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ABSTRACT 
Currently, Mexico and most developing countries have problems during dry seasons, due to 
shortage of forage which may cause economic losses to cattlemen. But, Mexico produces about 
60 million tons of agricultural crop residues every year. An interesting use for these residues is to 
produce animal feed after harvesting as an efficient alternative to cattle feed. Some handling 
problems are associated with the low density of these materials, such as storage and 
transportation. In order to solve these problems, the densification process is proposed as a 
solution. However, before selecting or designing any commercial machine, it is necessary to 
know the mechanical behavior of the material and the processing conditions. The main objective 
of this work is to present an easy laboratory method to find optimal conditions of the 
densification process for producing animal feed. 

The studied material was a sheep feed, which consisted mainly of alfalfa hay and corn crop 
residues. An open-end die was used to simulate the extrusion process. A Box Behnken design 
was run in the laboratory to find the best levels of the factors (moisture content, temperature and 
die length) on the responses (extrusion pressure, pellet density, and specific energy 
consumption). Afterwards, three runs were developed in the laboratory to confirm the optimum 
results. Also, same levels of the factors were used on real scale single-screw extruder to confirm 
the laboratory results. 

Keywords:  Densification, animal feed, crop residues, optimization, open end die, pellet, 
extrusion  
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1. INTRODUCTION 

Biomass densification means the use of some form of mechanical pressure to reduce the volume 
of vegetable matter and the conversion of this material to a solid form, which is easier to handle 
and store than the original material (Erickson and Prior, 1990). 
 
Mexico produces a lot of agricultural crop residues and by-products. For instance, the production 
of corn crop residues reached more than 44 million tons when considering just the harvest from 
1994 to 1995 (Ponce, 1997). Other residues like those of sugarcane, sorghum, wheat straw and 
beans exist in smaller amounts. This kind of materials is very useful to reduce the problem of 
forage shortages in the dry season in most of the cattle-raising regions. Some by-products like 
soybean paste, corn gluten and poultry manure, have enormous potential as animal feed by 
mixing in a balanced way with crop residues. However, this potential depends on good handling 
procedures in order to avoid environmental or sanitary problems (Gomez, 1997). Also, molasses 
produced in the Mexican sugar mills is another ingredient with a great possibility for use in cattle 
feed. Nevertheless, the lack of options and established markets, the low density in natural state 
and the low nutrient content, lead to inefficient use of these materials. 
 
Densification process is not a new idea. There are at least four methods of achieving 
densification using commercial machines: baling, cubing, pelleting, and briquetting, by means of 
piston presses, extrusion screws or by roll presses. The roll press has been used mainly for 
metallic and mineral dust compaction. Briquetting by means of piston presses and screw 
extruders has been used in preparing solid fuel materials. Cubing, pelleting and baling have been 
frequently used for animal feeds. One of the requirements to design, construct or improve 
designs in densification systems is based mainly of the knowledge on suitable levels of process 
variables (die geometry, relaxation time, die and material temperature and pressure) and of 
material variables (content and distribution of moisture, size and shape of particles, size 
distribution of particles, biochemical and mechanical characteristics) (Rehkugler and Buchele, 
1969). These variables can then be adjusted to achieve the highest density, the largest output, the 
best consistency (density) and the lowest power consumption. In summary, an optimization 
process is required to obtain the greatest benefit with minimum costs of processing. Such 
information may even result in the proposal of new designs. 
 
 
1.1 Background 
 
Bhattacharya (1989) compared densification in hot and high-pressure conditions and 
densification in cold and low-pressure conditions in terms of quality of the product, and power 
consumption. Lodos and Cordoves (1987) concluded that the pelleting process still required 
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more research aimed at trying to diminish the investment, reduce the power consumption and 
increase the productivity and density. Steverson et al. (1985) showed the necessity of 
experimental research in making densified fuels derived from trash and that the use of binders 
was not always economic. Tabil et al. (1997) and Steverson et al. (1985) mentioned that there is 
a little scientific information related to the effectiveness of binders. 
 
