE HUMIDITY"
IF T = & THEN PRINT "DEW POINT TEMP. AND RELATIVE HUMIDITY"
IF I = 7 THEN PRINT * DEW POINT TEMP. AND ENTHALPY *

PRINT: PRINT

PRINT SPC(25) * ENGLISH UNITS * SPC(18) * §I UNITS *
PRINT

PRINT SPC(3) * DRY BULB TEMP. “s:PRINT USING F1$;DB;
PRINT * F*;t1PRINT SPC(18) USING F1$;DBIj:PRINT * C*
PRINT SPC(3) * WET BULB TEMP. "s 1 PRINT USING F1$;WB}
PRINT * F";3PRINT SPC(18) USING Fi$;WBI;:PRINT * C*
PRINT SPC(3) " DEW POINT TEMP.  “;1PRINT USING F1$;DP;
PRINT " F*;:PRINT SPC(18) USING F1$;DPI;:PRINT * C*
PRINT SPC(3) " RELATIVE HUMIDITY *";1PRINT USING F1$jRH;
PRINT * %";:PRINT SPC(18) USING F1$jRH;:PRINT * %°

PRINT SPC(3) " ABSOLUTE HUMIDITY *;:PRINT USING F2$; HA;
PRINT AH$;:PRINT SPC(S) USING F2$jHA;1PRINT AHIS$

PRINT SPC(3) " ENTHALPY *;:PRINT USING FA4$;H;
PRINT EN$J1PRINT SPC(7) USING FA$;HIjiPRINT ENI$

PRINT SPC(3) * AIR SPECIFIC VOL. ";:PRINT USING F1$;SV;
PRINT VS$;1PRINT SPC(6) USING FS$3SVI;:PRINT VSIS

PRINT

PRINT SPC(3) * SATURATION VAPOR PRESSURES *

PRINT

PRINT SPC(4) * AT DRY BULB TEMP. "j:PRINT USING F3$;PSD;
PRINT P$;:PRINT SPC(11) USING F3$jPSDI;sPRINT PI$

PRINT SPC(4) " AT WET BULB TEMP. "j:PRINT USING F3$;PWB;
PRINT P$;1PRINT SPC(11) USING F3$;PWBI;:PRINT PI$

PRINT SPC(4) " AT DEW POINT TEMP.*;:PRINT USING F3$;PDP;
PRINT P$;:PRINT SPC(11) USING F3$;PDPI;:PRINT PI$

REM

LOCATE 22,2

INPUT *DO YOU WANT THE RESULTS PRINTED OUT? (Y or N) “,PR$
IF PR$="N" OR PR$="n" GOTO 484

IF PR$="Y" OR PR$="y" GOTO 410 ELSE BOTO 402
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LPRINT:LPRINT:LPRINT SPC(19);
LPRINT
LPRINT SPC(19) ®"INPUTS = "3

"RESULTS FROM THE PSYCHROMETRIC CHART MODEL"

IF I = { THEN LPRINT " DRY BULB TEMP. AND RELATIVE HUMIDITY®
IF I = 2 THEN LPRINT " DRY BULB TEMP. AND ABSOLUTE HUMIDITY®
IF I = 3 THEN LPRINT " DRY BULB TEMP. AND WET BULB TEMP."
IF I = 4 THEN LPRINT * DRY BULB TEMP. AND DEW POINT TEMP."
IF T = 5 THEN LPRINT “ WET BULB TEMP. AND RELATIVE HUMIDITY"
IF I = & THEN LPRINT "DEW POINT TEMP. AND RELATIVE HUMIDITY"®
IF 1 = 7 THEN LPRINT * DEW POINT TEMP. AND ENTHALPY *

LPRINT: LPRINT
LPRINT SPC(25) " ENGLISH UNITS * SPC(18) " SI UNITS *
LPRINT: LPRINT

LPRINT SPC(3) * DRY BULB TEMP. *;tLPRINT USING F1$;DB;
LPRINT * F*;tLPRINT SPC(18) USING F1$;DBI;sLPRINT * C*
LPRINT SPC(3) * WET BULB TEMP. "; tLPRINT USING F1$;WB;
LPRINT * F*;:LPRINT SPC(18) USING F1$;WBI;1LPRINT * C*
LPRINT SPC(3) " DEW POINT TEMP.  ";:LPRINT USING F1$;DP;
LPRINT ® F*;:LPRINT SPC(18) USING F1$;DPIj1LPRINT * C"
LPRINT SPC(3) " RELATIVE HUMIDITY ";:LPRINT USING F1$;RH;
LPRINT * %*;:LPRINT SPC(18) USING F1$jRH;sLPRINT * %°
LPRINT SPC(3) * ABSOLUTE HUMIDITY *;:LPRINT USING F2$jHA;
LPRINT AH$;:LPRINT SPC(5) USING F28$;HA;:LPRINT AHIS$
LPRINT SPC(3) * ENTHALPY “; sLPRINT USING FA$;H;
LPRINT EN$;:LPRINT SPC(7) USING F4$;HI;:LPRINT ENIS$
LPRINT SPC(3) * AIR SPECIFIC VOL. "j:LPRINT USING F1$;5V;
LPRINT VS$;:LPRINT SPC(4) USING F1$;SVI;:LPRINT VSIS
LPRINT

LPRINT SPC(3) * SATURATION VAPOR PRESSURES *

LPRINT

LPRINT SPC(4) * AT DRY BULB TEMP. ®";:LPRINT USING F3$;PSD;
LPRINT P$;:LPRINT SPC(11) USING FA$;PSDI;:LPRINT PI$
LPRINT SPC(4) ® AT WET BULB TEMP. *j:LPRINT USING F3$;PWB;
LPRINT P$;:LPRINT SPC(11) USING F3$;PWBI;:LPRINT PI$
LPRINT SPC(4) " AT DEW POINT TEMP.";:LPRINT USING F3$;PDP;
LPRINT P$;:LPRINT SPC(11) USING F3$;PDPI;:LPRINT PI$

REM

LOCATE 23,2

INPUT *DO YOU WANT TO INPUT NEW DATA? (Y or N) *,ND$
IF ND$="N" OR ND$="n* 60TO 492

IF ND$="Y" OR ND$="y"GOTO 100 ELSE GOTO 484

END

REM

REM SUBROUTINE SATURATION VAPOR PRESSURE

IF T > 491.69 GOTO S04

PS=EXP (23.39248-(112086.64898/7)-.46057#L06(T))

B0TD 506

PS=EXP (54.63294-(12301.6B884/T)-5.169234%L06(T))

RETURN A

REM SUBROUTINE LATENT HEAT OF VAPORIZATION

IF (T>32) AND (T<150) THEN 60TO 518

IF T>150 6070 522

HFG=21220.8448-.0507788T

60T 524

HF6=1075.89658#-.56983#%(T-32)
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6070 524

HFB= (1354673.2148-,9125275508#(7+459.69)°2)".5
RETURN

REM BUBROUTINE CONSTANTS OF DEW POINT TEMP. EQUATION
IF (PS>.0886) AND (PS<14.696) GOTO 536

IF PS>14.696 60T0 540
A=18.440498:B=.11711178:C=,55616468:1D=-.93358844%
6070 542
A=92.29778#:B=,2226883#1C=12.887438#:D=9.415002%
60T0 542
A=44.117028:B=.29492238:C=21.77737#:D=35.98703¢%
RETURN

REM SUBROUTINE CONSTANTS OF WET BULB TEMP. EQUATION
IF DP > = 32 GOTO 580
DBA=-1.1756E-04#DP~3-.0032646#DP*2-,19195#DP+45,35
IF (DB>=DBA) AND (DB(180) THEN 60T0 562

