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Design And Performance Evaluation Of A Double
Barrel Soya Bean Toasting Machine
Agulanna, C.N., Oriaku, E.C., Nwagugu, N.I., Onwukwe M.C
Abstract: The need to process grains into finished and packaged by-product is a method of food storage and a means of enhancing shelf life of
biomaterials. The coatings of grains need to be removed most times in order to facilitate processing. Some grains require cold de-coating while some
require heat application in order to facilitate the de-coating process. This is very necessary in industrial extraction of soya oil or soya bean conversion to
flour. In order to achieve high productivity in dry soya bean de-coating, a double barrel soya bean toaster was conceptualized, designed, fabricated and
tested under various loads ranging from 5kg-50kg with increments of 5kg. Soya bean of initial moisture content 12.25% (db) was used as load. The
toasting time, temperature, rate, discharge times and moisture content were monitored, data collected and analyzed. The toasting time ranged from 4 37minutes while toasting temperature ranged from 600- 900C and the average final moisture content ranged from 9.173% db - 10.278% db. The average
toasting rate was between 68.34 – 116.4 kg/hr. It is expected that this machine would meet the needs of small and medium scale enterprises in a
developing country like Nigeria.
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1 INTRODUCTION
Soybean (Glycine max) is a leguminous vegetable of the
pea family that grows in tropical, subtropical, and temperate
climates. Soya bean is a stable food of great nutritional
value [1]. When planted at the normal time, soybeans will
develop 5-8 leaves before flowering begins. All commercial
varieties are indeterminate plants develop new leaves and
continue growing after flowering has commenced on the
lower nodes. The soybean is a legume which is native to
East Asia and is classed as an oilseed. Soybeans have
become a popular global choice for food consumption,
animal rations and edible oils because they are highprotein, high-oil beans. The average oil, feed and meal
soybean is 16 to 19 g/100 seeds and contains 18 to 21% oil
and 36 to 40% t protein. Traditional uses of soybeans for
human food consumption include soy milk, tofu, soy sauce,
oil, margarine, shortening, ―edamame‖ and imitation meat
products (i.e. artificial bacon bits). Soybean meal and
roasted soybeans are used as animal feed. With investment
in research and technology, soybeans have also grown in
popularity for use in industrial applications, including
printing ink, biodiesel, waxes, solvents, lubricants, plastics,
fibres, textiles and adhesives, amongst others [2].
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Roasting has proven to be popular with soybean farmers
who also raise livestock. Small portable roasting systems
are available that can be used to heat process soybeans
on-site, eliminating the costs of transport to a processing
plant and back to the farm. Roasted soybeans also create a
convenient method of increasing fat content in the diet
without the need to physically handle a liquid oil product.
Soybeans are typically roasted by exposure to high
temperatures for a short time. This is commonly
accomplished by passing the soybeans through a flame in a
continuous flow system so that the beans are rapidly
heated in the process. Another option is to suspend the
beans in a stream of hot air (fluidized bed dryer) which
offers the advantage of lower air temperatures that reduce
the potential for overcooking and the resulting reduction in
protein quality. In a study by [3], soybeans were roasted in
a direct-fired roaster with air temperature between 430°C
and 450°C. They controlled the process so that soybeans
exiting the roaster were 146°C, ensuring sufficient heat was
applied but without overcooking the beans and, therefore,
not reducing their protein quality. In contrast [4] worked on
heat-treated whole soybeans in a fluidized bed dryer using
an average air temperature of only 164.5°C. The beans
needed to be exposed to this air for a minimum of 10
minutes to sufficiently inactivate the anti-nutritional
compounds. Processing temperature must be carefully
controlled to ensure the beans are heated sufficiently to
eliminate the anti-nutritional factors, but not heated
excessively which increases processing cost and reduces
protein quality. The recommended operating parameters
depend on equipment design and moisture content of the
soybeans, but they are typically heated to between 135°C
and 150°C. Reddy et al, [5] demonstrated that optimum
quality was achieved when the temperature was between
143°C and 146°C. In all cases, it is important to test the
roasted beans to ensure they are properly heat-treated. It is
with the view to sustain the level of productivity needed for
industrial processing of soya bean that necessitated the
idea of designing and fabricating a double barrel rotary
soya bean toasting machine.
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Diameter of stainless barrel = 350mm (3.5m)
Length of barrel = 2150mm (2.150m)
Diameter of spur gear = 200mm (0.2 m)
Length of stainless shaft = 2760mm (27.6m)
Diameter of shaft = 50mm (0.05m)