The mechanics of agricultural materials currently is being developed and so far there are many 
process-material interactions that do not have exact methods of representation (Sitkey, 1986). 
Faborode and O’Callaghan (1987) modeled the extrusion of fibrous agricultural residues by 
using an exponential equation. The pressure was modeled as a function of the geometry of the 
die. With a different approach, using only plasticity and viscoelastic material models, Munoz-
Hernandez (2002) modeled the extrusion of corn crop residues in order to find the stress in the 
extrusion die and pressure in the material. Nevertheless, there are factors such as moisture 
content, temperature, size of particles and binder content, which affect the extrusion. It is 
difficult to include these factors in plasticity and viscoelastic models. But the experimental 
methods developed so far, can somehow be used successfully to select, design and optimize 
machines (Sitkey, 1986). In this manner, some researchers have used mechanical elements of 
commercial machines as experimental prototypes, for example, Schwanghart et al. (1969) cited 
by Sitkey (1986), obtained pressure distributions in an experimental prototype for pellets of 
forage flour based on the space between the die and the ring of the pelleting machine. In this 
study, efficiency curves relative to the thickness of the layer of feed material were determined. In 
addition, it was found that the pelletization capacity was greatest, when the ratio of the radius of 
the press roller r, to the radius of the die ring R, was in the range from 0.3 to 0.4. Fridley and 
Burkhardt (1984) modified a round baler for the collection and handling of forest biomass. The 
equipment was instrumented to measure the temperature of formation and the power 
consumption. The densities obtained were in the range from 144 to 338 kg/m3, with bale weights 
from 409 to 1516 kg. The maximum temperature registered was 60 ºC. The specific energy 
consumption was found in the range between 0.83 to 1.18 kWh/metric ton (2.99 to 4.25 J/g). 
Lindley and Vossoughy (1989) used a high-pressure briquetting machine in order to characterize 
the densification process of materials such as flax straw, wheat straw and sunflower stalks. They 
tested factors such as size of particles, moisture content, pressure in the machine, temperature of 
the die and feeding rate for the machine. Tadtiyanant et al. (1993) performed the extrusion of 
dead poultry and residues with a single screw extruder. The specifications were: orifice size, 9 
mm; screw speed, 550 rpm; and feed rate, 819 kg/h. The internal temperature of the barrel 
ranged from 148 to 160 ºC at the point of extrusion. Tabil et al. (1997) investigated the influence 
of binders added in the pelleting of alfalfa. They determined the durability and the hardness of 
the pellets made using a small California Pellet Mill.  
 
Other authors have utilized a different approach to simulate the densification process. Bellinger 
and McColly (1961) used a cylinder of closed die form to calculate the compression and ejection 
energy of pellets of dry alfalfa and reported the compression plus ejection energy range as 2.7 to 
8.2 hp-h/ton (13.03 to 39.57 J/g). Chancellor (1962) designed an apparatus to carry out the 
densification of hay wafers by applying impact loads. The experiment show the impact load was 
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not as efficient as static load. Bilansky et al. (1985) carried out their experiments in a cylindrical 
closed die. Chen et al. (1989) designed a laboratory pelletizer operated with an Universal Testing 
Machine for compression tests. This pelletizer was also designed to control temperature and 
pressure, Zohns and Jenkins (1986), Esaki et al. (1986), Faborode and O´Callaghan (1986) also 
have carried out experiments with closed dies in the laboratory. In the same way, O´Doguerty 
and Wheeler (1984) used a closed die for testing the bulk compression of wheat straw. An 
interesting open-end die was used by Payne et al. (1973). The open-end die was designed to 
control temperature of the die, retention time and moisture content of chicken excreta. 
 
Some authors used commercial prototypes and others simulated the stages of the densification 
process by using presses with lab-scale dies. The test with prototypes on real scale would result 
in better end results for the study of a specific process. However, the cost of the prototypes and 
the treatments can be limitations in initial steps of investment projects. Whereas use of lab-scale 
presses and densification dies, the cost is reduced. Also, it is possible to design dies of general 
purpose so that it simulates or it reproduces the common stages of the densification process and 
provided the technical information such as production costs and the final conditions of the 
product. For example, in a laboratory, the die temperature, pressure, moisture content, size of 
particles, time of residence and the use of binders can be controlled with high precision.  This 
methodology was used by the authors in an initial study of densification factors (Dominguez et 
al., 2002; Munoz et al., 2004). The use of closed-end die showed interesting advantages but 
open-end die offers an opportunity to simulate real extrusion by including friction on the die 
walls. 

