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Abstract-Natural convection heating of a canned liquid food during sterilization is simulated by solving 
the governing equations for continuity, momentum and energy conservation for an axisymmetric case, 
using a finite element code. The model liquid has constant properties except viscosity (temperature 
dependent and shear thinning) and density (Boussinesq approximation). The velocity field establishes itself 
much more rapidly than the temperature field. The maximum axial velocity is of the order of 10m4 m s- ’ 
because of low Grashof number. The coldest point is not fixed but migrates in a region that is l&12% 
of the can height from the bottom of the can and at a radial distance approximately one-half of the radius. 
On the basis of the computed particle path it appears that the liquid initially located just below the top 
center is exposed to the minimum heat treatment and should be of most concern in the thermal process 

calculations. 

INTRODUCTION 

THE INVENTION of heat preserving food, by Nicholas 

Appert, an art as he described it in 1809, made canned 
food the first ‘convenience’ food [l]. Since then the 
thermal preservation of food has become more soph- 
isticated than Appert’s procedures. Conventional can- 
ning processes extend the shelf life of the food product 
by destroying most of the spoilage micro-organisms 
and also make the food safe for human consump- 

tion by destroying the pathogenic micro-organisms, 
mainly Clostridium botulinurn in low-acid canned 
foods, present in the unprocessed food supply. A con- 
siderable amount of literature is available about the 
heating of food products in containers under a wide 
variety of conditions. Most of the mathematical 
analyses have been carried out for conduction-heated 
products because simple analytical solutions are read- 
ily available. However, detailed analysis of convection 
heating has usually been considered of minor import- 
ance in the food industry for two reasons: (i) high 
rates of transfer are often encountered in the process 
when agitation is used, and (ii) it is assumed that 
a process based on conduction heating results in a 
conservative design and thus can be extended to con- 
vection-heated foods as well [2]. Due to quality and 
economic considerations, there are instances when the 
product is heated primarily by natural convection in 
a still-retort. Examples include fruits and vegetable 
juices, soups, evaporated milk, broth and beer as agi- 
tation yields undesirable quality. 

The time and temperature used for thermal treat- 

ment of a product in a container are based on the 
product characteristics, container type (glass, metal 
or plastic) and size, heating medium characteristics 
and the microbial population and its thermal inac- 
tivation kinetics. The optimum thermal process 
should be such that it ensures that the slowest heating 
point/zone (SHZ) is exposed to adequate heat treat- 
ment for sufficient time to inactivate the micro-organ- 
isms of interest [3]. The SHZ is the region of the 
product which receives the least sterilization during 
heating and cooling processes. The location of the 
SHZ for a convection-heated product is not as easily 
determined as it is for a conduction-heated product, 
and requires the knowledge of transient temperature 
and flow patterns during the sterilization process. 
These patterns can be found by solving the partial 
differential equations (mass, momentum, and energy 
conservation) governing the process. 

Natural convection in enclosures has been studied 
for nuclear reactor systems, material processing, solar 
energy systems, energy storage and conservation, fire 
control, fluid and thermal sciences, and petrochemical 

and food industries [4]. Zechman [S] presented a sur- 
vey of the experimental work involving natural con- 
vection flow patterns in food containers. Techniques 
such as colored dye [6, 71, particle suspension in 
liquids [2, 7, 81, particle streak and laser Doppler 
velocimetry [2] have been used to observe flow pat- 
terns inside a container. Evans et al. [9] measured the 
transient temperature profiles during natural con- 

1083 



IOX4 A. KUMAK and M. B~~~sTA~HA~Y,~ 

NOMENCLATURE 

c P specific heat of liquid food 

[J kg-’ K- ‘] 
hE activation energy [kJ kg mol ‘1 

F,, sterilization value at 12 I. 1 C [mm] 
Gv Grashof number 

,Y acceleration due to gravity [m s ‘1 

H height of the can [m] 
I; thermal conductivity [W m ’ K ‘1 
I1 Row behavior index 

I’ pressure [Pa] 

P dimensionless pressure 

Pr Prandtl number 
I radial position from center line [m] 

Ii radius of the can [m] 
R(u,) residual vector in equation (7) 

R, gas constant [kJ (kg mol) ’ K ‘1 

Ro refcrencc vector in equation (7) 

Ru Rayleigh number 
SHZ slowest heating zone 
t heating time [s] 
T temperature [K] 

Tw wall temperature [K] 

r, initial temperature [K] 

u, 1: velocity components in the axial and 

radial direction. respectively [m s ‘] 

IL. (I dimensionless axial and radial velocity 
components. respectively 

@, velocity vector at the ith iteration 

u characteristic velocity [m s -- ‘J 

: axial position from bottom center of the 

can [ml. 

Greek symbols 
thermal diffusivity [m’ s ‘] 

; thermal expansion coefficient [K ‘1 
.; , shear rate [s- ’ ] 
“,i * dimensionless shear rate 
c penalty parameter 

i:! residual tolerance parameter 

1:, local time truncation error 

L velocity convergence parameter 

i dimensionless height. z,‘H 

? apparent viscosity [Pa * s] 

‘lo consistency index [Pa * s”] 

tl* dimensionless viscosity 

ViL.i cha~dcteristic viscosity [Pa * s] 
0 dimensioniess temperature 

5 dimensionless radial position, riR 

I’ density [kg m ‘1 

T dimensionless time. 

vection heating of fluid in a vertical cylinder due to 
uniform flux and compared their results with a sim- 
plified analytical solution. Stevens [IO] tried to solve 
the problem numerically by solving the governing 
equations for natural convection heating of a liquid 
food in a can. His work was based on an explicit finite 
difference method after Torrance and Rockett [1 I]. 
Hiddink [2] also attempted a similar analysis using 
the finite difference methods of Barakat and Clark 
[II?.]. Both of these researchers [2, IO] had problems 
with their numerical schemes and were not able to 
resolve the solution in the bottom of the can. Engel- 
man and Sani [13] used a finite element formulation 
for m-package pasteurization of beer in glass bottles 
and found their results in good agreement with the 
experimental work of Brandon et al. [14]. Sani [I51 

extended this work to the heating of beer in cans. 
Datta [16] used finite difference methods to solve the 
governing equations for sterilization of water-like 
food in a cylindrical can. His results were in good 
agreement with the experimental study of Hiddink [2]. 

