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ABSTRACT

The main aim of this research was to develop a mathematical
model of heat and mass balance of pre-conditioning and
extrusion stages to predict the temperature, moister content and
energy requirement of the feed production at different heating
temperatures and feeding rates. To achieve that, the effect of
temperature and mass flow rate of water and oil in
preconditioning on energy rate of preconditioning, mass flow
rate of production, mass fraction of moisture of production, and
energy rate of product were studied. The results indicate that the
energy rate of preconditioning ranged from 523.4 to 8164.7 kJ
h-1 and 209.4 to 3266.3 kJ h-1 for water and oil, respectively,
the energy rate carried by water injection into extruder
increased from 352.5 to 916.5 kJ h-1. The mass flow rate of
production increased from 144 to 174, 133 to163 and 119 to179
kg h-1 for water, oil and water and oil, respectively. The mass of
moisture of production ranged from 0.2 to 0.34, 0.32 to 0.26,
and 0.24 to 0.3 kg h-1 for water, oil and water and oil,
respectively. The temperature of product ranged from 159 to
174, 180 to163 and 185 t0179 °C for water, oil and water and
oil, respectively. The energy rate of product ranged from 52590
to 60795.3, 54616 to 57672.9 and 50708.2 to 61970.3 kJ h-1
when the temperatures increased from 25 to 65°C, respectively,
at 5 and 30 kg h-1 mass flow rate.

1. INTRODUCTION

xtrusion is a process that converts raw material into a product with desired shape and
form by forcing the material through a small opening using pressure. The process
involves a series of unit operations such as mixing, kneading, shearing, heating,

cooling, shaping and forming. Many food products are manufactured by extrusion cooking a
process that uses both thermal energy and pressure to convert raw food ingredients into
popular products such as breakfast cereals, pastas, pet foods, snacks and meat products (Singh
and Heldman, 2009 and Kaddour, 2018).
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Navale et al. (2015) reported that extrusion-cooking is increasing in the global agro-food
processing industry, particularly in the food and feed sectors. It is a high-temperature, short-
time process in which moistened, expansive, starchy and protenacious raw material is used.
Food materials are plasticized and cooked in a minute by a combination of moisture, pressure,
temperature and mechanical shear, resulting in molecular transformation and chemical
reactions. It is a multi-step, multi-function thermal or mechanical process, has permitted a
large number of food applications. Beneficial changes in the bioavailability as well as in the
content of nutrients may take place during extrusion.

The feed cost may correspond up to 70% of the fish meat production cost of a fish breeding
station (Magliano, 2007 and Pacheco et al., 2011). Production of high quality floating
aquatic feed has in recent years accounted more than 65% of the market needs of fish feed.
Most of fish feed factories have tended to develop their production lines by adding extrusion
units to produce floating fish feed after increasing demand from farmers for this type of feed
for many reasons, such as: the high conversion rates than sinking feed , decreased the
consumed amounts of fish feed in aquaculture farms about 30%, easy to follow the fish
vitality during feeding process and reduced the chances of infection by fish diseases (Schoeff,
1994, Navale et al., 2015 and Kaddour, 2018).

Temperature is one of the most important factors in steam-conditioning, which affects the
pellet quality, nutritional quality and feeding value of animals (Selle et al., 2013 and Park et
al., 2013). In the process of conditioning, the characteristics of the pellets and the structure of
the main nutrients, such as starch and protein, will change with the conditioning temperature.
An appropriate conditioning temperature will increase starch gelatinization and hardness,
which may promote the growth performance and digestibility of animals (Kannadhason et
al., 2011, Lundblad et al., 2012 and Lewis et al., 2015). The frictional heat generated in the
mechanical press due to compression and extrusion helps to activate many of the biomass
components. For some densification systems, such as screw extruder, external heat is also
provided. Various components of the biomass interact differently by the application of
pressure and temperature in the presence of moisture (Tumuluru et al., 2011). Naga, et al.
(2018) and Martin et al. (2019) indicated that the influence of extruder barrel temperature on
the extruder response and pellet quality parameters was generally higher than the impact of
screw speed in the range investigated. Expansion is the most relevant pellet production
parameter because it influences quality characteristics such as the sinking velocity, bulk
density or specific hardness.