 
2. MATERIALS AND METHODS 

 
The factors and response variables can be studied according to the objectives of the experiment 
and the magnitude of the effect associated with each factor. The factors can be selected by using 
screening designs as proposed by Montgomery (2000) and the previous study (Dominguez-
Dominguez et al., 2002). 
 
The main objective of this study was to find the levels of factors that provide optimum responses 
(quality of the product and minimum cost) in the densification process to form a pellet. The 
pelleted material was a balanced mixture of agricultural ingredients which included 25% alfalfa, 
25% corn crop residues, 24% ground corn, 12% soybean paste, 12% molasses and 2% minerals, 
on a dry-weight basis. In this study three response variables were selected to represent the cost 
and quality characteristics of product: Y1 (extrusion pressure), Y2 (pellet density) and Y3 (specific 
energy consumption). Y1 and Y3 have to be as low as possible. 
 
The methodology to reach a multi-response optimization is presented below:  
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Step 1. Selection and control of factors:  X1: Moisture content, X2: Temperature and X3: Die  
length. Selecting the response variables and target values (for minimization of the 
responses Y1  , Y2 and Y3).  

 
Step 2. Execution of the experiment, by means of Box-Behnken design (Myers and Montgomery, 

2002). This design consists on 15 treatments. The experiment is carried out randomizing 
each treatment and the three responses Y1 ,  Y2, and Y3  are measured. 

 
Step 3. The quadratic regression model for each response was: 

 
3 3

2
0

1 1
,j i i ii i ij i j ji j

i i
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where iX  represents to each factor,  0β  is the constant,  β  are the linear parameters and   

, 1, 2, 3 ij i jβ =   are parameters of second order, jε  is the random error,  which is assumed to be 

normally distributed with zero mean and constant variance 2
jσ , j=1,2,3.  Estimation by method 

least square for individual response for Y1, Y2, and Y3  (j=1,2,3) is: 
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Step 4. Definition of the optimization criterion based on the desirability function (DF). The 

minimum and maximum levels of responses have to be defined just by technical or 
economical constraints. 

 
The simultaneous response optimization is approximated by the desirability function approach 
(DF), as proposed by Derringer and Suich (1980). In this method, each response is converted into 
an individual desirability function ˆ( ),i id h Y=  where  0id =  if the response is in an unacceptable 
range; 1id =  if the response is at the optimum value; and 0 1id< <  other value. The desirability 
function for maximum response is given by: 
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where miny  and maxy  denotes the acceptable minimum and maximum levels of responses 
respectively.  In equation (2), the exponent r, is used to determine the desirability function, 
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controlling the response in the final optimal solution.  The desirability function for minimum 
response is given by: 
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Then the optimum solution (Xi) is found such that it maximizes the geometric mean of the 
individual response desirability. 

1/3
3
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D d
=
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If all the responses attain their ideal values, the desirability is 1 for i=1,2 and 3;  therefore, D is 
1.  

 
Step 5. The optimization scheme is as follow:   
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the coding factors (-1, 0, 1), 
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−
. The coding factors are presented in 

Table 1.  Another option is to find the optimal response using graphical method (Dominguez and 
Rocha, 2005), which was used along with the desirability function to obtain the optimum 
solution. Table 1 shows the experimental regions of the factors. 
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Table 1. Factors and levels (real and coded) for the Box Behnken design. 

Levels Factors 
-1 0 1 

Moisture content (X1) 8 % 11 % 14 % 
Temperature (X2) 70 °C 90 °C 110 °C 
Die length (X3) 12.7 mm (½ inch) 19.05 mm (¾ inch) 25.4 mm (1 inch) 

 
The laboratory equipment included a hydraulic press (Figure 1), and an open-end die (Figure 2). 
This die offers a better way to reproduce the extrusion process than closed dies. The pellet was 
obtained by using a die hole of diameter 6.35 mm. Typical pelleting systems includes multiple 
extrusion holes arranged on a ring die. The laboratory die is trying to simulate the extrusion by 
using only one hole (6.35 mm) in real scale. So, similar conditions of extrusion process have to 
be reached in order to reproduce the extrusion process. 
 