All of the above numerical studies were carried oul 

for water-like liquid food products having a constant 
viscosity. incorporation of temperature de~ndencc 
into the viscosity model makes the problem more 
complicated for numerical solutions. The transient 
temperature and velocity profiles for natural con- 
vection heating of a thick viscous liquid food (with 
temperature-dependent viscosity) in a cylindrical can 

with side heating only (the top and bottom were insu- 
lated) was presented in ref. [ 171. This study was carried 
out for the worst case scenario where the can is placed 
with its bottom against the retort bottom [lS] and the 
top was assumed to be insulated because of head 

space. 
The numerical analysis in the present study 

describes sterilization of a pseudoplastic liquid food 
with a temperature- and shear-dependent viscosity, in 
a cylindrical enclosure placed in an upright position 

and heated on all sides in a still-retort. The specific 
objectives were to (i) obtain the transient temperature 
and velocity profiles during heating, (ii) compare 
simulation results with the pure conduction heating 
solution, (iii) study the product movement because of 
natural convection, and (iv) show the migration 01 
the coldest point during heating. 

PROBLEM FORMULATION 

Food materials are highly non-Newtonian in nature 
with the flow behavior index typically less than one. 
The viscosity model selected is given by Christiansen 
and Craig [ 191 as 

(1) 
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Table 1. Properties of the liquid food used in the simulation 
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Property Value” Input in program 

Density 
Specific heat (c,) 
Thermal conductivity (k) 
Volumetric expansion coefficient (/I) 
Apparent viscosity (v)~ : 

flow behavior index (n) 
consistency index (qO) 
activation energy (AL?) 
characteristic viscosity (Q) 

950 kg mm 3 0.227 
4100 J kg-’ K~-’ 79 500 
0.7 W me’ Km’ 1 

0.0002 Km ’ 1 

0.57 0.57 
0.002232 Pa*s” 0.002232 Pa* s” 

30.74 x IO’ kJ kg mol- ’ 30.74 x IO2 kJ kg mol ’ 
13.57 Pa.s 13.57 Pa-s 

’ From Pereira [29]. 
*The viscosity was converted to dimensionless form in the subroutine itself. 

Properties of sodium carboxy-methyl cellulose (CMC) 
suspended in water (0.85% w/w) was used as the 
model fluid for the simulation and the values for 
the constants used in equation (1) are given in Table 

1. The shear rate is included in the model despite 
the usual practice of assuming that the shear rate 
anticipated in the natural convection heating is low 

(zero shear) and thus the viscosity can be assumed to 
behave as a Newtonian fluid [lo, 171. However, when 
the computed shear rate was lower than 0.01 so ‘, the 
value of rl was calculated using a shear rate of 0.01 s- ’ 

Density variations were governed by using the 
Boussinesq approximation which assumes that the 
density variation in the continuity equation can be 
neglected. Thus the density difference which causes 
the flow is approximated as a pure temperature effect, 
i.e. the effect of pressure on the density is neglected 
(incompressibility assumed). This approximation is 
valid for most liquids [20]. The specific heat (c,), ther- 
mal conductivity (k) and volume expansion coefficient 

(b) were assumed to be constant and the values used 
are given in Table I. 

Description qf the problem 

When a container or can filled with liquid is exposed 
to a heating environment (still-retort), initially the 
liquid heats up by conduction. The rise in temperature 
of the liquid causes the liquid density at the wall to 
decrease. Due to this disparity of the liquid’s density 
and gravity, buoyancy forces are created and lead to 
the movement of the liquid. Throughout the heating 
period, these buoyancy forces are opposed by the 
liquid’s viscosity. The velocity of the convective cur- 
rent depends on the strength of the buoyancy forces 
and the magnitude of the resistance to flow by the 
liquid viscosity. This movement of liquid continues as 

long as the buoyancy forces are higher than viscous 
forces. 

To simplify the problem, the following assumptions 
were made : (i) axisymmetry which reduces the prob- 
lem from three-dimensional to two-dimensional, 
(ii) heat generation due to viscous dissipation is 
negligible, (iii) Boussinesq approximation is valid, 
(iv) specific heat, thermal conductivity and volume 
expansion coefficients are constant (Table I), (v) the 

assumption of the no-slip condition at the inside wall 
of the can is valid, (vi) the condensing steam maintains 
a constant temperature at the can surface, and 
(vii) the thermal boundary conditions described 
below are applied to liquid boundaries rather than 

the boundaries of the can. 
The specification of initial and boundary conditions 

for a process to be solved numerically is a critical step 
in obtaining a proper solution. In reality the natural 