Moreover, the heat transfer is also governed by the flow patterns and the flow conditions, i.e.,
mass transfer and mixing (Wang et al., 2010). In general, mixing contributes to enhanced
mass transfer, and further improves heat transfer and distributes physical attributes of
individual components more uniformly including temperature and viscosity. Monchatre et al.
(2015) investigated the temperature and frictional heat development (viscous dissipation) in a
reciprocating single-screw extruder. Results indicated that a high Nusselt number is probably
related to the disturbing flow (induced by the pin elements) and the pulsating flow (induced
by the axial movement of the screw) to facilitate distributive mixing and active convection
heat transfer (Dhanasekharan et al., 2003 and Teixeira et al., 2012).
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Kuzyaev (2005) developed a mathematical model for the optimization of mass and heat
transfer processes in the working channel of extruders, considering the changes in the
geometrical and technological characteristics. Spina et al. (2017) simulated the crystallization
of isotactic polypropylene (PP) with different shear regimes and results indicated that flow
had an important influence on the crystallization during polymer melting and solidification of
PP. In one of our earlier works, we proposed a novel torsional screw geometry with twisted
grooves, namely a torsion element (TOE), by adapting the field synergy principle to induce
torsional flow in the working channel of the screw plasticization unit. The proposed design
has been simulated and proved to have excellent heat transfer and mixing properties compared
to a standard (STD) screw geometry (Wang et al., 2010, Jian et al., 2017 and 2018).

There is a lack of information in literature about the thermal behavior of heat and mass
transfer during the extrusion stage especially pre-conditioning and extrusion stage in floating
feed production therefore, the main aim of this study is to optimize the most effective factors
on the extruder performance that could be achieved by studying the mass flow rate and
cooking temperature on the product temperature, product moisture and energy consumption.

2. MODEL DEVELOPMENT
Fish feed extruder is a high temperature short-time bio-reactor which can transform a variety
of raw ingredients into pellets for production of healthy wholesome fish feed. It is one of the
prominent developments in fish farming which contributes to the huge step forward in
aquaculture. Fish feed extruder comprises of hopper, a barrel which houses, the screw
conveyor, the cutting knife, the die, a heater etc. It can be divided into wet and dry type mill.
They both can produce floating fish feed pellets, slowing sinking pellets and sinking feed
pellets. Fig. (1) showed a schematic diagram of floating feed extrusion process.
2.1. Model assumptions:
The assumptions of the model are the following:
= The effect of changing inputs temperatures is neglected on changing enthalpy,
protein denaturization and starch gelatinization.
= Changing effect of the work time work on motor drive.
= In this case, we are working with steady state processes, therefore, there is no
accumulation in the system.
» This study may include preconditioner and extruder barrel until getting the product
2.2. Governing equations:
2.2.1. Heat balance equation:
Qdr + Qwp + Qsp + Qop + Qwe + Qse + Qme —Qsg—Qpd — Qe =0 (1)
Where:

Qur Energy rate carried by dry recipe, kJ ht

Qwp Energy rate carried by water injected into the preconditioner, kJ ht
Qsp Energy rate carried by steam injected into the preconditioner, kJ ht
Qop Energy rate carried by oil injected into the preconditioner, kJ h!
Quwe Energy rate carried by water injected into the extruder barrel, kJ ht
Qse Energy rate carried by steam injected into the extruder barrel, kJ h
Qme Mechanical energy rate, kJ h
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Qsg Energy rate consumed by starch gelatinization, kJ h
Qpd Energy rate consumed by protein denaturation, kJ h!
Qe Energy content of the product at a specific point in the system, kJ h*t
Dry Recipe ; o
‘ | Wate; nto Oil into Steam into
=100 kg h” prec_(;n ltl()_ll’lel‘ preconditioner preconditioner
Ta=2C =7 kg b thyp =7 ke b’ thy=? kgh'
— o W :?O =70
cpar=1.79 kl/kgeC Tup=2°C Tip=2°C hy=2721 kJ kg’

