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ABSTRACT

Overall heat transfer coefficient (U) and fluid to particle heat transfer coefficient
(h;,) in canned liquid/particle mixtures, subjected to end-over-end processing, were
experimentally evaluated. A methodology was developed to measure heat transfer
coefficients, while allowing the movement of the particle inside the can, by attaching it
to a flexible fine wire thermocouple. The overall heat transfer coefficient was calculated
from the thermal energy balance on the can. The fluid to particle heat transfer coefficient
was evaluated using a finite difference computer program, by matching the particle time-
temperature data with those obtained by solving the governing partial differential
equations of conduction heat transfer in spherical geometry, with appropnate initial and
boundary conditions. Heat transfer coefficients were evaluated under two conditions: 1)
with a single particie in the can, 2) with multiple particles in the can.

In the single particle experiments, a spherical particle was used to evaluate the
influence of system parameters such as: retort temperature (110 to 130 °C), rotational
speed (0 to 20 rpm), radius of rotation (0 to 27 cm) and can headspace (6.4 and 10 mm);
and product parameters such as: particle density (830 to 2210 kg/m*) and liquid viscosity
(kinematic viscosity 1.0 x 10”° and 1.0 x 10™* m%s) on associated U and h,. Increasing
values of all four system variables improved the heat transfer coefficients; and the effects
of rotational speed and headspace were more stgnificant than those of retort temperature
and radius of rotation. The particle density had no significant effect (p > 0.05), but the
other product variables, of liquid viscosity and rotational speed, had significant effects (p
< 0.0001) on U. The hy, values were influenced by rotational speed, liquid viscosity and
particle density. The effect of particle density on hg, was more significant than those of
liquid viscosity and rotational speed. The U values varied from 118 to 800 W/m* K and
h;, values varied from 23 to 825 W/m’® K, depending on the operating conditions.

With multiple particles (Nylon) in cans, the associated convective heat transfer
coefficients (U and h,) were evaluated during end-over-end rotation using the same two
liquids (kinematic viscosities, 1.0 x 10 and 1.0 x 10" m%/s), different can rotation speeds

(10 to 20 rpm), particle diameters {19 to 25 mm), particle concentrations (single particle



to 40% v/v) and particie shapes (sphere, cylinder and cube). The U values ranged from
110 to 800 W/m" K, and the h;, values varied 170 to 1550 W/m® K depending upon
process conditions. Heat transfer coefficients increased with decreasing particle diameter,
increasing particle concentration (up to 20% for U and 30% for hg,) and increasing
sphericity. A further increase in particle concentrations upto 40% decreased the heat
transfer coefficients.

Flow visualization studies were carried out to characterize the particle
motion/mixing behavior of liquid/particle mixtures. Particle motion/mixing in transparent
containers was video taped under end-over-end rotational conditions used in the heat
transfer study. With a single particle in the can, liquid viscosity, particle density and
rotational speed influenced the particle motion. With multiple particles in cans, particle
motion/mixing was influenced by particle concentration, particle size, particle shape,
liquid viscosity and rotational speed.

Dimensionless correlations were developed for the predictive modeling of
convective heat transfer coefficients under rotational processing conditions. For U with
a single particle in the can (or liquid orly situation), Nussel: number (Nu) was correlated
to Reynolds number (Re), Prandtl number (Pr) and relaiive can headspace while with
multiple particles, Re, Pr, ratio of particle to liquid concentration, relative particle
diameter and particle sphericity were found to be significant parameters. For hy, with a
single particle in the can, three different correlations, one each for a sphere, a cylinder and
a cube were developed and the Nu was correlated to Re [or Froude number (Fr)], Pr,
density simplex (a), relative can headspace and the ratio of the sum of the diameter of
rotation and diameter of the can to the can diameter. With multiple particles Nu was
correlated to Re or Peclet number, ratio of particle to liquid thermal conductivity, particle
to liquid concentration and particle sphericity.

A multi-layer artificial neural network (ANN) was also used to model heat transfer
parameters under conduction and convection heating conditions. In order to itesi:the
applicability of ANN, initially, computer simulated data were used for opti’nél process
parameters of conduction heated canned foods under typical thermal process conditions.

The trained multi-layer neural network was found to predict optimal sterilization
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temperatures with an accuracy of + 0.5°C, and other responses such as process time and
integrated heating time for quality atntribute with less than 5% associated errors.
Subsequently, multi-layer neural network models were trained based on the experimental
values of U and hg, the two important parameters needed in theoretical modeling, of
liquid/particle mixtures in cans subjected to end-over-end processing. Optimal
configuration of the neural network, with 7 input and 2 output neurons (for a single
particle in the can), and 6 input and 2 output neurons (for multiple particles in the can),
was obtained by varying the number of hidden layers, the number of neurons in each
hidden layer and number of learning runs, The trained network was found to predict U
and hy, with less than 3% and 5% errors, respectively. The neural network models were

more accurate, than the dimensionless number models, for predicting U and hg,.



RESUME

Le coefficient de transfert global (U) et le coefficient de transfert a l'interface d'un
fluide et d'une particule (hy) ont été évalués expérimentalement pour des coh;{erves
soumises 4 un procédé de stérilisation en rotation compléte. Une méthode a été
developpée pour mesurer les coefficients de transtert de chaleur de particules en
mouvement dans une conserve en attachant un fil de thermocouple flexible trés fin au
centre de la particule. Le coefficient de transfert de chaleur global a été calculé & partir
du bilan d'énergie thermique effectué sur la conserve. Le coefficient de transfert de
chaleur entre le fluide et la particule a été calculé en égalisant les données de temps-
température de la particule & celles obtenues par la résolution des équations différentielles
partielles de transfert de chaleur par conduction pour une géométrie sphérique en utilisant
des conditions initiales et limites appropriées et la méthode numérique des différences
finies. Les coefficients de transfert de chaleur ont été évalués sous deux conditions: 1)
avec un particule dans une conserve, 2) avec plusteurs particules dans une conserve.

Pour I'expérimentation d'une particule unique, on a utilisé une particule sphérique
pour évaluer l'influence des paramétres du systéme comme la température de 'autoclave
(110 a 130 °C), la vitesse de rotation (0 a 20 rpm), le rayon de la rotation (0 a 27 cm),
I'espace de téte (6.4 et 10 mm) et les paramétres du produit comme la densité de la
particule (830 a 2210 kg/m®) et la viscosité du fluide (viscosité cinématique 1.0 x 10 et
[.0 x 10° m*s) sur U et hg,. On a trouvé que l'augmentation des valeurs des 4 variables
du systéme améliorait les coefficients de transfert de chaleur. Les effets de la vitesse de
rotation et de l'espace de téte étaient plus significatifs que ceux de la température de
I'autoclave et du rayon de rotation. L'effet de la densité de la particuie était négligeable
(p>0.05) alors que les autres variables de produit, viscosité du liquide et vitesse de
rotation, ont eu des effets significatifs (p<0.0001) sur U. Les valeurs de h,, étaient
influencées par la vitesse de rotation, la viscosité du liquide et la densité de la particule.
L'effet de la densité de la particule sur h,, était plus significatif que ceux de la viscosité
du fluide et de Ia vitesse de rotation. Les valeurs de U ont varié de 118 4 800 W/m’K

et celles de h,, de 23 4 825 W/m?>K dépendamment des conditions de fonctionnement du
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systeme.

Pour les expériences avec plusieurs particules en conserve, les coefficient de
transfert de chaleur associés (U et h;) ont été évalués durant la rotation compléte en
autociave en utilisant deux types de liquide (viscosité cinématique de 1.0 x 10® et de 1.0
x 107 m¥s), des vitesses de rotation de 10 & 20 rpm, des diamétres de particules de 19 a
25 mm, des concentrations de particules variant d'une simple particule a 40% v/v et des
formes variées (sphére, cylindre et cube). Les valeurs de U obtenues ont variées de 110
a 800 W/m” K et celles de h,, de 170 & 1550 W/m* K dépendamment des conditions du
procédé, On a trouvé que les coefficients de transfert de chaleur augmentaient lorsque
le diamétre diminuait, la concentration de particules augmentait jusqu'a 20% pour U et
30% for h, et la sphéricité augmentait.

Des études de visualisation des débits ont été conduites pour caractériser le
comportement des liquides contenant des particuless Le mouvement/mélange des
particules dans des conserves transparentes a été pri;_é'n image sur vidéo durant des
conditions de rotation compléte lors d'un procédé de chauffage en autoclave. Pour les
expériences d'une particule unique dans une conserve, on a trouvé que la viscosité du
fluide, la densité de la particule et la vitesse de rotation influengaient le mouvement de
la particule. Pour |'expérimentaticn 4 plusieurs particules, le mouvement/mélange des
particules était influencé par la concentratior de particules, la grosseur et la forme des
particules, la viscosité du liquide et la vitesse de rotation.

Des corrélations sans dimensions ont été développées pour la prédiction des
coefficients de transfert de chaleur au cours d'un procédé de chauffage en rotation. Pour
U, en situation d'une simple particule en conserve ou liquide seulement, le nombre de
Nusselt (Nu) a été correlé au nombre de Reynolds (Re), nombre de Prandtl (Pr) et &
l'espace de téte relatif. Dans des conditions d'expérience contenant plusieurs particules,
on a observé que Re, Pr, le ratio de particule a la concentration de fluide, la diametre
relatif des particules et la sphéricité étaient significatifs. Trois corrélations ont été
développées pour hg, dans le cas d'une particule en conserve : une pour la sphére, une
pour le cylindre et une pour le cube. On a trouvé que le nombre de Nusselt (Nu) était

correlé a Re ou Fr( Froude number), Pr, le simplexe de densité (a), I'espace de téte relatif
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et le ratio de la somme du diamétre de rotation et du diamétre dz la conserve sur le
diameétre de la conserve. Quant & la situation-de conserves contenant plusisurs harticules.
Nu était correlé 4 Re, au nombre de Peclet, au ratio de la conductivité thermique de la
particule par rapport au liquide, & la concentration Je particules par rapport au liquide et
a la sphéricité des particules.

Un réseau artificiel de neurones (RAN) a plusieurs couches a été utilisé pour
modéliser les paramétres de transfert de chaleur sous des conditions de chauffage en
conduction et en convection. Pour tester |'applicabilité du RAN, des données simulées
sur ordinateur pour des paramétres optimaux de procédé de chauffage de conserve par
conduction ont €té utilisées pour I'entrainement. On a trouvé que le RAN entrainé a
permis la prédiction des températures de st<rilisation optimales avec une précision de +
0.5°C et d'autres réponses comme le temps du procédé et le temps de cl1auffagé intégré
pour les attributs de qualité avec moins de 5% d'erreur. Par la suite, les modéles de RAN
a plusieurs couches ont été entrainés en se basant sur les valeurs expérimentales de U et
hy,, les deux paramétres les plus importants dans la modélisation théorique de conserves
de liquide contenant des particules soumises a la rotation compléte en autoclave. Les
configurations optimales du RNA soit 7 neurones d'entrée et 2 neurones de sortie (pour
une particule dans une conserve) et de 6 neurones d'enitrée et 2 neurones de sortie (pour
plusieurs particules dans une conserve) ont été obtenues en variant le nombre de couches
cachées, le nombre de neurones dans chaque couche cachée et le nombre d'essais
d'apprentissage. On a trouvé que le RAN entrainé pouvait prédire U et hy, avec moins
de 3% et 5% d'erreur respectivement et que ceux-ci étaient plus précis que les corrélations

sans dimensions pour la prédiction de U et hy,.
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NOMENCLATURE

Radius of a sphere or cylinder or half length of the side of cube: or radius of a
can, m

Total external surface area of can, m-

Surface area of the particle, m”

Surface area of an equivalent sphere (diameter d,). m’
Concentration of any component of intergst

Drag coefficient

Heat capacity, J/kg K

Desired response of neuron: or diameter, m

Characteristic dimension, m

Diameter of cylindrical particle, m

Particle equivalent diameter [ = (6V_/%)°"'], m

Particle shortest dimension, m

Diameter of sphere, m

Decimal reduction time, min

Diameter of can, m

Internal can diameter, m

Diameter of rotation, m

Activation energy, kJ/mole

Heating rate index, min

Process lethality, min

Integrated heating time with respect to quality attribute, min
Acceleration due to gravity, 9.81 m/s’

Fluid-to-particle heat transfer coefficient, W/m* K

Can headspace, m

Height of the can, m

Height from the bottom of can, mm

Effective can length (can length - can headspace), m
Heating lag factor

Thermal conductivity, W/m K

Thermal conductivity of fluid and solid particles respectively, W/m K
Half length of cylinder, m

Length of thermocouple, mm

Cube edge length , m

Length of the cylindrical particle, m

Mass, kg, or Layer number

Number of subdivision in axial direction (in cylindrical coordinate system)
Quality factor, or Rotational speed, rpm; Number of subdivision in radial direction
(in spherical or cylindrical coordinates)

Process time, min

Radial coordinate (in spherical or cylindrical coordinates)



R Universal gas constant, ki/mole K

S Output of neuron; or radius of the reel in the agitated retort, rpm

t Time, s

f Time in the curvilinear portion of the heating curve, s

T Temperature, °C

Tq Rztort temperature, °C

U Overall heat transfer coefficient, W/m* K

\ Volume, m?

V.  Volume of can, m’

V.,  Volume of can headspace, m’

w weight coefficient, angular velocity, 1/s

W Set of weight coefficients

X input value to neuron or coordinate (in rectangular system)

x,y,2 Cartesian coordinates

X Set of inputs

y Coordinate (in rectangular system)

z Axial coordinates (in cylindrical or rectangular systems), Temperature sensitivity
indicator, C°

<> Volumetric average

A Step size (used with space or time)

Greek Symbols

a Thermal diffusivity, m*/s

B Root of the equation : BcotB+Bi-1=0

€ Particle concentration, % (Volume of particle(s)/Total volume of can)

P, P, Density of liquid and solid particles respectively, kg/m’

u Dynamic viscosity, kg/m s

L Kinematic viscosity, m*/s

o} Surface tension, kg/s*

T, Time constant for liquid, UA/m, C

T, Time constant for particle, a p/a

b 4 Sphericity of the particle, - (A,,/A,)

© Can angular velocity, (2rN/60), 1/s

€ Error

Subscripts

0, 1. Integer numbers

cal  Calculated
Final condition

fi

i
J
!

Initial condition, space index
Space index
Liquid

xi



m Micro-organism

opt  Optimal

p Particle

q Quality

R Retort

ref Reference

s Surface

= Heating medium

Dimensionless number

a Density simplex [I{p,-p)1/p,]

Ar  Archimedes number, [g d* a /V*)

Bi Biot number (h, a/k.)

Fr Froude number, [(xd  N/60)/(g d )]

Nu  Nusselt number, [U (or hy) d/k]

Pe Peclet number, (Re.Pr) {(nd,N/60) d /o]
Pr Prandtl number, [v/a)

Re  Reynolds number, [(nd N/60} d,/v]

We  Weber number, [(0*H’rD,)/o]

Abbreviations

ANN Artificial neural network

DC  Dimensionless correlation

HTST High temperature short time

LALD Least Absolute Lethality Difference
LMS Least mean square

LSTD Least sum of Squared Temperature Differences
MAE Mean absolute error

MRE Mean relative error

SDE Standard deviation of error

SRE Standard deviation of relative error
TT!  Time temperature integrator
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CHAPTER 1
INTRODUCTION

Thermal processing. or canning, is one of the most effective methods of food
preservation and assurance of bacteriological safety, In the United States, the canning
industry annually processes approximately 33 billion pounds of food that are packed in
about 36 billion containers (Lopez, 1987). Ever since 1809, when Nicholas Appert
developed this new means of preserving food, the canning industry has gone through
tremendous changes in processing methodology, equipment, energy efficiency, product
quality and product safety.

In 1920, Bigelow and Ball presented the first scientifically based graphical method
for calculating the minimum process conditions for safe sterilization. In 1923, Ball
developed a mathematical method to determine sterilization processes. In 1939, Olson
developed a nomographic method for process determination. In 1957, Ball and Olson
combined the research of others with their own and published a book on heat processing.
Since then scientists and engineers have refined the mathematics of heat process
determination concepts and applications.

It has been recognized that thermal processing, in addition to ensuring a safe food
supply, also affects food quality attributes, such as: color, texture, flavor and nutrients.
For convection heating products, high temperature short time (HTST) processes are
beneficial since microorganisms are destroyed before the food quality factors are seriously
affected. Conduction-heating foods do not benefit from this concept because of their
slower heating rates, Recent commercial developments have focused primarily on
increasing the rate of heat transfer into the food product, in order to maximize the
retention of quality factors. Three major developments have been : (i) thin profile
packaging, (ii) aseptic processing, and (iii) agitation processing. The thin processing
utilizes high process temperatures with foods packaged in retort pouches or thin profile
semi-rigid containers, with their thinner profile and larger surface area permitting faster

heating and cooling of the cold spot. In aseptic processing, the food is first heated in
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scraped surface heat exchangers (SSHE) and held for a pre-determined time in a hold
tube, cooled quickly through a second set of SSHEs and then filled and seated aseptically
into sterile containers. However, problems of uncertain residence time distribution (RTD)
of particles and uncertain fluid to particle heat transfer coetficient (hy,), have limited its
use to liquid-type products and liquid containing very smaﬁ particles such as soups. In
the last 15 years, extensive research has been carried out on the calculation of RTD and
h, however, aseptic processing of liquid foods containing particles is yet to be
commercialized. Since the early 1950s (Clifcorn et al., 1950), agitation sterilization with
HTST processing has been recognized as an effective method for achieving high quality
foods. It has been observed that heat penetration to the cold spot in a container, with a
viscous or semi-solid product, could be achieved much faster with agitation processing,
Mechanically induced forced convection, in a rotary retort, decreases the temperature
difference between the surface and the center of the product and favors quality retention
because the product receives a more uniform and shorter heat treatment.

The potential of mathematical modeling has been demonstrated in the design,
optimization and validation of thermal processing of foods. Appropriate models are
important in reducing the number and cost of experiments required to achieve desired
product safety and quality. In the last three decades, extensive mathematical analyses of
conduction heating foods have been carried out by many researchers (Hayakawa, 1970,
1978, Manson et al., 1970; Pflug et al., 1965; Stumbo, 1973; Teixeira et al., 1969a, b;
Teixeira, 1978). The studies on convection heating foods are more difficult. A few studies
have been carried out on the convection heating of liquid foods without particles, thereby
evaluating overall heat transfer coefficient, U, and these have been presented in a review
article by Rao and Anantheswaran (1988). Recently, Datta (1992) presented a
comprehensive paper on the modeling of the physical process involved in the thermal
sterilization of liquid food.

During agitation processing, heat transfer to canned liquid/particle mixtures is
considerably more complex. Earlier studies on convective heat transfer, in the presence
of particles, have focused only on the liquid portion of the canned foods, thus determining

the effects of various heat transfer rates to the liquid (Berry et al. 1979; Berry and
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Bradshaw, 1980, 1982; Berry and Dickerson, 1981). During agitation processing, heat
transfer modeling of canned liquid/particle mixtures will require data on the thermo-
physical properties of food materials and the associated convective heat transfer
coefficients. In such systems, both the overall heat transfer coefficient from the retort
heating medium to the can liquid, U, and the fluid to particle heat transfer coefficient, hy,
are needed to predict heat transfer rates to the particle at the coldest point in can. Because
of the practical difftculty in monitoring the transient temperature history of a particle
moving in an agitating liquid, the associated hy, is one of the important gaps in our
knowledge on heat transfer (Maesmans et al., 1992),

Most earlier studies reported hg, values between a stationary particle fixed on to
a rigid thermocouple and a liquid moving around it (Lenz and Lund, 1978; Lekwauwa and
Hayakawa, 1986; Deniston et al., 1987 and Fernandez et al., 1988). McKenna et al.
(1990) suggested that further work should be carried out to develop a reliable method to
determine h,,. Recently, efforts have been made to measure hy, while allowing particle
movement inside the can during agitation processing (Stoforos and Merson, 1990 and
1991; Weng et al., 1992).

During rotational sterilization, there are several factors that influence the heat
penetration rate into the food particles in a container . The most relevant factors include:
retort temperature, rotational speed, radtus of rotation, can headspace, product viscosity,
liquid to particle ratio, particle size and particle shape (Eisner, 1988). The several factors
involved obviously suggest the difficulty in determining optimal process conditions for
maximizing quality retention. Moreover, due to the short process times involved, a
thorough understanding of these critical factors is necessary in order to employ rotational
processing efficiently, while producing high quality products and ensuring the minimum

required sterility.
The following were the objectives of this research :

1. Development of a methodology to measure convective heat transfer coefficients

in canned liquid/particle mixtures subjected to end-over-end processing.
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Evaluation of the convective heat transfer coefficients, as influenced by system
and product parameters: a) studies with a single particle in the can.