IF (DB>180) AND (DBC300) THEN GOTO 568

IF DB > 300 GOTO 574
B1=29.04803E-07:B2=-.0033017:B3=.831231:B4=-2.3949E-05
BS=-8.08793E-03:Bb6=1.130519

6070 600

B1=5.54717€-063B2=-3.14334E-03:B3=,84224:B4=5.93269E-06

B5=-8.630321E-03:B6=1.082753
6070 600

B1=22.3248B9E-06:B2=-2.04027E-03:B3=,746559:B4=6.24943E-0¢

BS5=8834.849:B6=1.074474

6070 600
B1=8.641359E-07:B2=-.0011678:B3=,615543:B4=,392047
B5=-.0082495:B6=1.070437

60T0 600

IF (DB>180) AND (DBC300) THEN GOTO 590

IF DB > 300 THEN 8070 596

B1=7.37013E-06:1B2=-3.53883E-03:B3=.827522: BA=3.89627E-06

B5=-2.60113E-03:B6=1.404192
60TO0 600

B1=2,49546E-06:B2=-2.04326E-03:B3=.707415:B4=1,88247E-06

BS5=-2.00086E-03:B6=1.442215
60T0 600

B1=8.44289E-073B2=-1,10977E-03:B3=,572561:B4=8.97368E-07

BS=-1.53339E-03:B6=1.473598
RETURN



RESULTS FROM THE PSYCHROMETRIC CHART MODEL
BULB TEMP. AND RELATIVE HUMIDITY

INPUTS = DRY

ENGLISH
DRY BULB TEMP. 73.00
WET BULB TEMP. 67.93
DEW POINT TEMP. 64,54
RELATIVE HUMIDITY 70.00
ABSOLUTE HUMIDITY 0.01298
ENTHALPY 32,2352
AIR SPECIFIC voOL. 13.76

BATURATION VAPOR PRESSURES

AT DRY BULB TEMP, 0.4292
AT WET BULB TEMNP, 0.3379
AT DEW POINT TEMP. 0.3003

RESULTS FROM
INPUTS = WET

ENGLISH
DRY BULB TEMP. 77.29
WET BULB TEMP. 70.00
DEW POINT TEMP. 66.72
RELATIVE HUMIDITY 70.00
ABSOLUTE HUMIDITY 0.01403
ENTHALPY 33.963
AIR BPECIFIC VOL. 13.684

SATURATION VAPOR PRESSURES

AT DRY BULB TEMP.
AT WET BULB TEMP.
AT DEW POINT TEMP.

0.45631
0.3626
0.3240

194

UNITS

E o3 Bin i B |

LB M/LB D.AIR
BTU/LB D.AIR
FT3/LB D.AIR

LB/SQ IN
LB/SQ IN
LB/8Q IN

THE PSYCHROMETRIC CHART MODEL
BULB TEMP. AND RELATIVE HUMIDITY

UNITS

MM

LB M/LB D.AIR
BTU/LB D.AIR
FT3/LB D.AIR

LB/SQ@ IN
LB/8Q IN
LB/8Q IN

§I UNITS

23.89
19.96
18.08
70.00
0.01298
73.018
0.86

2.960
2.3296
2.0708

xOOODO

K6M/K8 D.AIR
KJ/K8 D.AIR
M3/K6 D.AIR

KPa
KPa
KPa

8I UNITS

25,16
21. 11
19.29
70.00
0.01403
78.997
0.86

3.193
2.5003
2.2339

»rOOO

K6M/K8 D.AIR
KJ/K8 D.AIR
M3/K8 D.AIR

KPa
KPa
KPa



APPENDIX C

HEAT AND MASS BALANCE MODEL
AND SAMPLE OUTPUT



HEAT AND MASS BALANCE MODEL
FOR STATIONARY-BED PELLET COOLER

100 CLS

102 REM MODEL #1 - HEAT AND MASS BALANCE (HMB)

104 REM COOLING OF A FIXED BED OF PELLETS

106 REM PROGRAM: PELLET!

108 REM

110 REM THIS PROGRAM COMPUTES PELLET MOISTURE CONTENTS AND TEMPERATURES,
112 REM ABSOLUTE AND RELATIVE HUMIDITIES WITHIN A FIXED BED OF PELLETS.
114 REM BASED ON THOMPSON (1967) APPROACH. AIR AND PELLET TEMPERATURES
116 REM ARE ASSUMED TO BE EQUAL.

118 REM

120 REM JOAO BIAGI - SUMMER/B6 - MSU - EAST LANSING

122 REM

124 DIM H(341) ,RH(361) ,EMCD(361),TPT(361,2),TA(361)

126 DIM LA(S),AA(S),B(S),AR(S) ,MC(361,2)

128 REM INPUT BLOCK

130 CLS:LOCATE 3,10:PRINT " INPUT VALUES":PRINT

132 INPUT * Air Temperature (F) = " TAI

y

134 INPUT * Relative Humidity (%) = ", RHI
136 INPUT “ Air Flow Rate (CFM/FT2) = ", CFM
138 INPUT * Pellet Temperature (F) a ", TPI
140 INPUT " Initial Moisture Content (ZWB) = ", MCIW
142 INPUT * Pellet Diameter (In.) = ", DIAI
144 INPUT " Cooling Tinme (Min) =", TI
146 PRINT

148 REM DIAMETER IN FOOT and RADIUS IN METER

150 DIAI=,1875:DIAF=DIAI/12:R=(DIAI/2)*,0254

152 REM COOLER DEPTH (FT); ARER (FT2)

154 BED=1:AREA=]

156 REM CONSTANTS OF MOIST.CONTENT EQN..ROOTS BESSEL FC.
158 KL=3:FOR I=1 TO KLs READ LA(I)

160 AA(D)=LA(I)#LA(I):B(I)=4/AA(I)sAR(])=-AA(]I)/ (R*#R) :NEXT I
162 DATA 2.405,5.52,8,.654

164 REM COOLINB TIME (HOUR)

166 TI=T1/60

168 REM PELLET DENSITY (LB/FT3); (KG/M3)

170 PDEE=42:PDEM=PDEE#16.0185

172 RHC = .98

174 REM DT=HOURy; TC=% OF ITERATIONS

176 DT=1/60: TC=TI/DT

178 RENM

180 REM RH=DECIMAL3MC=DECIMAL DRY BASIS

182 RHI=RHI/100:MCID=MCIW/(100-MCIW)

184 REM COMPUTE INLET ABS.HUMIDITY AND SPEC.VOLUME
186 Id=1:DB=TAI:RH=RHI:GOSUB 3S58:HI=HU:SVI=5V

188 REM COMPUTE AIR FLOW (LB/Hr)

190 GA=(CFM#560)/ (AREA*#SVI)

192 REM COMPUTE DEPTH INCREMENT

195



196

194 IF CFM<=30 THEN XA=760 ELSE XA=510
196 XT=INT (XA®(CFM/AREA)~-,5028)

198 XPR=XT/6

200 IF (INT(XPR)-XPR)<O THEN XT=XT-1:60TD 198

202 DELX=1/XT

204 REM AIR VELOCITY (M/S)

206 VA=(CFM#.3048) /60

208 C1 = PDEE#DELX/(GA#DT)

210 FI$=" $88.88":F282" . S800":1F3$=" #4844 °

212 REM PRINT INITIAL CONDITIONS

214 CLS: LOCATE 5,2: GOSUB 422: GOSUB 516

216 REM INITIALIZE ARRAY POSITIONS

218 DK=459.49

220 TA(0)=TAI+DK:RH(0)=RHI:TPI=TPI+DKs TAI=TAI+DK

222 TPT(0,0)=(TAI+TPI) /21 ST=015M=0

224 FOR X = 0 TO XTsTPT(X+1,0)=TPIsH(X)=HI:MC(X,0)=MCID
226 TA(X+1)=TPIs ST=ST+TPT(X,0): SM=SM¢MC(X,0)

228 NEXT X

230 TPA=((ST/X)-491,69)/1.8:MCAVE=EN/X

232 REM

234 L=0:60SUB 466: GOSUB 570

236 REM

238 CPRI=0:PTI=1/(DT#460)

240 REM TIME LOOP

242 FOR N=1 TO TCiL=N/60

244 CPRI=CPRI+1:SMC=0:STA=0

246 LOCATE 22,5

248 PRINT * ELAPSED TIME = "j:PRINT USING "#¥.84"; L#60}
250 PRINT * min.:"jaPRINT * COMPUTING CONDITIONS AT *
252 REM DEPTH LOOP