convection heating of canned food is a complex pro- 
cess and requires time-dependent boundary con- 
ditions because of the time lag of the retort to reach 
the steam temperature. Initially the liquid is at rest 
with a uniform initial temperature of T, = 313 K. To 
simplify the problem it is assumed that the retort 
reaches the desired temperature instantaneously. A 
common temperature used in sterilization of canned 
foods is 394 K. Since cans are made of metal which 
has a low thermal resistance and steam is condensing 
on the outer can wall, it can be assumed that the 
boundary conditions apply to the inside surface of the 

can (or liquid boundaries). 
The governing equations were converted to dimen- 

sionless form. During natural convection, there is no 
free stream velocity and therefore a convection 
velocity, U, is employed for nondimensionalization 
of the velocity. This convection velocity is the maxi- 
mum velocity that may be expected to occur in a 

natural convection process [20] and is given by 
U = ,/(gfiRAT). The viscosity at the initial tempera- 

ture (313 K) and zero shear (0.01 s- ‘) was used as the 
reference viscosity (qref) for nondimensionalization. 
Other dimensionless 
eters are as follows : 

variables and resulting param- 

Ra = dW’-w - T)R3 pr&!5, 
?ref~ k 

With the introduction of these dimensionless variables 
and parameters, and the assumptions stated, the 
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governing equations expressing conservation of mass, 
momentum and energy can be expressed in the fol- 
lowing dimensionless forms : 

equation of continuity 

(21 

equations of momentum 

equation of energy 

(5) 

and the initial condition and boundary conditions in 
terms of these dimensionless parameters are as follows : 

t = 0 for all 5 and [ B = 0. (4 = 0, 1, = 0 

T > 0 side wall (5 = 1 and 0 < < ,< 2.74) 
D=l.U=o,,~=o 

center line ([ = 0 and 0 6 < 6 2.74) 

top surface (0 < t < 1 and < = 2.74) 
B=1 ,,,=o,/,=o 

bottom surface (0 < 5 B 1 and ; = 0) 
0 = I./L = O,?, = 0. 

The physical properties, temperature and velocity are 
thus defined by the magnitude of the equivalent 
dimensionless variables (Table 1). In the case of con- 
duction heating, it was assumed that the can contained 

a solid with thermal diffusivity equal to that of the 
liquid. For this case, equation (5) was solved with the 
velocity terms set to zero. 

Software and hardware 

A commercial fluid dynamics analysis package, 
FIDAP (Fluid Dynamics International, Inc., Evans- 

ton, Illinois), was used to solve the governing PDEs 
because of its availability on the CRAY-2/4 5 12 Mw at 
the Minnesota Supercomputer Center, Minneapolis, 
Minnesota. This is a general purpose code that uses 
the finite element method (FEM). Engelman and Sani 
[13], Kumar et al. [17], Torok and Gronseth [21]. 

Chen and Striven [22] and others have used this code 
successfully to perform their simulations. A subrou- 
tine was written and linked to the FIDAP main code 
to calculate the viscosity from equation (1) using the 
computed temperature and velocity profiles. 

Solution scheme 

The details of the code can be found in the FIDAP 
manuals [23]. Various options and values of sig- 
nificant parameters are discussed here. FIDAP uses 
the penalty function approach [24] in which the con- 
tinuity requirement is weakened. The value of the 

penalty parameter (a) used in this simulation was 
IO “I. The solution scheme included a fixed point 
iteration method (Picard iteration), variable time step 

increment scheme and matrix solution by direct Gauss 
elimination using the skyline profile method. A 

streamline upwinding option was used to control 
the velocity vector oscillation caused by advection 
terms in Galerkin finite element models [25]. Itera- 

tion at a given time step was terminated when the 
following two convergence criteria were satisfied sim- 
ultaneously : 

the first based on the relative error in U, 

II Au, 11 
l/u, II 

d c,, ; Au, = u, - u, , 

and the second based on the residual error which must 
tend to zero as U, approaches u 

(7) 

where 11 * 11 is an r.m.s. norm summed over all the nodes 

in the mesh. 
The values of e,, and ar used were 0.01. An additional 

requirement for the transient problem used was that 
a relative norm of the error for the next time step be 
less than the value of the local time truncation error 

(c,). If the norm is less than the specified E, then the 
next time increment is increased. If a transient prob- 
lem is carefully monitored, the value of c, can be 
successively increased to increase the time increment 
and this could result in significant savings in computer 
time required to complete an entire simulation [26]. 

Temperatures and velocities are expected to have 
the largest variations near the wall because of the 
active boundary layer due to a large step increase in 
temperature. A non-uniform mesh (Fig. 1) with 3519 
nodal points, 69 in the axial direction and 51 in the 
radial direction graded in both directions with a finer 
grid near the wall, the top and the bottom was used 
in the simulation. This mesh had a total of 850 ninc- 
node isoparametric elements. 

RESULTS AND DISCUSSION 

CPU time and time increment history 
The natural convection heating of the model liquid 

was simulated for 2574 s (or a dimensionless time 
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WaIi 

8= 1 (T=394 K) 

u=O v=o 

35 19 nodal points 
850 nine node elements 

XnitiaI conditions 

(for all 5 and 6) 

0 = 0 (Ti=313 K) 
u=o v=o 

8=1 u -0 v=o 

I-- 4.048x 1O-2 m --I 

r Axisymmemc 

O.llfI m 

FIG. 1. Finite clement mesh and boundary conditions used. 

r = 5096). This required about 8 h of CPU time on 
the Cray-2/4 512 Mw. FIDAP is a partially vectorized 
code and thus could not utilize extensive vectorization 
capabilities of the CRAY-2. The mesh used here 
required about 3.5 Mw of memory which was allo- 
cated in the core itself. Preprocessing and post- 
processing of the data were also carried out using 
FIDAP’s preprocessor (FIPREP) and postprocessor 
(FIPOST) on the CRAY-2. Datta [16], using a finite 
difference formulation, reported that the problem 
took about 10 h of CPU time on a CDC Cyber 170,/730 
computer to simulate 600 s of actual heating. He used 
the properties of water and the viscosity was assumed 
constant. 