Water into Steam into
extruder extruder
Mye =7 kg h-l mspz? kgh-1
Fecder Tue=?0C hy=2770kJkg"
Preconditioner
Extrud
dri:erzloii)r Extruder
edskw
L=34 % ! !
Floating Fish feed

me=" kg h!
Te=7C
Cpe=2.28 kl/kgeC
MC e :? %
Q= ?klkg

Figure (1): Schematic diagram of the floating feed extrusion process.
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2.2.1.1. Energy content of the product at a specific point in the system:

(mdr * cpdr * Tdr ) + (mwp * cpwp * Twp) + (rhsp * hsp) + (rhop * cpop * Top)

+ (rmwe * cpwe * Twe ) + (mse * hse ) + (le * pe * 36)

— (rhe * Xce * AXsg * Ahsg) — (rhe * Xpe * AXpd * Ahpd) — Qe =0

(2)

Qe = (mdr * cpdr * Tdr ) + (hwp * cpwp * Twp) + (rsp * hsp) + (rhop * cpop *
Top) + (mhwe * cpwe * Twe ) + (mhse * hse ) + (le * pe * 36) — (rhe * Xce *
AXsg * Ahsg) — (me * Xpe * AXpd * Ahpd)

Qe = me * cpe * Te

(3)
(4)

Te = {(rhdr * cpdr * Tdr ) + (hwp * cpwp * Twp) + (rhsp * hsp) + (rhop * cpop *
Top) + (mhwe * cpwe * Twe ) + (mhse * hse ) + (le * pe * 36) — (rhe * Xce *

AXsg * Ahsg) — (e * Xpe * AXpd * Ahpd)}/ {me * cpe }
Where:

2.2.1.2.

Mgr Mass flow rate of dry recipe to system, kg h!

hwp Mass flow rate of water to the preconditioner, kg h*t
hop Mass flow rate of oil to the preconditioner, kg h*

sp Mass flow rate of steam to the preconditioner, kg ht
we Mass flow rate of water to the extruder, kg h!

hse Mass flow rate of steam to the extruder, kg h

e Total mass flow rate of material in extruder, kg ht
Cpar Heat capacity of dry recipe, ki kg K

Cow Heat capacity of water =4.187 kJ kg K

Cps Heat capacity of steam in preconditioning =2.721 kJ kg* K
Cpo Heat capacity of oil =1.675 kJ kg K1

Cre Heat capacity of material in extruder barrel, ki kg K
Le Indicated load on drive motor, %

Pe Rated power of extruder drive motor=4.5 kW

Xpe Mass fraction of protein in extruder barrel for product
Xce Mass fraction of carbohydrate in extruder barrel for product
AXSgQ Mass fraction of gelatinized starch (Xsgout- Xsgin)

Ahesg Heat of reaction for starch gelatinization, kJ kg ™

AX pd Mass fraction of denatured protein (Xsgout- Xsgin)

Ahepd Heat of reaction for protein denaturization, kJ kg *
Te Temperature of material in extruder, K

Heat Capacity:

(5)

While it may be possible to locate or measure specific heat capacities for the ingredients used
in the extruder, it may be more practical to calculate it from the following equation: Riaz

(2000)

Cp=1.424 X + 1.549 Xp + 1.675 X¢+ 0.837 Xa + 4.187 Xw

(6)
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Where:
Xe mass fraction of carbohydrate
Xp mass fraction of protein
X mass fraction of fat
Xa mass fraction of ash
Xw mass fraction of water

2.2.1.3.  Calculation of temperature of material in extruder:
Qe
Te = —* cpe
me P
2.2.2. Mass balance equation:
Using rh to indicate mass flow rate per unit time as the following equation:

DMin — XMoyr = Amsys
Where:

Y'min Sum of all incoming mass flows, kg h

Y Mout Sum of all outgoing mass flows, kg h
Amyg,s  Accumulation of mass in the system, kg h™

mdr * mdr + mWP + mSP + ‘rhwe + mse —_ mslp_'me * XMC e =

(7)

(8)

o

Use X to indicate the mass fraction of a specific component. In this case, Xm indicates mass

fraction of moisture or water.