254 FOR X = 0 TO XT

256 LOCATE 22,56

258 PRINT USING " #8.#8°; ((X#30.48#BED) /XT);sPRINT * ca."
260 REM EQUILIBRIUM MOISTURE CONTENT EQUATIONS

262 TPC=(TPT(X,0)-491.69)/1.8

264 REM NELLIST EQUATION

266 REM EMCD(X)=.191-.055%L06(1-RH(X))~-.028%L0G (TPC)
268 REM HENDERSON EQUATION

270 REM EMCD(X)=(-LOG(1-RH(X))/(6.66%(TPC+22.12)))~(1/3.11)
272 REM CHUNG-PFOST EQUATION

274 EMCD(X)=.277-.042#L06 (- (TPC+13.3)#L0OG(RH(X)))

276 REM DIFFUSION COEFFICIENT EQUATION

278 DIC=1.015E-OS#EXP(-547/(TPC+273.15))

280 REM MOISTURE CONTENT DIFFUSION EQN.

282 SUMM=0:FOR I = 1 TO KL

284 SUMC=B(1)#EXP(AR(I)#DICHL)

286 SUMMsSUMM+SUMC3 NEXT I

288 MC(X,1)=EMCD(X)+(MCID-EMCD (X)) #SUMM

290 REM ABSOLUTE HUMIDITY EQUATION

292 H(X+1)=H(X)-C1#(MC(X,1)-MC(X,0))

294 DH=H(X+1)=H(X)

296 REM EQUILIBRIUM TEMPERATURE EQUATION

298 CP=4.18%(.343+MC(X,0))/(14MC(X,0))

300 T1=1.005+2467.4%H(X) 1 T2=CP#TPT(X,0) :T3=T1#TA(X)
302 TA(X+1) = (T3+T2)/(T1+CP)
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REM LATENT HEAT EQUATIONS

HFEA=1094-,57#(TA(X)-459,69)

HFE=HFBA® (1+4.349+EXP (-28,25#MC(X,0)))

REM PELLET TEMPERATURE EQUATION

DHFB= (HF6-HFGA) #2, 326

TP1=(1,005+1.8B4%H (X)) #TA(X)
TP2=DH#(2740.56+DHFE-TPT(X,0))

TP3=CP# ((TA(X)+TPT(X,0))/2):TP4=1,005+1.884%H (X+1)
TPT(X,1) = (TP1-TP2+TP3)/(TP4+CP)
SMC=GMC+MC(X,1):STA=STA+TPT(X,1)

REM RELATIVE HUMIDITY
1J22:DB=TA(X+1)-459, 69: HU=H (X+1) 3 GOSUB 358:RH(X+1)=RH
IF RHYRHC THEN RH(X+1)=RHC

NEXT X

MCAVE=SMC/X: TPA=((STA/X)-491.69)/1.8

FOR X=0 TO XT:MC(X,0)sMC(X,1):TPT(X,0)aTPT(X,1):NEXT X
REN

GOSUB 466

IF PTI=CPRI THEN CPRI=0:B60SUB 570

NEXT N

REM

LOCATE 23,S

INPUT * DO YOU WANT TO INPUT NEW DATA? (Y or N) ",ND$
IF ND$="N" OR ND$="n* 60TO 354

IF ND$="Y* OR ND$="y* GOTO 130 ELSE GOTO 346

END

REM

REM SUBROUTINE PSYCHART(DB,WB,DP,RH,HU,PY,EV,HFE)

IF DB > 212 GOTO 366
A#=92,297788:B#=. 222688381 C#=12,887434: D=9, 4150024
GOTO 348
AN=44,11702#:B8=,29492258:C#=21,777378#1D8#=55.98703%

IF DB > 180 GOTO 376
B1#=7,37013E-061B2#=-3,53885E-031B3#=.827522#: B4#=3,89627E-06
BS#=-2.60113E-061 Bb#=1,.4041918

60TO 380
B1#=2.495446E-061B2#=-2,04326E-031B38=.7074154: BA#=1,8B247E-06
BS#=-2.00086E-03:Bb#=1,4422154

T=DB+459. 69

PS=EXP (54.6329%-(12301.688#/T)-5.16923#%L06(T))

IF 1Ja2 THEN PV=HU#14.696/(.621+HU) : RH=PV/PS160TO 388
PV=PE#RH

DP=A®#PV~B#+CH+LOG (PV) +D#

DTDsDB-DP

WB=DP+ (B1#*DTD~3+B2#sDTD~2+B3##DTD) #EXP ( (B4##DTD+B58) *DP~Bé#)
IF 1J = 2 60TO 398

HU=.6219% (PV/ (14.696=PV))

8V=(53.358% (DB+459.69))/(144%(14,.696-PV))

60TO 416

T=DB ,

IF (T>32) AND (T<150) THEN 60TO 410 ELSE IF T>150 60TO 414
HFB=1220.8448-.0507748T

80TO 416

HF6=1075.8965#-.569838% (T-32)

60TO 416
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HFB=(1354673.2148~-,912527535878#(T7+439.69)°2)*.5

RETURN

REM SUBROUTINES PRINT = SCREEN

REN

PRINT:PRINT

PRINT TAB(10) ™ INITIAL CONDITIONS "3 PRINT
PRINT TAB(S5) " AIR TEMPERATURE (F) = 4y

PRINT USING F18$;TAI,(TAI-32)/1.8;3PRINT * C*"

PRINT TAB(S) " RELATIVE HUMIDITY (%) = "

PRINT USING F1$;RHI*#100

PRINT TAB(6) "PELLET TEMPERATURE (F) = ";:PRINT USING6 F1$;TPI;
PRINT USING F1$;(TPI-32)/1.8;: PRINT * C*®

PRINT TAB(6) "MOISTURE CONTENT (X WB) s ";:PRINT UBING Fi$;MCIN;
PRINT USING F1$;MCID#100;:PRINT * XDB"

PRINT TAB(3) * PELLET DIAMETER (In,) = "

PRINT USING F2$;DIAIj:PRINT USING F1$;DIAI#25,4;1PRINT " MM"

PRINT TAB(6) "AIR  FLOW (CFM/FT2) = “31PRINT UGING F1$;CFM;
PRINT USING F1$3VA;tPRINT " M/S"

PRINT TAB(5) " COOLER DEPTH (FT) = "

PRINT USING F1$;BED,BED#30.483: PRINT " CN*

PRINT TAB(6) "DELTA X (In.) =  ";3PRINT USING F1$3DELX#12;
PRINT USING F1$;DELX#30.483: PRINT " CM *

PRINT TAB(6) "DELTA t (Min.) = "33 PRINT USING F18$3DT#60
PRINT

RETURN

REM

CLE:LOCATE 1,23PRINT

PRINT TAB(6) "TIME (Min.) = "33sPRINT USING F3$pL#60
PRINT:PRINT TAB(S) " BED DEPTH cm"j

FOR Y=0 TO (12#BED) STEP (2#BED)sPRINT USING F1$;Y#2,54;
NEXT Y:PRINT:PRINT: PRINT TAB(S) " EQ. TEMP. C “;
KT=491.69

FOR Y=0 TO XT STEP XPRsPRINT USING Fi1$3(TA(Y)-KT)/1.85:NEXT Y
PRINT: PRINT TAB(S) " PEL.TEMP, C ";

FOR Y=0 TO XT STEP XPR:PRINT USING F1$; (TPT(Y,0)-KT)/1.83
NEXT Y:PRINTIPRINT TAB(S) " M.C. %DB "3

FOR Y=0 TO XT STEP XPR:PRINT USINB F1$gMC(Y,0) #1003 sNEXT Y
PRINT TAB(S) ™ M.C. ZWB ";¢FOR Y=0 TO XT STEP XPR
W=MC(Y,0):PRINT USING Fi8$; (W/(1+W))#100;sNEXT Y

IF L = 0 60T0 504

PRINTsPRINT TAB(5) * EQ.MC. XDB "

FOR Y=0 TO XT STEP XPR:PRINT USING F1$3EMCD(Y) #1003 :NEXT Y
PRINT:PRINT TAB(S5) " REL. HUMID. "3

FOR Y=0 TO XT STEP XPR:PRINT USING FI$;RH(Y)#100; :NEXT Y
PRINT

PRINT TAB(5) " ABS. HUMID. "3

FOR Y=0 TO XT STEP XPRiPRINT USING F2$jH(Y)jtNEXT Y:PRINT
PRINT:PRINT TAB(11) "AVE. TEMP. (C) = "3:PRINT USINE F1$;TPA;
PRINT * AVE. MC, (%XDB) = "jJtPRINT USING Fi$;MCAVE#100
RETURN