2. Description of the rotary toaster:
The assembly drawings of the double barrel soya bean
toasting machine are clearly shown in Figs 8-10. The
machine consists of the following components namely;
Double stainless barrel, Gear-train, Shafts, Bearings,
Pulleys, V-belts, Structural stand, Geared electric motor,
Inlet hopper, Outlet channel, Electric heating coils, Heating
chamber, Insulation, Thermostatic control, Connection
cables, Control switch, Temperature gauge, Keys, Key-sits,
Hinges, Staple, Bolts and nuts and Baffles. The barrels are
arranged to rotate inside the heating chamber. The barrels
with central shaft running through them are connected to
the outside of the heating chamber with gear arrangements.
The barrels are carried on bearings. The heating chamber
has electric heating coils connected in parallel inside it. The
heating chamber is insulated. Both the heating chamber
and the barrels inside are carried on the angle iron
structural stand. The extended shaft at one end of barrel
has a double groove pulley connected to it. Double V-belts
connects this pulley with the pulley on the geared electric
motor. A very low speed of rotation is needed on the
barrels; hence the geared motor is used. The output speed
from the electric motor is further reduced using a bigger
pulley attachment on the input shaft. The electrical heating
coils inside the heating chamber are a thermostatically
controlled. The coils are also connected to visible
temperature gauge outside, so that temperature can easily
be red from a distance. Keys, key sits, hinges, staple, bolts
and nuts are used to hold parts of this machine together.
The barrels have inlet channels each, that is connected to
the inlet hopper at one end. The other end, they also have
an outlet channels that are connected together that empties
into a receiver. Baffles are arranged inside the barrels to
give direction of flow of soya-bean and that helps to
increase residence time.

2.1 Principle of operation:
The heating coils release heat inside the heating chamber.
The heat is conserved because of the insulation on the
chamber. The heat is distributed inside the heating chamber
by natural convection. Heat is conducted through the walls
of the stainless barrels to the inside of the barrels where the
toasting of the soya-bean is carried out. Rotational speed
from the electric motor is transmitted to the barrels via
pulleys, shafts, belts, gears, and bearings. The soya-bean
is fed through the receiving hopper. As the barrels rotate at
the desired low sped, the soya bean equally turns inside it
while receiving heat. The baffles direct the soya bean to
move along the length of the barrel while the rotation and
heating is taking place. The barrels are extensive in length
(about 2.15m). It is expected that the soya bean will be
properly toasted after covering such a length in that slow
rotation and finally discharge inside the receiver. The soya
bean is then de-husked on the impact de-husking or
attrition machine immediately before it loses the acquired
heat.

ISSN 2277-8616

It was operated at room temperature of 28oC ± 2oC and
relative humidity of 68-74% RH.
2.1.2 ADVANTAGES:
 The machine has double barrel, toasting soya bean
on each of them simultaneously. Thus high
productivity is achieved.
 Cost is reduced as only those components that
come into direct contact with soya-bean, are made
of stainless steel material.
 All the material of construction of this machine is
locally available.
 The machine is very easy to operate and only one
operator is needed.
 Cost of local production is very low when
compared with cost of importation.
 The machine could be adapted to use other heat
sources while the thermostatic control eliminates
overheating and thus burning of materials.

2.2 Mechanics of operation of the toaster:
The mechanics of operation of this machine is purely based
on the dynamics of the machine components namely
pulleys, belts, bearings, gears, shafts, heat generation and
transfer. Circular motion of these components, gravitational
motion of the soya-beans through the hopper and outlet
channel, heat generation and transfer are employed to
achieve the desired toasting.
2.2.1 Circular motion/centrifugal force (Fc):
The circular motion from the prime mover (electric motor
shaft) is transmitted to the input shaft, carrying the bigger
pulley, input gear and toasting barrel. This motion through
the gear connection is transmitted to the second barrel. The
first and second barrels have the same angular velocity and
rotate in the same direction. For any objects of mass M
moving in a circular motion, its acceleration is directed
towards the centre of the body and its linear velocity is
tangential to the radius of the object. The displacement
which starts from the point A, then to B and continues is in
terms of θ. The angular velocity is designated ω. The
acceleration (a) of the rotary body is given as
a = ω2r

(1)

2.1.1 Scope and limitation:
The machine was fabricated with locally sourced materials
with dimensions as follows:
Overall length = 2500mm (2.5m)
Overall height = 1420mm (1.420m)
Overall weight = 1050mm (1.05m)
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2.2.3 Pulley and belt drive:

Fig 2: Diagram showing pulley and belt arrangement
The velocity ratio between two pulleys transmitting torque
or power is given as [7];
ω1