The hydraulic press was adapted with a data recording system for displacement, force and time. 
The response Y3, specific energy consumption, is determined as the internal product of 
displacement and force. The force is determined by the product of the hydraulic cylinder area 
(Bore diameter of hydraulic cylinder was 152.4 mm) and the pressure of the hydraulic system. 
The velocity of the hydraulic cylinder was 1.7 mm/s. A certified Sensotek pressure transducer 
was used to measure the pressure with 0.25% of repeatability. Y1 is the maximum pressure of the 
curve pressure-displacement. Extruded pellet density Y2 was determined from the ratio of the 
mass to the volume of the sample 24 hours after the experiment. The mass was obtained using an 
analytic scale with accuracy of ±0.01 g. To calculate the volume, the dimensions were taken 
using a vernier caliper. In order to measure the responses a data acquisition system and a 
computer were used. Three signals were recorded (one for the pressure of the system by using a 
pressure transducer, a displacement sensor and the time). The displacement sensor was a MLO 
linear Festo potentiometer with +/- 0.07% maximum error of full scale (300mm). 
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Figure. 1. Hydraulic press 
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Figure 2. Densification open-end die (all dimensions in mm) 
 

The moisture content (X1) is a factor and was controlled during material preparation according 
Table 1. In order to determine the moisture content of the samples, the ASAE S358.2 standard 
was used (ASAE, 1998). An oven for drying with temperature sensitivity of ±2ºC in the range of 
50 to 150ºC was used for the moisture content determination at wet basis (w.b.). The moisture 
content levels were obtained by adding water on the sample and leaving rest by 24 hours in close 
bag. The die temperature was controlled through use of an electrical heater fitted around the die. 
A type-K thermocouple was placed in a hole made in the die (Figure 2) and it was used to 
control the die temperature. After the die temperature was reached, ten minutes were allowed 
before the experimental run. The die length was the thickness of the die shown in figure 2. The 
different levels of die length were obtained by changing the die. 
 
There are noisy factors which are kept as constant as possible for example velocity on the pellet 
(coming from the die) was constant about 27.2 mm/s, which was estimated from the press 
velocity after maximum compression of the material was reached. Typical velocities of the pellet 
in the extruder (real scale) were estimated from 5 mm/s to 70 mm/s. The size of particles of corn 
crop residues and alfalfa was not a factor and they were controlled to keep constant in the 
experiment. A 12.7 mm screen was used in a hammer mill. No binder was included in the feed. 
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3. RESULTS AND DISCUSSION 

Table 2 displays the Box Behnken design and experimental results. The 15 treatments were 
randomized and each one was measured. The number inside the parenthesis is the treatment 
number. 

Table 2: Factors, levels and responses: X1: Moisture content, X2: Temperature, X3: Die length, 
Y1: extrusion pressure, Y2: pellet density and Y3: specific energy consumption 

Run X1 (%) X2 (°C) X3, mm 
(inches) 

Y1 (MPa) Y2 (kg/m3) Y3 (J/g) 

1 (14) 8 70 19.05 (¾) 181 1215.65 81.68

2 (4) 8 110 19.05 (¾) 78 1171.60 43.18

3 (7) 14 70 19.05 (¾) 107 1056.63 51.39

4 (10) 14 110 19.05 (¾) 42 1059.12 26.36

5 (5) 8 90 12.7 (½) 181 1173.59 81.54

6 (9) 8 90 25.4  (1) 106 1170.19 60.65

7 (13) 14 90 12.7 (½) 54 835.66 29.33

8 (6) 14 90 25.4 (1) 82 1024.80 43.29

9 (11) 11 70 12.7 (½) 125 922.27 57.45

10 (8) 11 70 25.4 (1) 142 1229.36 67.13

11 (1) 11 110 12.7 (½) 44 882.28 30.06

12 (2) 11 110 25.4 (1) 77 1222.90 44.13

13 (15) 11 90 19.05 (¾) 102 1180.00 47.98

14 (3) 11 90 19.05 (¾) 72 1102.57 41.48

15 (12) 11 90 19.05 (¾) 79 1094.49 46.00

 
The responses, Y1 and Y3, were found to be highly correlated. So, the optimization process 
included two responses: density Y2 and specific energy consumption Y3. 
 