Evaluation of the convective heat transfer coefficients, as influenced by system
and product parameters: b) studies with multiple particles in the can.

Study of the motion of single and multiple particles in containers subjected to end-
over-end rotation, as influenced by system and product parameters.
Development of dimensionless correlations, for the prediction of convective heat
transfer coefficients, in canned liquid/particle mixtures subjected to end-over-end
processing,

Evaluation of neural network models for the prediction of heat transfer parameters,

with conduction and convection heating conditions.



CHAPTER 2

LITERATURE REVIEW

Thermal processing involves the destruction of microorganisms contained in food,
so that it can be stored for a longer period and prove safe for consumption. Foods
packaged in hermetically sealed containers are rendered “commerciai sterile” by the
application of heat, generally in combination with pH, vacuum, water activity or chemical
treatment. Commercial sterility means that the application of the heat achieves conditions
in a product which render it free of microorganisms, capable of reproducing in non-
refrigerated conditions of storage and distribution. The primary objective of thermal
processing has been the destruction of microorganisms of public health concern, as well
as microorganisms, and enzymes which cause spoilage of food. The main public health
concern, with low-acid canned foods, is the toxin producing, heat resistant bacterium
Clostridium bomlinum. Prevention of the formation of botulinum toxin is the major

purpose for canning low acid food products.

Principles of thermal processing

The successful establishment of thermal processes for canned foods is based on a sound
knowledge of thermobacteriology and understanding of the mechanism of heat transfer,
In thermal processing, most pathogenic and spoilage type microorganisms are destroyed
in a hermetically sealed container; and an environment is created inside the package that
does not support the growth of remaining microorganisms and/or their spores (Figure 2.1,
adapted from Ramaswamy and Abbatemarco, 1996). It is a complex procedure to
determine the proper process temperature and length of time of sterilization for a
container of food. It depends on several factors, including the type and heat resistance of
the target microorganism, the pH of the food, storage conditions following the process,
the heating conditions and thermophysical properties of the food, the container shape and
size. The temperature and pH requirements of some common spoilage microorganisms are

summarized in Table 2.1 (Adapted from Lund, 1975). The thermal destruction rate of the
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Figure 2.1 A schematic illustrating the principles involved in thermal process
applications (Source: Ramaswamy and Abbatemarco, 1996)



target microorganism must be determined under conditions that normally prevail in the
container, so that an appropriate heating time can be determined at a given temperature.
Furthermore, because canned foods cannot be heated to process temperatures
instantaneously, data on temperature dependence of the microbial destruction rate are also
needed in order to integrate the destruction effect through the temperature profile under

processing conditions.

Table 2.1 Spore-forming bacteria of importance in spoilage of food

Acidity of food
Approximate temperature (°C)

range for vigorous growth Acid Low acid
37<pH <453 pH > 45
Thermophilic (55-35°) B. coagulans C.thermosaccharolyticum

C. nigrificans
B. stearothermophilus

Mesophilic (40-10°) C. butyricum C. botulinum, A and B
C. pasteurianum C. sporagenes
B. mascerans B. licheniformis
B. polymyxa B. subtilis
Psychrophilic (35-<5°) C. botulinum, E

Regulatory agencies require the establishment of a process schedule to produce a
commercially sterile product by a processing authority. The scheduled process includes
thermal process parameters such as: product initial temperature, process temperature,

process time, and critical factors that may affect the attainment of commercial sterility,

Measure of sterilization
Anthenius model: The destruction of microorganisms (or quality factors) in foods

is generally described using first order reaction kinetics:



() e

where C = concentration of the component of interest, t = time, k; = reaction rate constant

at temperature T. The temperature dependency of the rate constant is given by the

Arrhentus equation:

Ky = kg o B/RT 2.2)

where k, = frequency factor, E, = activation energy, R = gas constant. The temperature
T normally varies in a heating process. The final concentration can be obtained by

integrating Eq. (2.1) between initial concentration C, and final concentration C at time t:
1
G _ - E,/RT 23
— =k f e dt (2.3)
c 0

The process of sterilization or heat treatment is measured using lethality, F-value, A unit
of lethality is taken as an equivalent heating of I min at a reference temperature (usually
121.1 °C or 250 °F for thermal sterilization). At a reference temperature of T, the

integrated process lethality can be obtained using Eq. (2.4) (Datta, 1992):

exp [ % (L i, l)] dt (2.4)

F. =
0 T, T

QG—_‘--

TDT approach : The heat resistance of microorganisms varies considerably. At any
given temperature, the microbial destruction rate can be defined as a decimal reduction

time (D), which is the heating time required to reduce the number of microorganism by
90%:

I ) 2.5)
flog(a) - log(b)]

where a and b represent the survivors following heating treatment for time t; and t, min,

respectively. D value can also be obtained from the rate constant, k.

8



2.303
T T

The temperature sensitivity of these D-values is expressed in terms of a z-value, which

(2.6)

represents the temperature range that results in a 10-fold change in the D-values:

z = (Tg - Tl)
[log@D)) - logD,)]

(2.7)

where D, and D, are D-values at T, and T,, respectively. In a real process the food passes
through a time-temperature profile, and the lethal effect of temperatures are integrated
over the heating time to give process lethality F, [similar to Eq. (2.4)]:

¢ (T-T)
F, =f10 : gt (2.8)
0

Because the decimal reduction time is based on a logarithmic destruction, complete
destruction of microbial population is not feasible. Generally, a probability approach is
employed. From the public health viewpoint, a 12D process with reference to C.
borulinum (bot cook) is taken for low acid foods. A bor cook, although adequate for
public health, may be inadequate when the contaminant is one of the other more heat-
resistant microorganisms. Some typical D- and z- values of selected microorganisms are

given in Table 2.2 (Adapted from Lund, 1975).

Thermal process calculations

The thermal process is established using thermal destruction kinetics of target
microorganisms and the heat penetration data of a specific product (Figure 2.2). The
purpose of the thermal process calculations is to determine the required process time
under a given set of heating conditions, which result in a required process lethality, or
alternatively to estimate the achieved lethality of a process. In a processing situation, the
product goes through a temperature ramp and the process calculation methods integrate

the lethal effects of the transient temperature profile. The desired degree of lethality F,



Table 2.2 Thermal resistance of spore forming microorganisms used as a basis for

thermal processing

D.;o-value z-value
Microorganism min e
B. stearothermaphilus 4.0 7.0
B. subtilis 0.48-0.76 7.4-13.0
B. cereus 0.0065 9.7
B. megaterium 0.04 8.8
C. perfringens i0.0
C. sporogenes 0.13 13.0
(. sporogenes (PA 3679) 0.48-1.4 (0.6
C. botulinum 0.21 9.9
C. thermosaccharolyticum 3.0-4.0 8.9-12.2
Heat penetration Heat resistance
of significant spores
rate in product
in product
Calculation

of theoretical process

\

Testing of theoretical process
by inoculated packs

Figure 2.2 Establishment of the thermal process
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is generally pre-established and the processes are designed to deliver the minimum of this
preset value to thermal center. The process calculation methods are broadly divided into
two classes: (i} General methods and (i1) Formula methods. The General methods integrate
the lethal effects by a graphical or numerical integration procedure, based on the time-
temperature data obtained from test contatners processed under actual commercial
processing conditions. The Formula methods make use of parameters obt=‘ned from this
heat penetration data, together with several mathematical procedures to integrate the lethal

effects (Ramaswamy et al., 1992).

Food quality

The primary objective of thermal processing has been the destruction of
microorganisms of public health concern and those causing spoilage of food packaged in
hermetically sealed containers. There has been increasing public concern with the lower
quality of thermally processed foods, which has prompted several studies to minimize
quality degradation in thermally processed foods. The high temperature short time (HTST)
and ultra-high temperature (UHT) processes promote better nutrient retention in the
processed foods, taking advantage of the increased sensitivity of microorganisms than of
quality factors to therinal destruction at elevated temperatures. Representative kinetic data
for some quality factors and enzymes are given in Table 2.3 (Adapted from Lund, 1975
and Ramaswamy et al., 1989). The HTST and UHT concepts have been successfully
applied to liquid foods. However, these approaches are generally not beneficial for
conduction heating food products, because of the relatively slow rate of heat n:msfgr and
existence of large temperature gradients between the surface and center of the cont&iner.
Optimized conditions for these might occur at intermediate temperatures (Teixeira et al.,
1969a, b). Variable retort temperatures and thin profile packages (retort pouches) have
been considered in order to promote better quality in conduction heated products (Teixeira

et al., 1975; Ramaswamy and Tung, 1986; Teixeira and Shoemaker, 1989).
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Table 2.3

Kinetic parameters for thermal destruction of various food components'

Component  Medium pH*  Temperature z Ea D1
range (°C) (C")  (kcal /mole) (min)

Vitanins

Thiamine Whole peas Nat. 104-132 26.1 212 164
Carrot puree 5.9 [09-149 250 270 158
Green bean puree 5.8 109-149 250 270 145
Green pea puree 6.6 109-149 250 270 163
Spinach puree 6.5  109-149 25.0 27.0 134
Beef liver puree 6.1 109-149 25.0 27.0 124
Beef heart puree 6.1 109-149 25.0 270 115
Lamb puree 6.2 109-149 250 270 120
Pork puree 6.2 109-149 250 270 157

C Liquid multi- 32 4-70 278  23.1 1612
vitamin prep.

B,, Liquid multi- 32 4-70 278 231 2793
vitamin prep.

Folic acid Vitamin prep. 32 4-70 36.7 16.8 2808

A Vitamin prep. 32 4-70 400 146 18432

Color

Chlorophylla Spinach 6.5 127-149 51,1 1535 13

Chiorophyllb Spinach 5.5 i27-149 794 75 14.7

Chlorophyll Pea puree Nat. 116-138 36.7 l6.1 14

(Blanched)

Chlorophyll Pea puree Nat. 116-138 450 12,6 13.9

(Unblanched)

Texture and Overall quality
Peas Nat. 99-116 322 195 2.5
Beats Nat. 82-99 189 340 2.0
Whole com Nat. 100-121 367 16.0 2.4
Carrot Nat. 80-116 167 38.0 1.4
Potato Nat. 72-116 233 275 1.2

'Lund (1975) and Ramaswamy et al. (1989); * Nat. = Natural pH
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Types of retorts

Stll retorts : A still retort is a batch-type, vertical or horizontal, non-agitating
pressure vessel, used for processing foods packaged in hermetically sealed containers.
Generally containers are stacked into racks, baskets or trays for loading and unloading the
retort, The high temperatures required for commercial sterilization are obtained from
steam or superheated water under pressure,

Agitating retorts: Mechanical agitation is frequently used to enhance heat transfer,
by increasing the rate of heat transfer into the product being processed. Some common
types of agitation used are shown in Figure 2.3 (Adapted from Parchomchuk, 1977).
Agitating or rotary retorts provide product agitation during processing, especially with
liquid or liquid/particle mixtures. The continuous container handling type of retorts are
constructed of two cylindrical shells in which processing and cooling take place, and cans
are subjected to axial rotation. The shell can be used for pressure processing in steam or
cooling with or without pressure, Other retorts are batch type pressure vessels which offer
both axial and end-over-end rotation. The heating medium can be steam, water spray or
full-water immersion with air-overpressure. In another rotating method of agitation
(Parchomchuk, 1977) the cans are rotated in a circular path (Figure 2.3) in such a way
that the can orientation remains fixed. Agitation forces similar to those end-over-end
agitation are produced in this system.

Thermally processed foods in thin-profile packages, such as retort pouches and
semi-rigid plastic containers are becoming popular. During thermal processing, internal
pressures of such containers may exceed the saturation pressure of the steam because of
the presence of residual air (internal pressure = air pressure + water-vapor pressure at the
retort temperature). Also during the cooling cycle, the internal pressure may be
considerably higher than the external pressure, especially when cooling water collapses
the steam, resulting in a sudden pressure drop in the retort. This may cause serious
deformation of containers, loss of seal integrity or even explosion of containers, if the
internal pressure is not properly counterbalanced with an external pressure. Compressed

air is generally used to provide the counterbalancing overpressure.
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Figure 2.3 Schematics of different types of can rotation (Source: Parchomchuk, 1977)
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Heating of foods in cans

Heat energy is transferred by conduction, convection and radiation. In the retort
used in canning, conduction and convection are important. From the heat transfer point
of view, foods can be divided into three categories, (i) solid foods heated by conduction
e.g. tightly packed fruits, vegetables or meats; (ii) liquid foods heated by convection, e.g.
milk, soups; and (iii) liquid foods with suspended solid food particles, where heat is
brought to the particle surface by convection and then further transmitted to the particle
center by conduction, e.g. vegetables in brine, fruits in syrup, meat or vegetables thin
broth and soups. In liquid or liquid/particulate foods the rate of heat penetration, into the
material in the can, is increased by agitation of the can. This has facilitated the use of the
high temperature short time (HTST) approach. The benefits include a better quality of
final product and a potential increase in the capacity of processing plant.

The kinetics of thermal destruction of microorganisms and time-temperature data,
at the slowest heating location of the product in the can, are required to establish the
thermal process schedule. The time-temperature data can be obtained experimentally using
devices that monitor the change in temperature of the heating food. Such determinations
are achieved with a temperature sensor located in the product at the slowest heating
region of the container. Numerous experimental studies have been carried out to
understand the time-temperature relationships for different types of pure conduction or
convection heating foods. In comparison, there have been fewer experimental studies on
liquid/particle systems. Thus, the data obtained are specific in nature valid for the type
of food, its formulation, the container size in which it is processed and the kind of retort
system used. Such data cannot be easily generalized and may sometimes be difficult to
carry out experimentally under certain processing conditions.

The product time-temperature data at the slowest heating point of the container can
also be obtained using mathematical models. The models can be valuable in the design,
optimization and validation of thermal processing of foods (Clark, 1978). Appropriate
models are important for reducing the number and cost of experiments required to achieve
product safety and quality. Several studies have been presented on the use of

mathematical modelling and computer simulations for conduction heated foods. Teixeira
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et al. (1969a, b) were probably the first to use computer simulation for quality
optimization. They used a finite difference solution for conduction heat transfer equations
of cylindrical cans, coupled_}.yith kinetic data on nutrient degradation. Since then, several
researchers have used such models for predicting optimal conditions for thermal
processing of foods (Saguy and Kare!, 1979; Ohlsson, 1980; Thijssen and Kochen, 1980;
Hendrickx et al,, 1989, 1993, Ramaswamy and Ghazala, 1990; Ghazala et al, 1991 Silva
et al., 1992).

The convective (natural or forced) heat transfer to pure liquids has been modelled
using the equations of continuity, motion and energy. These three equations have been
solved for selected boundary " “nditions, for several heat transfer problems. However, a
mathematical solution of these equations, for temperatures within the can as a function
of time and position, is more complex. This is due to the lack of appropriate mathematical
models for the temperature and velocity distribution of the randomly moving liquid within
the agitating can (Rao and Anatheswaran, 1988). Detailed spatial variations of temperature
and velocity are often neglected due to the complexities of a theoretical or experimental
study, and the presence of fairly uniform temperatures inside the agitated container,.
Instead, a bulk mean temperature is often measured and the overall heat transfer
coefficient (U) between the heating medium and can liquid is calculated, using the

equation of energy balance on the can:

dT
UA Ty - T) = m, G, (?') 29)

where T; is the bulk mean temperature of the liquid in the container, Ty is the temperature
of the heating medium, A, is the container surface area, m, is the mass of the can liquid,

and C, is its specific heat. The initial condition is usually the uniform temperature of the

liquid:

T =T, at t =0 (2.10)
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The solution of Eq. (2.9) with the initial condition gives:

- (LA
Ty - T] e (mc,)‘ (2.11)
which can also be written in the form:
T, - T
log [—R——] --1 (2.12)
.](TR - T{) f

where j is defined as the lag factor (j=1 for liquids) and f is the heating rate index (f =
mC/2.303UA). Thus, a plot of log[(T-T)(Tx-T;}] vs t would be a straight line
characterized by the siope of ( -1/f) and intercept j.

The presence of solid particles in the liquid results in a complex heat transfer
system. The liquid and particles in the container need to be sterilized. Typical temperature
profiles are shown in Figure 2.4. In the presence of particles, an additional critical
parameter is the convective surface heat transfer coefficient between the fluid and the

particles (hg). The temperatures of the particles are given by:

aT _
% % VT (2.13)

with the boundary condition:
dT
-k & = (T-T) (2.14)

where o, and k, are the thermal diffusivity and conductivity of the particle, respectively.
The temperature gradient JT/0n is along the normal direction to the surface. The hg, can
be back-calculated if the particle and liquid transient temperatures are available. The
analytical solution of Eq. (2.13), with a convective boundary condition, is complex due
to time-varying liquid temperatures. Studies on the measurement of h,, are limited due to

difficulties in measuring of the randomly moving particles without affecting their motion.
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Determination of U and h,

Accurate prediction of particle center temperature (coldest point, Figure 2.4)
through mathematical models depends on how well U and hg, data are estimated under
simulated process conditions; where both system and product parameters are expected to
be influencing factors. Traditionally, U and h, are determined from measurement of the
temperature responses of the particle and liquid under well characterized initial and
boundary conditions (Maesmans et al, 1992). Particle and liquid temperatures are
generally measured using thermocouples. In real processing situations involving rotational
retorts, the particle motions are expected to be influenced by centrifugal, gravitational,
drag and buoyancy forces and hence, the associated U and h;,. The particle, attached to
a rigid thermocouple, will not simulate the particle motion during agitation processing,
which in turn causes some deviations in the measured heat transfer coefficients. Recently,
attempts have been made to monitor the temperature of the particle without inhibiting
particle motion during agitation processing. Apart from difficulties in measuring the
temperature of the moving particle, the mathematical solution, of the governing equation
of the energy balance on the can (containing liquid and particles), is also complex due to
the time variant temperature of the can liquid. Table 2.4 summarizes published methods
to determine U and h,, in liquid containing particles, in cans subjected to agitation
processing, together with a description of experimental procedure and the mathematical
solution. The procedures used for the determination of U and h,, are classified into two
groups, based on the motion of the experimental particle whose temperatures are

monitored: (i) fixed particle and (ii) moving particle during agitation processing.

Mathematical procedures to determine U and h,,

The fluid to particle heat transfer coefficient, h;, is determined using an inverse
heat transfer approach, in which the boundary condition is determined using measured
transient temperatures. The governing partial differential equations have to be sotved;
these describe the conduction heat flow inside the particle with appropriate initial and
boundary conditions, Experimental data needed for this analysis are: the transient

temperatures of both liquid and particle and thermo-physical properties of the particle. The
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liquid bulk temperatures are measured using a needle-type copper-constantan
thermocouple with its tip located at an appropriate location of the can, and a

thermocouple, embedded into a pre-defined location in the particle, is used to monitor

particle transient temperatures,

Table 2.4 Methods employed for determining U and hy,, with canned liquid/particle
mixtures, subjected to agitation processing

Reference Motion of test Particle temperature Mathematical
particle measurement procedure

Lenz and restricted particle center Lumped capacity

Lund (1978) Duhamel's theorem

Hassan (1984) restricted particle surface Integration of overall

energy balance equation

Lekwauwa and restricted particle center Empirical formulaecontaining

Hayakawa (1986) f and j, Duhamel's theorem

Deniston et al,, restricted particle surface Integration of overall

(1987) energy balance equation

Fernendez et al., restricted particle center Lumped capacity

(1988) Duhamel's theorem

Stoforos and free only liquid Analytical solution

Merson (1990) temperature needed in the Laplace transform plane

Stoforos and free particle surface Using Integration of overall

Merson (1991) liquid crystal energy balance equation

Weng et al. (1992) free indirect, Numerical solution of heat
accumulated conduction equation with
process lethality convective boundary condition
at center
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The overall thermal energy balance on a particulate-liquid food system is used to
calculate associated convective heat transfer coefficients. The governing equation for heat
transfer in such systems can be written as (all symbols are detailed in nomenclature):

dT, d<T>

UAC(TR-T1)=mlcplFt—+mpc

» (2.15)

The following are assumed in the solution of the Eq. (2.15). uniform initial and transient
temperatures for the liquid, constant heat transfer coefficients, constant physical and
thermal properties for both liquid and particles, and no energy accumulation in the can
wall.