REM SUBROUTINES PRINT = PRINTER

LPRINT
LPRINT TAB(10) " INITIAL CONDITIONS ":LPRINT
LPRINT TAB(S5) " AIR TEMPERATURE (F) = "

LPRINT USING F1$;TAI,(TAI-32)/1.83:LPRINT " C*
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524 LPRINT TAB(S) " RELATIVE HUMIDITY (%) =
526 LPRINT USING F1$;RHI*#100

528 LPRINT TAB(S) * PELLET TEMPERATURE (F) ;
530 LPRINT USING Fi1$;TPI,(TPI-32)/1.85sLPRINT * C*
532 LPRINT TAB(S) * MOISTURE CONTENT (% WB)
534 LPRINT USING F1$;MCIW;

536 LPRINT USING F1$;MCID#100;:LPRINT " %DB"
538 LPRINT TAB(5) * PELLET DIAMETER (In.) = "3
540 LPRINT USING F2$;DIAI;1LPRINT USING F1$;DIAI#2S.4;
542 LPRINT * MM"

544 LPRINT TAB(6) "AIR  FLOW (CFM/FT2) = "3

S46 LPRINT USING F1$;CFM;

548 LPRINT USING F1$;VA3:LPRINT * M/S"

550 LPRINT TAB(S) " COOLER  DEPTH (FT) = "
552 LPRINT USING F1$;BED,BED#30.483:LPRINT " CM"
554 LPRINT TAB(S) " DELTA x (In.) = "3

556 LPRINT USING F1$;DELX*12;
558 LPRINT USING F1$;DELX#30,.48;5s LPRINT " CM "

560 LPRINT TAB(S5) " DELTA t (Min.) = "3
562 LPRINT USING F1$;DT#60

564 LPRINT

566 RETURN

568 REM

570 LPRINT:LPRINT TAB(6) "TIME (Min.) = ";sLPRINT USING F1$3L%60
572 LPRINT: LPRINT TAB(S) * BED DEPTH cm"j

574 FOR Y=0 TO (12#BED) STEP (2#BED):LPRINT USING Fi$;Y#2, 54y
576 NEXT Y

578 LPRINT:LPRINT:LPRINT TAB(S5) " PEL.TEMP. C ";

580 FOR Y=0 TO XT STEP XPR:LPRINT USING F1$; (TPT(Y,0)-KT)/1.83
582 NEXT Y:LPRINT

384 LPRINT TAB(S) " M.C. %DB "3

586 FOR Y=0 TO XT STEP XPR:LPRINT USINGE F1$;MC(Y,0)#100;:NEXT Y
588 LPRINT TAB(S) " M.C. %WB ";3FOR Y=0 TO XT STEP XPR

590 W=MC(Y,0):LPRINT USING Fi$; (W/(1+4W))*#100;:NEXT Y

592 IF L = 0 GOTO 604

594 LPRINT: LPRINT TAB(5) " EQ.MC. %DB ";

596 FOR Y=0 TO XT STEP XPR:LPRINT USING FI$;EMCD(Y)#100j3 st NEXT Y
598 LPRINT: LPRINT TAB(S5) " REL. HUMID. *;

600 FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;RH(Y)#100; sNEXT Y
602 LPRINT

604 LPRINT TAB(S) * ABS. HUMID. ";:FOR Y=0 TO XT STEP XPR:

606 LPRINT USING * .###8"; H(Y);tNEXT Y:LPRINT

608 LPRINT:LPRINT TAB(11) "AVE. TEMP. (C) = ";:LPRINT USING Fi$;TPA;
610 LPRINT " AVE. MC. (%DB) = ";:LPRINT USING F1$;MCAVE#*100
612 LPRINT TAB(10) STRING$(54,"#")

614 LPRINT:LPRINT

616 RETURN
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HMB MODEL OUTPUT SAMPLE

INITIAL CONDITIONS

AIR TEMPERATURE (F)

RELATIVE HUMIDITY
PELLET TEMPERATURE
MOISTURE CONTENT (X

x)
(F)
WB)

PELLET DIAMETER (In.)

AIR  FLOW

(CFM/FT2)

COOLER DEPTH (FT)

DELTA «x (In.)
DELTA ¢t (Min.)

TINE (Min.) = 0.00

BED DEPTH ca  0.00

PEL.TEMP. C  46.11
M.C. XDB 20.48
M.C. %WB 17.00
ABS. HUMID. .0120

AVE. TEMP. (C)

TIME (Min,) = 20.

BED DEPTH ca 0.00

PEL.TEMP. C 24,58
M.C. XDB 16.87
M.C. XWB 14.44
EQ.MC. XDB 14.09
REL. HUMID. 33.00
ABS. HUMID. .0120

AVE. TEMP. (C)

3.00

63.56
20,48
17.00
.0120

80
33
130
17
ol
100
1

0

i

10.16

63.56
20.48
17.00
«0120

= 63.16
AL A A R g X R R Y X Ry R X Y Y R R R Y Y Yy Y R YYYYY)

00
3.08

26.33
17.16
14.63
14.61
36,64
.0128

10.16

26.40
17.49
14.00
15.18
62.46
«0136

= 26,51
L Y Yy Yy Yy Yy Yy Yy Y Y yTYYYYY

00 26.467 C

.00

.00 65.36 C
.00 20.48 XDB
873 4.76 MM
00 0.351 M/B
«+00 30.48 CH
«25 0.63 CH

.00

13.24

63.56
20.48
17.00
+0120

AVE. NC.

13.24

26.44
17.83
135.14
15.82
6b.46
<0144

AVE. MC.

20.32

63.36
20.48
17.00
«0120

(%DB)

20,32

26.47
18.16
13.37
16.38
69.77
«0132

(XDB)

23.40

63.36
20.48
17.00
«0120

30. 406

63.36
20.40
17.00
«0120

20.48

23.40

26,959
16.24
13.43
16.52
70,61
<0133

30.48

26.61
18.09
13,32
16.26
69.16
.0130

17.73
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PARTIAL DIFFERENTIAL EQUATIONS MODEL
FOR STATIONARY-BED PELLET COOLER

100 CLS

102 REM MODEL #2 - PARTIAL DIFFERENTIAL EQUATIONS (PDE)

104 REn COOLING OF A FIXED BED OF PELLETS

106 <1 PROGRAM:s PELLET2

108 REM

110 REM THIS MODEL COMPUTES AIR TEMPERATURES, RELATIVE HUMIDITY,ABSOLUTE
112 REM HUMIDITY, PELLET MOISTURE CONTENTS AND TEMPERATURES OF A FIXED
114 REM BED OF PELLETS. ALSO DETERMINES MOISTURE CONTENT AND TEMPERATURE
116 REM GRADIENTS WITHIN A PELLET AT EACH Dx LOCATION INSIDE THE BED.
118 REM

120 REM JOAO BIAGI - SUMMER/B6 - MBU - EAST LANSING

122 REM

124 DIM T(15,65),TA(201),7TC(201,2),TS(201),TAV(201) ,MT(15,65) ,MS5(201)
126 DIM MC(201,2),H(201) ,RH(201) ,EMCD(201),TPT(201,2),MAV(201,2)

128 DIM LA(5),AA(S),B(5),AR(5),MCER(201)

130 DIM TG(15), MCG(1S)

132 REM INPUT BLOCK

134 CLS:LOCATE 3,3: PRINT * PDE MODELs INPUT VALUES": PRINT

136 INPUT " Air Temperature (F) = ", TAl
138 INPUT * Relative Humidity (%) = ", RHI
140 INPUT * Air Flow Rate (CFM/FT2) = ", CFM
142 INPUT " Pellet Temperature (F) = ", TPl
144 INPUT " Initial Moisture Content (%WB) = *, MCIW
146 INPUT " Pellet Diameter (In.) a ", DIAI
148 INPUT * Cooling Time (Min) =", Tl
150 PRINT

