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Abstract: Problem statement: Earlier work on ohmic heating technique focusedvimtous food
and foods containing solid particles. In this stuthe use of ohmic heating on sterilization of vaa
juice is carried out. Computational fluid dynamiiss used to model and simulate the system.
Approach: Investigate the buoyancy effect on the CFD simokatof continuous ohmic heating
systems of fluid foods. A two-dimensional model aésing the flow, temperature and electric field
distribution of non-Newtonian power law guava juftidd in a cylindrical continuous ohmic heating
cell was developed. The electrical conductivityrtho physical and rheological properties of théflu
was temperature dependefhe numerical simulation was carried out using FNJE6.1 software
package. A user defined functions available in FNJE6.1 was employed for the electric field
equation. The heating cell used consisted of andsittal tube of diameter 0.05 m, height 0.50 m and
having three collinear electrodes of 0.02 m widtpasated by a distance of 0.22 m. The sample was
subjected to zero voltage at the top and bottoelexftrodes while electrical potential of 90 vokeZ(
50-60 Hz) was set at the middle electrode. The irééocity is 0.003 m séand the temperature is in
the range of 30-90°Results: The simulation was carried with and without buayadriven force
effect. The ohmic heating was successfully simdlatsing CFD and the results shows that the
buoyancy has a strong effect in temperature peofidad flow pattern of the collinear electrodes
configuration ohmic heating. A more uniform velycand temperature profiles were obtained with
the buoyancy effect include@onclusion: For accurate results, the inclusion of buoyandgotfinto

the CFD simulation is important.
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INTRODUCTION thermo-sensitive compounds through over-heating but
also by reducing the fouling of treated food suefac
Ohmic heating is a developing technology withduring processir%.
considerable potential for the food industry. Thainm The potential applications of ohmic heating
advantages of ohmic processing are the rapid angchnique in food industry are very wide, e.g.nbking,
relatively uniform heating achieved, together witle  eyaporation, dehydration and pasteurizatioEarlier
lower capital cost compared to other electro hegatin work focused on viscous food and foods containaligls

methods _such as microwave and radio frequenc rticles. The most critical property affecting abm
heating. Ohmic heating technology has been accepte}éi"l o _ property ng
eating rate is food electrical conductivity. The

by the industry for processing liquids and soliguld ' s
mixtures’. In the absence of a hot wall, ohmic heatingelectrical conductivity is affected by parametarstsas
provides a considerable advantage for foodstuftemperature, ionic strength, free water and mdteria
applications, by not only avoiding the degradatafn  microstructuré’.
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Computational Fluid Dynamics (CFD) is a state of
the art numerical technique for solving fluid flow oom § ittty - Hectrode 3
problems. CFD calculations use a computational @grid
solve the governing equations describing fluid flow
i.e., the continuity, momentums and energy equation ,
and additional conservation equations, such asrilaic 0.02m i I
field equations, across each grid cell by meansurof
iterative procedure in order to predict and viszelihe
profiles of velocity, temperature, pressure. Earbers
of CFD are found in the automotive, aerospace and o.ozmi —h
nuclear industries. With the enhancement of computi r 1 TI 11T t
power and efficiency and the availability of affatde Toim
CFD packages, applications of CFD have extended int
the food industry for modeling industrial processes Fig. 1: Schematic ohmic heating cell of collinear
thereby generating comprehensive analysis leading t electrodes
design of more efficient systeftls

Guava Psidium guajava L., family Myrtaceae) is a

022m

v

X 022m

Table 1: Properties and parameters used in sironkati

. . . . Properties and parameters Value/expression Units
popular frl_nt tree of_the tropics and subtro_plcﬂ A Consistency index (K) K= 0117 PR s
important in international trade and domestic ecayo  Flow behavior index (n) n=0.5978 Dimensionless
of several countries in warmer climates. Guavat fiasi  Se"S™ ©) p=104L1-06896T  kgh
oRvEe 8 : " Thermal conductivity (k) k =0.4401+0.0039 T  J'te™*
rich in vitamin C and also a good source of péeétln Specific heat (g) C,=4035.7+17.935 T JK§C™
The guava can be consumed fresh or can be processﬁgggfy'gfggg‘g;(""%"f) o Tro06ez S z‘
. . . . . . ref) .
into juices, pulps, jams, jellies or dehydrateddu@iS,  pensity at 30°C({) 1019 kg me
as well as being used as an additive to other jiniges  Inlet velocity () _ 0.003 ms!
| g] Coefficient of volume expansiof) 0.00051 1/°C
or pulps-. ) ) ) ) _ Reference electrical conductivity{ 0.00383 st
Conventional pasteurization requires long heatlnggiameter of the heating cell (D) 0.05 m
. leadi deteri ti f duct lit istance between electrodes(D  0.22 m
time leading _to eterioration of product quality. jnet temperature () 30 oC
Electromagnetic heating, on the other hand, has beegtpplied voltage (V) 20 Volt