The simulation history is shown in Figs. 2 and 3. 
As expected, more time steps with smalier values of 
AZ were needed to resolve the flow field in the begin- 
ning (Fig. 2). It took 100 steps to achieve the first 
180 s of heating, another 100 steps to reach 1000 s 
and 300 steps for the total of 2574 s of heating. 

I 
6000 

/ I I I I 
0 60 120 160 240 300 

TIME STEP NUMBER 

FIG. 2. Time step history: dimensionless heating time (z) vs 
time step number. 
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50.0 - Hiddink [2] also did not observe a distinct eddy region 
in his model fluid (‘1 = 9.01 Pa * s at 303 K and 3 Pa. s 

z at 373 K). In the base of the can the liquid heated up 

S 
40.0- by conduction first and then was swept away by the 

w 
: liquid moving downward and outward. The tem- 
no 5 X0.0- ,010 pcrature profiles at nodes A. B and C in Fig. 4 confirm 

g 
this assumption because the temperature increased. 

; then decreased and then increased again. 
: 20.0 - 
Y 

The heating process was considerably l&&r for 

z natural convection as compared to conduction only. 
z 
2 

At the end of the simulation (7 = 5096). the minimum 

: 
10.0 - temperature for convection heating was 0.945 (389.5 

K) as compared to 0.731 (372.3 K) for conduction 
heating (Fig. 6). 

I 
1.00 60 120 II30 240 300 

TME STEP NUMBER 
Velocity profiles 

The magnitude of the velocity vector is important 
F-IG. 3. Time increment history : dimensionlcs lmx 

increment (AT) w time step number. 
in natural convection studies. A few representative 
velocity vector plots are shown in Fig. 7 along with 
corresponding streamline plots. The length of the vel- 

As shown in Fig. 3, the value of the dimensionless ocity vector (Fig. 7) gives the relative magnitude of 
time increment ranged from 0.00001 to 46.3 (5.05e-6 the vector. The liquid at the wall was at rest because 
to 23.4 s) and was controlled by the magnitude of the of the no-slip boundary condition. As can bc seen 
local time truncation error (E,). In the beginning, the from Fig. 4, the liquid near the wall was heated first 
velocity and the temperature fields were developing and this lighter liquid started to move up (Fig. 7). 
and g, was set to 0.001. After 100 steps E, was changed This created a flow pattern in the domain. As this 
to 0.0025 because As was constant at about 4.3 for liquid reached the top. it turned toward the center 
the last 70 steps. It was again changed to a higher core and then started moving down. The reverse of 
value after a few time steps (Fig. 3). Because of such this process was true near the bottom of the can. 
a strategy, the time increment increased and the simu- The velocity field developed quickly even though 
lation was completed in a short time. Moreover this the temperature had not changed significantly (Figs. 
strategy did not cause any noticeable change (dis- 4 and 7). The Prandtl number is an indication of 
continuity or a kink) in temperature and velocity pro- the relative development of thermal and momentum 
files. Each time step required 4-6 iterations in the boundary layers. A value of PI > 1 means that the 
beginning and 3 iterations in the latter half of the velocity profiles develop faster than the temperature 
simulation. profiles and for Pr > 1000, the velocity profiles 

For conduction heating, the total CPU time was develop completely before the temperature in the 
about 70 s. It took 65 time steps for the entire simu- liquid layer has increased to any significant amount. 
lation time as compared to 300 steps for the natural For the liquid used in this study. the Prandtl number 
convection solution. The value of E, was 0.001 for based on the reference viscosity (?I~~,) was about 
the entire simulation. The results of the conduction 79 500. 
heating are included for comparison purposes. As heating time increased, the temperature differ- 

cnce (AT) in the liquid also increased. This caused 
Temperature profiles the buoyancy forces to increase and viscous forces to 

The temperature profiles during heating are prc- decrease (viscosity dccrcascd with increasing tcm- 
sented in the form of isotherms at various times (Fig. perature and shear rate). Because of this, the mag- 
4), temperature histories at various points in the nitudc of the axial velocity kept increasing (Fig. 8) 
domain (Fig. 5) and temperatures along the center and peaked around z = 359.6 (180 s). By this time the 
line at various times (Fig. 6). As can be seen in Fig. buoyancy forces had started to decrease causing the 
4, the isotherms at z = 1 I I (56 s) were almost identical reduction in the magnitude of velocity. Once the liquid 
to pure conduction heating but with increasing time approached the wall temperature the magnitude of 
the isotherms showed a strong influence from con- the velocity vector was low (Fig. 7(b)) 
vection currents. The magnitude of the maximum axial velocity at 

This simulation did not show the presence of the mid-height near the wall was about 0.31 mm s ’ 
eddies as reported by Hiddink [2] and Datta [I61 for ((/ = 0.0038) at 7 = 359.6. Hiddink [2] measured the 
water. The model liquid used in this simulation is axial velocities in a low viscosity silicone liquid 
more viscous (q = 13.57 Pa*s at T = 313 K and (q = 0.073 Pa * s at 303 K and 0.03 Pa. s at 373 K) 
*; - 0.01 s ‘) as compared to water (q = 5.0 x IO 4 
bc s at T, = 3 I3 K) and thus we did not observe 

and in a high viscosity silicone liquid (q = 9.01 Pa-s 
at 303 K and 3 Pa. s at 373 K) in a container which 

the formation of eddies or any recirculating zones. was exposed to initial and steam temperatures of 303 



Transient temperature and velocity profiles in a canned non-Newtonian liquid food during sterilization 1089 

(a) 

(d) 

(b) 

?! 