152 REM DIAMETER IN FOOT, RADIUS IN METER

154 DIAF=DIAI/12:R=(DIAL/2)%,0254

156 REM CONSTANTS OF MOIST.CONTENT EGN..ROOTS BESSEL FC.
158 KL=3:FOR I=1 TO KL: READ LA(I)

160 AACI)=LA(I)*LA(I)sB(1)=4/AA(I)3AR(I)=-AA(I)/ (R#R) sNEXT I
162 DATA 2.405,5.52,8,654

164 REM AIR AND VAPOR CONSTTANTS

166 CW=131CA=,2405:CV=,448:VI=,.0443:AIRD=,063415

168 REM SPECIFIC SURFACE AREA (FT2/FT3)

170 SA=48/DIAI

172 REM PELLET DENSITY (LB/FT3)3 (KE/M3)

174 PDEE=42:PDEM=PDEE#16.01835

176 REM AIR VELOCITY (M/5)

178 VA= (CFM#.3048)/60

180 REM BED=FEET; AREA= FT2; POROSITY

182 BED=1:AREA={:P0=, 44

184 REM DELX=FT; # LAYERS/FOOT; PRINTING COUNT.

186 DELX=.0208s XT=INT(BED/DELX):XPR=(XT)/6
188 REM TI AND DT = HOUR
190 TI=TI/60:DT=.5/60

201
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192 REM CONSTANTS OF SUBROUTINE FINITE DIFF.FORMULAS
194 REM DELR=METER:DELT=SECONDS

196 DELR=,0005:DELT=.5:TIME=13

198 IF CFM>50 THEN KTI1=18 ELSE KTI={5

200 TTM =KTI/(DT#60)

202 TT=TIME/DELTY

204 M=INT(R/DELR) +1

206 B=1-1/(2#M):1C=1+1/(2#M)

208 REM RHI=DECIMAL; MC=DECIMAL DRY BASIS

210 RHI=RHI/100:MCID=MCIN/ (100-MCIW)

212 RHC=,98

214 REM COMPUTE INLET ABSOLUTE HUMIDITY AND SPEC.VOLUME
216 1J=1:DB=TAl:RH=RHI:60SUB &644:HI=sHU:SVI=SV

218 REM COMPUTE AIR FLOW (LB/Hr), REYNOLDS'#, SCHMIDT'#
220 GA=(CFM#40)/(AREA*SVI)

222 REN=(GA#DIAF)/VI

224 SCN=VI/(AIRD#*DIAF)

226 REM HEAT TRANSFER COEFF. (BTU/Hr FT2 F)

228 HT=CA#GA#,992%(REN)~(-,34)

230 HTM=3.677 # HT

232 REM MASS TRANSF. COEFF. (LB/Hr FT2)

234 HM=6A*15.35#(REN)~(-1)#(SCN)~(-2/3)#(1-P0)"1.2
236 REM MASS TRANSF. COEFF, (M/Hr)

238 HM=HM#(4,8823/PDEM)

240 REM CONSTANTS OF AIR,PELLET TEMP. AND ABS.HUM. EGNS.
242 IF CFM>50 THEN 6=2.4: ELSE 6=1.25

244 C1=PDEE#DELX/(GA#DT):C2=DT/ (PDEE#6)

246 C3=(HT#SA#DELX)/BAs C4=HT#SA: C5=6A/DELX

248 REM PRINTING FORMATS

250 F1$=" BRR. 88" :1F28=" ,SR88":1F3¢=" 80.8% °

252 REM PRINT INITIAL CONDITIONS

254 CLS: LOCATE 5,2

256 PRINT
258 PRINT:PRINT TAB(11) "INITIAL CONDITIONS “:PRINT
260 PRINT TAB(é) "AIR TEMPERATURE (F) = "3

262 PRINT USING F1$3TAI,(TAI-32)/1.83:PRINT " C*"

264 PRINT TAB{(4) "RELATIVE HUMIDITY (%) = "3
266 PRINT USING F1$3RHI®#100

268 PRINT TAB(&) "PELLET TEMPERATURE (F) "3
270 PRINT USING Fi$3TPI,(TPI-32)/1.833PRINT " C"

272 PRINT TAB(é) "MOISTURE CONTENT (% DB) = %
274 PRINT USING F1$;MCID#1003:PRINT USING F1$3MCIN;
276 PRINT * ZIWB"

278 PRINT TAB(6) "PELLET DIAMETER (In.) = "y
280 PRINT USING F2$;DIAI;3PRINT USING F1$;DIAL#25,4;
282 PRINT * am"

284 PRINT TAB(4) "AIR FLOW (CFM/FT2) = "3
286 PRINT USING F1$;CFM; :PRINT USING F1$;VA;1PRINT " M/S "
288 PRINT TAB(6) "HEAT T.COEF. (BTU/FT2Hr F)= *j
290 PRINT USING Fi$;HT ,HTM;1PRINT ® (W/M2 K)"

292 PRINT TAB(6) "“COOLER DEPTH (FT) = "3
294 PRINT USING F1$;BED,BED#30.48;:PRINT * CHM*"

296 Di=DELX#12:D2=DELX#30.48
298 PRINT TAB(é) "DELTA X (In.) = "

300 PRINT USING Fi1$3D13:PRINT USING F1$3D2;sPRINT " CH®
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304
306
3o8
310
312
314
3164
318
320
322
324
326
328
330
332
334
336
338
340
342
344
346
348
350
352
354
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360
362
364
366
368
370
372
374
376
378
380
382
364
386
388
390
392
394
396
398
400
402
404
406
408
410
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PRINT TAB(4) "DELTA t (Min.) = "
PRINT USING F1$;DT#560

PRINT

LPRINT: LPRINT: LPRINT

LPRINT TAB(10) * INITIAL CONDITIONS ":LPRINT
LPRINT TAB(6) “AIR TEMPERATURE (F) = 4y
LPRINT USING F1$;TAI,(TAI-32)/1.831LPRINT = C*
LPRINT TAB(6) "RELATIVE HUMIDITY (%) = "y
LPRINT USING F1$;RHI#100

LPRINT TAB(é) "PELLET TEMPERATURE (F) = =,
LPRINT USING Fi$;TPI,(TPI-32)/1.8J:LPRINT * C"
LPRINT TAB(4) "MOISTURE CONTENT (% DB) = "
LPRINT USING F1$;MCID#100;sLPRINT USING FI$;MCIW;
LPRINT * %WB"

LPRINT TAB(é) "PELLET DIAMETER (In.) = "y
LPRINT USING F2$;DIAI;sLPRINT USING F1$;DIAI#25.4;
LPRINT " am"

LPRINT TAB(4) "AIR FLOW (CFM/FT2) = %
LPRINT USING F1$;CFM;sLPRINT USING Fi1$;VAjsLPRINT * M/S *
LPRINT TAB(4) “HEAT T.COEF. (BTU/FT2 HrF)= "3
LPRINT USING Fi$;HT ,HTM;:LPRINT " (W/M2 K) *
LPRINT TAB(4) “"MASS T.COEF. (M/Hr) = "y
LPRINT USING F2$;HM

LPRINT TAB(6) “COOLER DEPTH (FT) = "y
LPRINT USING F1$;BED,BED#30.48;1LPRINT * CM"

LPRINT TAB(6) “DELTA X (In.) = "3

LPRINT USING F1$;D1;:LPRINT USING F1$;D2;1LPRINT " CM"
LPRINT TAB(é) "DELTA t (Min.) = "3

LPRINT USING F1$;DT#60

LPRINT

REM

REM AIR TEMPERATURE AT TIME=0; INITIALIZE ARRAY POSITIONS

TA(O)=TAI:RH(0)=RHIsTPT(0,0)=(TAI+TPI)/2
TC(0,0)=TPT(0,0)sTS(0)=TPT(0,0):TAV(0)=TPT(0,0)

FOR X=0 TO XT:TC(X+1,0)=TPI:TPT(X+1,0)=TPI:MC(X,0)=MCID
MAV(X,0)=MCID: TS(X+1)=TPIsTAV(X+1)=TPI:H(X)=HI
TA(X+1)=TA(X)=(C3/ (CA+CVRH(X)) ) #(TA(X)-TS(X))

NEXT X

CLSs LOCATE 1,2

PRINT:PRINT TAB(6) "TIME (Min.) = 0.00"3PRINT

PRINT TAB(S) * BED DEPTH ca";