Value for X will always be less than or equal to 1.0. Assume g, = 0, solve the above
equation for Xme:
X M.c.e =mdr* mdr+me.+ mSp +mwe+mse (10)
me
Me = Mgy + My, + 1M, + 1My, + Mg, (11)
2.2.2.1.  The carbohydrate content:
XMMin — XMoyr = Amsys (12)
A component mass balance on carbohydrate:
Mar * Xear — Me * Xee = 0 (13)
Xce = TarXear (14)
me
2.2.2.2.  The protein contents
XM — XMMoye = Amsys (15)
A component mass balance on protein:
Mgy - Xpdr — M, *Xpe = 0 (16)
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Xpe =
pe T,

2.2.2.3. The fat contents

Mayr - Xp ar

DMy — XMy = Amsys

A component mass balance on fat:

Mgy - Xpar + Mpp —Me - Xpe = 0

. mfp.-l'mdr “Xfar

Xfe =

me

2.2.2.4. The ash contents

DMy — XMy = Amsys

A component mass balance on ash:

Mgy - Xgar — Me " Xge = 0

Xae =

me

mdr *Xadr

(17)

(18)

(19)

(20)

(21)

(22)

(23)

All computational procedures of the model were carried out using Excel spreadsheet. The
computer program consisted of two parts in addition to the input parts. The first part was
devoted to heat balance for predicting the temperature and energy rate of preconditioning. The
second part was devoted to mass balance for predicting moisture content and mass fraction of
moisture of production. Figure (2) shows the flowcharts of the model steps and sequences.

Table (1) shows the parameters used in the model.

Table (1): The parameters used in the heat and mass balance according to Riza (2000).

Parameter Units Value
Specific heat of water, cpw klkgtoCt 4,187
Specific heat of oil, cpo klkgtoCt 1.675
Enthalpy of steam into preconditioner, hsp k] kg™ 2721
Enthalpy of steam into extruder, hse k] kg 2770
Heat capacity of carbohydrate kl kgtoct 0.31328
Heat capacity of protein kl kgtoct 0.86744
Heat capacity of fat kl kgtoct 0.1675
Heat capacity of ash kl kgtoct 0.00837
Heat of reaction for protein denaturization, Ah°pd kJ kg™ 95
Heat of reaction for starch gelatinization, Ah°sg kJ kg™ 14
Mass fraction of carbohydrate in dry recipe, Xc dr -- 0.22
Mass fraction of protein in dry recipe, Xp dr -- 0.56
Mass fraction of fat in dry recipe, Xf dr -- 0.1
Mass fraction of ash in dry recipe, Xa dr -- 0.01
Mass fraction of denatured protin in, xpdin -- 0.5
Mass fraction of denatured protin out, xpdout -- 0.95
Mass fraction of gelatinized starch in, xsgin -- 0.17
Mass fraction of gelatinized starch out, xsg -- 0.9
Mass fraction of moisture in dry recipe, Xm -- 0.1
The heat capacity for dry recipe kl kgtoct 1.775
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Figure (2): Flow diagram of the floating feed extrusion process
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3. RESULTS AND DISCUSSIONS
3.1. Model experimentation
The most factors affecting the extruder performance and energy balance were studied. The
effect of temperature and mass flow rate of water, oil and water/oil in preconditioning on
energy rate, mass flow rate of production, mass fraction of moisture of production,
temperature of product and energy rate of product.

3.1.1. Effect of temperature of water and oil in preconditioning on energy rate of
preconditioning
Figure (3) shows the predicted energy rate of preconditioning at different temperatures of
water/oil (25, 30, 35, 40, 45, 50, 55, 60 and 65°C) and different mass flow rates of water/oil
(5, 10, 15, 20, 25, and 30 kg h). The results indicate that the energy rate of preconditioning
increases with increasing water/oil temperature and mass flow rate. It could be seen that,
when the temperatures of water and oil increased from 25 to 65°C, the energy rate of
preconditioning for water increased from 523.4 to 1360.8, 1046.8 to 2721.6, 1570.1 to 4082.3,
2093.5 to 5443.1, 2616.9 to 6803.9 and 3140.3 to 8164.7 k] h'! at 5, 10, 15, 20, 25 and 30 kg
h' mass flow rate for water/oil, respectively. The results also indicate that, when the
temperatures of water and oil increased from 25 to 65°C, the energy rate of preconditioning
for oil increased from 209.4 to 544.4, 418.8 to 1088.8, 628.1 to 1633.1, 837.5 to 2177.5,
1046.9 to 2721.9 and 1256.3 to 3266.3 kJ h't at 5, 10, 15, 20, 25 and 30 kg h™* mass flow rate
for water/oil, respectively.
The results also indicate that the energy rate of preconditioning for water was higher than
those of the energy rate of preconditioning for oil. It could be seen that the energy rate of
preconditioning for water and oil were 1360.8 and 544.4, 2721.6 and 1088.8, 4082.3 and
1633.1, 5443.1 and 2177.5, 6803.9 and 2721.9 and 8164.7 and 3266.3 kJ h*! at 5, 10, 15, 20,
25 and 30 kg h* mass flow rate for water/oil, respectively, at 65°C temperature of water and
oil.
The multiple regression analysis was carried out to find a relation between energy rate of
preconditioning and both mass flow rate and temperature of water and oil in preconditioning.
Equation (24) shows the most appropriate form for the relationship between energy rate of
preconditioning and mass flow rate and temperature of water in preconditioning. Equation
(25) shows the most appropriate form for the relationship between energy rate of
preconditioning and mass flow rate and temperature of oil in preconditioning. The forms
obtained were follows:

Qp=188 rmw +62.8 Ty -2826.21 for water R?=0.932 (24)
Qp =-0.9 m, +0.08 T, +175.4 for oil R?=0.932 (25)
Where:

Qp Energy rate of preconditioning, kJ ht

hw Mass flow rate of water in preconditioning, kg h
Tw Temperature of oil in preconditioning, °C

o Mass flow rate of oil in preconditioning, kg h*t
To Temperature of oil in preconditioning, °C
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Figure (3): The predicted energy rate of preconditioning
at different temperatures of water and oil.

3.2. Effect of temperature of water in preconditioning on energy requirement for water
injection into extruder
Figure (4) shows the predicted energy requirement for water injection into extruder at
different temperatures of water (25, 30, 35, 40, 45, 50, 55, 60 and 65°C) and different mass
flow rates of water/oil (5, 10, 15, 20, 25, and 30 kg h™1). The results indicate that the energy
requirement for water injection into extruder increases with increasing water temperature
and mass flow rate. It could be seen that, when the temperatures of water increased from 25
to 65°C, the energy for water injection into extruder increased from 352.5 to 916.5, 875.9 to
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2277.3, 1399.3 to 3638.1, 1922.6 to 4614.3, 2446.1 to 6359.6, 2969.4 to 7720.4 and 3492.8
to 9081.2 k h't at 5, 10, 15, 20, 25 and 30 kg h™* mass flow rate for water, respectively.
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Figure (4): The predicted energy rate carried by water injection into extruder at different
temperatures of water
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Multiple regression analysis was carried out to obtain a relationship between the energy
requirements for water injection into extruder as dependent variable and different water
temperature and mass flow rate of water as independent variables. The best fit for this
relationship is presented in the following equation:-

ER =188 m., +62.8T - 2826.21 R? =0.93 (26)

Where:
ER Energy requirement for water injection into extruder, kJ ht

3.3 Effect of flow rate of water and oil in preconditioning on mass flow rate of production

Figure (5) shows the predicted mass flow rate of production at different mass flow rate of
water/oil in preconditioning (0, 5, 10, 15, 20, 25 and 30 kg h™). The results indicate that the
mass flow rate of production is constant with increasing mass flow rate of water, oil and water
and oil in preconditioning at the same mass flow rate water and oil. It also indicates that it
recorded 144, 149, 154, 159, 164, 169 and 174 kg ht, 133, 138, 143, 148, 153, 158 and 163 kg
h™119,129,139,149,159,169,179 kg h* for water, water and oil and oil, respectively at flow
rate for both water, water and oil and oil (0, 5, 10, 15, 20, 25 and 30 kg h™t), respectively.

—e— water water&oil —o— oil at any temperture for water/oil
190

180

170

160

150

140

130

120

110

Mass flow rate of production, kg h!

0 5 10 15 20 25 30 35
Mass flow rate of water /oil in preconditioning, kg h!

Figure (5): The predicted mass flow rate of production
at different mass flow rate of water and oil in preconditioning.