(e) 

FIG. 4. Temperature contour plots for dimensionless time (5) of (a) 119 (1 min); (b) 359.6 (3 min); 
(c) 619 (5 min) ; (d) 2389 (20 min) ; (e) 3520 (30 min) ; and (f) 5096 (42 min). Isotherms shown here are: 
A, 0 = 0.0247 (3 15 K) : B, 0.272 (335 K) ; C, 0.5 19 (355 K) ; D, 0.765 (375 K) ; E, 0.888 (385 K) ; F. 0.951 
(390 K). Right-hand side of each figure is center line. ‘ x ’ shows the location of the coldest point in the 

domain. 

j: r /: jr 
_I I I I I 
0 1020 2040 3060 4080 5100 

DlMENSlONi_ESS TIME ,I-,-- 

FIG. 5. Time-temperature history at various nodes on the 
center line. Dashed line shows the conduction time-tem- 

perature history for node at E. 

t: 
Y 
g 0.400 
ci 
E 
x 

0.200 

0 

1.00 

c 
i 
3 

4 0.800 

L 

P 
2 
z 0.600 
cz 

DIMENSIONLESS AXlbL COORDINATE tc ) 

FIG. 6. Temperature along the center line for various dimen- 
sionless times. Natural convection heating. Dashed line 

shows the conduction data line for 5 = 5096. 
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FIG. 7. Velocity vector and streamline plot at (a) = I1 1 and (b) 7 = 5096 of dimensionless heating 
time. The dimensionless streamlme values are: A, -0.25c-3: B. -0.20eP3; C. -O.lOe-3: D. 

--0.7oc-4: E. -~0.31c-4: F. -0.20e 4: G. -O.IOe-4: and H, -O.lOe -5. 

Ir ...... ...................... - ........ ....................... - ........ ........................ 
)=::::::.-:::::::::::::::::::::::::::I 

and 380 K, respectively. The magnitude of the velocity 
vector for the low viscosity fluid was about 3 mm s ’ 
after being heated for 60 s and for the high viscosity 
fluid it was 0.5 mm s ’ after 120 s of simulation. Since 
(i) the temperatures used in our work are higher than 
those of Hiddink [2], (ii) the thermal and physical 
properties are different, and also (iii) the viscosity is 
somewhere in the range of these two fluids, our results 
agree, qualitatively and to some extent quantitatively, 
with Hiddink’s measurements. 

Datta [16] reported that for water the maximum 
axial velocity was always near the wall and about 35, 
16 and 12 mm se ’ at 30,240 and 450 s of simulation. 
respectively. Because of this high velocity, the mini- 
mum temperature in the can was 357.4 K after 120 s 
of heating. In our case, the axial velocity at 30 s 
(z = 59) was in the order of 0.01 mm s-’ and the 
temperature in the domain had changed very little. 
The difference in the magnitude of the velocity vectors 
for water and the liquid used in this analysis can be 
explained in terms of the Grashof number, which is 
the ratio of the buoyancy to viscous forces and its 
magnitude is indicative of laminar, transition and tur- 
bulent flow regimes in natural convection flows. For 
viscous liquids, the viscous forces are high and thus 
Cr is low, e.g. for the liquid in this simulation, Gr is 
of the order of 0.05 (using maximum viscosity and 
maximum temperature difference) as compared to 
water where it is about 10’“. 

Even though the velocity is changing because of 
increased buoyancy forces and decreased viscous for- 

ces near the wall where temperature is increasing, 
the maximum axial velocity was found to be in the 
negative direction on the center line and near the 
geometric center of the can for most of the time steps 
(Fig. 8). However, the difference between the 
maximum velocity near the wall and on the center line 
was not very large. The region of ascending liquid 
kept moving towards the center line (Fig. E(b)) due 
to further penetration of heat in the can (Fig. 4). 
Hiddink [2] detected that for viscous fluid the thick- 
ness of ascending liquid region was greater than for 
water and attributed it to smaller axial velocities in 
viscous liquids. The thickness of this region was about 
12-14 mm as compared to 67 mm for water [2, 161. 
15-16 mm for a thick liquid [17], and 15-20 mm for 

a very viscous fluid [2]. 
The streamlines also provide the essential details of 

the flow pattern (Fig. 7). The large loops help to verify 
the recirculation phenomena. The absence of any 
smaller recirculating loops near the bottom of the can 
eliminates the possibility of bottom eddies. Hiddink 
[2]: Sani [ 151, and Datta [ 161 reported the presence of 
these loops for water. The liquid near the bottom 
surface gets heated quickly and moves upward. But 
at the same time the core liquid is moving downward. 
The collision of these two fronts results in the eddies. 
However, in our case, it appears that the viscosity of 
the model fluid (higher than water) provided a 
cushion-effect and eliminated these secondary loops. 
The streamlines shifted because of the changing region 
of maximum activity. 
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0 
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2 -0.300E-0 

s 

-0.500E-0 z-I/ 
(8) 
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FIG. 8. Dimensionless axial velocity (u) at mid-height ([ = 0.5) vs dimensionless radial position ([): 
(a) for first T = 359.6; (b) for 5 = 359.6-4691. 