The second term on the right side of the Eq. (2.15) is equal to the heat transferred

to particles from liquid through the particle surface:

my, Cpp d:p> =Bg Ay (T~ Ty (2:16)

[t is also assumed that the particle receives heat only from the liquid and not from
the can wall when it impacts, 1.e. heat is transferred first from the can wall to liquid and
then to particle. For example, the heat flow in a spherical particle immersed in liquid can

be described by the following partial differential equation:

q (Q_zT_ «2 ?I) @.17)
5,1 Plge2 r or
The initial and boundary conditions are :
T0) = T, at t=0 (2.18)
90D . g at t>0 (2.19)

or
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T eh (T, -T,)  a r-a (2.20)

The solution of Eqgs. (2.15) to (2.20) is complex because of time dependent liquid
temperatures.

Experimental procedures with restiicted particle motion

Lenz and Lund (1978) developed a numerical solution using the 4th-order Runge-
Kutta method and Duhamel’s theorem to determine U and h, for the low Biot number
(<0.1) situation. They measured the transient temperatures of a lead particle fixed at the
geometric center of the can with liquid moving around it, and verified that the lead
particle quickly approached one temperature at all the points. Assuming that the retort
temperature instantly reached its operating condition, they proposed the following solution

of Eq. (2.17) for the temperature at any position in the particle:

_ . 2+ (Bi- i
Tg - T _ 2 Bi ( B + B 1)2} sinf, sinB, (r/a)
T - T,| ) &\ p? + Bi®i-1)) p°
T
X [exp(—"rpt) +('cp itl) [exp(-©t) -exp("‘pt)]] (2.21)

They estimated the hy, by minimizing the sum of the squared deviations between
measured and predicted particle temperature profile. They aiso obtained the equation for
the particle average temperature from the above Eq. (2.21), and used it in Eq. (2.15) to
calculate the overail heat transfer coefficient.

Hassan (1984) derived the following equations for U and hg, by integrating Egs.

(2.15) and (2.16), respectively allowing heating time to approach infinity (<T(00)> =
Ty(w) = Ty):
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U-mG _Ta-Ty  mC,  TR-Ty

A, - A, - (2.22)
[T - Ty &t [ -T) at
Q 0
g, = My Cop CTp2hma = <Ty>iapia)
(2.23)

Ap}m - T,
i

For cans subjected to end-over-end rotation, Lekwauwa and Hayakawa (1986) developed
a model using an overall heat balance equation in combination with an equation for
transient heat conduction in a particle. They considered the probability function
representing the statistical particle volume distribution. The temperature distribution for
individual particles was obtained using Duhamel's theorem and empirical formulae
describing the heat transfer to spherical, cylindrical or oblate spheroidal-shaped particles
in a constant temperature liquid. In their numerical solution, they assumed that within
each time step the Iiﬁuid temperature was a linear function of time, the coefficients of
these functions being determined iteratively such that the resulting particle and liquid
temperatures satisfied the overall heat balance equation.

Deniston et al. (1987) used Eqs. (2.22) and (2.23) to determine U and hy, in axially
rotating cans. In their experiments, heating time was sufficiently long to atlow liquid and
particle average temperatures to reach the heating medium temperature to satisfy infinite
time limits in the above equations. They measured the transient temperature at the particle
surface using rigid-type thermocouples. They recognized the difficulties and errors
associated with the measurement of the surface temperatures.

Fernendez et al. (1988) determined the convective heat transfer coefficients for
bean-shaped particles, in cans processed in an agitated retort. They preferred a high
conductivity material aluminium, to give a low Biot number (Bi < 0.01) condition and
used the lumped capacity method for U and h,, evaluation. They measured time-
temperature data for both the liquid and particle using rigid-type thermocouples and used

the scheme developed by Lenz and Lund (1978) to solve heat balance equations.
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Recently, Stoforos and Merson (1995) proposed a solution to the differential
equations governing heat transfer to axially rotating cans containing liquid/particle
mixtures. They used an analytical solution, Duhamel's theorem for particle temperature
and a numerical solution based on the 4th order Runge-Kutta scheme for the liquid
temperature. The solution avoided the need for empirical formulae or a constant heating
medium within short time intervals. Their comparison between predicted values and
experimental data from Hassan (1984) showed good agreement for liquid temperature;

however, it deviated for particle surface temperatures.

Experimental procedures allowing particle motion

From liquid temperature only: Stoforos and Merson (1990) used a mathematical
procedure requiring only the measurement of liquid temperature to estimate U and hy, in
axially rotating cans. They solved an overall energy balance equation (Eq. 2.15) for a can
and the differential equation for a spherical particle with appropriate initial and boundary
conditions (Eqs. 2.17-2.20). Since can liquid temperature depends on both U and h, by
systematically varying these coefficients and minimizing the error between experimental
and predicted liquid temperatures (in Laplace plane), they estimated the U and h,,. This
method allows for free movement of particles. The authors reported that calculated h,,
values <id not always coincide with those determined from particle surface temperature
measurements.

Liquid crystal: Stoforos and Merson (1991) extended the solution procedure for
the overall energy balance of the can for finite heating time, previously used by Hassan
(1984) to determine U and h;,. They used a liquid crystal, which changes color with
temperature, as a sensor to monitor the particle surface temperature, The method involved
coating the particle surface with an aqueous solution of liquid crystals, videotaping of the
color changes on the particle surface as a function of temperattfre, and comparing it with
standard color charts after calibration. This method does not impose any restriction on
particle motion, while monitoring the particle temperature during can rotation. They
measured the liquid temperatures using rigid thermocouples for finite heating time, and

exponentially extrapolated it to obtain liquid temperature data for “long time"
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approximation of heating time in the solution equation (Eq. 2.21). They used an iterative
procedure to calculate the average particle temperature, required in the solution equation
for hy, calculation. By using the first term approximation to the series solution, for average
particle temperature (<T,>) as a function of particle surface temperature and Biot number,
(Stoforos, 1988) they obtained an analytical expression. Initially, as a first approximation
he, was estimated by assuming <T(t)}> = T, (t) in Eq. (2.22), the particle average
temperature was obtained from analytical expression. This value for average particle
temperature was substituted into Eq. (2.22) to find an improved value for hg,. The authors
reported that one or two iterations were usually enough for convergence. However, they
cautioned that the first term approximation in the expression of particle average
temperature was limited to low particle thermal diffusivity materials, and suggested that
for a high thermal diffusivity particle <T (t)> = T_(t) may be a good assumption. The
experiments were carried out between the temperature range of 20 to 50 °C.

Time Temperature Integrator (TTI): The combined use of time temperature
indicator (TTI) has been proposed in the form of microorganisms, chemicals or enzymes
and a mathematical model to determine convective heat transfer coefficient. In this
approach, a particle loaded with indicator at the center can be processed without affecting
its motion in real processing conditions. The process lethality received by a particle

during processing can be calculated from TTI's initial (N,) and final (N) status:
N
Fo; = D, log (_ﬁ.) (2:24)

By using heating liquid temperature and assuming a constant hy, a time-temperature
profile at the particle center can be generated using a mathematical model and F_ 4., could

calculated:
Fmodd = f 10 ¢ dt (2.25)

The hy, is estimated by minimizing the difference between Fr; and F o4, . Hunter (1972)

and Heppel (1985) were the first to use this approach and used microorganisms suspended
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in beads to back calculate the convective heat transfer coefficients, during continuous
sterilization. Weng et al. (1992) used a time-temperature integrator, in the form of
immobilized peroxidase, and determined the heat transfer coefficients in cans at
pasteurization temperatures. A polyacetal sphere loaded with the indicator at the center,
was hooked onto a thermocouple and placed at the geometric center of a can. They
calculated the time-temperature history and associated lethality from the equation of the
heat conduction, with assumed hy, and known thermo-physical properties, using an explicit
finite difference method. The h;, was modified and lethality re-calculated until the
difference between the predicted and actual lethalities fell within a tolerance limit. The
authors named this approach as Least Absolute Lethality Difference (LALD) method.
They also gathered the transient temperature data for liquid and particle, during heating
and cooling in the same experiments, and estimated the h;, by minimizing the sum of the
squared of the temperature difference (LSTD) between measured particle center
temperature and predicted center temperature, using the mathematical model. Maesmans
et al. (1994) studied the feasibility of this method and the factors which can affect the
choice of this methodology. Since these factors can influence the measurement of h, care

is necessary in the design of experiments to obtain accurate results with this method
(Maesmans et al., 1994).

Factors affecting heat transfer coefficients

Mechanical agitation of cans in a rotary retort enhances heat transfer rates to both
liquid and particle, and has the potential to improve the quality retention, compared with
those foods processed in a still retort. Few studies have dealt with the determination of
U and hy, in thermal processing of liquid canned foods containing particles. Several
studies have been published on liquid foods thereby evaluating the effect of system and
product parameters on U (Quast and Siozawa, 1974; Duquenoy, 1980, Naveh and
Kopelman, 1980; Soule and Merson, 1985; Anantheswaran and Rao, 1985a, b; Rao et al,,
1985), and this has been presented in a review article by Rao and Anantheswaran (1988).
Hence, the discussion related to parameter effects on U are not replicated. Some studies

on convective heat transfer in the presence of particles have also been carried out, but
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they only focused on the liquid portion of the canned food, thus determining the effects
of system and product parameters on U, again in the presence of solid particles (Berry et
al., 1979; Berry and Bradshaw, 1980, 1982; Berry and Dickerson, 1981). Table 2.5 shows
a summary of published data on U and hg in canned liquid/particle mixtures, as
influenced by system conditions and liquid/particles properties.

Rotational speed: The influence of rotational speed on heat transfer rates of liquids
(either only liquids or in the presence of the particles) and the resuiting decrease in
sterilization times has been very well documented in early literature. Since hg, is needed
to predict the time-temperature profiles of particles processed in a rotary retort, it is
important to quantify the effect of rotation speed. Lenz and Lund (1978) determined the
effect of rotational speed on U and hy, with axially rotating cans at 121 °C. Both U and
h, increased with an increase in reel speed in all processing conditions. On average, U
increased by 33% and hy, increased by 44% with real speed increasing from 3.5 to 8 rpm.
The rotational speed effects were more pronounced at lower particle concentration than
at higher particle concentration. Hassan (1984) measured the convective heat transfer
coefficients with Teflon, aluminum and potato spheres in a single can, axially rotating in
a simulator. Varying the can speed from 9.3 to 101 rpm had more effect on U than on
h,. In the case of 34.9 mm diameter potato spheres with 30% particle concentration and
25.4 mm diameter Teflon spheres with 20% particle concentration, both immersed in
water, hy, was reported to be highest at the lowest rotational speed (9.3 rpm), intermediate
at the highest rotational speed (101 rpm) and lowest at the intermediate rotational speed
(55.5 rpm) (Maesmans et al,, 1992).

Deniston et al. (1987) found that U increased about 1.2 to 2.0 times with
increasing rotational speed from 9.3 to 101 rpm. The rotational speed effects were more
pronounced with the larger size particle. However, the hgs determined were rather
insensitive to these rotational speeds. The authors attributed this to small relative particle
to liquid velocity because of: (i) restricted movement of the particle attached to a rigid
thermocouple, (it) particle sett—l-ing due to gravity was minimal since liquid and particle
densities were close, and (iii) since the particle was located at the center, centrifugal force

acting on it was small. Stoforos and Merson (1992) indicated that increasing rotational
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Table 2.5 Published data on overall heat transfer coefficient (U) and liquid to particle

heat transfer coefficient (hy), with canned liquid/particle mixtures,
subjected to agitation processing

Particle particle Liquid Rotational U hg,
diameter concentration Speed 7
(mm) (% v/v) (rpm) (W/m* K) (W/m* K)

Lenz and Lund (1978)
Lead (spheres)

9.5 single water 3.5-8.0 732-970 522-534
20.7 single water 3.5-8.0 732-970 1527-1175
30.2 single water 3.5-8.0 732-970 2084-1811
9.5 single 60% sucrose 3.5-8.0 562-709 948-1175
20.7 single 60% sucrose 8.0 562-709 539

30.2 single 60% sucrose 3.5-8.0 562-709 698-761
9.5 68% water 3.5-8.0 210-330 341-659
20.7 59% water 3.5-8.0 - 1260-1453
302 55% water 3.5 - 1550

9.5 68% 60% sucrose 3.5-8.0 170-244 534-818
20.7 59% 60% sucrose 3.5-8.0 - 431-488
30.2 55% 60% sucrose 3.5-5.5 - 1198-1096

Hassan (1984)
Potato (spheres)

22.2 - water 93-101 - 142-165
28.6 - water - 93-101 - 126-98
349 - water 9.3-101 - 120-105
Teflon

254 water 9.3-101 - 84-75
12.7 50 cst 9.3-101 - 56-108
12.7 350 cst 9.3-101 - 54-105
38.1 50 cst 9.3-101 - 37-39
38.1 © 350 cst 9.3-101 - 32-34
Aluminium

19.1 1.5 cst 9.3-101 - 307-735
19.1 50 cst 9.3-101 - 139-362
19.1 350 cst 9.3-101 - 103-275
254 1.5 cst 9.3-101 - 204-468
254 50 cst 55.5-101 - 227-280
254 350 cst 9.3-101 - 100-242
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Table 2.5 ...Continued
Particle particle Liquid Rotationai U h,,
diameter concentration Speed

(mm) (%o viv) (rpm) (W/m” K) (W/m* K)
31.7 1.5 cst 9.3.55.5 - 277-464
317 50 cst 9.3-55.5 - 263-387
3.7 350 cst 9.3-55.5 - 308-480
Lekwauwa and Hayakawa (1986)

Potato (spheroidal) water 13 113-1704 60-2613
Deniston et al. (1987)

Potato (spheres)

222 29.3  water 9.3-101 1040-2300  177-200
28.6 29.3  water 9.3-101 1170-3000  135-163
35.0 29.3  water 9.3-101 950-2870 133-140
28.6 10.7 water 29.1 1300 175

28.6 18.7 water 29.1 1450 176

28.6 40.0 water 29.1 1640 190

28.6 453 water 29.1 1610 146

28.6 50.6 water 29.1 1360 127
Stoforos and Merson (1992)

Aluminium (spheres)

254 water 52.6 201 1155
25.4 1.5 cst 9.3 - 128.7
254 1.5 cst 529 142 1191-1296
Teflon (spheres)

254 water 9.3 - 712

25.4 water 53.1 192 1406
254 1.5 cst 54.1 134 1826-1933
25.4 350 cst 54.5 83 2071

25.4 350 cst 100 90 410
Potato (spheres)

254 water 9.3 - 233

- not available
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speed from 15.5 to 100 rpm increased U from 55.2 to 3.0 W/m® K. With Teflon spheres,
heated in silicone oil at 50 °C, they found a tremendous drop in the h, from 2071 to 410
W/m? K with increasing rotational speed from 54.5 to 100 rpm. This was attributed to
lower relative particle to liquid velocity at higher rotational speeds, Their particle motion
study[evealed that at increased rotational speeds, the high density Teflon particles moved
as a solid body due to larger centrifugal forces. Fernendez et al. (1988) studied the effects
of various parameters on convective heat transfer in axially rotating cans containing liquid
and particles and presented the results in the form of dimensionless correlations. The
Nusselt number (based on hﬁ,) improved with increasing Reynolds number (based on
rotational speed).

Liquid viscosity: Higher liquid viscosity retards heat transfer because the decreased
turbulence lowers the effective particle to liquid velocity. Lenz and Lund (1978) found
that increasing liquid viscosity significantly lowered the U and h, values under the same
processing conditions. On average, the convective heat transfer coefficients were lower
by about 30% for particles processed in a 60% aqueous sucrose solution, than for particles
processed in water. Hassan (1984) reported that convective heat transfer coefficients with
Teflon particles were lowered with increasing liquid viscosity [water, silicone oil 1.5, 50
and 350 centistokes (cst)]. Similar trends were observed with aluminium particles, except
that for 31.7 mm diameter particles higher h,, values were found with 350 cst oil than 1.5
and 50 cst silicone oil. Stoforos and Merson (1992) observed that U decreased at
increased liquid viscosity; however, opposite trends were found with hg. Their particle
motion study showed that particle to liquid relative velocity increased at higher liquid
viscosity (from water to silicone oil of 1.5, 50 and 350 cst) and that h, increased with the
more viscous liquids.

Particle concentration: The presence of particles in canned liquid may influence
the flow pattern and levei\'df =iixing and, thus, the heat transfer coefficients. The particles
are expected to cause secondary agitation, thus contribut‘ingrtgﬁg W,ixi_f?!" of can contents
due to their motion. However, higher particle concentrati-orrilisﬁrﬁ;y-)ihﬂuence the velocity
gradient surrounding each particle. Stoforos and Merson (1992) ob.erved that particle

motion contributed to homogeneous temperature distribution in the can. Lenz and Lund
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(1978) observed that adding multiple particles to pure liquid decreased the U values in
both water and 60% aqueous sucrose solution. Their data indicated that higher particle
concentrations also decreased thé'fhrp. Hassan (1984) observed that for 25.4 mm diameter
Teflon spheres, h, improved with an increase in particle concentration from 20 to 31%,
Deniston el al. (1987) reported that U increased with increasing particle concentration up
to a certain level, but then decreased. Similar trends were observed with hg, at a lower
magnitude,

Particle size: The particle size has significant effects on U and hg; however, no
clear relationship has been established. Lenz and Lund (1978) showed that U in water and
6C% aqueous sucrose solution increased with increasing particle size. Similar trends were
observed with hg, between lead particles and water; however, with a 60% aqueous sucrose
solution U values were lowest with the medium size particle. Experimental data of
Deniston et al. (1987), on U with water and potato spheres, showed no straightforward
relationship with particle size. A small decrease in h;, was observed with increasing
particle size. Hassan (1984) showed that h, increased with decreasing particle size.

Any factor that affects the liquid mixing and particle motion affects the associated
U and hg,. The influence of can headspace and radius of rotation on U has been reported
in the literature (Naveh and Kopelman, 1980). Temperature has a significant effect on
liquid viscosity, thus, processing (retort) temperature may influence U and hg, The
influence of these system parameters on U and h, in canned liquid/particulate system has
not been studied. The particle shape may influence the flow field around the particle and
liquid mixing and, thus, U and hy,. The particle settling velocity in liquid may also be
affected by liquid to particle relative density and, hence, the resulting heat transfer
coefficients. The effect of such product related parameters on U and hg, have also not

been quantified.