successfully used for efficient pasteurization obd . o
products in the recent yelts However most of the Sample preparation: Guava juice was prepared from
studies have concern over the sterilization of food?ink Guava purees which was obtained from Golden

roducts containing particléd*® There are only a Hope Fruit Industries (M) Sdn., Malaysia and was
P gp Y @ diluted by adding distilled water in a volumetratio of

few scientific and technical studies dedicated to :
. : . 16] 1:3 (v/v). The temperature dependent rheological an
continuous fluid treatment by ohmic hea : . i
thermo physical properties of the sample were

The ObJeCt.Ne of th.ls stuqu IS to r_nod_el and s!rtmla measured and were shown in Table 1.
an axisymmetric two-dimensional cylindrical conthus

ohmic heating system and to investigate the efct Goyerning equations: The flow is axisymmetric about
buoyancy force on velocity profiles, temperaturefifgeS  the center line which makes the problem two

and current density of the ohmic heating system. dimensional instead of three dimensional. The
governing conservation equations and the boundary
MATERIALSAND METHODS conditions in continuous ohmic heating are fornmedat

with the following assumptions:

The ohmic heating cell: The ohmic heating cell used Assumption:

in this study is shown in Fig. 1. It consists of a

cylindrical tube 0.05 m in diameter and 0.5 miighe . Incompressible, steady state, laminar flow

Three electrodes (0.02 m thick) are fixed at dstaof « Heat generation due to viscous dissipation is

0.22 m from one another. It operates at an inliiciy negligible
0.003 m se¢ and a temperature range of 30-90°C.e No heat loss and mass flow through cylinder wall
Power connection was from 90 V, single-phase A€.lin and that the tube is insulated
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+ Small axial conduction compared to radial v, Y
conduction Ty = K(_?J (4)
* The wall of the heating cell is electrically insigld,
implies that no voltage gradient across the wall and
» Boussinesq approximation is valid, i.e., the densit
difference, which causes the flow, has a linear et
relationship with temperature W, = K[-%j (5)
* No-slip condition at the inside wall of the heating or
cell
« At the entrance of the heating cell, the flow hasWhere: _ -
uniform temperature and uniform velocity 1, = Represents the shear stress (Pa) in the r-inect
e The fluid rheological and thermo physical and the negative sign indicates the shear stress
properties are temperature dependent occurs in the direction of decreasing velocity

K = The consistency coefficient (P9 s
Continuity equation: The continuity equation is given N = The flow behavior index
by: y = The shear rate (sé
Ha = The apparent viscosity (Pa s)
Both the consistency coefficient (K) and flow
=0 Q) behavior index (n) are temperature dependent.
Considering the effect of electrical field on gtgv
induced free convection, the conventional Grashof
E*D 9.

where, vy and y; is the fluid velocity in the radial and

axial directions, respectively. number is modified by replacirggwith

Momentum conservation equations in x-direction: G _ P°BATD?E’b ©6)
Considering a vertical cylindrical heating cellvhich fer = p2
electrodes are inserted, the momentum equatiothéor

vertical velocity y in cylindrical coordinates is \yhere G is the electrical Grashof number.
expressed by:

Energy conservation equation: The thermal behavior

ov, v, \_ dp is based on the energy balance. It includes coiorect
PV Vg, ——&+pref[1_B(T_Tref)]gx - conduction and heat generation, given by:
+53[uraV*J+3[u avxj
ror"® ar ) ax\ % ox pC [vra—T+vxa—Tj:}£(krg)+Q @)
L or ox,) ror or