Shear rate and temperature dependence of viscosity 
The shear rate varied in the domain as a result of 

the changing velocity field during the simulation. Its 
magnitude was checked for a few time steps. At 
r = 359.6, it ranged from 10e4 to 0.24 SC’. The 
maximum shear rate (0.24 s- ‘) was near the wall and 
the minimum (10m4) in the low velocity region. A 
value of about 0.02 s- ’ was found near the center line. 
However, as mentioned earlier, a value of 0.01 s-’ 

was used to calculate the upper limit if the shear rate 
was less than 0.01 s- ’ 

As mentioned earlier, all numerical simulation stud- 
ies have been carried out for constant viscosity [2, 10, 
13, 15, 161 or temperature-dependent viscosity [17]. 
The constant viscosity is derived from the viscosity 
at the initial temperature, retort temperature or the 
average of these two temperatures. Stevens [lo] and 
I&mar et al. [17] also assumed the shear rate to be 
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very low and thus ignored the non-Newtonian aspect 

of the viscosity. Viscosity strongly affects the mag- 
nitude of the velocity vector. The viscosity model 
(equation (1)) used here has both temperature depen- 
dencc and shear rate dependence terms in it. Viscosity 
and thus the viscous forces reduce with increase in 
temperature and shear rate. Since temperature is time 
dependent, the viscosity of the liquid goes down with 
time as heat penetrates the can. Keeping the buoyancy 
forces the same for the sake of discussion, Gr will 
increase. This would result in an increase in the mag- 
nitude of the velocity vectors. Similar arguments can 
be made for shear rate dependence of viscosity. The 
combined effect of the temperature and shear rate 

dependence would enhance the effect of natural con- 
vection on heating and thus lead to a reduction in the 
process time. 

Moremrnt of’ liquid during heutiny (particle puth plots) 

In natural convection heating the product moves as 
a result ofdensity differences. This movement depends 
on the magnitude of the driving force, as discussed in 
previous sections and results in liquid displacement 
throughout the can. If WC were to consider one fixed 
point in the domain (Eulerian approach. used in 
FIDAP). the liquid is constantly being replaced. 
Alternatively, if we were to track a body of liquid over 
simulation time (Lagrangian approach). the liquid 
keeps changing its position, thus being exposed to 
different temperatures. This requires the tracking of 
the moving liquid and the microbial spores being 
carried with it. and calculating integrated lethality 

in the simulation. To our knowledge, Stevens [IO] is 
the only one who tried to incorporate the product 
movement in process evaluation by solving the prod- 
uct movement separately on the basis of the flow field : 
however he was not successful. 

In this study the product movement is simulated 
from the velocity field by computing the particle path. 
This method is similar to an experimental procedure 
where a particle is introduced at various locations in 
the can and the movement of this particle is recorded. 
The numerical method assumed that a massless par- 
ticle (referring to a continuous liquid material associ- 
ated with a grid node) travelled on the streamline 

path. 
To simulate movement, the particle path calcula- 

tions were carried out for I8 arbitrarily chosen points 

of introduction (Fig. 9) : six radial distances (t = 0.05. 
0.2,0.4.0.6,0.81 and 0.91) at three heights (I = 0.247. 
I .37 and 2.49). The path lines arc not very smooth. In 
order to produce smooth path lines, each time step 
should be stored. This results in a large file for a 
transient simulation like the one presented here. 
Results from few time steps (225) were saved in order 

to limit the size of the output file and missing data 
were generated by interpolation. The movement of 
the simulated particle depended on the location of 
its introduction. A particle introduced at Point A at 
i = 0.247 had the minimum movement because of its 
close proximity to the center line and to the base of 
the can. The particle initially at Point E at all three 

heights travelled the furthest. However, a particle 
initially at Point D at mid-height (Fig. 9) followed a 

n B 

FG. 9. Particle path plot for dimensionless heating time (T = 5096). Simulated particle injected at various 
points (l = 0.05, 0.2, 0.4, 0.6.0.X I and 0.91) at three heights (a) 1 = 0.247 ; (b) [ = I .37 ; and (c) [ = 2.49 
shown with ‘. ’ and distance and direction shows how far a massless particle would have travelled. Right- 

hand side of each figure is center line. 
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rather different path (particle moves down, then up 
and finally down again) because of the shifting stream- 
lines as described in the previous section. The particle 
at this point is also travelling in the zone of least 
activity (Fig. 6). 

If we were to calculate the lethality (microbial kill) 
on the basis of these particle path plots, particles 
introdu~d at different points would have accumu- 
lated different lethalities. Superposition of transient 
temperature profiles on the particle path and use of 
the Modified General Method [3] would yield a value 
for accumulated lethality. Qualitatively, the particles 
initially located at < = 2.49 are exposed to lower tem- 
peratures and should be of most concern. All particles 
initially located at 5 = 0.247 are exposed to high tem- 
peratures at all times because their paths are close to 
the can bottom and/or near the wall. 

Col&sl point in the can 
The coldest point in the can (i.e. the location of the 

lowest temperature at a given time) is not a single 
stationary point in the liquid undergoing convection 
heating as is the geometric center of the can in the 
case of conduction-heated products. Initially the con- 
tent of the can was at a uniform temperature. As 
heating began and the mode of heat transfer changed 
from conduction to convection, the coldest point 
moved from the geometric center to the heel of the 
can and towards the wall (Fig. 10). The coordinate 
and the process time corresponding to each letter is 
given in Table 2. It appears that the coldest point kept 
moving during heating and eventually stayed in a 
region that is about lO-12% of the can height from 
the bottom, near 5 = 0.4-0.6. 