Flow visualization
In a flow visualization study the flow pattens of a liquid are evaluated to
characterize the development of flow. Such techniques can be used to improve the

understanding of physical processes related to fluid mechanics. Flow visualization
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methods are often used to derive the qualitative information of the flow process; however,
with the availability of advanced measuring probes and improved optical methods, one
can also obtain some quantitative data (Macagno, 1969; Merzkirch, 1987). The study of
velocity profiles and flow patterns assists the understanding of associated heat transer
mechanisms within cans (Rao and Anatheswaran, 1988). Hiddink (1975) studied the flow
pattern of liquids (75% glycerol, water and silicone oils) in cans during natural convection
heating. In this study a particle-streak method was used to observe the flow patterns.
Merson and Stoforos (1990) studied the motion of spherical particles in a liquid in axially
rotating cans. They calculated the relative liquid to particle velocity from the idealized
particle motion and liquid velocities. These velocities were used to predict heat transfer
coefficients using dimensionless correlations. Subsequently, Stoforos and Merson (1992)
attempted to relate particle motion to heat transfer in order to explain the decrease in fluid
to particle heat transfer coefficient with increasing rotational speed and decreasing liquid
viscosity. In general, particle properties such as particle concentration, size, shape and
density may affect the liquid and particle motion/mixing within the cans subjected to
agitation processing, The flow visualization study of canned liquid/particle mixtures,
during agitation processing, help to reveal the particle motion/mixing behavior and to
explain the differences in heat transfer coefficients under various processing conditions.
Such flow visualization techniques have not been applied to canned liquid/particle

mixtures, subjected to end-over-end processing,

Prediction models for U and h,

Dimensionless conelations: For the optimization of process design it is important
to quantify the effects of various parameters on heat transfer coefficients. It is also
meaningful to generalize these effects in order to broaden their scope for scale-up
considerations. Dimensional analysis is a useful method to generalize experimental data
in the form of dimensionless numbers, grouped from physical variables. This analysis
gives more insight to the physical phenomena and can also be used for scale-up purpose.
Thus, the convective heat transfer coefficient, in the form of a Nusselt number, is

correlated with other dimensionless numbers e.g. Reynolds number, Prandtl number.
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Earlier studies, focusing on only liquid foods, have reported correlations for U and this
has been presented in a review article by Rao and Anantheswaran (1988). Little
information is available on the use of dimensional analysis for canned a liquid/particle
system. The Nusselt number (based on U) correlations with axially rotating cans have
been developed by Lenz and Lund (1978) and Deniston et al. (1987), The only correlation
for hg, in cans with axial rotation was presented by Fernendez (1988). These correlations
accounted only a small number of variables within their limited ranges. No correlations
have been reported for U and h,, in cans with end-over-end in the presence of multiple
particles. ‘

Antificial neural network : An artificial neural network (ANN) is a computer
based information processing technique which attempts to simulate the function of living
nervous systems. ANN models are based on neurons similar to those in the brain and the
synapses that connect them, thereby enabling the computer to simulate many of the brain's
abilities. ANN models have the capability of correlating large and complex data sets
without any prior knowledge of the relationship between them. In the past few years,
neural networks have been shown to be more powerful than many other statistical
methods, when solving nonlinear prediction problems (Bochereau et al., 1992). A major
theoretical advantage of a neural network over statistical methods, such as multiple linear
regression or principle component regression, is that neural network does not impose a
linear relationship between factors and yield (Horimoto et al., 1995). In recent years,
ANN has been the focus of interest in modelling problems in many areas including food
and agricultural applications. ANN applications have been numerous: in sensory science
(Galvin and Waldrop, 1990; Thai and Shelwfelt, 1991; Park et al., 1994; Tomlins and
Gay, 1994); baking (Horimoto et al., 1995), rheology (Ruan et al., 1995); fuzzy control
of twin-screw extrusion (Linko et al,, 1992); image recognition analysis (Liao, 1993;
Sayeed et al., 1995). No information is available on the use of a neural network model

in thermal processing.
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CHAPTER 3

DEVELOPMENT OF A METHODOLOGY TO MEASURE CONVECTIVE HEAT
TRANSFER COEFFICIENTS IN CANNED LIQUID/PARTICLE MIXTURES,
SUBJECTED TO END-OVER-END PROCESSING

ABSTRACT

A methodology was developed and standardized for the evaluation of convective
heat transfer coefficients in canned liquid/particle mixtures subjected to end-over-end
processing. The overall heat transfer coefficient, U, was determined using a lumped
capacity heat balance approach and the fluid to particle heat transfer coefficient, hg,, was
determined from transient temperature data at the center of the particle, using a finite
difference computer simulation. A polypropylene spherical particle (diameter = 19 mm)
was suspénded in a can filled with a high temperature bath oil using a flexible fine-wire
(0.0762 mm) thermocouple attached to the can wall. The technique permitted the particle
to move to any location within the can and also provided a fairly uninkibited heat transfer
condition, due to the presence of one single particle in the entire can. To test the
feasibility of the technique, four rotational speeds (0 to 20 rpm) were employed as
variables in a water immersion rotary retort (Stock PR-900), U values varied from 118
to 195 W/m*® K and h,, values varied from 34 to 130 W/m® K depending on processing
conditions. The measured h, values were higher with moving particles compared to those
for a fixed particle. The method differentiated U and hy, values at different rotational

speeds.
INTRODUCTION

In recent years there has been a growing interest in mathematical modelling of
heat transfer to particulate food systems. Appropriate models are important for reducing

the number of experiments and costs required to achieve desired product safety and

34



quality (Maesmans et al., 1992). Agitation of the container in a rotary retort during
processing offers several advantages over still-retort processing. Such advantages include:
improved quality and shorter sterilization times, as a result of increased heat transfer rates.
However, prediction of heat transfer rates of canned liquid food with suspended particles
requires data on the fluid-to-particle heat transfer coefficient (h;) and the overall heat
transfer coefficient (U) from heating medium to liquid. The majority of studies involve
canned liquid foods without particles, thereby evaluating only U. Rao and Anantheswaran
(1988) have presented an excellent review on convective heat transfer coefficient with
liquid food processing. N

Earlier studies on heat transfer in particulate food systems were mainly focused
on the effect of various processing conditions, on the heating behaviour of food systems.
Some researchers (Lenz and Lund, 1978 and Fernendez et al., 1988) measured the fluid
to particle heat transfer coefficient using a metal particle, to give a low Biot number
(Bi<0.01) condition and also used a lumped capacity method (Kreith, 1965) for h,
evaluation. The errors, associated with the temperature measurement of the experimental
particle in such situations, were negligible due to the prevailing small temperature
gradients in the particle during processing. However, in the above studies the particle
movement was completely restricted because it was secured in one location. The hg,
however, depends on the relative velocity between particle and liquid which will be
different when the particle is free to move. In such situations metal particles cannot be
used, due to large density differences between metal and real food particles. Hassan
{1984) and Deniston et al. (1987) used an overall energy balance approach to measure the
h, in axially rotating cans. They recognized the difficulties and errors associated with the
measurement of surface temperatures. Lekwauwa and Hayakawa (1986) presented a semi-
theoretical method, which utilized Duhamel's theorem and empirical formulae, to analyze
heat transfer in canned potatoes-in-brine during agitation processing. In these studies,
motion of the experimental particle was completely restricted by a rigid thermocouple,
used for temperature measurement. These studies suggest that an experimental procedure
should be developed to allow some particle movement in the can during processing in

order to obtain more realistic estimates of the h,, value.
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Recently, efforts have been made to measure b, while allowing particle movement
inside the can during agitation sterilization. Stoforos and Merson (1990) used a
mathematical procedure, requiring only the measurement of liquid temperature to estimate
h;, and U. This method allows for free movement of particles. The authors reported that
calculated hy, values did not coincide with the those determined from direct particle
surface temperature measurements. Maesmans et al. (1992) feared the uncertainty of the
procedure because two parameters were estimated from one input parameter. Stoforos and
Merson (1991) used liquid crystals to measure surface temperatures, as the particle moved
freely in cans during axial rotation. However, the liquid crystals used in the study covered
only a narrow temperature range (26 to 50 °C). Chandarana et al. {1990) suggested that
heat transfer coefficients must be experimentally determined under conditions that
approximate the actual situation. Recently, Weng et al. (1992) proposed the use of
combined time temperature integrators (TTI) and a mathematical model to determine h,,
in liquid canned foods containing particles. Maesmans et al. (1994) studied the feasibility
of this method and the various factors which can affect the choice of this methodology.
Since various factors can influence the measurement of h,, care is necessary in the design
of experiments to obtain accurate result with this method (Maesmans et al., 1994).

The objective of this study was to develop a methodology to measure the
convective heat transfer coefficients (U and hg,) associated with canned liquid/particle

mixtures, subjected to end-over-end processing, by allowing the particle to move within

the can during the process.
THEORETICAL BACKGROUND

In thermal processing of canned liquid/particle systems, the heat is transferred from
the heating medium to liquid inside the cans and then to particles. An overall heat energy
balance on such system can be used to calculate associated convective heat transfer
coefficients. The governing equations for heat transfer in such systems have been detailed
in the preceding section [Chapter 2; Eqs. 2.15 to 2.20, p 21-22]. They are reproduced for

the sake of continuity (all symbols are detailed in nomenclature):
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dT d<T >
UA(T, -T) =m, C, ?t! +m_C ; (3.1)

PP dt
The following are assumed for deriving the Eq. (3.1): uniform initial and transient
temperatures for the liquid, constant heat transfer coefficients, constant physical and
thermal pfﬁperties for both liquid and particles, and no heat resistance at the outside can
surface and can walls.
The second term on the right side the Eq. (3.1) is equal to the heat transferred
from liquid through the particle surface:

d<T >
m C dtp <h, A (T, -T,) (3.2)

It is also assumed that the particle receives heat only from the liquid and not from the can
wall when it impacts, i.e. heat is transferred first from the can wall to the liquid and then
to the particle. The transient heat flow in a spherical particle immersed in liquid can be

described by the following partial differential equation (Ozisik, 1989);

gI. =q (azT +.2. E) (3.3)
P r or

T(r,0) =T, at t =0 (3.4)
arg:’t) =0 att>0 (3.5)
o _ 3.6)

k, 5 =h (T, -T,) (3.6)

37



MATERIALS AND METHODS

Most food products undergo chemical changes during heating, resultine in some
changes of their thermo-physical properties. In order to have constant property data for
the purpose of evaluating heat transfer coefficients, a model liquid and particle were used
in the present study. A high temperature bath oil (100 cst at 38 °C, Fisher Scientific Ltd.,
Montreal) and polypropylene spheres (Small Parts Inc., Miami, FL) of diameter 19 mm
were used as the model liquid and particle, respectively. Thermo-physical properties for
the liquid and particle were experimentally determined and are summarized in Table 3.1,
The density of the polypropylene sphere was obtained from the volume of water displaced
by the spheres and their weight; specific heat was measured using a calorimetric method.
The thermal diffusivity of the polypropylene sphere was evaluated, using the heating rate
index method, by heating it in a steam cabinet (Singh, 1982). The thermal conductivity
of the particle was back-calculated from measured values of thermal diffusivity, density
and specific heat. The oil density was obtained by measuring the volume using a
pycnometer and the mass of the oil. The heat capacity of the oil was measured by
comparing the heating rates of equal masses of oil and water for the same power input.

The thermal conductivity of oil was measured using a conductivity probe (Ramaswamy

and Tung, 1981). e
Table 3.1 Physical properties of test materials used in this study
Marerial Density B Heat capacity Thermal- Thermal-
conductivity diffusivity
(kg/m’) (J/kg K) (W/m K) (m*/s)
Polypropylene 830 1840 0.359 235 x 107
Oil* (100 cst) 880 2210 0.165 -

U Kinematic viscosity = 1.0 x 10* m/s

A pilot-scale rotary, single cage, full-water immersion retort (Stock Rotomat-PR

900; Hermann Stock Maschinenfabrick, Germany) was employed for the experiments. A
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common air-overpressure of 70 kPa was used for all test runs with the Rotomat. The cans
were arranged in a vertical orientation (can axis perpendicular to axis of rotation) to give
end-over-end rotation.

The can liquid temperature was measured at the geometric center of the cans,
using CNS copper-constantan needle type thermocouples (Locking connector, C-10,
Ecklund Harrison Technologies, Inc., Cape Coral, FL). For the purpose of measuring
particle transient temperatures, a fine hole was drilled to the center of the spherical
particle, which was filled with a 50%:50% mixture of epoxy resin and hardener, and a
fine-wire (0.0762 mm diameter) copper-constantan thermocouple was inserted to the
center. In this way, the trapping of air along the channel was minimized. The
thermocouple equipped particle was mounted inside the ¢an using a brass connector
(stuffing box for plastic pouches C-5.2, Ecklund Harrison Technologies, Inc., Cape Coral,
FL) at the half height of the can (Fig. 3.1). The length of the thermocouple wire inside
the can was kept approximately equal to half the height of the can in order to allow
particle movement inside the can. The thermocouples for test cans were passed through
a 32- circuit slip-ring attached to the retort and connected to a data acquisition system [p-
MEGA 1050 remote intelligent measurement and control system (OM-1050), two l6-
channel thermocouple/low level voltage expander boards (OMX-STB-TC) and a 5-V
battery pack; all from Omega Engineering Corp., Stamford, CT). Thermocouple signals
were recorded at !5 s time intervals using Labtech Notebook software (Laboratory
Technologies Corporation, Wilmington, MA).

Heat penetration tests, for the cans containing the test liquid and suspended
particle, were conducted in the Rotomat. Cans of size 307 x 409 were closed with a 10
mm headspace. Only one particle per can was used. In each test, experimental cans (four
replicates) were placed in the cage at the same diameter of rotation (38 cm) and the
remaining space was filled with dummy cans. Experiments were conducted at four
rotation speeds (0, 10, 15 and 20 rpm) at 120 °C, and each test was repeated two times.

In order to verify the temperature uniformity in cans during the processing (a
fundamental assumption used in deriving the thermal energy balance on the can), needle

type thermocouples of different lengths ( #1.1 = 42 mm, #L2 = 33 mm and #L.3 = 21 mm)
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Figure 3.1 A schematic showing thermocouple equipped particle mounted inside the
can using a brass connector
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were mounted on each of two cans of size 307 x 409, at different heights ( #H1 = 20 mm,
#H2 = 56 mm and #H3 = 85 mm, from bottom of the can). These cans were processed
at rotational speeds of 0, 10, 15 and 20 rpm at 120 °C.

In order to evaluate whether the flexible thermocouple technique gives hy, data
different from the fixed thermocouple technique, experiments were also carried out by
fixing a particle to the tip of a rigid thermocouple at the geometric center of the can. In
the case of restricted particle, experiments were carried out at four rotational speeds. All

experiments were repeated twice.

Mathematical solution

In each experiment, the heating time was kept sufficiently long such that the liquid
and particle temperatures equilibrated to the heating medium temperature. The equilibrated
liquid and particle temperatures were corrected to match the heating medium temperature.
Temperature data were discarded if thermocouple breakage occurred during runs {about
i5% of test cans suffered thermocouple breakages due to the use of fine wire
thermocouple:s) Since small differences in initial and retort temperatures were
unavoidable, the data were, therefore, normalized to an initial temperature of 20 °C and
the respective set point retort temperature (120 °C), according to a procedure detailed in
Stumbo (1973).

A single particle, attached to a flexible and fine thermocouple wire, was used in
these experiments. The amount of heat absorbed (second term in Eq. 3.1) by the particle,
therefore, can be neglected when compared to the heat absorbed by the liquid. The heat
transfer across the can wall will thus be equal to the heat absorbed by the liquid, resulting
in an increase in its bulk temperature. The overall heat transfer coefficient can then be

obtained using Eq. (3.7) (Ramaswamy et al., 1993):

_2303 m, C, 3)
£ A,

In order to determine hg, the partial differential equation with associated initial and

boundary conditions was solved using a finite difference method. The Crank-Nicholson
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scheme for space derivatives and a fully implicit scheme for time derivative were
employed (Ozisik, 1989). The numerical procedure involved with the finite difference
method is detailed in the appendix. Three different grid sizes (10, 20, 50) in the spatial
direction were tried and finally a grid with 20 divisions was used in the analysis. Since
the implicit finite difference method used here is free from stability constraints, the
desired accuracy guided the choice of time increment and a 5 s-time step was used. The
computer program was written in FORTRAN 77 to compute the transient temperature
distribution in a particle for a given condition.

The inverse heat conduction approach, where surface heat flux is estimated using
one or more measured temperatures histortes inside a heat-conducting body, was used to
estimate hy, values. Two different approaches were used to determine the fluid to particle
heat transfer coefficient (h,). In the first approach (Lenz and Lund, 1978), the hg, value
was obtained as the limiting value of heat transfer coefficient that minimizes the sum of
the square of the difference between the experimental and predicted temperatures (LSTD);
and in the second approach (Weng et al., 1992), it is taken as the himiting value of heat
transfer coefficient that minimizes the difference between the measured and predicted
lethality (LALD). A computer program developed to solve a set of finite difference
equations could incorporate either of the approaches. The difference between measured
and calculated lethality at the particle center (slowest heating point in liquid/particulate
system), F,, was finally used as an objective function (LALD approach), due to its
relevance to thermal processing. The procedure involved initially comparing the calculated
and measured lethality (or temperatures) at the center of the particle, based on an assumed
h;, value, and then subsequently changing hy, in a sequential pattern, until the calculated

and measured lethality values {(Eq. 3.8) matched a set value of 10 min.

t (T - 121.1)
F-[10 ® @& o3
0
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RESULTS AND DISCUSSION

Temperature profiles and temperature uniformity

Typical time-temperature profiles of the retort heating medium, can liquid, particle
center (experimental and predicted) are shown in Fig. 3.2a and c. For the [ethality values
of 10 min at the particle center, temperatures predicted at the particle center (LALD) were
lower than the experimental temperatures in the early part of the heating curve (below
90°C); however, during the later part, the predicted temperature showed a better match
with experimental temperatures. This is due to the nature of the objective function F_,
used in the present case. The use of F, as the objective function gives more weightage to
higher temperatures, due to their higher contribution to lethality. This is more evident
from the accumulated lethality plot. Experimental lethality, measured at the particle
center, almost showed a perfect match with predicted lethality (Fig 3.2b). When the
measured and predicted temperature at the particle center was used an objective function
(LSTD), the predicted fluid to particle heat transfer coefficients (h) were found be
considerably higher. This approach tends to over-predict the lethality as shown in Fig.
3.2d. Since this situation can potentially lead to under-processing when employed for
process design, the lethality approach was considered more appropriate and used for
subsequent analyses.

Temperature uniformity in cans was measured in terms of heat penetration
parameters, i.e. heating rate index, f, and heating lag factor, j,. When the cans are
processed in a still retort processing condition (0 rplﬁ), the prevailing mode of heat
transfer will be mostly natural convection. Hence, large temperature variations can be
expected in cans. This was evident from the studies, as shown in Table 3.2, with large
location dependent differences in f,, j., and t, (time for the curvilinear portion of the
heating curve) values. The f, value for location No. 1 (bottom center) was nearly double,
when compared to location No. 3 which was at the top corner (85 mm height from
bottom) of the can. The temperature gradients for liquid inside the cans were virtually
nonexistent during agitation processing, This was supported by the small differences in

heat penetration parameters between different locations under 10-20 rpm. The gradual
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Typical experimental, predicted time-temperature profiles and lethality
plots for the can processed at’ 120 °C retort temperature and 15 rpm
rotational speed [prediction was based on two approaches: Least absolute
lethality difference (LALD) and least squared temperature difference

(LSTD)]
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tightening of the temperature distribution, under different test runs, is shown as standard
deviations in temperature with respect to time, in Fig, 3.3. Stabilizing to within 0.5 °C
standard deviation occurred within 5 min under agitation processing, while it required
about 20 min under still processing condition. An increase in rotational speed resulted in

early stabilization, resufting in uniform temperature within the can (Fig. 3.3).

Table 3.2 Temperature uniformity of liquid within the can, processed at the retort
temperature of 120 °C, at four rotational speeds

Rotational Location | Location 2 Location 3 CoV
speed Fy Jen L £y Jen t fy Jen 4 fi Jen
(rpm) (min) (min} (min) (min) (min) (min) (%) (%)
0 800 155 30 669 129 1.50 420 104 05 - -
803 163 30 671 141 150 417 101 05 - -
10 791 101 05 794 103 05 791 106 05 018 19
78 102 05 798 106 05 781 109 05 088 27
15 622 116 05 6,19 1.12 05 619 116 05 023 lo4
622 110 05 629 114 05 613 120 G5 1.05 358
20 483 121 05 492 114 05 488 116 05 076 25

495 1.12 0.5 496 116 05 484 120 05 1.16 282

CoV = Coefficient of variation (100 x standard deviation/mean)

Heat transfer coefficients with fixed vs moving paticle
Since only one particle in each can was used, the overall heat transfer coefficient
was not influenced by fixed and moving particle. With multiple particles in a can,
restricting the motion of one particle probably may not influence the overall heat transfer
coefficient. During agitated processing of cans, fluid to particle heat transfer coefficient
vail_ues are expected to be more realistic and higher with moving particles as compared to
those measured with restricted particle motion (Stoforos and Merson, 1992). In the present
| study, hg, values were measured both with stationary and moving particles and they are
summarized in Table 3.3. At all rotational speeds, h;, values measured with the moving

particle were higher compared to those measured with fixed particle.

435



Standard deviation ° C)

0 5 10 15 20
Time (min)

Figure 3.3  Standard deviations in temperature, as a function of heating time with
respect to three thermocouple locations (42 & 20 mm; 33 & 56 mm; and
21 & 85 mm, from the can surface and bottom, respectively) in cans
subjected to end-over-end processing at various rotational speeds (0 to 20

rpm)
Table 3.3 Mean heat transfer coefficients (U and h, ), as influenced by rotational
speed (n > 3)
- Rotatioral speed Overall heat transfer Fluid to particle heat transfer coefficient
- coefficient
Fixed particle Moving particle
(rpm) (W/m® K) (W/m* K) (W/m* K)
0 126.3 (2.9)' 36.5 (3.2) 385 (1.1)
10 141.4 (2.9) 74.8 (6.0) 99.5 (1.5)
5 162.1 (2.9) 101.7 (3.8) 112.0 (8.8)
20 186.2 (2.6) 114.0 (3.3) 124.0 (4.8)

'The values in parentheses are the coefficients of variation (%)
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Overall heat transfer coefficient (U)

The overall heat transfer coefficient between heating medium and can liquid (oil)
was calculated using Eq. (3.7). The effect of rotational speed was determined on can
liquid (Table 3.3). An increase rotational speed resulted in an increase in U values. The
increasing effect of rotational speed on U could be attributed to the increased turbulence
at higher rotational speeds. The average value of U for oil ranged between 118 to 195

W/m* K, depending upon experimental conditions.