N2

=

D2

(8)

D1

ω1 = angular velocity of drive

The acceleration is centripetal. The radially inward, or
centripetal force required to produce acceleration is given
as [6];

ω2 = angular velocity driven
N1 = rpm of driver

(2)

If a body rotates at the end of an arm, this force is provided
by the tension on the arm, the reaction to this force acts at
the centre of rotation and is centrifugal force. It represents
the inertia of the body resisting the change in the direction.
A common concept of centrifugal force in engineering
problems is to regard it as a radially outward force which
must be applied to a body to convert the dynamical
condition to the equivalent static condition.
2.2.2 Rotational Torque (T):
John and Stephens [6], stated that the value of torque
developed by a rotational body is given as the product of
the force causing the motion multiplied by the radius of
rotation as thus

N2 = rpm of driven
D1 = diameter of driver
D2 = diameter of driven
θ = angle of lap between the belt and the pulley.
2.2.4 Tensions on belt drive (T1 and T2):
For belt transmission between two pulleys
T1
T2

= eμθ

T1−T

T = Fc x r

N1

Where

Where r = radius of the object.

Fc = Ma = M ω2r = MV2

=

ω2

Fig 1: Schematic representation of circular motion

= eμθ

C

(3)

(9)

T2−T

(10)

C

Work done by a torque

And Tc = mv2

If a constant torque T moves through an angle θ
Work done = ½ T θ

(4)

In general case where T = f (θ)

(5)

Tc =

T1
3

(11)

i.e 3Tc = T1

(12)

The power transmitted with belt is given as
P = T1− T2 V.
Work done ∫f (θ) dθ

(6)

The power (P) developed by a torque T (N.M) moving at ω
rad/sec is
P = T ω = 2πNT (watts)
Where: N is the speed in rev/min and ω =

(13)

(7)

In this equation, the power P is in watts, when T1 and T2
are in Newton’s and belt velocity is in meter per second.
When the tensions are in pounds and the velocity in feet
per minute, the horse power (Hp) transmitted is given as [8]

2πN

Hp =

60

T1− T2 V
33000

(14)

In the above equation, the following terms are defined as
T1 = tension on tight side of belt
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Cm = Moment factor

ISSN 2277-8616

Ct. = Torque factor

T2 = tension on slack side of belt
Mmax = Maximum bending moment
Tc = centrifugal tension
T = Rotational Torque

ω1 = angular velocity of driver

σy = yield stress of shaft material

ω2 = angular velocity of driven

σu = ultimate stress of shaft material

θ = angle of lap between the belt and the pulley

Material used for the shafting is stainless steel.
v = linear velocity of belt.
2.2.7Bearing selection
Bearing selection is carried out using the following
equations [9]:

2.2.5 Belt length (L):
This is given as [7]:
L=

π
2

D1+D2 +

D1− D2 2

+ 2c

4c

Pb = XVFr + YFa

(15)

C

C = center distance of the two pulleys

L 10 =

2.2.6 Shaft Design:
The shaft with the forces acting on it is represented
schematically below:

Where

Centrifugal force

Load due
to gear
arrangement

FC
A

B

load due to barrel and
toasted soya bean

(17)
3

Pb

(18)

Pb = Bearing Load
Fr = radial load factor
Fa = axial load factor
X = radial load factor

D

C

Y = axial load factor
C= basic load factor
Bearing
reaction

Bearing
reaction

R1

V = Inner ring rotation factor

R2

L 10 = Bearing life in million revolutions

Fig 3: Reactions on shaft
From evaluation of the forces and determination of bearing
reactions, the maximum bending moment on the shaft is
evaluated (Mmax). The shaft diameter (D) is calculated using
the ASME code standard for shafting. The standard
equation for shafting is stated below
1

2.3 Fundamental law of gearing and velocity ratio
In order for two meshing gears to maintain a constant
angular velocity ratio, they must satisfy the fundamental law
of gearing. This law is stated thus according to [9]. It is the
ratio of output speed divided by the input speed. As is
obvious from the above definition, the velocity ratio is less
than (1) when the pinion is the driver and greater than (1)
when the gear is the driver. The gearing transmission law is
stated mathematically below;

1

D = {5.1/τ_d ⌈(C_(m X Mmax )2 + (Ct X T )2 ]2 }3

(16)

rv =

For ASME code Standard

ω2
ω1

=

Where rv

τd = 0.3σy or 0.18σu
The smaller of the two values is chosen as τd . The
presence of key sit on the shaft reduces the value of τd by
75%. For rotating shafts Cm = 1.5 Ct. = 1.