Traditionally, the movement of the coldest point is 
a critical parameter in identifying the SHZ for prod- 
ucts in thermal process designs. The liquid and thus 
the bacteria1 spores carried with it at these locations 
are exposed to much less thermal treatment than the 
rest of the product. Also in natural convection heated 
products in a can being heated from all sides, the point 
at one-third height is considered to be the SI-IZ [27] 
and all the spores are assumed to be located at this 
point. Zechman and Pfiug [28] reported that the SI-IZ 
is around 10% height from the bottom whereas Datta 
[16] found it to migrate within the bottom 15% of the 
can. Hiddink [2] did not observe a single point which 
was the coldest point in the container all the time. 
Based on our work and this review of the literature, 
it is possible that the SHZ may not be located on the 
vertical axis and is hard to define considering the 
product movement during heating. According to 
Zcchman [SJ, the magnitude of the difference in the 
sterilization value (F,,) at the SHZ on the center line 
and the SHZ at some other location (if any) should 
be small in comparison to the overall variabiIity that 
is expected in measuring F. of convection heated 
products. On the basis of the particle path plots 
reported here, one has to consider the movement of 
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FIG. IO. Movement of the coldest point in a can during the 
simulation. 

the liquid around the center line which may not pass 
through this cold point. 

Once the coldest point settles in the bottom half of 
the container, the temperature difference between the 
coldest point and the center line at the same height is 
within +2 IS. The usual practice of measurement of 
the temperature on the center line would give the 
temperature of the coldest point within a couple of 
degrees. 

If there was a reduced heat transfer in the bottom 
of the can, i.e. temperature less than the retort tem- 
perature, because of its location in the retort, the 
coldest point would have moved closer to the bottom 
center [ 13. Also it should be noted that the placement 
of a thermocouple in the can would disturb the sym- 
metry of the flow pattern and possibly even move the 
coldest point to some other location. 

SUMMARY 

Sterilization of a canned liquid food in a still-retort 
was numerically analyzed using a finite element code 
(FIDAP) and the results were presented in the form 
of transient temperature and velocity profiles and par- 
ticle path plots. Sodium carboxy-methyl cellulose was 
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Table 2. Information on the coldest heating point (Fig. 10) 

Point 
(Fig. IO) 

Time step 
number Time. r Node No. Axial distance, < 

~.~~ 
A 40 90.4 34 
B 50 132 32 
C 60 174 30 
D 70 216 28 
E 80 259 26 
F 90 303 24 
G 100 347 22 
H 110 446 641 
I 120 573 983 
J 132 760 1396 
K 141 901 1534 
L 150 1040 I603 
M 162 1240 1603 
N 171 1400 1603 
0 180 1560 1603 

: 

192 1800 I604 
201 2010 1534 

R 210 2220 1535 
s 222 2540 1466 
T 231 2780 1397 
u 240 3020 1259 
V 252 3350 1190 
w 261 3610 1189 
X 270 3890 1327 
Y 276 4080 1327 

~. ______._ 

Note : for notations, refer to Nomenclature and Fig. 10. 

I .2033 0.0000 0.0000 
1.1315 0.0000 0.0000 
1.0908 0.0000 0.0000 
0.9783 0.0000 0.0000 
0.8658 0.0000 0.0000 
0.7532 0.0000 0.0000 
0.6407 0.0000 0.0000 
0.5282 0.2258 0.0012 
0.3595 0.3513 0.0012 
0.3033 0.5019 0.0064 
0.3033 0.5521 0.1250 
0.3033 0.5772 0.1965 
0.3033 0.5772 0.2962 
0.3033 0.5772 0.3735 
0.3033 0.5772 0.4448 
0.3595 0.5772 0.5283 
0.3033 0.5521 0.6039 
0.3595 0.5521 0.6629 
0.3595 0.5270 0.7337 
0.3595 0.5019 0.7757 
0.3595 0.45 I7 0.8100 
0.3595 0.4266 0.8462 
0.3033 0.4266 0.8726 
0.3033 0.4768 0.8991 
0.3033 0.4768 0.9136 

used as the model liquid which had temperature- 
dependent and shear thinning viscosity. Density vari- 

ations were governed by the Boussinesq approxi- 
mation. Specific heat, thermal conductivity and 
volume expansion coefficient were assumed to be 
constant. 

of the Scientific Journal Series of the Minnesota Agricultural 
Experiment Station on research conducted under Minnesota 
Agricultural Experiment Station Project No. 12-030. Ref- 
erences to commercial products and trade names made with 
the understanding that no discrimination and no endorse- 
ment by the University of Minnesota are implied. 