Fluid to particle heat transfer coefficient (hy)

The effect of rotational speed was determined on the fluid to particle heat transfer
coefficient between oil and the polypropylene sphere (Table 3.3). The effect of rotational
speed was similar to those observed with U. The overall range of hy, values was 34 to 139
W/m? K. Hassan (1984) reported that h,, between silicone oil (50 and 350 cst) and Teflor.
particles (12.7 to 38.1 mm diameter) were 31 to 108 W/m® K. On average, h,, increased

4 times as the retational speed increased from 0 to 20 rpm.,

CONCLUSIONS

A methodology was developed for the measurement of convective heat transfer
coefficients, in canned liquid/particle mixtures subjected to end-over-end processing.
Temperature uniformity of liquid in cans was verified using heat penetration parameters
and the standard deviation of temperature at different location at various rotational speeds.
The lethality approach (LSTD) was found to be more appropriate for the estimation of the
fluid to particle heat transfer coefficient. Higher h;, values were obtained for the moving
particle compared to that for the particle fixed ¢ the can center, at all rotational speeds.
The overall heat transfer coefficient for test liquid (oil) and fluid to particle heat transfer
coefficient were influenced by rotational speed. End-over-end rotational processing (10-20

rpm) significantly improved both U and hy, compared to still retort processing (0 rpm).
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CHAPTER 4

CONVECTIVE HEAT TRANSFER COEFFICIENTS AS INFLUENCED BY
SYSTEM AND PRODUCT PARAMETERS : A. STUDIES WITH A SINGLE
PARTICLE IN THE CAN

ABSTRACT

The effects of various system and product parameters on forced convection heat
transfer in cans were studied experimentally during end-over-end rotation. Cans filled with
water or oil, and fitied with a single spherical particle (diameter = 19 mm) suspende.
using a flexible fine-wire thermocouple, were processed in a water immersion rotary retort
(Stock PR-900). The effect of system parameters on the associated heat transfer
coefficients were examined using the methodology detailed in Chapter 3. Such parameters
included: retort temperature (110 to 130 °C), rotational speed (0 to 20 rpm), radius of
rotation (0 to 27 cm) and can headspace (6.4 and 10 mm). The effects of product
parametefs such as density of particle and liquid viscosity on associated heat transfer
coefficients were subsequently investigated at different rotational speeds {0 to 20 rpm),
during end-over-end rotation of cans.

Higher heat transfer coefficients were obtained with increasing values of all four
system variables, and the effects of rotational speed and headspace were more significant
than those of retort temperature and radius of rctation. U values also improved with
decreasing liquid viscosity and increasin‘gA rotational speed and the results were
comparable to those reported in the literature. The h, values were affected in a similar
fashion, increasing with rotational speed and density of particle and decreasing with liquid
viscosity. The effect of particle density on h;, was more significant than those of liquid
viscosity and rotational speed. U values varied from 118 to 800 W/m® K and h,, values

varied from 23 to 825 W/m’ K, depending on the operating conditions.
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INTRODUCTION

Mathematical modelling of heat sterilization of canned liquids with suspended food
particles in rotary autoclaves requires data on: (i) thermo-physical properties of both
liquids and solid food particles and (ii) associated heat transfer coefficients. In such
systems, both the overall heat transfer coefficient, U, and the fluid-to-particle heat transfer
coefficient, hy, are needed to predict heat transferred to solid food particles. Little
information is available on h;, in cahs during agitation processing, due to difficulties in
"r-nonitoring the transient temperature of freely moving particles. Earlier studies reported
hy, Qalues between a stationary particle, fixed on to a rigid thermocouple, and liquid
moving around it. Recently, efforts have been made to measure h,, while allowing some
particle movement inside the can during agitation sterilization. Mechanical agitation of
cans in rotary autoclaves enhances heat transfer rates to both liquid and particle, and has
the potential of improving the quality retention, compared with those foeds processed in
still autoclaves. However, there is a need to quantify the effect of agitation and other
parameters influencing U and hy,.

The effect of various parameters on hy, .g. process temperature, rotational speed,
liquid viscosity, particle properties and volume fraction occupied by the particles, etc.
have been experimentally investigated by Lenz and Lund (1978), Sastry (1984), Deniston
et al. (1987) and Fernandez et al. (1988). In these studics, motion of the experimental
particle was completely restricted by a rigid thermocouple, used for temperature
measurement at the particle center. Since the relative velocity between particle and liquid
influences hy,, its magnitude is expected to be different when the particle is free to move.
Particle density effect has not been studied, since in most of the studies the experimental
particle was fixed during rotation. Stoforos and Merson (1992) investigated the effect of
liquid viscosity, particle properties and rotational speed on hg, and U in axially rotating
cans, They measured the surface temperature using liquid crystals, as the particles moved
freely in the cans during agitation. However, the liquid crystals used in the study
covered only a nairow temperature range (26 to 50 °C). Naveh and Kopelman (1980)

studied the effect of the mode of agitation on U with liquid foods and found that U was
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improved by two to three times in end-over-end agitation, compared to the axial mode of
rotation.

In Chapter 3, a method was developed to measure the convective heat transfer
coefficients in cans, during agitation processing using a flexible thermocouple technique.
The objective of this study was to use this flexible thermocoﬁple approach to quantify the
effect of i) system parameters, such as retort temperature, rotational speed, radius of
rotation and can headspace; and ii) product parameters such as particle density and liquid

viscosity, on U and h,‘p, during end-over-end sterilization.
MATERIALS AND METHODS

Given the temperature history at a known location inside a heat conducting body
and can liquid, U and hy, can be estimated by using an overall thermal energy balance on
the can and the partial differential equation of transient heat flow in a body immersed in
liquid, with appropriate initial and boundary conditions. The theoretical background and

methodology involved with calculating the associated heat transfer coefficients are
detailed in Chapter 3.

Test materials

Water and high temperature bath oil (100 c¢st at 38 °C, Fisher Scientific Ltd.,
Montreal} giving different viscosity levels, were used as test liquids. Spherical particles
{(diameter 19 mm) made of polypropylene, Nylon, Acrylic, Delrin and Teflon (Small Parts
Inc., Miami, FL), covering a wide range of density (830 kg/m’® to 2210 kg/m®), were used
as test particles. The thermo-physical properties of the liquids and particles were measured
experimentally, as detailed in Chapter 3 and are summarized in Table 4.1.

Can liquid temperatures were measured at the geometric center of the cans, using
needle type thermocouples. For the purpose of measuring particle transient temperatures,
a thermocouple equipped particie was mounted inside the can. The particle assembly, can

preparation and data gathering are described in Chapter 3.
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Table 4.1 Physical properties of test materials used in this study

Material Density Heat Thermal Thermal
capacity conductivity  diffusivity
(kg/m?) (Jkg K) (W/m K) (W/m? K)
Polypropylene 830 1842 0.359 2.35x107
Nylon 1128 2073 0.369 1.52x107
Acrylic 1168 1355 0.139 0.88x107
Delrin 1376 1425 0.374 1.9tx107
Teflon 2210 984 0.290 1.35x107
Oil* (100 cst) 880 2210 0.165 -
Water® 1000 4180 0.597 -

“Kinematic viscosity = 1.0 x 10™* m*/s; *kinematic viscosity = 1.0 x 10° m¥s

Cans of s:7e 307 x 409 containing the high temperature bath oil and thermocouple
equipped particle, were processed in a batch type, rotary, full-immersion, hot-water
sterilizer (Stock Rotomat-PR 900; Hermann Stock Maschinenfabrick, Germany). Only one
particle per can was used. In each test run, four test cans were placed equidistant from
the horizontal central axis of the rotating cage, in a vertical orientation, to give end-over-
end rotation. The remaining space in the cage was filled with dummy cans containing
water, Three retort temperatures {110, 120 and 130 °C), four rotational speeds (0, 10, 15
and 20 rpm), four radii of rotation (0, 9, 19 and 27 c¢cm) and two can headspaces (6.4 and
10 mm) were employed as system (operating) variables. In the first set of experiments,
a 3 x 3 x 4 full-factorial design was employed with the three retort temperatures, three
rotational speeds (10, 15 and 20 rpm) and the four radii of rotations with a can headspace
of 10 mm. In order to study the effect of can headspace, a 3 x 3 x 2 full-factorial design
was used with the three retort temperatures, the three rotational speeds (10, 15 and 20)
and the two can headspaces at a constant radius of rotation of 19 cm. Experiments were
also carried out at O rpm (still retort processing condition) at the three retort temperatures.
All test runs were repeated twice.

In order to study the effect of product parameters, five particle densities, two

liquid viscosities and four rotational speeds were considered as experimental variables.
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A 5 x 2 x 4 full-factorial design was employed with the five particle densities (830, 1128,
1168, 1376 and 2210 kg/m’), two liquid viscosities (kinematic viscosity 1.0 x 10~ and 1.0
x 10 m%s) and four rotational speeds (0, 10, 15 and 20 rpm) with a can headspace of

10 mm, a radiuz of rotation of 19 ¢m and 120 °C retort tempcrature, All experiments were

repeated twice,

Data Analysis

Details are given in Chapter 3 regarding time-temperature data gathering,
corrections, normalization and the subsequent evaluation of overall and fluid to particle
heat transfer coefficients. All test results were analyzed using Analysis of Variance
(ANOVA) to evaluate the level of significance of all the variables and interactions.

Variations in thermo-physical properties and temperature measurement, particle
dimensions and retprtr_operating conditions can cause uncertainty in the evaluated h,
values. An error analysis was performed with respect to thermocouple location and
particle thermal diffusivity. Thermocouple misplacements, of 0.9525 and 1.905 mm (10
and 20% of particle radius) from the particle center, were taken as the high-side errors
with respect to thermocouple placement. The relative uncertainty in the measured particle
thermal diffusivity was iaken as + 5%. A simultaneous error of +5% in thermal
conductivity was also considered, since particle thermal cond.glcé'lvrity was back- calculated
from particle density, specific heat and thermal diffusivjty."'fﬁa error analysis was carried
out only with extreme 6onditions (lower and higher range values) of calculated hy, values.
The percentage deviation, of calculated heat transfer coefficient hyy,,, from the reference

hy,en. Was computed as the predicted error due to error with respect to the characteristic

parameter:

h -h
Predicted error (%)= L“E“_ﬂ x 100 4.1
fp(rel)

Hence, a positive value in predicted error represents an overestimation of the convective

heat transfer coefficient while a negative value represents the opposite.
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RESULTS AND DISCUSSION
Influence of system parameters A

Overall heat transfer coefficient (U)

Tables 4.2 and 4.3 summarize the overall heat transfer coefficients obtained under
the different experimental conditions. U values varied from 120 to 187 W/m® K.
Increasing the retort temperature improved the mean U value (6% increase from 110 to
130 °C). This was probably due to the lowering of liquid viscosity at a higher retort
temperature. The overall heat transfer coefficient also increased with the increasing
rotational speed (38% increase in mean U value between 10 and 20 rpm). Again, this was
‘Lossibly due to enhanced mixing, resulting in a higher degree of turbulence. The influence
of rotational speed on U was more pronounced than any other parameter studied. At 0
rpm (still report processing condition), the overall heat transfer coefficient was calculated
just as with the agitated processing condition in which temperature uniformity of the
liquid within the can was achieved in a short time. Since the temperature gradients, which
existed in the 0 rpm test runs were large and natural convection was the predominant
mode of heat transfer, the calculated U may rot be a true representation of convection
heat transfer. However, since the objective was to evaluate whether agitated processing
improves the heat transfer rate when compared to still retort processing, a limited number
of experiments were carried out with O rpm and the data were treated in a similar fashion,
These data were only used for the purpose of comparison and not included in the
statistical analysis of variance.

Moving the can away from the central axis of rotation resulted in some
improvement in U values, because of the larger centripetal acceleration encountered by
the liquid at larger radii of rotation. Increasing the radius of rotation from 0 to 9 cm
improved the mean U value by 2%, and from 9 to 19 cm, it improved by 3%; however,
a further increase in radius of rotation to 27 cm did not change the U value. Compared
to other parameters overall, the effect of radius of rotation on U was small. For thermal
process design, the lower the effect of radius of rotation, the higher the uniformity in
terms of lethality achieved in cans placed at different locations in the retort for

processing, This represents a desirable situation.
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Table 4.2 Mean heat transfer coefficients (U and hg), as influenced by retort
temperature, rotational speed and radiis of rotation

Retort Rotational Radius Overall heat Fluid to particle
temperature  speed of rotation  transfer coefficient heat transfer coefficient
(°C) (rpm) (cm) (W/m* K) (W/m* K)
110 10 0 122 (0.7) 69.6 (0.6)
9 120 (0.1) 68.2 (4.7)
19 123 (0.1) 95.0 (1.7)
27 126 (2.0) 96.6 (4.0)
15 0 148 (0.3) 86.3 (0.9)
9 146 (2.2) 82.8 (5.7)
19 156 (1.5) 110 (5.6)
27 153 (0.4) 124 (5.5}
20 0 169 (0.3) 103 (0.8)
9 181 (0.9) ' 108 (7.3)
19 182 (0.9) 123 (3.8)
27 186 (1.3) 126 (9.8)
120 10 0 133 (0.6) 73.0 (8.2)
9 135 (1.8) 777 (6.7)
19 138 (2.4) 99.5 (1.5)
27 135 (0.8) 948 (4.2;
15 0 154 (0.3) 91.5 (1.1)
9 154 (0.1) 85.3 (7.3)
19 161 (0.9) 115 (12)
27 162 (2.5) 134 (8.9)
20 0 179 (0.7) 111 (5.0)
9 181 {1.6) 122 {(6.8)
19 185 (0.6) 124 (4.8)
- 27 188 (3.2) 137 (13)
130 10 0 135 (0.3) 88.8 (13)
9 136 (1.0) 96.0 (2.3)
19 140 (0.4) 109 (3.7)
27 143 (3.2) 122 (6.2)
15 0 154 (0.9) 110 (5.9)
9 156 (0.7) 118 (13)
19 165 (0.5) 138 (2.5)
27 176 (0.8) 137 (12)
20 0 179 (2.2) 118 (5.7)
9 184 (1.4) 126 (3.9)
19 181 (0.6) 143 (1.8)
27 192 (1.9) 136 (2.1)
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Table 4.3 Mean heat transfer coefficients (U and hg), as influenced by retort
temperature, rotational speed and headspace
Retort Rotational Headspace  Overall heat Fluid to particle
temperature  speed (mm) transfer heat transfer
(°C) (rpm) coefficient coefficient
(W/m® K) (W/m* K)
110 0 6.4 121 (1.2) 25.2 (6.3)
10 6.4 122 (1.8) 49.3 (5.9)
10 123 (0.1) 95.0 (1.1)
15 6.4 135 (1.5) 61.3 (2.1)
10 156 (1.5) 110 (5.6)
20 6.4 147 (3.4) 73.3 (1.8)
10 182 (0.9) 123 {3.8)
120 0 6.4 126 (1.0) 27.4 (4.0)
10 6.4 131 (1.1) 53.5 (3.9)
10 138 (2.5) 99.5 (1.5)
15 6.4 144 (2.4) 66.5 (3.6)
10 161 (0.9) 115 (12)
20 6.4 165 (4.8) 94 (14)
10 185 (0.6) 124 (4.8)
130 0 6.4 131 (2.0) 32.1 (6.2)
10 6.4 134 (0.7) 61.2 (7.5)
10 140 (0.4) 109 (3.7)
15 6.4 146 (3.7) 83 (1.2)
10 165 (0.5) 138 (1.8)
20 6.4 159 (4.6) 101(1.5)
10 181 (0.6) 143 (1.8)

"The values in parentheses are the coefficients of variation (%)

55



It was found that a small change in headspace also improved the mean U values.
This is probably due to an increase in bubble size, resulting in more efficient mixing.
However, bubble size beyond a criticai level may have a dampening effect on the
efficiency of mixing, due to increased drag on the can wall; thus resulting in disturbance
in bubble-liquid phenomena (Naveh and Kopelman, 1980). After rotational speed, the
headspace effect on U was the second most significant and an increase in headspace from
6.4 to 10 mm increased the mean U value by 16%. Analysis of variance of data revealed
that all four factors were highly significant (p < 0.0001), with the influence of rotational
speed on overall heat transfer coefficient being the most significant (Table 4.4 for retort
temperature, rotation Sp"eed and radius of rotation and Table 4.5 for retort temperature,
rotation speed and seadspace). Two- way interaction effects were also significant with all
factors; however, their contribution compared to the main effect were small. The main

effect-plots are presented in Fig. 4.1, and demonstrate the inftuence of principle factors

described earlier.

Fluid-to-panticle heat transfer coefficient (h,,)

Depending on experimental conditions, the fluid-to-particle heat transfer
coefficient, hg,, ranged from 23 to 145 W/m* K. Tables 4.2 and 4.3 summarize average
hg, values for all the processing conditions. Analysis of variance showed that all factors
studied affected hy, values significantly (Tables 4.4 and 4.5). Interaction effects were not
significant in this case and the main effects are shown in Fig. 4.2. Higher h,, values were
obtained at higher levels of all four parameters. The mean h,, value increased by about
27% with an increase in the retort temperature from 110 to 130 °C. Increasing rotational
speed from 10 to 20 rpm improved the mean hy, value by 37%, probably due to increased
particle-to-liquid relative velocity at the higher rotational speed. However, the influence
of rotational speed on hy, was less than that on headspace and unlike the case of U, which
was probably due to associated small changes in particle to liquid velocity. The particle
settling due to gravity was minimal since the density of polypropylene particles was
relatively closer to that of the bath oil. The effect of radius of rotation on hg, on the other

hand, was more pronounced than with U. Increasing the radius of rotation improved h,
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Table 4.4 Analysis of variance showing the influence of retort temperature, rotational
speed and radius of rotation on U and h,,

Sum of square (%)

Source dF u h,
Model 35 88 8** T2.4%%
Retort temperature (RT) 2 03.9%+* [5.8**
Rotational speed (RS) 2 78.3%* 26.7**
Radius of rotation (RR) 3 03.3%* 22.8%*
Interactions
RT x RS 4 0.8%* 1.1
RT x RR 6 [.O** 1.3
RS x RR 6 0.8* 2.1
RT x RS x RR 12 0.7 2.6
Residual (error) 55 11.2 276
77 (hg,)
Total 90
112 (hy,)

** p < 0.0001, * p<0.005°
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Table 4.5 Analysis of variance showing the influence of retort temperature, rotational
speed and headspace on U and hy,

Sum of square (%)

Source dF U hy,
Model 17 90, 1** 80.4%*
Retort temperature (RT) 2 05.5** 06.8**
Rotational speed (RS) 2 01.4%* [ 7.6%*
Headspace (HS) 1 16, 7** 54.2%*
Interactions
RT x RS 4 1.0 0.6
RT x HS 2 0.2 0.3
RS x HS 2 4.2%* 0.4
RT x RS x HS 4 0.7 0.5
Residual (error) 52 09.9 19.6
40 (hy,)
Total 65
57 (hy)
** n < 0.0001
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in a sigmoidal fashion, as shown in Fig. 4.2. At the lower end, an increase in radius of
rotation from 0 to 9 cm improved the mean hg, by 8% and a further increase from 9 to
19 ¢m improved the mean hg, by 16%, and again at the higher end, an increase in the
radius of rciation from 19 to 27 ¢m changed the mean h;, by only 6%. The radius of
rotation effect on hy, compared to the those of can headspace and rotational speed was
also less, which is again preferable from a process design point of view. Compared to the
other three parameters studied, the headspace effect on h;, was the most significant. A
higher bubble velocity, due to larger size, resulted in better mixing and affected the
particle to liquid velocity; also, this probably caused local turbulence around the particle

area. A change in headspace from 6.4 to 10 mm increased tlie mean hg, by 75%.