FOR X=0 TO (12#BED) STEP (2#BED):PRINT USING F1$;X#2,54;
NEXT X:PRINT:PRINT

PRINT TAB(&) "AIR TEMP. "$sFOR X=0 TD XT STEP XPR

PRINT USING F1$; (TA(X)=-32)/1.8;:NEXT X:PRINT

PRINT TAB(6) "PELLET TEMP."3;:FOR X=0 TO XT STEP XPR

PRINT USING F1$;(TC(X,0)-32)/1.8;sNEXT X:PRINT

PRINT TAB(S) " MOIS.CONT. "3

FOR X=0 TO XT STEP XPR:PRINT USING Fi$;MC(X,0)*#100;:NEXT X
PRINT:PRINT TAB(S5) " ABS. HUMID. "3

FOR X=0 TO XT STEP XPR:PRINT USING F2$;H(X)jtNEXT X:PRINT
REM PRINT: PRINT TAB(10) STRING$(53,"#"): PRINT

LPRINT:LPRINT TAB(6) "TIME (Min,) = 0.00"3LPRINT
LPRINT TAB(S) * BED DEPTH ce";
FOR X=0 TO (12#BED) STEP (2#BED):LPRINT USING F1$jX#2,54;
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412 NEXT X:LPRINT:LPRINT
414 LPRINT TAB(6) “AIR TEMP.  ";1FOR X=0 TO XT STEP XPR
416 LPRINT USING F18$;(TA(X)-32)/1.85:NEXT X:LPRINT

418 LPRINT TAB(6) "PELLET TEMP."jsFOR X=0 TO XT STEP XPR
420 LPRINT USING F1$;(TC(X,0)-32)/1.85tNEXT XiLPRINT

422 LPRINT TAB(S) * MOIS.CONT. *;

424 FOR X=0 TO XT STEP XPR:LPRINT USING F1$;MC(X,0) #1005 :NEXT X
426 LPRINT:LPRINT TAB(5) " ABS. HUMID. ";

428 FOR X=0 TD XT STEP XPR:LPRINT USING F2$jH(X);:NEXT X:LPRINT
430 LPRINT:LPRINT TAB(10) STRINGS$(S3,"#"): LPRINT

432 REM

434 CPRI=0:PTI=1/(DT#60)

436 REM TIME LOOP

438 FOR L = DT TO TI STEP DT

440 CPRI=CPRI+1:SMC=0: STA=0

442 LOCATE 22,5

444 PRINT * ELAPSED TIME = ";:PRINT USING "##.#8"; L#60;
446 PRINT * min.:1";:PRINT * COMPUTING CONDITIONS AT *
448 REM DEPTH LOOP

450 FOR X = 0 TO XT

452 LOCATE 22,56

454 PRINT USING * #8.#8"; ((X#30.484BED)/XT)31 PRINT * ca."
456 REM EQUILIBRIUM MOISTURE CONTENT EQUATIONS

458 TPC=(TAV(X)-32)#(5/9)

460 REM NELLIST EQUATION

462 REM EMCD(X)=.191-.055%L06 (1-RH(X))~,028%L06 (TPC)

464 REM HENDERSON EQUATION

466 REM EMCD(X)=(-LOB(1~RH(X))/(6.66%(TPC+22.12)))~(1/3.11)
468 REM CHUNG-PFOST EQUATION

470 EMCD(X)=.277-.042#L0G (- (TPC+13,3)#L0OG (RH(X)))

472 REM DIFFUSION COEFFICIENT EQUATION

474 DIC=1.015E-05#EXP (-547/(TPC+273.15))

476 REM MOISTURE CONTENT DIFFERENTIAL EON.

478 SUMM=0:FOR I = 1 TO KL

480 SUMC=B(I)#EXP(AR(I)#DICsL)

482 SUMM=SUMM+SUMCINEXT I

484 MCEQ(X)=EMCD(X)+(MCID-EMCD (X)) *SUMM

486 REM MOISTURE CONTENT - FINITE-DIFF. FORMULAS

488 MCT=MC(X,0) ;EMC=EMCD(X)

490 AM=(DIC#*DT)/(DELR#DELR)

492 GOSUB 608

494 MC(X,1)=MT(O,NI-1)sMS(X)=MT(M,NI)sMAV(X,1)=MAVE

496 SMC=SMC+MAV (X,1)

498 REM ABSOLUTE HUMIDITY EQUATION

500 H(X+1)=H(X)-C1#(MC(X,1)=-MC(X,0))

502 REM PELLET TEMPERATURE EQUATIONS

504 P=MAV(X,0)

506 K=.1133-2.936%(P#P)+25,.44% (P#P#P)-38.71% (P*P#P*P)
508 CP=4180%(.343+P)/(1+P)1CPE=CP/4186.49

510 A= (K#DELT)/(PDEM#CP# (DELR*DELR))

512 REM

S14 TPK=TPT(X,0)+459.69

516 HFG=(1056.5-.55% (TPK=520)) % (1+23%EXP(-4#TPK#P))

518 DTEMP=TA(X)-TS(X) s AUX=CPE+CH#P3sAUX1=HFG+CV#DTEMP

520 DHT=H(X+1)=H(X)



522
524
326
528
330
532
334
536
538
540
542
544
546
548
350
552
554
356
558
560
562
S64
566
568
570
572
574
576
578
580
582
S84
386
Jee8
590
592
594
596
998
600
602
604
606
608
610
612
614
616
618
620
622
624
626
628
630
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TPT(X,1)=TPT(X,0)+C2#(((C4*DTEMP) - (AUX1#C5) #DHT) /AUX)

REN
TAC=TA(X) 1 TP=TPT(X,0)160SUB 572
TC(X,1)=T(0O,N-1):TS(X)=T(M,N) t TAV(X) sTAVE
REM AIR TEMPERATURE EQUATION
TA(X+1)=TA(X) =(C3/ (CA+CV*H(X)) ) #(TA(X) =TS (X))
STA=STA+TPT(X,1)

REM RELATIVE HUMIDITY
1J22:DB=TA(X+1) tHU=H (X+1) :GOSUB 6441 RH (X+1)=RH
IF RH>RHC THEN RH(X+1)=RHC

NEXT X

MCAVE=SMC/X: TPA=((STA/X)-32)/1.8

FOR X=0 TO XT:MC(X,0)=MC(X,1)sTC(X,0)=TC(X,1)
TPT(X,0)=TPT(X,1) s MAV(X,0) =MAV (X, 1) :NEXT X
REM

60SUB 704

IF PTI=CPRI THEN CPRI=0160SUB 776

NEXT L

LPRINT:LPRINT

LOCATE 23,5

INPUT *DO YOU WANT TO INPUT NEW DATA? (Y OR N)
IF ND$="N" OR ND$="n" 6OTO 568

IF ND$="Y* OR ND$="y" GOTOD 134 ELSE 60TO 540
END

REM SUBROUTINE FINITE DIFFERENCE FORMULAS
REM SUBROUTINE PELLET TEMPERATURES

FOR J=0 TO MsT(J,0)=TP:NEXT J
D=(2%ASHTMSC#DELR) /K
T1=(1428M-4%A) / (1+428K) 1 T2=4%A/ (1428H) 1 T3=A%B
T4=1-28A1TS=A#C: T6=2#A:1 T7=1-2#A~D

FOR N=0 TO TT

SUM = 0

FOR J=1 TO M

T(O,N+1)=T1#T(0,N) +T2#T(1,N)
T(I,N¢1)=T38T(J=1 ,N)+TART (J,N)+T58T (J+1,N)
T(M,N+1)=T&#T(M-1,N) +T7#T (M,N) +D#TAC
SUM=SUM+T (J,N+1)

NEXT J

TAVE= (SUM+T(0,N+1))/J

NEXT N

IF X>0 6OTO 606

FOR 16=0 TO M: TG(IG)=T(I6,N):NEXT I6

RETURN

REM SUBROUTINE PELLET MOISTURE CONTENT

FOR J=0 TO MiMT(J,0)=MCT:NEXT J

D= (2%AM#HM#C*DELR) /DIC
Mim(1+28M-4%AM) / (1+425M) 1 M2248AN/ (1 +28M) 1 M3=AM*B
MA=1-28ANs M5=AM*C: Mb=2¥AM: N7 =1-2AN-D