n2
n1

=

N1
N2

=

d1
d2

(19)

= velocity ratio

ω = angular velocity (rad/sec)
n = revolutions per minute (rpm)
N = number of teeth

Where:
D = pitch circle diameter
D = diameter of shaft
τd = allowable shear stress

Subscript 1and 2 refers to the driver and the driven
respectively. This principle was applied in selecting the spur
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gear train that was used to achieve the rotation of the two
toasting barrels in the same direction.
2.3.1 Heat Generation, Transfer and Conservation:
The heat required to raise the temperature of soyabean
uniformly inside the toasting machine is generated by
thermostatically controlled electrical heating elements that
are connected in parallel. The rating of each heating
element is 2600W i.e. 2600J/sec. Six (6) numbers of this
heating element are connected in parallel along the length
of the heating chamber of the toasting machine given a total
heat output of 15600 watts per second. This quantity of
heat is then uniformly distributed inside the heating
chamber and equally transferred to the inside of the rotating
barrels where the soya bean is contained. The baffles
alternately arranged inside the barrel directs the motion of
the soya bean along the length of the barrel and equally
help to provide enough resident time of the seeds required
for the temperature rise.

2.4 Heat transfer:
The three modes of heat transfer are involved in
accomplishing the toasting requirement.
2.4.1 Conduction Heat Transfer:
The heat generated is transferred to the soya bean inside
the rotating barrel by conduction through the cylindrical wall
of the rotating barrel. The heat conduction here obeys the
Fourier law which is expressed mathematically below
Q = KA

dT
dr

,Q=

2πlk T1−T

2

r
Ln 2

2.4.3 Heat transfer by radiation:
Although radiation heat transfer is considered negligible, it
is necessary to explain its parameters. Radiation heat
transfer is given by the equation
Qr = σA T41 − T42

(22)

Where σ = Stephen Boltzman constant or constant of black
body radiation.
A = Area of heat radiation
T41 − T42 = Temperature difference in absolute scale.
For radiation heat transfer,
σ = 5.62 x 10-8 w/m2 K4
Or σ = 0.174 X 10-8 Btu/hr ft2 0k4

[10]

The heat generated inside the heating chamber of the
toasting machine is conserved by insulation. The material
used as insulator in this design is mineral wool which has a
very low thermal conductivity. With this insulation round the
heating chamber, heat loss to the outside surrounding is
reduced to the beeriest minimum.

3.0 RESULTS AND DISCUSSION
Table 1: Average data values {Day 1 & 2} for the machine
at temperature of 600 and initial MC of 12.25% db

(20)
S/N

r1

Where
Q = quantity of heat transfer

1
2
3
4
5
6
7
8
9
10

r1 = inside radius of barrel
r2 = outside radius of barrel
K = Conductivity of material of barrel
T1 = Temperature of the outside surface of the barrel
T2 = Temperature of the inside surface of the barrel.
2.4.2 Heat transfer by convection
The heat generated in the heating chamber of this toasting
machine is distributed in this chamber and around the walls
of the two rotating barrels by free movement of air called
natural convection. The equation of heat transfer by
convection is given as
Q = hAdT,

ISSN 2277-8616

Q = h A T1 − T2

Wt of
soya
bean
(kg)
5
10
15
20
25
30
35
40
45
50

Average
Toasting
Time
(Mins)
10.25
12.40
14.10
17.36
20.44
23.17
27.29
31.43
34.30
37.26

Toasting
rate
(Kg/min)
0.49
0.81
1.06
1.15
1.22
1.29
1.28
1.27
1.31
1.34

(Source: Agulanna et al., 2013)

(21)

Where h = convective heat transfer coefficient
A = Area of heat transfer
Convective heat transfer coefficient for natural convection
lies within the range of 25 − 50 w/m0c [10].
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Table 2: Average data values {Day 3 &4} for the machine at
temperature of 700 and initial MC of 12.25% db
S/N

1
2
3
4
5
6
7
8
9
10

Wt of
soya
bean
(kg)
5
10
15
20
25
30
35
40
45
50

Average
Toasting
Time
(Mins)
8.16
9.05
11.33
14.50
17.04
20.18
23.25
27.45
29.50
33.06

ISSN 2277-8616

Table 4: Data {Day 7 & 8} for the machine at temperature of
900 and initial moisture content of 12.25% db

Toasting
rate
(kg/min)