Influence of product parameters

Overall heat transfer coefficient (U)

Table 4.6 summarizes the mean overall heat transfer coefficients for oil and water,
obtained at different rotation speeds. U values varied from 118 to 195 W/m* K for oil and
420 to 800 Wlmﬁ K for water. The U values improved significantly, even at the lower
rotational speed (\)f 10 rpm for both test liquids studied when compared to the values
associated with s'till-processing (0 rpm). The increase in overall heat transfer coefficient,
with increasing rotational speeds, can be explained by the enhanced mixing (caused by
the movement of the headspace bubble and particle in the can) which resulted in a higher
degree of turbulence. When the rotational speed increased from 10 to 20 rpm, the U value
increased by 32% for oil and 24% for water in cans. This suggested that higher rotational
speeds are more beneficial to viscous liquids. The higher U values associated with the
lower viscosity liquid (water) was possibly due to the presence of a smaller thickness of
beundary layer with water. The particle motion may have an important effect on the
overall heat transfer coefficient, and particles with different density and volume fractions
may alter the flow pattern of the can liquid. However, in the present case particle density
did not influence U; this was possibly due to the presence of a single particle. |

Analysis of variance of data revealed that both liquid viscosity and rotational speed

effects were highly significant (p< 0.0001) with the viscosity tgrm_,_'er:plaining over 90%
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of total variability. Particle density effects and interactions involving particle density were

not significant (p>0.05). The viscosity-rotational speed interaction effect was significant

(Table 4.7) and their relative effects are shown in Figure 4.3.

Table 4.6 Mean overall heat transfer coefficient (U), as influenced by rotational
speed and liquid viscosity (n > 18)

Rotational speed Overall heat transfer coefficient
oil Water

(rpm) (W/m* K) (W/m* K)

0 126 (2.9)' 455 (5.6)

10 141 (2.9) 658 (4.9)

15 : 162 (2.9) 734 {3.8)

20 186 (2.6) .. 781 (1.4)

'"The values in parentheses are the coefficients of variation (%)

Fluid-to-particle heat transfer coefficient (h;)

Depending on experimental conditions, the fluid-to-particle heat transfer
coefficient, hy, ranged from 34 to 825 W/m’ K. Table 4.8 summarizes average hy, values
under different processing conditions. Analysis of variance showed that all factors under
study affected the hg, values significantly (Table 4.7). Two-way interaction effects of
viscosity and density, and density and speed were also significant (p< 0.0001) in this case,

| as shown in Figure 44 a & b.

The effect of viscosity on hg, values was similar to that observed with U. Table
4.8 demonstrates that, under all processing conditions, hy, values were higher with the
lower viscosity liquid; again this is possibly due to the associated lower thickness of the
boundary layer. The increase in the h, values, as liquid viscosity, decreased can also be
associated with a higher particle-to-liquid relative velocity. In the flow visualization study
detailed in a later section (Chapter 6), a higher settling velocity of particle was observed
in the lower viscosity liquid.

Maesmans et al. (1992) indicated that particle properties do not affect by, as long

as the particle-liquid motion is not altered (either by density or surface roughness). In
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Table 4.7 Analysis of variance showing the influence of liquid viscosity, rotational speed
and particle density (only with h.) on U and hg,

8] hy,
Source dF Sum of square dF Sum of square

(%) (%)
Model 7 05.5% 21 94.2*
Liquid viscosity (FV) 1 88.2% 1 14.3*
Rotational speed (RS} 3 04.6* 2 03.9*
Particle density (PD) - - 4 51.5%
[nteractions
FV x RS 3 02.7* 2 00.0
FV x PD - - 4 17 4%
RS x PD - - 8 C121*
Residual (error) 117 045 105 05.8
Total 124 126

- not applicable
* p < 0.0001
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Table 4.8 Mean fluid to particle heat transfer coefficient (h), as influenced by
particle density, rotational speed and liquid viscosity (n>3)

Material Density Rotational Fluid to particle heat transfer
speed coefficient (h,)
Qil Water
(kg/m®) (rpm) (Wim* K)  (W/m*K)
Polypropylene 830 0 38.5 (1.1) -
10 100 (1.5) 115 (5.5)
15 112 (8.8) 127 (5.9)
: 20 124 (4.8) 143 (7.8)
Nylon 1128 0 37.4 (6.3) 138 (3.0)
10 175 (6.4) 189 (7.9)
15 229 (9.1) 279 (9.5)
20 278 (8.1) 364 (8.5)
Acrylic 1168 0o - 36.3 (4.3) 140 (1.9)
10 184 (9.9) 198 (10.8)
15 228 (5.7) 286 (5.6)
20 277 (7.6) 384 (8.9)
Delrin 1376 0 403 (2.5) 143 (1.4)
10 205 (4.9) 338 (1.6)
15 223 (5.6) 386 (4.7)
20 236 (4.3) 367 (3.4)
Teflon 2210 0 40.0 (0.2) 141 (0.4)
10 292 (7.7 773 (5.5)
15 312 (6.2) 520 (0.8)
20 254 (4.1) 440 (2.3)

'The values in parentheses are the coefficients of variation (%)
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earlier studies, measurement of h;, was mostly done with restricted particle motion. When
a particle in a can is immobilized, the particle density will not influence h,. In the present
case, this can be verified by comparing h;, values for different particle densities, in the
still retort processing condition (0 rpm). Measurad h;, values were nearly same (p>0.05)
for the different density particles at 0 rpm. However, when particle motion was included
in the study, the effect of density on hy, was found to be highly significant (p<0.0001).
The higher density particle can have a higher settling velocity in the given liquid,
resulting in a higher particle-to-liquid relative velocity and thus a higher h;, value. The
h, values increased with increasing particle density in both liquids. Particles with density
close to each other (Nylon and Acrylic) had similar (p>0.05) h, values in both liquids
(cil and water). It can therefore be inferred, by comparing hy, values for Nylon and
Acrylic in both the liquids (oil and water), that the particle thermal properties did not
influence h,. Stoforos and Merson (1992) reported higher h;, values for a Teflon particle
when compared to an aluminum particle of the same size; both were processed in axially
rotating cans. However, in addition to the altered particle motion due to differences in
particle density, they attributed the difference in h;, to the different thermal diffusivity of
Teflon and aluminium.

On average, hy, improved by 25% with an increase in rotational speed from 10 to
20 rpm; this was probably due to increased agitation at higher rotational speed. The
rotational speed influence was less pronounced when the densities of particle
_ {(polypropylene) and liquid (oil) are nearly same, since the particle settling velocity
(gravity) and buoyant effects were minimal. The effect of rotational speed was more
pronounced with the medium density particles (Nylon and Acrylic). With particles of large
densities (Delrin and Teflon), the increasing rotational speed had opposite effects. For
Deirin in water and Teflon in oil, hg, increased when rotationai speed increased from 10
to 15 rpm; but a further increase in rotational speed from 15 to 20 rpm, decreased hg,. In
the case of Teflon in water, the h;, decreased by 40% when the rotational speed increased
from 10 to 20 rpm. Due to the larger centrifugal force at higher rotational speeds, the
motion of these high density particles was completely different. Stoforos and Merson

(1992) also found decreasing h, with increasing rotational speed, for Teflon particles in
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silicone o1l during axial rotation of cans. The particle motion detailed in a later section

(Chapter 6) could explain to some extent the differences in h;, values observed under

different processing conditions.

Envor analysis

Table 4.9 shows the error associated with calculated heat transfer coefficients, as
affected by error in characteristic parameters. The thermocouple misplacement error of
0.9525 mm (10% of the particle radius) from the center of the particle resulted in an
overestimation of 0.2 to 2.1% in calculated h;, values at the lower end; and at the higher
end, the overestimation was 0.6 to 3.6% depending upon the particle matertal. A further
increase in error, with thermocouple misplacement up to 20% (1.9 mm from the particle
center), resulted in an error of 2.6% to 17% depending upon particle properties, This
suggested that when particle temperatures are measured with thermocouples, the
associated error due to thermocouple misplacement will be lower if temperatures are
measured at the particle center, opposed to those measured at the particle surface. This
is due to associated larger temperature gradients close to the surface, when compared to
the gradient at the particle center. The errors in calculated h,, are small with high thermal
diffusivity particles, due to the presence of lower temperature gradients in the particle. A
change in thermal diffusivity of a particle by +5% overestimated hy, in its lower range by
4.6 to 17%, and in the higher range by 6.9 to 36%, depending upon the particle material
used. A -5% change in thermal diffusivity resulted in 6.5 to 52% and 9.0 to -171%
underestimation in h, respectively. The associated errors in calculated h;, were very high
with low thermal conductivity particles or under conditions with a high Biot number. This
is due to the larger internal resistance to heat transfer. In this situation, heat flow was
mainly governed by particle thermal diffusivity rather than the convective heat transfer
at liquid-particle interface. Awuah et al. (1995) also reported that small errors in
parametric values could result in very large errors in the estimated fluid to particle heat
transfer coefficient, when higher Biot numbers in excess of 22 have to be predicted. In
such situations, metal particles with higher thermal conductivity should be chosen

(Ramaswamy et al., 1983) over the low thermal conductivity particles, in order to reduce
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Table 4.9 Percentage error associated with calculated fluid to particle heat transfer coefficient, hy, value, as influenced by
error in characteristic parametric values

Particle Limiting Observed Thermocouple displacement error  Thermal diffusivity
material value of h, range of Bi 10 to 20% of particle radius +5t0-5%

with Bi = 10 Lower end  Higher end Lower end  Higher end

of hy, of hy, of hy, of hy,

Polypropylene 377 25-40 +0.20 to +2.6 +0.60 to +2.9 +4.60 to -6.5 +6.9 to -9.0
Nylon 387 45-95 +0.90 to +4.4 +1.5 to +7.3 +8.0to -1l +17 to -32
Acrylic 146 125-270 +25t0+11 +251t0 +14 +23 to -52  +34 to -157
Delrin 393 50-100 +1.1 o +58 +1.41t0 68 +391t0 -13 +15 to -31
Teflon 305 8.0-26.0 +2.1 to +10  +3.6 to +17 +17 to -31  +36 to -17]




the error in h;, estimation due to error in parametric values. Such high thermal
conductivity metal particles, however, will have a higher density which may not simulate
the particle motion and heating behaviour exhibited by real food particles under thermal
processing conditions, The limiting values of h;, such that the associated Biot number is
kept below 10 are presented in Table 4.9. Nyion and polypropylene particles should be
selected over other particles, due to their more realistic particle motion and heating
behaviour which close to that exhibited by real food particles and also because of their

association with relatively lower errors in the estimation of hy,.
CONCLUSIONS

Forced convection heat transfer coefficients (U and h;,) were influenced (p <
0.0001) by all the system parameters studied. Rotational speed effect was more
predominant in the case of U but headspace effect was the most significant on h. The
effect of the radius of rotation on U, and retort temperature effect on h,, were the least
among all the four system parameters.

Overall heat transfer coefficients were also influenced (p < 0.0001) by liquid
viscosity and rotational speed. Fluid-to-particle heat transfer coefficients were influenced
by liquid viscosity and rotational speed, as well as particle density. The relative magnitude
of hy, value, under the different processing conditions, varied depending on the combined
effect of particle motion, particle-to-liquid relative velocity, level of liquid mixing during
the rotation. In general, higher h,, values were obtained at lower liquid viscosity, higher
particle density and higher rotational speed. Particle density effect was more predominant
than the effects of rotational speed and liquid viscosity on Iy,

The errors associated with evaluated h,, were relatively less when due to error in
the thermocouple misplacement, as compared to those errors associated with particle
thermal diffusivity and thermal conductivity. Particles of smaller size, with higher thermal

conductivity (giving lower Bi), are preferred over others.



CHAPTER 5

CONVECTIVE HEAT TRANSFER COEFFICIENTS AS INFLUENCED BY
SYSTEM AND PRODUCT PARAMETERS : B. STUDIES WITH MULTIPLE
PARTICLES IN THE CAN

ABSTRACT

The heat transfer coefficients (U and hy,), associated with canned liquid/particle
mixtures, were evaluated with suspended Nylon particles, during end-over-end rotation.
Can rotation speed (10 to 20 rpm), particle diameter (19 to 25 mm), particle concentration
(single particle to 40% v/v) and particle shape (sphere, cylinder and cube) were studied
as variables, using liquids of two different viscosities (1.0 x 10 and 1.0 x 10 m%/s). The
methodology for the evaluating heat transfer coefficients, detailed in Chapter 3, was
slightly modified to accommodate the heat sink due to multiple particles in the can. The
hy, values varied from 170 to 1550 W/m* K and U values varied from 110 to 800 W/m?®
K, depending upon process conditions. The h, increased by 10 to 60% with particle
diameter decreasing from 25 {0 19 mm, while h, increased about three fold as the particle
concentration changed from a single particle to 30%. Further increase in particle
concentration to 40% decreased h, by 5 to 20%, depending upon processing conditions.
Analysis of variance showed that particle shape effects on h;, were significant (p <
0.0001) with both single and multiple particles. With a single particle in the can, the
spherical particle (0.95 cm diameter) showed lowest hg, foliowed in increasing order by
cylindrical particle (0.95 cm diameter and 0.95 cm length) and cube shaped particle (0.95
¢m length). With multiple particles in the can, an opposite trend was observed, giving the
lowest values of h;, with cubes and the highest values with spherical particles. With
multiple particles in the can, effects of particle shape, particle size and particle

concentration on U were similar to those obtained with h, but the magnitudes were

lower,
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INTRODUCTION

Heat transfer rates to canned food products, such as a liquid containing discrete
particles, can be increased by mechanical agitation. This has permitted the use of high
temperature short time (HTST) concept with agitation processing. The thermal processing
schedule for canned foods has been traditionally established using experimental heat
penctration data. In recent years, growing interest in mathematical modelling has
prompted further attention to the mechanism of heat transfer in particulate food systems.
Theoretical models can be used for the design, optimization and validation of such food
systems. However, the usefulness of theoretical models depends upon the accuracy of the
input physical parameters. The overall heat transfer coefficient from the heating medium
to the can liquid (U) and the fluid-to-particle heat transfer coefficient (hy) are important
parameters, beside thermo-physical properties of food materials.

The overall heat transfer coefficient and the fluid-to-particle heat transfer
coefficient in cans are influenced by various environmental conditions and physical
properties of the liquid and particles. Since the flow around the particle may differ for
different geometrical shapes, the heat transfer coefficients may reflect such variations; in
turn these variations will affect the heating rates. Particle shape effect has not been
studied on U and hg, in cans with end-over-end rotation. In earlier studies, spherical
particies have been used to quantify the effect of various parameters influencing U and
h,. Lekwauwa and Hayakawa (1986) presented a semi-theoretical method, which utilized
Duhamel's theorem and empirical formulae, to analyze the heat transfer for different
particle shapes. However, they did not quantify the effect of particle shape on the
associated heat transfer coefficients.

The effect of system and product parameters on associated convective heat transfer
coefficient, in cans with a single particle in the can, were reported in Chapter 4. This
Chapter highlights the use of the flexible thermocouple approach, reported earlier (Chapter
3). This approach quantifies the effects of system and product parameters on U and h;,

in cans containing multiple particles subjected to end-over-end processing.
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MATERIALS AND METHODS

Determination of heat hansfer coefficients

Using a finite difference method, the fluid-to-particle heat transfer coefficient (hy)
was determined by solving the governing partial differential equation of conduction heat
transfer in each geometrical shape with associated initial and boundary conditions.
Appropriate equations and numerical procedures involved with the finite difference
method are detailed in the appendix. Chapter 3 details theoretical background involved
with calculating the associated fluid to particle heat transfer coefficient.

In order to calculate the overall heat transfer coefficient (U), an expression was
obtained by integrating Eq. (3.1) (Chapter 3). The time of integration was considered to
be the time, t, (time required to achieve a lethality of 10 min at the particle center),
obtained previously from the determination of h,,. By integrating Eq. (3.1) with respect
to time the following Eq. (5.1) is obtained: '.

b T t
UA [y -T)dt=-mCy [dT, +h A [T, -T,y 6D
0 0 0

To calculate the overall heat transfer coefficient from the above Eq. (5.1), it is necessary
to have transient temperatures of liquid and particle surface. For the transient temperatures
of liquid, experimentally measured values were used and particle surface temperature were

calculated from Eqgs. (3.3-3.6). The overall heat transfer coefficient was then calculated
from Eq (5.1).

Test materials

Water and a high temperature bath otl (100 cst at 38 °(. Fisher Scientific Ltd,,
Montreal), giving different viscosity levels, were used as test liquids. Nylon particies of
different sizes (sphere diameter 19, 22, 25 mm) and shapes (sphere, cylinder and cube)
(Hoover Precision Products, Sault Ste Marie, MI) were used as test particles. The physical

properties of the liquids and particles are given in Table 4.1 in Chapter 4.
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Cans of size 307 x 409 containing the test liquid and multiple particles were
subjected to end-over-end processing. The thermocouple equipped particle was positioned
near the geometric center of the can. The experimental variavles were: spheres of three
different sizes (diameter 19, 22, and 25 mm}), four particle concentrations (single particle,
20, 30 and 40% volume by volume, v/v), three particle shapes (sphere, cylinder and cube),
three rotational speeds (10, 15 and 20 rpm) and two kinematic viscosities (1.0 x 10 and
1.0 107 cm®/s). The fixed parameters were: can headspace of 10 mm, a radius of rotation
of 19 cm and a retort temperature of 120 °C. The overall heat transfer coefficient and
fluid-to-particle heat transfer coefficient data were analyzed statistically. An analysis of
variance (ANOVA) procedure was used to evaluate the level of significance of liquid

viscosity, rotational speed, particle stze, particle concentration and particle shape and their

interactions.

RESULTS AND DISCUSSION

Influence of rotational speed and liquid viscosity on U and h,,

Tables 5.1 and 5.2 summarize the mean values and coefficients of variation of
overall heat transfer coefficients, for otl and water, obtained at various rotational speeds.
U values ranged from 110 to 220 W/m® K for oil and 480 to 800 W/m* K for water. U
values improved significantly with increasing rotational speeds for both water and oil. The
latter could be explained by the enhanced mixing, resulting in a higher degree of
turbulence. The influence of rotational speed on the resulting temperature profile of can
liquids is iltustrated in Figure 5.1a. This indicates that at higher rotational speeds the
liquid temperature reaches the heating medium temperature relatively faster. The rapid rate
of heating associated with the low viscosity liquid (water), perhaps narrowed the influence
of rotation speed. The effect is most visible with the high viscosity liquid (oil). On
average, the U value increased by 24% for oil and 13% for water in cans, when the
rotational speed increased from 10 to 20 rpm (Tables 5.1 and 5.2). This indicates that

rotational speed effects are more pronounced with a viscous liquid. Anantheswaran and
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Rao (1985a) also reported that the end-over-end rotation was more effective for higher
viscosity liquids. Rotational speed effects on U were alsoc more apparent in cans with a
single particle, than in cans with multiple particles. The influence of rotational speed on
U was [ower with larger size particles (22.25 and 25.0 mm diameter) than with a smaller

size particle (19.05 mm diameter).