The least-squares method for fitting the model for the density, Y2, resulted in: 

2 2 2
2 1 2 3 1 3 3 1 2 1 3
ˆ   1129.7 +18.0   161.9  -11.6 48 68 229.8 109.2Y X X X X X X X X X X= + + − − −   

(R2=0.95  CMerror =1726.3)         (5) 

For fitting the model for the energy consumption, Y3  
: 
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2 2
3 1 2 3 1 3 1 2 1 3
ˆ   47.8 -15.9 5.9 -15  8.7 17.7    15.2Y X X X X X X X X X= + + − −    

(R2=0.96, CMerror = 24.61)         (6) 
 
Both models are statistically significant (p<0.001), and no significant lack of fit was detected for 
either Y2  or  Y3 .  

By applying the desirability function it was possible to attain the optimal solution. A better 
clarity of the optimum solution was obtained by using the graphical method. Minitab (2003) has 
a dynamic option of graphs to find a global optimal solution. Figure 3 displays one optimal 
solution.  The solution is 01 (0.5,1.0,0)X =  (Figure 3). The response Y2  and  Y3  are evaluated in 
the optimum value, therefore the desirability function is one in both cases (Figure 3). Y1  was not 
included in the graph because it is correlated with the response Y2.     

 
 

 
Figure 3. 1 2 30.5, 1, 0X X X= = = Optimal solution (indicated in horizontal axis), for the two responses 

2 31229.5, 41.2Y Y= = . The vertical axis displays the value 1 for desirability function d1 and d2.  

 

The best densification process conditions would be selected such that the energy consumption is 
minimum because it helps to reduce the operation cost. If we move the thick vertical line to the 
right or left in Figure 3, the optimal process conditions change. This option of obtaining the 
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optimum levels in a dynamic way allows generating a region of optimum solutions for each of 
the cases. The same optimal conditions are illustrated in contour plots (Figure 4). In particular, 
the solution given by the desirability function is marked with the symbol # in Figure 4. Figure 4 
was developed using the design expert software (Design-Expert, 2000).  

The shady region in Figure 4 represents a set of possible optimum solutions. This method has the 
advantage that multiple trade-off solutions can be found. Upon careful examination it can be 
seen that each trade-off solution corresponds to a specific order of importance of the objectives 
and operation costs. The point 3 characterize the solution in the central point of the experiment, 
that is to say 1 2 30, 0, 0X X X= = =  and the corresponding responses in that point are: 1 89.3Y = , 

2 1129.7Y = and 3 45.5Y = . This solution is not suitable for the process. 

  
 

 

Figure 4. Contour plot superimposed for the variables 2 3and ,Y Y  the shady area describes a 
set of possible solutions with  3 0.X =  

 

Two optimal solutions are reported in Table 3. In order to confirm optimization results, Table 4 
shows three confirmation runs at the optimum conditions X01. The confidence intervals are also 
presented and should contain the optimum solution. Table 5 shows the confirmation test at the 
optimal point X01 and the features of the pellet extruded from an extruder of local manufacture. 
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Table 3. Two optimal solutions from application of the DF method. 

*
1 2 3 1 2 3

01
0

02
0

Optimal
Coded 0.50 1.0 0 80.3 1229.5 41.2
Real 12.5% 110 3/ 4
Coded 0.9 0.20 0 85.2 1138.8 35.7
Real 13.7% 94 3/ 4

X X X Y Y Y
X

C
X

C

 

* Obtained from the response models 

 

Table.4. Results of confirmation tests of the optimum point, X01 = (0.5, 1, 0)  
 Optimum 

results 

 

test 1 test  2 test  3 Interval of 

Confidence 

 ( with 0.05α = ) 
Extrusion 

pressure (MPa) 
80.3 58 80 60 (38, 84) 

Density (kg/m3) 1229.5 1172 1190 1117 (1100,1207) 

Specific energy 
consumption (J/g) 

41.2 41.2 42.6 35.6 (30,46) 

 