S/N

0.61
1.11
1.32
1.38
1.47
1.49
1.51
1.46
1.53
1.51

1
2
3
4
5
6
7
8
9
10

Wt of
soya
bean
(kg)
5
10
15
20
25
30
35
40
45
50

Average
Toasting
Time
(Mins)
4.56
6.43
8.30
10.02
12.10
14.57
17.19
19.34
21.07
24.05

Toasting
rate
(kg/min)
1.10
1.56
1.81
2.0
2.05
2.06
2.04
2.10
2.14
2.1

(Source: Agulanna et al., 2013)

(Source: Agulanna et al., 2013)
Table 3: Data {Day 5 &6} for the machine at temperature of
800 and initial moisture content of 12.25% db
S/N

1
2
3
4
5
6
7
8
9
10

Wt of
soya
bean
(kg)
5
10
15
20
25
30
35
40
45
50

Toasting
Time
(Mins)

Toasting
rate
(kg/min)

6.52
8.47
10.24
13.39
15.08
18.15
21.55
23.32
25.16
28.42

0.77
1.18
1.5
1.54
1.7
1.7
1.7
1.74
1.8
1.8

Experiments were carried out within a period of eight days
so as to have similar conditions of room temperature and
relative humidity. The results obtained are shown in tables
1- 4. Tables 5 and 6 give data of the average final moisture
contents (%db) and the average toasting rates (kg/min) for
the observed temperatures. The plots of weight of samples
used against toasting time and toasting rate are shown in
figs 4 &5. Fig 4 showed that a linear relationship existed
between weight of samples and toasting time while fig 5
showed a quadratic relationship between weight and
toasting rate. The mathematical models that best describes
these relationships are presented in equations 23-26 and
27-30 for temperatures of 60, 70, 80 and 90 oC respectively.
Table 5: Average Moisture contents
Drying
Temperature
0C

Average
Moisture
Content
(% db)
60
10.278
70
10.186
80
9.492
90
9.173
(Source: Agulanna et al., 2013)

(Source: Agulanna et al., 2013)

Table 6: Average Toasting Rates
Toasting
Temperature
0C
60

Average
toasting rate
(kg/hr)
68.3

70

81.69

80

93.0

90
116.4
(Source: Agulanna et al., 2013)
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60 C

70 C

80 C

90 C

Averg Toasting rate
Averg .Toasting rate (kg/min)

40
Toasting time (mins)

35
30
25
20
15
10
5
0
0

20
40
Wt of Samples (kg)
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60

120
110
100
90
80
70
60
50
50

70

90

110

Toasting Temp (0C)
Fig 6: Toasting temperature versus toasting rate

Fig 4: Weight of samples versus toasting time
Y = 0.624x + 5.333

R² = 0.991

(23)

Y = 0.575x + 3.266

R² = 0.989

(24)

Y = 0.495x + 3.066

R² = 0.997

(25)

Y = 0.441x + 1.466

R² = 0.997

(26)

60 C

70 C

80 C

The figure above shows also that a linear relationship exists
between toasting temperature and average toasting rate.

90 C

Toasting rate (kg/min)

2.5
2

1.5
Fig 7: Photograph of machine

1

4 CONCLUSION:

0.5
0
0

20
40
Wt of Samples (kg)

60

Fig 5: Weight of samples versus toasting rate
Y = -0.000x2 + 0.055x + 1.129

R² = 0.899

(27)

Y = -0.000x2 + 0.056x + 0.690

R² = 0.932

(28)

Y = -0.000x2 + 0.061x + 0.499

R² = 0.879

(29)

Y = -0.000x2 + 0.053x + 0.336

R² = 0.949

(30)

From the results obtained it can be concluded that:
 As weight of soya bean increased, toasting time
increased. This accounted for the similar trend (linear)
observed on all four plots.
 As weights of samples increased from 5-20kg there
was appreciable increase in toasting rate. After this
point, minimal increase was observed for the 1st, 2nd,
and 4th experiments. The 3rd experiment differed as it
had an almost constant toasting rate for samples
weighing above 20kg.
 900 C gave the highest toasting rate and can meet
toasting requirements for small scale soya bean
processing.
 Average toasting rate within a time range of 5- 40
minutes is between 68.3kg/hr and 116.4kg/hr
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A

G

E

E out spout
G Gear train
A Double action inlet hopper
Fig 8: Assembly drawing End view
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A
C
B
F
D

H

I

A
B
C
D
E
F
G
H
I

Double action inlet hopper
Toasting barrel
Heating chamber
Baffles
Out spout
Pulley drive
Gear train
Electric motor
Structural frame work

Fig 9: Assembly drawing Front view

Fig 10: Assembly drawing Plan view
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