Table 5.1 Mean overall heat transfer coefficient (U), as influenced by perticle size
and particle concentration at various rotational speeds for oil and water (n
> 3)
Particle Particle Rotational speed Overall heat transfer coefficient
size concentration
Qil Water
(mm) (%) (rpm) (W/m*K) (W/m*K)
19.05 0.08° 10 141 (2.9)' 647 (3.5)
15 162 (2.9) 734 (3.8)
20 186 (2.6) 781 (1.4)
20 10 176 (1.3) 726 (3.0)
15 198 (1.6) 760 (4.3)
20 215 (1.4) 788 (3.8)
30 10 151 (1.1) 658 (2.6)
15 168 (0.7) 666 (1.0)
20 182 (1.3) 734 (2.1)
40 10 113 (1.0) 502 (3.2)
15 136 (1.2) 534 (2.1)
20 154 (3.2) : 595 (2.2)
22.25 30 10 143 (0.4) 653 (0.4)
15 157 (2.7) 656 (0.6)
20 173 (1.6) 716 (0.2)
25.00 30 10 139 (3.0) 631 (3.8)
15 151 (1.6) 639 (1.6)
20 166 (0.8) 665 (2.3)

‘Single particle in the can
'"The values in parentheses are the coefficients of variation (%)
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Table 5.2 Mean overall heat transfer coefficient U, as influenced by particle shape

at various rotational speeds for oil and water with multiple particles (30%
particle concentration ) in can (n > 3)

Particle shape Rotational speed Overall heat transfer coefficient
Oil Water
(Sphericity) (rpm) (W/m® K) (W/m* K)
Sphere 10 151 (1.1) 645 (3.0)
(1.000) 15 168 (0.7) 666 (1.0)
29 182 (1.3) 734 (2.1)
Cylinder 10 138 (3.1) 598 (3.7)
(0.874) 15 163 (0.7) 654 (3.6)
20 172 (0.4) 671 (4.1)
Cube 10 132 (2.0) 553 (5.1)
(0.806) 15 156 (1.3) 617 (4.9)
20 171 (0.5) 629 (4.7)

'The values in the parentheses are coefficients of variations (%)

U values were higher for the lower viscosity liquid (water) in all processing
conditions (Tables 5.1 and 5.2). As discussed earlier, this i1s due to a smaller thickness of
boundary layer with water. The temperature of the lower viscosity liquid reached the
heating medium temperature more rapidly, thus indicating a faster rate of heat transfer
(Figure 5.1a). There are two factors here which influence the temperature change in the
canned liquid, one opposing the other. Higher heat transfer coefficients result in a higher
rise in temperature, when the heat capacities of the two liquids are same. Higher heat
capacities will resuit in a lower rise in temperature in the liquid, when the associated heat
transfer coefficients are same. If one of them is changed (for example U) by a certain
margin, while managing to change the other (C,) by the same margin, then the
temperature profile remains relatively unchanged (compensating effect). Any other
different change shifts the temperature profile in favor of the dominating factor. Figure
5.2 demonstrates these effects using some arbitrary vaiues of U and C, (using Eq. 3.7).
At censtant C, a higher U results in a higher temperature profile (see lines 2 vs 1 or 5
vs 3 in Figure 5.2). At constant U, a higher C, results in a lower rise in temperature (see

lines 1 vs 3 or 4 vs S). The curve for U=400 W/m® K and C,=4200 J/kg K (line 2) is
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identical to that of U=200 W/m® K and C,=2100 J/kg K (line 3). The curve for U=800
W/m* K and C,=2100 J/kg K (line 5) will be above all of them, and likewise the curve
for U=200 W/m* K and C,=4200 J/kg K (line 1) is far below all of them. In the prasent
system, however, both C, and U are simultaneously changed (for water and oil); hence,
only the combined effects are seen. The U value associated with water is in the 400-800
W/m" K range, with a heat capacity of 4180 J/kg K. The U value associated with oil is
about ene_quarrer of that of water and the heat capacity is about one half. Thus, the
influence of U (resulting from the lower viscosity) dominates the influence of heat
capacity as shown in both figures (Figure 5.1a & 5.2).

Analysis of variance of data revealed that both liquid viscosity and rotational speed
effects were highly significant (p < 0.0001), with the viscosity term c?;plaining over 90%
of the total variability. Two-way interaction effects were also significant; however, their
contribution was small compared to the main effects (Tables 5.3 and 5.4).

The associated fluid to particle heat transfer coefficient values, in cans during end-
over-end processing, were found to be higher with moving particles compared to those
measured with restricted particle motion (Chapter 3). In the present study, depending on
experimental conditions, the fluid-to-particle heat transfer coefficient, hy, ranged from 170
to 1165 W/m* K for oil and 175 to 1550 W/m* K for water. Tables 5.5 and 5.6 summarize
mean values and coefficients of variation of hy, values, for all the processing conditions.
With spheres, analysis of variance showed that the viscosity and rotational speed effects
were significant (p < 0.0001) with the same order of magnitude (Table 5.5). The increase
in rotational speed improved hy, values significantly and this is illustrated in Figure 5.1b.
The influence of hg, on particle temperature, due to higher rotational speed, was again
more evident with oil than with water. On an average, increasing rotational speed from
10 to 20 rpm enhanced hg, by 56% for oil and 53% for water. The h,, values were ldlwer
for the high viscosity liquid (oil} presumably due to the associated thicker boundary layer
and higher drag forces. This is also reflected in the temperature profile of the particle in
oil and water shown, in Figure 5.1b. The particle temperature in water reached the heating
medium temperature much earlier than the particle placed in oil. Higher particle

temperatures with water were due to the combined effect of improved U and hg, The h,,
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Table 5.3 Aralysis of variance showing the influence of liquid viscosity, rotational
speed, particle size and particie concentration on U and hy

Sum of square (%) Sum of square (%)
Source dF U hg, dF U h,
Model 13 96.4* 91.3* 17 99 5* 06.6*
Liquid viscosity (FV) l 95.6% 47 6% 1 96.2* 7R1*
Rotational speed (RS) 2 0.48* 30.7* 2 0.11* 1.7
Particle size (PS) 2 0.16* 9.94* - - -
Particle concentration (PC) - - - 3 1.90* 73.2*
Interactions
FV x RS 2 0.10* .03 2 0.29* 0.17
FV x P§ 2 0.04** 2 14* - - -
RS x PS 4 0.02 0.86 - - -
FV x PC - - - 3 0.92* 1.99*
RS x PC - - - 6 0.05%** 1.69*
Residual (error) 54 3.60 8.70 151 0.50 3.40

51 () 71 (h)
Total 67 168

64 (hl'p) 88 (hfp)

. p < 0.0001

**  p < 0.0005

*E* p <0005

- not applicable in the particular experiment set
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Table 5.4 Analysis of variance showing the influence of liquid viscosity, rotational
speed and particle shape with single particie (only for hg,) and muitiple
particles (30% particle concentration) on h,, and U

hy, u
dF SS SS dF SS
Single particle 30% 30%

Model 13 93.5* 86,7 13 94.5%
Liqutd viscosity (FV) | 37.9* 24 .5* | 93.0*
Rotational speed (RS) 2 13.7* 54.5* 2 0.7*
Particle shape (PS) 2 26.4* 5.2% 2 0.4*
[nteractions
FV x RS 2 2.3* S 2.2%* 2 0.l*
FV x PS 2 13.0* 0.3 2 0.3
RS x PS 4 0.2 0.0 4 0.0
Residual (error) 61 6.5 13.3 67 5.5

45 (with 30% )
Total 74 80

58 (with 30%)

* p < 0.0001
** <0005
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Table 5.5

Mean fluid to particle heat transfer coefficient, h, as influenced by particle
size and particle concentration at various rotational speeds for oil and water
(n 2 3)

Particle Particle Rotational speed Fluid to particle heat transfer coefficient
size concentration
Qil Water
(mm) (%) (rpm) (W/m* K) (W/m* K)
19.03 0.08° 10 173 (1.8)! 189 (7.9)
15 233 (8.3) 278 (9.7)
20 279 (8.1) 365 (8.5)
20 10 583 (9.7) 853 (4.2)
15 787 (2.2) 1090 (7.3)
20 960 (5.0) 1160 (9.3)
30 10 682 (3.8) 1020 (14)
15 967 (1.3) 1170 (1.6)
20 1130 (2.8) 1450 (7.4)
40 10 640 (4.5) 878 (8.5)
15 855 (4.6) 1090 (4.0)
20 944 (8.1) 1430 (4.3)
22.25 30 10 625 {3.3) 934 (4.8)
: 15 808 (4.5) 1170 (6.1)
20 997 (5.8) 1520 (3.9)
25.00 30 10 501 (5.9) 910 (9.1}
i5 605 {(5.4) 1120 (8.4)
20 739 (5.0) 1280 (4.0)

"Single particle in the can

'The values in parentheses are the coefficients of variation (%)
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Table 5.6 Mean fluid to particle heat transfer coefficient, h,,, as influenced by particle

shape at various rotational speeds for oil and water with single and multiple
particles (30% particle concentration ) in can (n > 3)

Particle Particle Rotational speed Fluid to particle heat transfer coefficient
concen- shape
tration Oil Water
(%) (Sphericity) (rpm) (W/m® K) {(W/m* K)
0.08° Sphere 10 173 (1.8) 189 (7.0)
' (1.000) 15 233 (8.3) 278 (9.7)
20 279 (8.1) 365 (8.5)
0.12° Cylinder 10 238 (7.9) 435 (8.6)
(0.874) 15 260 (5.3) 535 (8.4)
20 324 (4.2) 160 {6.2)
0.15 Cube 10 265 (9.4) 503 (8.1)
(0.806) 15 273 (4.2) 601 (2.3)
20 333 (7.1) 740 (4.4)
30 Sphere 10 682 (3.8) i020 (14)
(1.000) 15 967 (1.3) 1170 (4.0)
20 1130 (2.8) 1430 (7.5)
Cylinder 10 633 (3.7) 833 (1.5)
(0.874) 15 903 (5.8) 1013 (6.6)
20 1020 (5.8) 1360 (11)
Cube 10 613 (7.5) 815 (4.3)
(0.806) 15 830 (2.5) 967 (8.8)
20 985 (6.3) 1340 (7.8)

"Single particle in the can
'"The values in parentheses are the coefficients of variation (%)



values with water were nearly 20 to 110% higher than the values with oil. The influence
of rotational speed on h, was also less pronounced with larger size spheres (22.25 and
25.0 mm diameter) when compared to the smaller particle. Increasing rotational speed

affected hy, at all particle concentrations,

Comparison with literature values

It is not possible to present an absolute comparison of U and h;, values from the
present study and literature values, since differences exist in experimental conditions such
as the mode of can rotation (axial vs end-over-end), transient temperature gathering of
experimental particle (fixed vs moving) and physical properties of liquid and particles, etc.
However, U values obtained were in the range of data published by Lenz and Lund
(1978), Deniston et al. (1987) and Stoforos and Merson (1992). The hy, values obtained
in the present study were much higher when compared to those determined by Lenz and
Lund (1978) and Deniston et al. (1987). Such a discrepancy may be explained by the fact
that in earlier studies the motion of the test particle was restricted by temperature
measuring devices. The hg, values determined in the present study were in the range
reported by Stoforos and Merson (1992), who measured the particle surface temperature

~using liquid crystals while it moved freely in the can during axial rotation.

Influence of particle size on U and h,,

At any given particle concentration, it was found that the particle size influenced
(p < 0.0001) the overall heat transfer coefficient. On average, U for oil and water was
found to decrease with increasing particle diameter. Figure 5.3 a&b are plots illustrating
the influence of the size of Nylon spheres in oil and water at different rotational speeds.
U values in oil decreased by about 9%, as the size increased from 19.05 to 25.0 mm
diameter. The particle size reduced U in water by about 6%. Earlier, Lenz and Lund
(1978) showed that the overall heat transfer coefficient in water and 60% aqueous sucrose
solutions increased with increasing particle size. Deniston et al. (1987) did not find

straightforward relationship with water and potato spheres,
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Analysis of variance showed that the particle size influence on h;, was more than
U (Table 5.3). Using lead particles of diameter 9.5, 20.65 and 30.15 mm immersed in
water, Lenz and Lund (1978) found the hy, increased with increasing particle size. With
a 60% aqueous sucrose solution, the 20.6 mm diameter particle (medium size) had the
lowest hy, the 9.5 mm diameter particle (smallest size) had the highest value and the
30.15 mm diameter particle (largest size) had an intermediate value. Hassan (1984)
showed that h, increased with decreasing particle size, from 34.9 to 22.2 mm diameter
of potato spheres. Deniston et al. (1987) also reported a small increase in hy, values with
decreasing particle size from 35.0 to 22.2 mm diameter. In the present study, hg, values
decreased as the particle size increased (Table 5.5). The decrease in hy, was probably due
to associated thicker velocity boundary layers with the larger diameter particles. The
influence of particle size on hy, is illustrated in Figure 5.3 ¢ & d, at various rotational
speeds. The fluid to particle heat transfer coefficient in oil decreased by 13%, when the
particle diameter increased from 19.05 mm to 22.25 mm while a further increase in size
to 25.0 mm diameter reduced hy, by 24%. The influence of particle size on h,, was less
pronounced in water. With an increase in particle size from 19.05 to 25.0 mm diameter,

hg, values decreased by about 9%.

Influence of paticle concentration on U and h,,

As expected, the presence of particulate matter altered the flow pattern of pure
liquid during end-over-end rotation and, thus, affected the heat transfer coefficients. Due
to their motion the particles were expected to cause secondary agitation contributing to
the mixing of can contents, However, in the presence of a high concentration of particles,
the velocity gradient surrounding each particle may be affected. In this case, the viscosity
of the mixture will also be considerably higher than that of the liquid; this is caused bv
the interference of boundary layers around the interacting solid particles, and also the
increase of drag caused by the solid particles. Thus, the magnitude of heat transfer
coefficients can be expected to depend upon the particle concentration.

Figure 5.4 a & b are the plots showing the influence of particle concentration on

the overall heat transfer coefficient (U), for o1l and water at different rotational speeds.
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U increased by 20% for oil and 5% for water, when the particle concentration increased
to 20% from a single particle. However, further increase in particle concentration to 40%
decreased the overall heat transfer coefficient by 31% for oil and 27% for water. The
lower particle concentration (20%) made a positive contribution to the liquid mixing and
thus enhanced the overall heat transfer coefficient, compared to the single particle
situation. However, at higher particle concentrations (30 to 40%), the secondary agitation,
effect due to the presence of particles, was probably masked by the increased drag forces
exerted by the particles on the liquid. The end result was a lowering of the overall heat
transfer coefficient. Lenz and Lund (1978) observed that increasing the particle volume
fraction, by adding real food particles of different sizes to the liquid, also decreased the
overall heat transfer coefficient. During the processing of potato spheres in water,
Deniston el al. (1987) found that the overall heat transfer increased with increasing
particle concentration from 10.7% to 40%, but decreased at higher particle concentrations.

The fluid-to-particle heat transfer coefficient also improved significantly (p <
0.000!) with increased particle concentration, The particle concentration effect was more
pronounced on hg, values than U values. Analysis of variance showed that particle
concentration accounted for about 75% of total variability. Tke influence of particle
concentration on hy, is illustrated in Figure 5.4 c&d. The hg, increased three fold for oil
and by 3.4 for water, when the particle concentration increased to 30% from a single
particle. However, a further increase in particle concentration, to 40%, resulted in tight
packing in the can This restricted the free particle movement and, thus, reduced h,, values
by 12% and 7% for oil and water, respectively. Data from the studies of Lenz and Lund
(1978) also showed that higher particle concentrations decreased hy. Hassan (1984)
observed that hg, improved, for 2.54 c¢m diameter Teflon spheres, with an increased
particle concentration from 20% to 31%. Deniston et al. (1987) reported a slight increase
in hg, with an increase in particle concentration from 10.7% to 40%, but decreased at

higher particle concentrations (45.3% and 50.6%).
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Influence of particle shape on U and hy,

In the presence of a single particle in the can, there was no influence of particle
shape on U. Due to their motion, the presence of multiple particles tends to alter the flow
pattern of pure liquids, causing secondary agitation and contributing to the mixing of can
contents. Therefore, with multiple particles, the particle shape effect on U was clear and
significant (p<0.0001); although, its contribution to total variability was small in relation
to other variables (Table 5.4). Two-way interaction effects on U related to particle shape
were not significant (p>0.05). A cylindrical shaped particle, with the same radius and
length, has more volume than a sphere of the same radius; and a cube shaped particle,
with the side dimension same as the radius and length of a cylinder, has more volume
than the cylindrical particle. At a given particle concentration (30% in the present case)
in the can, the number of cube shaped particles will be lower than the number of
cylindrical particles; in turn this will be lower than the number of spherical particles. With
particles of different shapes in cans results in the creation of different void spaces and
resultant differences in liquid mixing. U values for oil and water were found to be higheét
for spherical shaped particles and lowest for cube shaped particles. This is consistent with
the availability of void spaces for mixing. Figure 5.5 a & b are the plots illustrating the
influence of particle shape in oil and water, at different rotational speeds. On an average,
U value, for a cube in oil was 3% lower than that for a cylinder; this in turn was about
6% lower than that for a sphere. When compared to a cylindrical particle the average U
value for a sphere in water was reduced by 6%. There was a further reduction of 6% for
cube shaped particles.

Particle shape is generally known to have an influence on hy, as a result of
differences in liquid flow profile along the surfaces. For the same particulate matter and
heating conditions, the cube-shaped particles will have lower heat transfer rates than
cylindrical particles; in turn cylindrical particles will have lower values than spherical
particles, although the volume to surface area for all three differently shaped geometries
remain the same (Chandarana and Gavin, 1989),

Analysis of variance of data revealed that particle shape influenced hy, more than

U (Table 5.4). The particle shape effect on h;, was significant (p<0.0001) with both single
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and multiple particles in cans. Figure 5.6 a & b and 5.7 a & b are plots showing the
influence of particle shape on the fluid to particle heat transfer coefficient, for oil and
water at different speeds, with single and multiple particles in the cans. With a single
particle in the can, b, values were higher for a cube shaped particle compared to a
cylindrical particle; and in turn hg, values were higher for a cylindrical particle compared
to a spherical particle, This is consistent with earlier observations. In this case, the overall
mixing of can liquid was not very different for different particle shapes; however, because
of the presence of a singie particle, the flow field around the particle was strongly
influenced by particle shape, which affected the heat transfer coefficient. The particle
shape effect was probably more predominant, due to disturbance in the flow field near the
surface of the cylindrical and cube shaped particles. The cube shaped particle behaved as
an extreme case of a particle with a rough surface (Astrom and Bark, 1994). The hg, in
oil increased by 6% with the cube shaped particle, compared to that of cylindrical pafticle
which, in turn, increased by 20% compared to spherical particle. The particle shape
influence was more pronounced in water, increasing the hg, by 29% with the cube shaped
particle when compared to that of the cylindrical particle, and 72% with the cylindrical
particle compared to that of the spherical particle.

With respect to multiple particles (30% particle concentration), the trend of h,
reversed with particle shape, giving highest values for spherical particles and lowest
values for cube shaped particles. This can be explained by the packability of the particles
in the can, and the extent of void spaces between differently shaped particles. A can filled
with spherical particles will have uniform and narrow void spaces compared to other
particles of different geometry resulting in a higher liquid velocity around the particles.
The cylindrical and cube shaped particles are larger in size and probably have a thicker
boundary layer associated with them. At any instarce during the end-over-end rotation of
can, if the surface of these particles remained parallel thereby touching through their heat
transfer surfaces (top or bottom side of cylinder, or any of the side of cube), this would
reduce the surface area for a given volume and make the particle size much larger; thus,
reducing the h,, with cylindrical and cube shaped particles. The hy, in oil decreased by 8%

with cylindrical particles when compared to that of spherical particles; and, it reduced a
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further 5% with cube shaped particles. [n water, cylindrical particles reduced the h, by
11% when compared to spherical particles; and the cube shaped particles lowered hy, by

3%, when compared to cylindrical particles.
CONCLUSIONS

The overall and fluid-to-particle heat transfer coefficient were influenced
{p<0.0001) by particle size, concentration and particle shape (with single and multiple
particles), at all the rotational speeds. Using a flexible thermocouple approach for
temperature measurement of the moving particle, the range of hy, value obtained in the
present study was comparable to some previously published values. Higher U and h,
values were obtained at lower liquid viscosity and higher rotational speeds. An initial
increase in particle concentration, from a single particle level, enhanced U and hy,;
however, particle concentrations more than 20% and 30% decreased U and hg,
respectively. U and h,, followed a reciprocal relationship with particle size in oil and
water, at all the rotational speeds. With a single particle in the can, U was not affected
by particle shape; however, under any experimental condition, h,, values were lowest with
the sphere and highest with the cube. In the case of multiple particles in the can, U and
h;, values were in decreasing order: highest with sphere, followed by cylinder and cube.
The influence of particle size, particle concentration and rotational speed were more
pronounced for the viscous liquid (oil). The influence of particle shape was more

pronounced with a single particle in the can.
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CHAPTER 6

MOTION OF SINGLE AND MULTIPLE PARTICLES IN CANS SUBJECTED TO
END-OVER-END ROTATION, AS INFLUENCED BY SYSTEM AND PRODUCT
PARAMETERS

ABSTRACT

The effects of system and product parameters on particle motion/mixing were
investigated experimentally with single and multiple particles, in transparent plastic
containers. A flexible fine-wire thermocouple extending from the container wall was
attached to a particle, as in this heat transfer experiments detailed in Chapters 3-5. The
containers were subjected to end-over-end rotation in a rotary retort, at room temperature,
with the door held in an open position for video taping of particle motion in the container.
With a single particle in the container, the effect of particle density, and with multiple
particles in the container, the effects of particle concentration, particle size and particle
shape were evaluated with oil and water, at different rotational speeds (10 to 20 rpm).