3.3. Effect of mass flow rate of water /oil in preconditioning on mass fraction of moisture
of production

Figure (6) shows the predicted mass fraction of moisture of production at different mass
flow rate of water/oil in preconditioning (0, 5, 10, 15, 20, 25 and 30 kg h). The results
indicate that the mass fraction of moisture of production increases with increasing water and
water/oil but it reduces with increasing oil temperature. It also indicates that it recorded 0.2,
0.23, 0.25, 0.28, 0.3, 0.32 and 0.34 kgh*, 0.32, 0.31, 0.3, 29, 0.28, 0.27 and 0.26 kgh™ and
0.24, 0.26, 0.28, 0.3, 0.31, 0.32 and 0.3 kgh*for water, oil and water and oil, respectively at
flow rate for both water, oil and water and oil (0, 5, 10, 15, 20, 25 and 30 kg h?),
respectively.
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Figure (6): The predicted mass fraction of moisture of production at different mass flow rate of
water/oil in preconditioning

3.4. Effect of temperature of water/oil in preconditioning on temperature of product
Figure (7) shows the predicted temperature of product at different temperatures of water and
oil in preconditioning (25, 30, 35, 40, 45, 50, 55, 60 and 65°C) and different mass flow rates
of water/oil (5, 10, 15, 20, 25, and 30 kg h™). The results indicate that the temperature of
product increases with increasing water, oil and water/oil temperatures.

The results indicate that the product temperature ranged from 159 to 161 and 185 to 187°C for
water and water/oil, respectively, and it was constant for oil it recorded 180 °C without
adding water or oil (mass flow rate of 0 kg h™?). It also indicates that it ranged from 155 to
159, 173 to 175 and 173 to 179 °C for water, oil and water and oil, respectively at adding 5 kg
h™t mass flow rate. It also indicates that it ranged 152 to 158, 168 to 170 and 163 to 172 °C for
water, oil and water/oil, respectively at 10 kg h™* mass flow rate. It also indicates that it ranged
149 to 157, 163 to 166 and 154 to 166 °C for water, oil and water/oil, respectively at 15 kg h*
mass flow rate. It also indicates that it ranged 145 to 156, 159 to 162 and 146 to 161 °C for
water, oil and water/oil, respectively at adding mass flow rate of 20 kg h*. It also indicates
that it ranged 142 to 155, 154 to 159 and 140 to 156 °C for water, oil and water/oil,
respectively at adding mass flow rate of 25 kg h™’. It also indicates that it ranged 139 to 154,
150 to 155 and 134 to 152 °C for water, oil and water/oil, respectively at 30 kg h™* mass flow
rate.

The results also indicate that the highest values of product temperature were 159, 175 and 179
°C for water, oil and water/oil, respectively, were found with 5 kg h™* mass flow rate. While, the
lowest values of product temperature were 139, 150 and 134 °C for water, oil and water/oil,
respectively, were found with 30 kg h'* mass flow rate.

The multiple regression analysis was carried out to find a relation between temperature of
product and both mass flow rate and temperature of water and oil in preconditioning.
Equation (27) shows the most appropriate form for the relationship between temperature of
product and mass flow rate and temperature of water in preconditioning. Equation (28) shows
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the most appropriate form for the relationship between temperature of product and mass flow
rate and temperature of oil in preconditioning.

—e—water --®- water/oil —o—oil at1y,,=0 kg h? —e—water --#- water/oil —o—oil  at Mye=3 kg h'!
190 oy 185
“ L4
S PP RRY RIS SRS SIS S T 180
Q |5}
2180 o0——o— 0 — O — 0 — 0 — —0— —0— 2 155
=1 S
=} 2 170
=170 o
3]
o o 165
é‘ g
& 160 g—psp E 180
- -
i;i 8 155
g =
5 150 g 150
B T35 t‘}5 ol °C55 65 | [ 35 35 15 55 65
emperature of water /oil, Temperature of water /oil, C
—e—water ---®-- water/oil —o—oil  at my,,=10 kg h'! —e—water @ water/oll —o—oil at iy, =15 kgh!
175 170
9 ©
ERtS o— a8 k3]
3 om0 — 0 — - ——0— T T R
o JRTY TELbh o]
= YT Lo =
B165 | e o 2160
[ e . —
Q L 2 =]
& 160 215
= » | | E
= S
= &
v
a, 155 / g-‘ »
= =
= =
P Lo}
M 150 | = 145
25 35 45 55 65 25 35 45 55 65
Temperature of water /oil,C Temperature of water /oil, C
—e—water ---®-- water&oil —o—oil atIilyu=20 kg h'! —I'GO—Wﬂtef @ water/oil - —o—oil  at my,,=25 kg b
165
—— —— ¢