In this study, the Boussinesq approximation Wasg|ectric field distribution equation: The Laplace
used to account for the buoyancy force driving thegqyation for electric field distribution was solviedthe

convective motion of the ﬂUiH_/]' The density is \ynole fluid at steady state and it is dependenthen
assumed constant in the governing equations exeept o mperature distribution. In cylindrical coordingtéhe

the buoyancy term (Boussinesq approximation). electric field distribution of the spacing tube Wween
the two electrodes can be calculated ff8m

d(_av). 19( _ov)_

' % ) el )70 ®)
X X

P(vr ATy 6V’j=-ap+{a[la(uawr)j+a v'} (3)

Momentum conservation equation in r-direction:

o 7 ox ar |or{rar ox> ) o _
The heating rate is directly proportional to the

The viscosity of guava juice is found to decreas%eigigt;'tcrzlngfl[_ﬂgUCt'V'ty and the square of the elect

with an increase in shear rate and its flow beltrasém

be expressed using a power-law model which is given R

as follows: Q=o(Ovmv)=|0v|°o (9)
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Boundary conditions. The boundary conditions are: model was adapted until stable solution (grid
independent solution) was achieved.

_ A 0T ov Y An iterative procedure was adopted to establish th
e Atsymmetryr=0,—=0, —2*=0, —=0 and ' . s
ar ar ar profiles of temperature, velocity and electric diel
v, =0 msec, for 0O<x<L distribution of the fluids versus time during ohmic
aT av vV heating processing. Starting from an estimatedainit

« At the wall, o 05 F05-=0 and v =V, =0  temperature of the ohmic heating cell, the elegtric

conductivity, specific heat, thermal conductivity,
viscosity and density were computed. The electeld f
gnd momentum equations were solved to obtain the
velocity and the electric field distribution at athy
state. The momentum, energy and electric field
equations were solved and the associated properties
were derived through iterations until a convergence
value was reached for the solution. Convergence was
attained by adjusting the number of elements aed th
time step as well as certain parameters related to
' successive substitution solver used.

m sec* For 0<x<Latr=R

The wall was assumed insulated except at th
electrodes, the voltage at bottom and top electrede
and at the middle electrode =90 V.

Atinlet at x = 0 m. V = 0 volt, y= 0.003 m se¢,
v,=0msec and T=30FC at0<r<R.

Numerical approach: A commercial Computational
Fluid Dynamics (CFD) package FLUENT (v 6.1
Fluent, Inc. India) is used to solve the goverrpagtial
differential equations with appropriate boundary
conditions. A user defined functions available in
FLUENT was adopted to solve the electric field
equation. Structured meshing scheme was generated Figure 2 shows the simulated x-velocity profilés a
using GAMBIT pre-processor (v 2.0 Fluent, Inc. i different locations along the heating cell with paocy
Grids created with GAMBIT were then read and effect performed for guava juice. The flow velocity
checked in FLUENT to make sure that all the volumedligher at the center of the tube than in the regiear
created are positive. Operating conditions and Bann  the walls. It shows that near the entrance at x1=a0d
conditions were specified, as well as the propertie 0.2 m thex-velocity was uniform at 0.003 mi‘sand
fluid present in the system. For a better contrbl ojumped to 0.0035 ni'snear the center. At the middle of
solution, different algorithms were selected ané th the heating cell the velocity is drastically incsed to
level of convergence desired by the user was szlect 0.017 m § at the region adjacent to the wall and
Before starting to iterate, properties of the flield  dropped to zero at the region away from the watl. A
such as velocity temperature and viscosity paramete location ofx = 0.3 m the velocity was 0.024 rit sear
were initialized from a specified boundary. The the wall and dropped to zero at the region neacéhnére.
segregated solver was chosen as the numericalesolut At location x = 0.04 m the velocity was 0.022 thand
method. This approach segregates the governinglose to zero near the center. At locations 0.3G#Adn
equations and solves them sequentially. In additiom  reversed flow are clearly observed. At the exittiue
governing equations are non-linear and consequentlyeating cell the velocity dropped to 0.0013 threar
required several iterations of the solution loopbe the wall and decreased to 0.0015 tasthe center.
performed.