The main objective of this study was to obtain the best levels of the factors in order to reach the 
minimum power consumption (41.2 J/g) and the maximum pellet density (higher than 1100 
kg/m3). By using the optimum levels, densification in low-cost extruder (capacity of 550 kg/h, 
compression ratio of 8.3, tapered single-screw, and length of 0.712 m (28 inches)) was conducted 
(Figure 5). The extruder was locally manufactured and was designed to process mainly 
agricultural crop residues. The best levels of the factors were set in the extruder (die temperature 
of 110°C, moisture content of 12.5 % and, die length of ¾ inches). Pellet density were 
determined and compared with the laboratory results of confirmation (Table 5). Extrusion 
pressure and specific energy consumption were not determined in extruder because there were 
not instruments on the extruder. But shatter resistance (Lindley and Vossoughy, 1989) and final 
diameter of pellet were used for comparison (Table 5). Diameter of pellet was measured after 24 
hours. Shatter resistance was measured as the percentage losses of the weight from shattering. 
Each pellet was subjected to 10 repeated drops from one meter height onto a concrete surface. 
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The percent weight loss of pellets was used to calculate the shatter resistance as one hundred 
minus the percent weight loss of pellets. 

 
Figure 5. An extruder connected with rear power take-off of a tractor  

 

Table.5. Confirmation of results from laboratory tests with field-scale extruder 
 Optimum 

results 

 

Laboratory 

confirmation 
test  1 

Laboratory 

confirmation 
test  2 

Laboratory 

confirmation 
test  3 

Extruder 

Extrusion 
pressure 

(MPa) 

80.3 58 80 60 ------ 

Density 
(kg/m3) 

1229.5 1172 1190 1117 1161 

Specific 
energy 

consumption 
(J/g) 

41.2 41.2 42.6 35.6 ----- 

Shatter 
resistance of 

pellet (%) 

 90.97 96.4 92.6 98.02 

Final diameter 
of pellet (mm) 

 6.64 7.01 7.17 6.63 
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Figure 6 shows the picture of pellets produced from the extruder and the laboratory apparatus. 
The external surface of laboratory pellet is rough; the fibers are seen along the pellet. Extruder 
pellets show smooth surface. In the extruder the material is mixed and conveyed through the 
barrel and the die. Also, extruder may provide more friction on the material located on the 
external surface of the pellet. 

 

 
Figure 6. Comparison of pellets from the full scale extruder and from the laboratory. 

Similar studies with laboratory die were conducted by Payne et al. (1973). They studied the 
effects of different factors on the microbial analysis of chicken excreta extruded. However, they 
did not optimize the responses. Moisture content, temperature and pressure are factors studied in 
many experiments. O´Doguerty and Wheeler (1984) found about 15% of moisture content as 
optimum level in the compaction of wheat straw. Dominguez-Dominguez et al. (2002) found 
optimum responses on 11% of moisture content and 65 °C of die temperature for cattle feed with 
62% of corn crop residues. Moisture content of 12.5% in the present study is in according with 
above levels. 

Results from Reed, Trezek and Diaz (1980) showed that the specific power consumptions was 
decreased up to 50% by preheating the material from 100 °C to 225°C. But very high 
temperature could produce degradation on feed constituents. So, degradation of the feed 
nutriments has to be considered in future studies. 
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Die length is a factor with limited information in literature, but commercial information from 
California Pellet Mill (CPM), shows die length (die thickness) from 63.5 mm to 76.2 mm, for 
holes of 6.35 mm (1/4 inch) and light-bulk materials. Light-bulk materials are dairy feeds with 
low protein and low grain. It is about twice the value obtained in this work and no binder was 
used. More die length implies more specific power consumption (equation 6). 

 

4. CONCLUSIONS 

By applying the desirability function to least-squares adjusted regression models it is possible to 
build a scenario to optimize the densification process. The use of graphic techniques provides an 
option for finding multiple trade-off optimal solutions with a wide range of objective function 
values. Problems associated with this option are the high variability of the process and the 
decreases in precision.  

Appearance of the laboratory pellet was different, but values for density, shatter resistance and 
final diameter for pellets from both laboratory and extruder were found to be within the same 
statistical range of confidence. It indicates that more materials can be easily tested in the 
laboratory for feasibility investigations of densification processes for agricultural materials, with 
confidence that the results will apply to real-scale operations. 
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