& &
+ = O ——O ..
2 160 2 — — R |
= ]
=] Q
2 155 2
Sy T
c e
w o
g 150 5
= ®
& &
3 145 8
) oy
= =l
v L)
& 140 B g3 |
25 35 45 55 65 Se . 15 << s

Temperature of water /0il, C Temperature of water /oil,C

—e—water & water/oil —o0—oil at Iily,=30 kg h’
160

Temperature of product,C
I
(=]

25 35 45 55 65
Temperature of water /oil,<C

Figure (7): The predicted temperature of product at different temperatures of water and oil in
preconditioning

Equation (29) shows the most appropriate form for the relationship between temperature of
product and mass flow rate and temperature for both water and oil in preconditioning. The
forms obtained were follows:
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Te=-0.44 my +0.21 Ty +149.9 for water R?=0.93 (27)
Te=-0.9 ho +0.08 T, +175.4 for oil R?=0.99 (28)

Te= -1.41 thwo +0.28 Twio +170.5 for both water and oil R?=0.97 (29)
Where:

Te Temperature of product, °C
two  Mass flow rate for both water and oil in preconditioning, kg h
Two  Temperature for both water and oil in preconditioning, °C

3.5. Effect of temperature of water /oil in preconditioning on energy rate of product
Figure (8) shows the predicted energy rate of product at different temperatures of water/oil in
preconditioning (25, 30, 35, 40, 45, 50, 55, 60 and 65°C) and different mass flow rates of
water/oil (5, 10, 15, 20, 25, and 30 kg h). The results indicate that the energy rate of product
increases with increasing water, oil and water/oil temperatures. It also indicates that it ranged
from 52066.6 to 52630.6 and 49975.4 to 50539.4 kJ h* for water and water and oil,
respectively, but it was constant for oil it recorded 54406.6 kJ h™* without adding water or oil.
It also indicates that it ranged from 52590.0 to 53991.4, 54616.0 to 54951.0 and 50708.2 to
52444.6 kJ h* for water, oil and water/oil, respectively at adding mass flow rate 5 kg h™. It
also indicates that it ranged from 53113.4 to 55352.2, 54825.4 to 55495.4 and 51440.9 to
54349.7 kJ h! for water, oil and water/oil, respectively at adding mass flow rate 10 kg h™. It
also indicates that it ranged from 53636.7to 56712.9, 55034.7to 56039.7 and 52173.7 to
56254.9 kJ h't for water, oil and water/oil, respectively at adding mass flow rate 15 kg h. It
also indicates that it ranged from 54160.1 to 58073.7, 55244.1 to 56584.1 and 52906.4 to
58160.0kJ h™t for water, oil and water and oil, respectively at adding mass flow rate 20 kg h™.
It also indicates that it ranged from 54683.5 to 59434.5, 55453.5 to 57128.5 and 53639.2to
60065.2kJ h* for water, oil and water/oil, respectively at adding mass flow rate 25 kg h. It
also indicates that it ranged from 55206.9 to 60795.3, 55662.9 to 57672.9 and 54371.9 to
61970.3 kJ h! for water, oil and water and oil, respectively at adding mass flow rate 30 kg h™.
The multiple regression analysis was carried out to find a relation between energy rate of
product and both mass flow rate and temperature of water and oil in preconditioning.
Equation (30) shows the most appropriate form for the relationship between energy rate of
product and mass flow rate and temperature of water in preconditioning. Equation (31) shows
the most appropriate form for the relationship between energy rate of product and mass flow
rate and temperature of oil in preconditioning. Equation (32) shows the most appropriate form
for the relationship between energy rate of product and mass flow rate and temperature for
both water and oil in preconditioning. The forms obtained were follows:

Qe=188.4 my+76.9 Tw+ 48887.89  for water R2=0.937 (30)

Qe=75.4 o +27.9 T, +53102.1 for oil R2=0.91 (31)