FOR NI=0 TO TTHM

SUM = 0

FOR J=1 TO N
MT(O,NI+1)=M1%NT(O,NI) +M2¥NT (1,NI)

" ND$

MT(J NI+1)=M3#MT(J-1,NI) +MASNT (J,NI) +MS#MT (J+1,NI)

MT (M NI+1)sM6#MT (M=1 ,NI)+M7#MT (M, NI) +D#ENC
SUM=SUM+MT (J ,NI+1)
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632 NEXT J
634 MAVE= (SUM+MT (O NI+1))/J

636 NEXT NI '

638 IF X>0 60TO 642

640 FOR 1620 TO M: MCG(IB)=MT(I6,NI)sNEXT 16

642 RETURN

644 REM SUBROUTINE PSYCHART(DB,WB,DP,RH,HU,PV,SV, HFG)

646 IF DB>212 GOTO 652

648 A#292.297788:B8=,222688381CH#=12.867438:D8=9,.4150024

650 GOTO 654

652 A#=44,117020:B8=,29492258:C#=21.77737#:D8=55.987034

654 IF DB>180 GOTO 662

656 B1#=7,.37013E-061B2#=-3,53885E-03: B3N=.827522#: B4A#=3.89627E-06
658 B5#=-2,60113E-061B6#=1,40419148

660 GOTO 666

662 B1#%2,49546E-063B2#=-2,04326E-031B38=.70741541B48=1.88247E-06
664 BS#=-2,00086E-03:1B6#=1, 4422158

bbb T=DB+459,69

668 PS=EXP(54.,63298-(12301.6888/T)-5.169238%L06(T))

670 IF 1J=2 THEN PV=HU#14.696/(.621+HU) 1RH=PV/PS:60TO 674

672 PV=PS¥RH

674 DP=ANSPY~BA#+CH*LOG (PV) +D#

676 DTD=DB-DP

678 WB=DP+(B1##DTD~3+B2##DTD~2+B3N*DTD) #EXP ((BAN*DTD+B5#) #DP~B6#)
680 IF 1J=2 GOTO &84

682 HU=.56219%(PV/(14,696-PV))

684 SV=(53.358%(DB+459.69))/(144%(14,696-PV))

686 60TO 702

688 TaDB

690 IF (T>32) AND (T<150) THEN GOTO 696 ELSE IF T>150 60TO 700
692 HFG=1220.8448-.050778sT

694 G0TO 702

696 HFE=1075.8965#-.56983#%(T-32)

698 60TO 702

700 HFG=(1354673.214#-.91252755878%(T+459.69)°2)~,5

702 RETURN

704 REM SUBROUTINE PRINT = SCREEN

706 CLS: LOCATE 1,2

708 PRINTsPRINT TAB(&) “TIME (Min.) = ";31PRINT USING F3$;L#60
710 PRINT TAB(S) * BED DEPTH ca";

712 FOR Y=0 TO (12#BED) STEP (2#BED):PRINT USING F1$;V#2.54;

714 NEXT Y:PRINT:PRINT: PRINT TAB(S) * AIR TEMP. C *;

716 FOR Y=0 TO XT STEP XPR:PRINT USING F1$; (TA(Y)-32)/1.833NEXT Y
718 PRINT1PRINT TAB(S) * PELLET TEMPERATURES (C)"

720 PRINT TAB(S) * AT CENTER “j

722 FOR Y=0 TO XT STEP XPR:PRINT USING F1$;(TC(Y,0)-32)/1.85sNEXT ¥
724 PRINT: PRINT TAB(S) * AT SURFACE *j

726 FOR Y=0 TO XT STEP XPRiPRINT USING F1$;(TS(Y)-32)/1.8;31NEXT Y
728 PRINT: PRINT TAB(S) " AVERABE "

730 FOR Y=0 TO XT STEP XPR:PRINT USING Fi$; (TAV(Y)-32)/1.851NEXT ¥
732 PRINT4PRINT TAB(5) " TEMP. EGN. *j

734 FOR Y=0 TO XT STEP XPR: PRINT USING Fi$;(TPT(Y,0)-32)/1.8; 1 NEXT Y

736 PRINTsPRINT TAB(S5) * PELLET MOISTURE CONTENTS (X DB)"
738 PRINT TAB(S5) " AT CENTER "3

740 FOR Y=0 TO XT STEP XPR:PRINT USING F1$3MC(Y,0) #1005sNEXT Y:PRINT



742
744
744
748
750
752
754
756
758
760
762
764
766
768
770
772
774
776
778
780
782
784
786
788
790
792
794
796
798
800
802
804
806
808
810
812
814
B16
818
820
822
824
826
828
830
832
834
836
838
840
842
844
B4s
848
850

207

PRINT TAB(S) " AT SURFACE *j

FOR Y = 0 TO XT STEP XPRs PRINT USING F1$; MS(Y)#1003: NEXT Y
PRINT: PRINT TAB(S5) ® AVERAGE DB. *;

FOR Y=0 TD XT STEP XPR:PRINT USING F1$3MAV(Y,0)#1003:NEXT Y:PRINT
PRINT TAB(S) " AVERAGE %XWB *j

FOR Y=0 TO XT STEP XPR:W=MAV(Y,0):PRINT USING Fi$; (W%100)/(1+W);
NEXT Y:iPRINT: PRINT TAB(S) * MC.D. EGN. *j

FOR Y=0 TO XT STEP XPR:PRINT USING F1$;MCEQ(Y)#1003:NEXT Y
PRINTsPRINT TAB(S) " EQ.MO.CONT. *;

FOR Y=0 TO XT STEP XPR:sPRINT USINE Fi1$3;EMCD(Y)#1003sNEXT Y
PRINT:PRINT TAB(S) " REL. HUMID. *;

FOR Y=0 TO XT STEP XPR:PRINT USING Fi1$3RH(Y)#100j:NEXT Y
PRINT:PRINT TAB(S) " ABS. HUMID. "*j

FOR Y=0 TO XT STEP XPRsPRINT USING F283H(Y);sNEXT Y:PRINT
PRINT:PRINT TAB(7) “"AVE.PEL.TEMP. (C) "j:PRINT USING F1$)TPA;
PRINT * AVE.MC. (XDB) = "3;sPRINT USING F1$;MCAVE#100

RETURN

REM SUBROUTINE PRINT = PRINTER

LPRINT3LPRINT TAB(S) * TIME (Min.) = "33LPRINT USING F1$;L#60
LPRINT: LPRINT TAB(5) " BED DEPTH ca"j

FOR Y=0 TO (12#BED) STEP (2#BED):LPRINT USINE F1$3Y#2,54;

NEXT Y:sLPRINTsLPRINT: LPRINT TAB(5) " AIR TEMP. C ";

FOR ¥Y=0 TO XT STEP XPR:LPRINT USING F1$; (TA(Y)-32)/1.8;51NEXT Y
LPRINT:LPRINT TAB(3) " PELLET TEMPERATURES (c)*®

LPRINT TAB(3) " AT CENTER "3

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;(TC(Y,0)-32)/1.8ysNEXT Y
LPRINTsLPRINT TAB(S) " AT SURFACE ";

FOR Y=0 TO XT STEP XPR:LPRINT UBING F1$3(TS(Y)-32)/1.83sNEXT Y
LPRINT:s LPRINT TAB(S) " AVERAGE "3

FOR Y=0 TO XT STEP XPR:LPRINT USINE F1$; (TAV(Y)-32)/1.831 NEXT Y
LPRINT:LPRINT TAB(S) * TEMP. EGN. *j

FOR Y=0 TD XT STEP XPR:LPRINT USING F1$;(TPT(Y,0)-32)/1.83:NEXT Y
LPRINTsLPRINT TAB(S) * PELLET MOISTURE CONTENTS (X DB)"

LPRINT TAB(5) * AT CENTER "3

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;MC(Y,0) #1005 s NEXT Y
LPRINT:LPRINT TAB(35) " AT SURFACE ";

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;MS(Y) #1003 :NEXT Y
LPRINT: LPRINT TAB(S5) " AVERAGE "3