Because of symmetry, only half of the 2D ohmic 2029 —’—‘_f‘jf’
heating cell geometry needs to be modeled. A regula  °**| = °
structured grid of hexahedral mesh elements was _ "7 & 03m

RESULTS

created to discretize the domain using 231876 ai&sne A 00154 —m—04m
The adaptive refinements of meshes were automigtical £ oo1q Qulst 4 \
added for better solution resolution. 2 0005 . /% "él

— A
The CFD simulations were performed in the o ;
computer system intel/2R, 2.85 GHz and 3GB RAM o005+ TeecEe, WE SR WS
machine running on WINDOWS 2002 Professional. L0014 ‘:_ w
The computer processing time required was about 40 ;15 -

min for simulating the temperature, flow and eliectr
field distribution in the heating cell. The meshr D  Fig. 2: x-velocity of guava juice with buoyancy et
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Fig. 5: Temperature profiles of guava juice without
Fig. 3: Steady state temperature profiles of gyaice buoyancy effect
with buoyancy effect
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Fig. 6: Current density of guava juice with buoyanc
Fig. 4: x-velocity profiles of guava juice without effect
buoyancy effect

9000 9 —s—Inlet

Figure 3 shows the simulated temperature profiles 8000 ~#-0.1m n
with the incorporation of buoyancy effect. At regioear 7000 4 0.2m /
the entrance (x 0.1 and 0.2 m) the temperature profiles E 6000 W-025m
has the same value of inlet temperature. When murre = e 03m
density increases both the flow and temperature £ 7 |
distributions began to change and the temperatuiteea = 4000 o /
location of x = 0.3 m increased to 95 °C near thal w Z 30004 O .*
and 72 °C in the region away from the wall. Nea& th ~ 5000 /
outlet at x = 0.4 m the temperature is uniform B /
near the wall and 73 °C in the region away fromwiad. 10009 ;/

At the outlet more uniform temperature was achie®ed oS —a—a
0 0.003 0.01 0.013 0.02 0.025

°C near the wall and 75 °C away from the wall.

Figure 4 shows the simulated velocity profiles in
the absence of buoyancy effect. The velocity pesfil Fig. 7: Current density of guava juice without
were not distorted from the center to the wallshe T buoyancy effect
velocity and temperature fields were coupled, and
overheating was observed near the wall and under Fjgure 6 shows the simulated current density
heating near the center as shown in Fig. 5. distributions inside the heating cell. The patteappear
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to be of longitudinal configuration (or constaneattic
field), in which the product flows parallel to te&ctric

field. However the current density shows maximum
value (6800 A/rf) at the surface of the middle electrode ™

with buoyancy effect taking into consideration. Hmer,
when the buoyancy effect was not considered thegur
density was 7800 A/fas shown in Fig. 7.

DISCUSSION

The fluid passing in the region near the walls

remain longer under the influence of the electiidf

and received more heating than those fluids pasaing

the center of the tube. The difference in the esie

time causes a temperature difference between titerce 3.
of the flow and the region near the walls. This

temperature gradient is growing with the progressif/

the heating of the liquid passes inside the tube so

buoyancy effect is important and was taken intmant

The buoyancy driving force is caused by density

differences within the liquid due to spatial tengtare
variation between the wall and center. It distdfts

velocity profiles and increased to the maximum galu
of the velocity from the center to near walls o€ th
heating cell. Because the density and the viscasity
the fluids decreased with increasing temperatui@ ne

the region of the walls there is generally an iasgein
velocity. It is apparent that the temperature éased
along the axial coordinate. The highest temperatae
observed near the wall at the middle of the heatilh

because of the high value of the current densite T 6.

temperature at x = 0.4 m and at the outlet wasotmif
Since the Richardson number,:GR€& >> 1, so a more

realistic numerical model must consider the buoyanc
effect. In the two cases mentioned above the maximu 7.

current density was below the criticalalue

8000 A/nfl*",
CONCLUSION

A steady-state two-dimensional

continuity, momentums, energy and electric fieltheT
results show that buoyancy effect distorted th@aig}
significantly, with reverse flow clearly observethis
provided better mixing in the cell which resulteda

more uniform temperature distribution compared to

simulations which ignore the buoyancy effect. THebC

simulation also demonstrated that maximum current

density at the middle electrode was below the caiti
value 8000 A/rh
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numerically the partial differential equations for
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