During natural convection heating, hot liquid near 
the wall moved upward and cold fluid in the core 
moved down. The thickness of the ascending liquid 

near the wall was about 12-14 mm. Since the model 
liquid considered was viscous and gave rise to a low 

Grashof number, the maximum axial velocity near the 
wall was of the order of 10 4 m s- ’ Also there were 
no bottom recirculating loops or eddies formed due 
to bottom heating. There was no fixed point which 
could be called the coldest point at all times. It 
migrated during the initial portion of heating and 
eventually (after 360 s) settled in the bottom lt&l2% 
of the height and around t = 0.40.6. 
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PROFILS VARIABLES DE TEMPERATURE ET DE VITESSE DANS UN LIQUIDE NON 
NEWTONIEN ENCAPSULE PENDANT LA STERILISATION 

R&sum&On simule le chauffage par convection naturelle d’un liquide alimentaire dans une boite pendant 
la sterilisation, en resolvant les equations de continuitt, de quantitt de mouvement et d’tnergie pour un 
cas axisymetrique et en utilisant un code aux elements finis. Le liquide a des proprietes constantes sauf la 
viscosite (dependant de la temperature et de la contrainte) et la masse volumique (approximation de 
Boussinesq). Le champ de vitesse s’etablit plus vite que celui de temperature. La vitesse maximale sur l’axe 
est de l’ordre de 10m4 m ss’ a cause du faible nombre de Grashof. Le point le plus froid n’est pas fixe et il 
migre dans une region qui est de 10 a 12% de la hauteur de la boite a partir de la base et a une distance 
radiale egale approximativement a la moitie du rayon. I1 apparait que le liquide initialement situe juste au 
milieu du plafond est expose au plus faible traitement thermique et cela doit &tre pris en compte dans les 

pro&d&s thermiques. 

TRANSIENTE TEMPERATUR- UND GESCHWINDIGKEITSPROFILE IN EINEM 
NICHT-NEWTONSCHEN FLUSSIGEN LEBENSMITTEL BEIM STERILISIEREN IN 

EINER RETORTE UNTER STILLEM SIEDEN 

Zusanunenfaasung-Die natiirliche Konvektion beim Aufheizen von einem fliissigen Lebensmittel in einem 
Behalter beim Sterilisieren wird unter Verwendung eines Finite-Elemente-Verfahrens durch L&en der 
Erhaltungsgleichungen fiir Masse, Impuls und Energie bei Achsensymmetrie simuliert. Die Stoffeigen- 
schaften der Modellfliissigkeit sind mit Ausnahme der Viskositlt (Abhangigkeit von der Temperatur und 
Verdiinnung durch Scherung) und der Dichte (Boussinesq-Approximation) konstant. Das Geschwindig- 
keitsfeld bildet sich sehr vie1 schneller aus als das Temperaturfeld. Wegen der geringen Grashof-Zahl 
ist die maximale axiale Geschwindigkeit von der GrGBenordnung 10m4 m s- ‘_ Der kllteste Punkt ist nicht 
feststehend, sondern er wandert innerhalb eines Gebietes von ungefahr l&12% der Behalterhohe, vom 
Behllterboden aus gerechnet, und in radialer Richtung innerhalb der HPlfte des Radius. Auf der Grund- 
lage des berechneten Partikelweges scheint es, dag die Fhissigkeit, welche sich zu Beginn gerade oben 
in der Mitte des Behalters befand, die geringste Erwiirmung erfahrt. Sie sollte daher bei den wlrme- 

technischen Berechnungen besonders beachtet werden. 



A. KUMAK and M. BHATTACHARYA 

HECTALJkiOHAPHbIE l-IPO@MJIM TEMl-IEPATYP W CKOPOCTER B KOHCEPBHPYEMbIX 
nkiIJJEBbIX IIPOAYKTAX, l-IPE~CTABJIJIIoII(kiX COEOR HEHbIOTOHOBCKME 

XU+J(KOCTki, IIPA CTEPWJUi3AIJUA B l-IkI~EBOM l-IEPErOHHOM KYEE 

AHIIOTP~~~~-M~TOAOM KOH~YH~IX ZIJI~M~HTOB peuIeHbi B ocecHMMeTpHVHoM CnyYae ypaBHeHan Hepas- 

pb1~~0fl~,CoxpaHeH5iK Konmecma ABH;~~~HHI A meprww ~na MoAempoeaHm Harpeea ecTecrseHHofi 

KOHBeKI,Heii KOHCepBHpyeMbIX XCHAKHX nHWeBblX npOAyKTOB B npOJ.W'i% CTep"AH3aUHH. 3a BCKJIIOS‘? 

HBeM BKJKOCTH (3aBHcnueii OT TeMnepaTypbl ki CKOpOCTH CABHra) H ILUOTH~TH (npm5niimeHse 

IiyCCHHeCKa), MOAeAbHall XWAKOCTb HMW nOCTOIlHHble CBOiiCTBa. none CKOpOCTe% yCTaHaBJUiBaeTCK 

3HaWiTWIbHO 6bIqeii,YeM TeMnepaTypHOe. ki3-3a HU3KOrO WiCJla rpaCrO@a MaKCHMaJlbHall aKC%Ub- 

Han cKopocrb AomiraeT nopwwa lo-‘+ M c -I. TovKa MaKCHMUbHOrO OXJIaZKAeHHII He IIOCTORHIia, a 

nepeMemaeTcn B o6nacrs, KOTOpaK COCTaBAKIeT l&12% BbICOTbl KOHTeiiHepa (OT er0 0CHOBaHHR)B B 

paAHa,,bHOM HanpasneHm OKOJIO nOAOBE%Hbl paatlyca. Ha OCHOBaHHA paccwTaHHor0 IlyTH ~acTHUb1 

MOXHO CAeAaTb BbIBOA,STO ;d(HAKOCTb,nepBOHa'IaJIbHO HaXOAIUaKCP HenOCpeACTBeHHO nOAUeHTpUb- 

~ofi qacrbm BepxHeii nosepxmcre,~ MkiHHManbHoii cTeneHH noABepraeTcr Tennoeol o6pa6oTKe w Ha 

~eecneAye~O6pa114aTb oco6oe BHaMaHHenpepacseTaxTennoBoro npowcca. 