Qe=263.8 rhwio+102 Twio+ 45666.04 for both water and oil R?=0.936 (32)
Where:

Qe  Energy rate of product, °C

MJAE - January 2022 167


https://mjae.journals.ekb.eg/?_action=article&issue=27059&sb=2407&_sb=Biosystems+Engineering

BIOSYSTEMS ENGINEERING

—o— Water --#-- water/oill —o—oil at 1ily,,=0 kg h'! ~—o— Water --®- water/Oil —o—oil gt yi1,,=5 kg h'!
< 61900 = g
= = 61900
=2 59900 =
= 5 59900
5 =

=
3 57900 2 57000
S
z o
o 99900 S 55900
5]
O— —O— —O— —O— —O— —O— —O— —O— — z e e O O o O O = Om == D= —— O =
v
= 53900 £ 53900
- d o - Z
o — - - e TP STPTITL)
£ 51900 L 5 51900 . P PR " @i .
L I S S PP L= AT P
= . ? 3 ? ) L IR 1 * i S5 *
g 49900 49900
25 35 15 55 65 - 35 s .
Temperature of water /oil, °C Temperature of water /oil, °C

—e—Water - water/oil —o—oil ., Tl o=10 kg h! —e— Water - water/oil —o—oil gt 1i1y,o=15 kg b'!

61900 61900

59900 9900

57900 57900

55900

55900

o = O = O— — 0= —

53900

Energy rate of product, kJ h-!

Energy rate of product, kJ h”!

53900 .
B ran | e @ E ] g ®
51900 1900 @
49900 45900
25 35 45 -5 65 . a5 15 o s
Temperature of water /oil, °C Temperature of water /oil, °C
MVater ««-@-- water/oi 1 . 7 [ : i =725 ke hi'!
—e— Water ---@-- water/oil —o—oil at iy, =20 ke bl —e— Water ----- water/oil —o—oil atyep=25kgh
61900 61900
= =
259900 359900
E g
= 257900
g g
i~ -
e Pe5900
< o
L L
= 253900
- -
g El51900
L %)
= =
m49900 Faga00
25 35 as 55 65 25 35 45 55 65
Temperature of water /oil, °C Temperature of water /oil, °C
—e— Water - water/oil —o—oil  4¢p, =30 kg h!
= 61000 e
= W 2
= 59000
2
= —
& 57000 o —Oo— O
= —_— — O
o e
55000 ® .-
=] P
z
= 53000
E“ 51000
2]
=
M 49000
25 35 45 55 65
Temperature of water /oil, °C

Figure (8): The predicted energy rate of product
at different temperatures of water and oil in preconditioning

4. CONCLUSION
The study was carried out to develop a mathematical model of heat and mass balance of the
extrusion process to predict the temperature, water content and energy requirement of the feed
production at different heating temperatures and feeding rates. To Achieve that study the effect
of different temperatures of water/oil (25, 30, 35, 40, 45, 50, 55, 60 and 65°C) and different
mass flow rates of water/oil (5, 10, 15, 20, 25, and 30 kg h™!) on energy rate of preconditioning,
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energy requirement for water injection into extruder, mass of moisture of production,
temperature of product and energy rate of product. The results indicate that the mass flow rate
of production is constant with increasing water and oil temperature in preconditioning at the
same mass flow rate water and oil. The energy rate of preconditioning ranged from 523.4 to
8164.7 kJ h't and 209.4 to 3266.3 kJ h* for water and oil, respectively. The energy requirement
for water injection into extruder increased from 352.5 to 916.5 kJ h, the mass flow rate of
production increased from 144 to 174, 133 t0163 and 119 to179 kgh™ for water, oil and water
and oil, respectively. The mass of moisture of production ranged from 0.2 to 0.34, 0.32 to 0.26,
and 0.24 to 0.3 kgh'* for water, oil and water and oil, respectively. The temperature of product
ranged from 159 to 174, 180 to163 and 185 to179°C for water, oil and water and oil,
respectively. The energy rate of product ranged from 52590 to 60795.3, 54616 to 57672.9 and
50708.2 to 61970.3 kJ h! for water, oil and water and oil, respectively, at mass flow rate 5 to
30 kg h't, when the temperatures of increased from 25 to 65°C.
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