FOR Y=0 TO XT STEP XPRiLPRINT USING F1$jMAV(Y,0) #1003 NEXT Y
LPRINTsLPRINT TAB(3) " AVERAGE XWB ";

FOR Y=0 TO XT STEP XPR:W=MAV(Y,0):LPRINT USING F1$; (W#100)/(1+¢W);
NEXT YsLPRINT: LPRINT TAB(S5) " MC.D. EGN. "j

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;MCEQ(Y)#1003:NEXT Y
LPRINT: LPRINT TAB(5) " EQ.MO.CONT. “j

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$;EMCD(Y)#1003:NEXT Y
LPRINT:LPRINT: LPRINT TAB(3) " REL. HUMID. ";

FOR Y=0 TO XT STEP XPR:LPRINT USING F1$3RH(Y)#100; :NEXT Y
LPRINT3LPRINT TAB(3) " ABS. HUMID. ";:FOR Y=0 TO XT STEP XPR:
LPRINT USING F28$;H(Y);:NEXT Y:LPRINT

LPRINT:LPRINT TAB(7) "AVE.PEL.TEMP. (C) "y:LPRINT USING Fi$;TPA;
LPRINT * AVE.MC. (ADB) = "jsLPRINT USING F1$;MCAVE#100
LPRINT TAB(é) "MOISTURE CONT. INSIDE A PELLET AT THE BOTTOM LAYER"

LPRINT TAB(4) * ";3LPRINT USING F1$;MCG(0)#100;
FOR Q@=1 TO M:LPRINT USING F18$;MC6(Q) #1003 :NEXT Q:LPRINT

LPRINT TAB(&) "MOISTURE CONT. INSIDE A PELLET AT THE TOP LAYER"



852
834
856
838
860
862
B64
Bbb
868
870
872
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LPRINT TAB(4) * ";3sLPRINT USING F1$;MT(0,NI-1)#100;

FOR @=1 TO M:LPRINT USING F1$;MT(@,NI-1)#100;:NEXT @:LPRINT
LPRINT TAB(4) °"TEMPERATURE INSIDE A PELLET AT THE BOTTOM LAYER®
LPRINT TAB(S);

FOR @=0 TO M:LPRINT USING F1$;(T6(0)-32)/1.8;:NEXT @

LPRINT TAB(6) *"TEMPERATURE INSIDE A PELLET AT THE TOP LAYER"
LPRINT TAB(S);

FOR @=0 TO M:LPRINT USING F1$; (T(Q@,N)-32)/1.8;:NEXT @

LPRINT TAB(10) STRING$(S4,"#")

LPRINT:LPRINT

RETURN
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PDE MODEL OUTPUT BAMPLE

INITIAL CONDITIONS

AIR TEMPERATURE  (F)
RELATIVE HUMIDITY (%)
PELLET TEMPERATURE (F)
MOISTURE CONTENT (X DB)
PELLET DIAMETER (In.)
AIR  FLOW (CFM/FT2)
HEAT T.COEF. (BTU/FT2 HrF)
MASS T.COEF. (M/Hr)
COOLER  DEPTH (FT)
DELTA «x (In.)

DELTA ¢t (Min.)

TINE (Min.) = 0.00
BED DEPTH ca 0.00 3.08

AIR TEMP. 26.467 65.36
PELLET TEMP. 4b6.11 435.56
MOIS.CONT. 20.48 20.48
ABS8. HUMID. .0120 .0820

80.00

35.00

150.00
20.48
.1873

100.00
16.68

«0126

1.00
0.23

0.30

10.16

63.56
63.36
20.48
.0120

15.24

63.36
63,56
20.48
«0120

26.67 C

63.56 C
17.00 WD
4.76 men

0.51 M/8
106.04

30.48 CH
0.63 CH

20.32

63.36
63.56
20.48
«0120

(N/N2 K)

25,40

63.56
63,56
20.48
«0120

30.48

63.36
63.36
20.48
«0120

(222222222 RS2SR 22222 2222222222222



TINE (Min.) = 20.00
BED DEPTH ca 0.00 3.08

AIR TEMP. C  26.67 25.34
PELLET TEMPERATURES ({)
AT CENTER 26.18 23.19
AT SURFACE 26.49 25.42
AVERABE 26.32 25.30

TENP. EQN. 26,14 25.17
PELLET MOISTURE CONTENTS (X
AT CENTER 19.12 18,49
AT BURFACE 14.49 13.37
AVERABE 17.49 17.33

AVERABE XWB 14.88 14.91
MC.D. EQN. 16.89 17.46
EQ.M0.CONT. 14.12 15.11

REL. HUMID. 53.00 61.10
ABS. HUMID. .0120 .0123

AVE.PEL.TEMP. (C) 24,24
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10.16
24.73

24.49
24. 564
24.36
24.47
DB)

18.49
16.11
17.63
13.00
17.92
15.92

63.74
+0120

AVE.NC.

15.24
24.16

24,00
24.10
24.09
23.99

16.33
16.69
17.7%
13.08
10.29
16.36

69.19
«0130

20,32
23.78

23.67
23.74
23.70
23. 466

18.19
17.12
17.682
13.12
18.36
17.04

71.60
«0132

(xDB) =

MOIBTURE CONT. INSIDE A PELLET AT THE TOP LAYER

17.97 17.96 17.93 17.86

17.76

17.63

TEMPERATURE INSIDE A PELLET AT THE TOP LAYER

23,31 23.32 23.32 23.33 23.34 23.34

25.40
23.52

23.49%
23.30
23.47
23.45

18.07
17.43
17.83%
15.14
16.73%
17.38

73.21
0133

17.71

30.48
23.36

23.31
23.34
23.33
23.32

17.97
17.63
17.88
13.13
18.068
17.60

74,24
<0133

(2222 2XZXXRXXXZLSSIIZSR RSS2 AR 2222 SRR 222 Q222 2 2 2



APPENDIX E

BMDPAR SUBROUTINK: EMC and D ESTIMATION



100=
110=
120=
130=
140=
150=
1602
170=
180=
190=
200=
210=
220=
230=
240=
250=
260=
270=
280=
290=
300=
J10=
320=
330=
340=
350=
3602
370=

380=
390=
400=
410=
4202
430=
440=

BMDPAR SUBROUTINE: EMC and D ESTIMATION

/ PROBLEM
/ INPUT

/ VARIABLE
/ TRANSFORM
/ REGRESS

/ PARAMETER

/ FUN

/ PLOT

/ SAVE

/ END

TITLE IS "PELLETS:EMC AND D°.
VARIABLES = 4.

UNIT = 355.

FORMAT IS "(F4.1,1X,F4.1,1X,F4.1,1X,F4.1)",
NAMES = XMT,XM,T,TI.

TI = T1/60.

DEPENDENT = XMT.

PARAMETERS = 2.

PRINT = XMT,TI.

ITERATIONS = 100.

CONVERGE = .0001.

HALVING = 20.
INITIAL = 10.,000001.
MAXIMUM = 100,10.

NAMES = EMC,D.
ALP122,405%#2$ALP2=5.52#%28ALP3=8, 654582,
ALP4=11,792%828ALPS=14,931#42$ALP6=18,071 842,
ALP7=21,22##2$ALPB=24,35#52$ALP9=27, 49#%2,
ALP10=30.63%#2,
A=4/ALP1$B=4/ALP2$C=4/ALP3$E=4/ALP4$G=4/ALPS.
0=4/ALP6$P=4/ALP7$024/ALPBSR=4/ALP9$5=4/ALP10.
DIA = .1875.
RMS = ((DIA/2)#.0254) ##2,
C1=-ALP1/RMS$C2=-ALP2/RMS$C3I=-ALP3/RMS.
C4=-ALP4/RMS$CS=-ALPS/RMS$Coa-ALP&/RMS.
C72-ALP7/RMS$CB=-ALPB/RME$CI=-ALPI/RMS,
C10=-ALP10/RMS.
F=EMC+ (XM-EMC) # (A®EXP (C1#D#T) + (BR#EXP (C2#D*T) +
(CHEXP (C3#D#T)).
VARIABLE IS XMT.

RESIDUAL.

SIZE = 20, 12,
CODE = T3B.
UNIT = 9,

NEW.
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