The particle motion was affected by all the processing conditions considered in this study.
INTRODUCTION

In Chapters 4 and 5 the effect of various system and product parameters on U and
h;, has been quantified with single and multiple particles in cans, during end-over-end
processing. In the agitation processing of cans containing liquid and solid particles, both
the overall heat transfer coefficient and fluid-to-particle coefficients are influenced by
particle motion. Recently, Merson and Stoforos (1990) studied the motion of spherical
particles in axially rotating cans and characterized the particle-to-liquid relative velocity,
under idealized conditions of particle motion in rotating containers. Their flow
visualization study also revealed much more complicated particle motion than idealized

in mathematical analyses. Later Stoforos and Merson (1992) used particle motion study
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to explain the decrease in h,, between a Teflon sphere and 350 cst silicone oil with
increasing rotational speed and decreasing liquid viscosity.

The objective of this study was to characterize the particle motion/mixing at
various rotational speeds, with single and multiple particles in containers, during end-over-
end rotation, The effect of particle density (with a single particle), particle concentration,
particle size, particle shape (with multiple particles) and liquid viscosity were studied at
different rotational speeds. The flow visualization study was carried out to enable

qualitative assessment of the particle motion/mixing effects on the magnitude of h,, under

Ips
various experimental conditions.

MATERIALS AND METHODS

The experiments were performed in transparent containers under rotational
conditions similar those employed in the heat transfer studies (Chapters 3-5). For this
purpose, plastic containers of size (7.5 cm diameter and 10 ¢m height) were used in place
of the cans and a rigid needle-type thermocouple wase installed on the side-wall with its
tip reaching the geometric center of the container. Thermocouple equipped particles were
placed inside the containers, as detailed with cans in Chapter 3. The effect particle density
was studied with a single particle in the container. Four containers were prepared for this,
each with a particle of different density (polypropylene, Nylon, Delrin and Teflon). With
multiple particles in the containers, the range and values of variables were similar to those
found in the heat transfer study (Chapter 5). Nylon particles were used to study the effect
of particle concentration (20, 30 and 40%), particle size (19, 22 and 25 mm) and particle
shape (sphere, cylinder and cube). All experiments were performed with oil and water at
three rotational speeds (10, 15 and 20 rpm). Experiments were carried out in a Stock
Rotomat-PR 900 at room temperature, with the processing vessel door held open for
visual observation. At the beginning of experiment, with multiple particles in the container
the containers were filled with two layers of particles of different colors and liquid (oil
or water). The experimental particle was positioned near the geometric center of the

container. The mixing of the two color particles and the motion of the thermocouple
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equipped particle were observed during vontainer rotation. All the experiments were video
taped, played subsequently on a slow motion VCR/TV and photographed for

characterization of the particle motion. In each run, the experiment lasted about 4-6 min.
RESULTS AND DISCUSSION

Motion of single particle

The clear plastic containers closed with a single particle (free or attached to a
thermocouple wire) and test liquid, leaving a 10 mm headspace, represented a system
consisting of a continuous medium of liquid (oil or water), a solid particle (polypropylene,
Nylon, Delrin or Teflon) and a headspace bubble. In such a system, the magnitude of the
particle to liquid relative velocity is a result of the combined effect of gravitational, drag,
buoyant and centrifugal forces. The problem of theoretical characterization is complex,
when it relates to particle motion and the particle-to-liquid relative velocity during end-
over-end rotation of containers. In the present study, particie motion was not quantified;
however, based on the particle motion in the container under different rotational
conditions, a qualitative assessment was made to characterize the particle motion and
relate it to the associated heat transfer coefficient.

Under any of the test conditions, the thermocouple wire inserted in the particle did
not entangle with the rigid needle-type thermocouple mounted inside the container for
liquid temperature measurement. The length of the thermocouple wire was also long
enough for the particle to travel to any location inside the container. There was almost
no rolling action when the particle was attached to the thermocouple, whereas the free
particle rolled along the wall occasionally.

The motion associated with the particles under different conditions could be
somewhat generalized with respect to three particle density groupings: (i) those with a
density much higher than the density of the covering liquid (Delrin, Teflon), (ii} those
with a moderately higher density than the liquid medium (Nylon) and (iii) the lower
density polypropylene particles with a density somewhat close to that of oil, but lower

than water. These are described below:
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Motion of moderately dense particles

Sectional views of the container and the locations of the headspace bubble and
particle, during a clock-wise end-over end rotation, is shown in the top section [(i)] of
Figure 6.1. The path of the particle in the container, as it completes a full rotation at 10
to 20 rpm, is traced in the bottom section [(i1)] of Figure 6.1. It was observed that at the
lower rotation speed (10 rpm), the moderately dense particle generally slid along the
container wall in the direction opposite to the container rotation. At the higher rotational
speeds of 15 and 20 rpm, the container surface renewed rather more quickly and the
particle slowly moved away from the container wall, until it reached the wall
perpendicular to it, occasionally with some sliding early on. The headspace bubble also
moved along the wall, creating a wake behind, again in the direction opposite to that of
the container rotation. At higher rotational speeds, the headspace bubble moved faster,
resulting in a higher degree of mixing. In all cases higher settling velocities were
observed in water compared to those observed in oil. In the heat transfer studies it was
also found that the h,, increased with increasing rotational speed and decreasing fluid
viscosity. Especially at higher rotation speeds, it was observed that the Nylon particle in
oil sometimes skipped the shorter surfaces (bottom and top lids), thereby occasionally
jumping, for example, from the top corner to the diagonally opposite comer along a

curved path,

Motion of high density particles

Delrin and Teflon particles experienced higher gravitational and centrifugal forces
during the end-over-end rotation due to larger density. As shown in Figure 6.2, at the
lower rotational speed (10 rpm), the Teflon particle moved in a manner similar to the
moderately dense particles (Nylon). However, at higher rotational speeds, the particle
neither slid along the container wall [Figure 6.2(ii)], nor went too far from the wall. Due
to gravity, the particle quickly dropped to the lower surface of the container during a
quarter of the turn; and, because of the large centrifugal force acting on the particle, it
stayed in the comer until the container was sufficiently tilted, and then dropped again due

to gravity in next quarter turn (Figure 6.2). At 20 rpm, the Teflon particle appeared to
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Figure 6.1 Typical sectional views of the container and the location of the headspace

bubble and particle, during a clock-wise end-over-end rotation {I) and

particle trajectory at 10, 15 and 20 rpm (II): Moderately dense particle
(Nylon)
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Typical sectional views of the container and the location of the headspace
bubble and particle, during a clock-wise end-over-end rotation (I) and
particle trajectory at 10, 15 and 20 rpm (II): High density particles (Teflon
and Delrin)
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have more idle time at the contact points than travel time between them. This reduces

the effective motion of the particle and possibly accounts for the reduced h,, under similar

processing conditions (Chapter 4).

Motion of lower density paiticles

The density of the polypropylene particle was lower than that of the water and
hence, the buoyancy force acting on it was higher than the gravitational force. It was
observed that the particle slid along the container wall in the opposite direction of the
container rotation (Figure 6.3). The difference, between this and the other two situations
discussed earlier, is that the polypropylene particle in water mostly moved with the
headspace bubble rather than falling behind it. With increased rotational speeds, it slightly
lagged the bubble movement. Due to lower drag forces, the particle to liquid relative
velocities were higher in water than in oil.

The thermocouple equipped polypropylene particle remained lightly suspended in
oil, since its density was close to that of the oil. This simulated the condition of particle
and liquid of nearly equal densities. In this situation, the difference was marginal between
gravitational and buoyant forces acting on the particle, and thus centrifugal and drag force
(due higher viscosity of o0il) became more important. The magnitude of particle to liquid
to relative velocities was lower, compared to that observed in other situations; this could
account for their lower associated hy, values. The polypropylene particle in oil did not
move along the container wall, it did with all other situations. During the rotation,
centrifugal force exerted on oil was more than that exerted on the polypropylene particle,
this was due to a positive density difference and therefore the particle mostly remained
inwards (along the container wall closer to axis of rotation) (Figure 6.4). A slight
oscillatory motion was also observed. At higher rotational speeds, particle motion
remained the same with a slight decrease in amplitude of the oscillation; but, obviously,
with an increased frequency due to higher rpm,

The above description of the motion of particles of different densities, at different
rotational speeds in oil and water, are somewhat consistent with the observed variation

in the associated hg, values under similar conditions. In general, higher h, values were
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Figure 6.3  Typical sectional views of the container and the location of the headspace

bubble and particle, during a clock-wise end-over-end rotation (I) and

particle trajectory at 10, 15 and 20 rpm (II): Low density polypropylene
particle in water
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Figure 6.4  Typical sectional views of the container and the location of the headspace
bubble and particle, during a clock-wise end-over-end rotation (I) and
particle trajectory at 10, 15 and 20 rpm (II). Low density polypropylene
particle in oil
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observed under conditions of faster particle movement, which in turn was interdependent

on particle/liquid relative density, rotation speed and liquid viscosity.

Motion/mixing of multiple paiticles
Particle motion has an important effect on the associated convective heat transfer
coefficient (U and h,,). The presence of multiple particles are expected to cause secondary

agitation, influencing the mixing of materials in the container due to their motion.

Influence of pasticle concentration

Sectional views of the container filled with multiple particies of two different
colors at various times, are shown in Figure 6.5. The particle concentration effect was
studied with spherical particles (diameter = 19 mm). At the lower concentration (20% v/v)
the particles mixed very quickly and this was evident from the mixing of two color
particles {shown in different shades) (Figure 6.5a). The thermocouple equipped particle
mixed with all the other particles and moved freely in the container during the end-over
end rotation. The particles had a good rolling action apart from random movement, At
higher particle concentration (40% v/v) the container was packed tightly which restricted
the free particle movement, this probably caused the measured heat transfer coefficient
to be lower (Chapter 5). The particles slid mostly along the container wall, with minimal
rolling action, and the particles of the two colors remained separated in layers for a longer
period (Figure 6.5¢). The thermocouple equipped particle stayed in the central part of the
container in between other particles and for most of the time it was not visible, At the
mid level of 30% particle concentration, particle mixing was somewhat in between that
for the lower and higher particle concentrations (Figure 6.5b). In the early part of the
experiment, particles of each color stayed separate in two large groups and then moved
together. As time progressed, the larger groups were divided into smaller ones showing
some degree of mixing. The thermocouple equipped particle also had sufficient
movement, The particle mixing time was relatively shortened, as the rotational speed
increased from 10 to 20 rpm. The particle mixing was stowed down in the higher

viscosity liquid (oil}, due to increased drag on particles. The particles appeared to be more
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Typical sectional views of test containers, at different times during rotation
of contatners, with different particle concentrations, showing the particle

mixing behavior

Figure 6.5
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suspended in oil, at a higher rotational speed. This occured because the particles had a
fower settling velocity in oil, and before falling to the bottom of the container surface

they turned quickly, due to higher rotational speed.

influence of particle size

For a given particle concentration (30% v/v), with increased particle size, the
container appeared more packed; thus, the particle motion/mixing was reduced slightly
(Figure 6.6). In heat transfer studies it was also found that the heat transfer coefficients
reduced with increasing particle size (Chapter 5). The mixing of the larger diameter (25
mm) particles at 30% particle concentration was similar to that of the smaller diameter
(19 mm) particles at 40% concentration. The larger size particles mostly moved along the
container wall with a reduced rolling action. The effect of liquid viscosity and rotational
speed was similar to earlier observations. Increasing rotational speed and deceasing liquid

viscosity reduced the particle mixing time.

Influence of particle shape

The volume of a cube shaped particle was higher than that of a cylindrical particle
for the same maximum dimension; the volume of cylindrical particle was higher than that
of a spherical particle. a container filled with spheres had uniform void spaces compared
to the cylinder and cube shaped particles. A container filled with cylindrical and cube
shaped particles appeared more packed, compared to a container with spherical particles,
where the particles touched each other through their plane surfaces (top or bottom side
of cylinder, or any of the side of cube). This probably reduced the heat transfer surface
area for a given volume, thus reducing the heat transfer coefficient, The particle
motion/mixing and rolling action were also reduced with the cylinders and cubes, when
compared to spheres (Figure 6.7). The motion of the thermocouple equipped particle was
lowest with the cube shaped particle. The rotational speed and liquid viscosity also
affected the particle mixing time, in a manner previously observed with multiple particle

concentrations.

106



. (a) 19.05 mm diameter

to Y ta 1) ts

Figure 6.6  Typical sectional views of test containers, at different times during rotation
of containers, with different particle sizes, showing the particle mixing
behavior
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Figure 6.7  Typical sectional views of test containers, at different times during rotation
of containers, with different particle shapes, showing the particle mixing
behavior
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CONCLUSIONS

The flexible thermocouple equipped particle had sufficient movement during end-
over-end rotation. The particle motion/mixing in the container, under different processing
conditions, varied depending on the processing conditions. With a single particle in the
contatner the liquid viscosity, rotational speed and particle density influenced the particle
motion in the container during end-over-end rotation. Increasing particle concentration,
particle size and particle shape varying from sphere to cube increased the particle mixing
time. The particle mixing time was shortened at higher rotational speed and lower liquid

viscosity. These results helped to explain some variations in the heat transfer coefficients

detailed in preceding Chapters.
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CHAPTER 7

DIMENSIONLESS CORRELATIONS FOR THE PREDICTIVE MODELING OF
CONVECTIVE HEAT TRANSFER COEFFICIENTS IN CANNED
LIQUID/PARTICLE MIXTURES, SUBJECTED TO END-OVER-END PROCESSING

ABSTRACT

Dimensionless correlations, for predictive modeling of forced convection heat
transfer coefficients in cans with end-over-end rotation, were investigated using multiple
regression of significant dimensionless groups. The data for overall heat transfer
coefficient, U, and fluid to particle heat transfer coefficient, h;, were obtained for several
processing conditions, and analyzed separately for single and multiple particles in the can.
Heat transfer to a single particle was modeled. This was based on particle settling theory,
with terminal velocity resulting from the combined forces of gravity, buoyancy,
centrifugal and drag acting on it, during end-over-end rotation. In the presence of multiple
particles, heat transfer to the moving liquid/particles system was modeled as in a packed
bed. Attempts were made to account for the particle shape and size effects on U and h,,
by taking particle sphericity (¥ = surface area of an equivalent sphere / surface area of
the particle} and particle equivalent diameter (as diameter of sphere of volume equal to
that of particle, d,) into the correlation equation. For U with a single particle in the can,
Nusselt number (Nu) was related to Reynolds number (Re), Prandtl number (Pr) and
relative can headspace; while with muitiple particles, Re, Pr, ratio of particle to liquid
concentration, relative particle diameter and ‘¥ were found to be significant. For h,, with
a single particle in the can, Nu was related to Re [or Froude number (Fr)], Pr, density
simplex (a), relative can headspace and the ratio of the sum of the diameter of rotation
and diameter of the can to the can diameter, while with multiple particles, Re [or Peclet
number], ratio of particle to liquid thermal conductivity, the particle to liquid

concentration ratio and particle sphericity were found to be significant parameters.
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INTRODUCTION

Experimental time-temperature data are commonly used to establish a thermal
processing schedule for canned liquid foods containing particles. Theoretical models can
also be used for the process design, optimization and validation of these systems.
Successful temperature prediction, for liquid/particulate canned food, requires data on the
overall heat transfer coefficient from the heating medium to the can liquid (U), and the
fluid-to-particle heat transfer coefficient (hy), beside the relevant thermo-physical
properties. The convective heat transfer coefficients associated with canned foods,
undergoing thermal processing, are influenced by various retort operating conditions and
liquid and particle properties. The effect of such parameters on U and h,, in canned
liquid/particle mixtures with end-over-end processing, have been quantified in Chapters
4 and §.

Dimensional analysis is a useful technique for generalization of data as it reduces
the number of variables that must be studied and permits the grouping of physical
variables that affect the process of heat transfer. In the dimensional analysis of convective
heat transfer, Nusselt number (Nu) (a dimensionless measure of convective heat transfer
coefficient) is correlated with other dimensionless numbers like Reynolds number (Re),
Prandtl number (Pr) etc. Earlier studies in this area mainly focused on the convective heat
transfer in liquid foods; and therefore, the developed dimensionless correlations involved
the overall heat transfer coefficient (U). An excellent review of these studies was
presented by Rao and Anantheswaran (1988). However, very little information is available
on using dimensional analysis for canned liquid/particle food systems. Lenz and Lund
(1978) and Deniston et al. (1987) presented dimensionless correlations for U retating Nu
to Re, Pr and other dimensionless quantities. They did not develop similar correlations for
h;,. Fernandez et al (1988) presented dimensionless correlations for hy, in cans with axial
rotation. They modeled the correlations based on fluidized bed and packed bed
approaches, and used the modified Stanton number and Colburn j-factor in empirical
correlations, however, they did not develop correlations for U. The time-temperature

prediction at the particle center requires appropriate correlations for both U and hy,. In the
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literature, correlations are not available for U and hy, in particle/liquid can with end-over-
end rotation.

The objective of this study was, therefore: to develop dimensionless correlations,
for overall as well as fluid to particle heat transfer coefficients and to describe the heating
behavior of liquid and particles in cans with end-over-end rotation. Since U is not
influenced by the presence of a single particle in the can (Chapters 4 and 5), this situation

-simulated the liquid only condition in the can.
THEORETICAL BACKGROUND

The heat transfer to liquid and particles, in cans with end-over-end rotation is
affected by both liquid and particle physical properties and retort operating conditions. In
the dimensional analysis of forced convective heat transfer, the heat transfer coefficient
(U or hy,) is expressed in terms of the Nusselt number (Nu), which is generally described
as a function of other dimensionless numbers consisting of: liquid, particle and system

properties (all symbols are detailed in nomenclature):

Nu = f (Re, Pr, Fr, Ar) (7.1)

The heat transfer correlations reported in the literature for U and hg, are shown in Table
7.1. Only the dimensionless correlations for processing of liquids undergoing end-over-end
rotation are presented in Table 7.1, due to their direct relevance to the present study. Heat
transfer correlations for h, in the presence of multiple particles, is published only for
axial rotation. Detailed information on heat transfer correlations, covering other food
processing conditions (mainly aseptic processing) are detailed in Awuah et al. (1996) and
Ramaswamy et al. (1996).
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MATERIALS AND METHODS

Materials and expetimental pamameters

Water and high temperature bath oilll {100 cst), giving different viscosity levels,
were used as test liquids, Inert particles of different sizes, shapes and densities were used
as test particles. Thermo-physical properties of the liquids and particles were measured
experimentally and these are summarized in Chapter 3. The range of parameters related
to liquid, particles and retort operating conditions are summarized in Table 7.2. The
experimental and mathematical procedures to determine overall heat transfer coefficient

and fluid to particle heat transfer coefficient, and together with the gathered data, are
detailed in Chapters 4 and 5.

Table 7.1 Published dimensionless correlations for overall heat transfer coefficient
(U) and fluid to particle heat transfer coefficient (hg)

Heat transfer to the can liquid without particles
Duquenoy (1980) : End-over-end rotation
Nu = (17 X 105) Rel.MQ Prl.l9 We-O.SSI (DJZH)ODJ'.! (Vth)O,GZB
Nu=UD,/2k; Re=2aNDpL /(D +H)u
A nantheswaran and Rao (1985) : End over-end rotation
Nu = 2.9 Re*™ pr®?7
Nu=U(D, + H) / k; ; Re =(D,+ H) * Np,/ n
Heat transfer to liquids in the presence of particle(s)
Lenz and Lund (1978) : Axial rotation
Nu =115 + 15 Re”* Pr*® Single particle in can
Nu = -33 + 53 Re®® Pr®' [d, / S (1-€)]** Multiple particles in can
Nu=US/k; Re=S8'Np/pn
Deniston et al. (1987) : Axial rotation
Nu = 1,87 x 10 Re'®
[ ((pp'pr)/6CDpl) ((m:Dc + 2g)/CD:D‘_) (da/Dc) ]0'530
(o0 D) [ (1-€) (H,/D,) @D et 1™
Nu=UD,/k; Re=pwD?/2u
Heat transfer to the particles
Femandez et al. (1988) : Axial rotation
Nu = 2.7 x 10° Re®®* P P&
Nu=hg,d /k; Re=d2Np/n
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Table 7.2 Range of system and product parameters used in the determination of
convective heat transfer coefficients (U and hy)

No.  Parameter Symbol Experimental Range
1. Retort temperature Tq 110, 120 and 130 °C
2. Diameter of rotation D, 0, 0.18, 0.38 and 0.54 m
3. Rotational Speed N 10, 15 and 20 rpm
4, Can headspace h, 0.0064 and 0.01 m
5. Test liquids Water and oil
6. Test particles Polypropylene, Nylon, Acrylic
Delrin and Teflon
7. Particle concentration £ Single particle, 20, 30
and 40% (v/v)
8. Particle shape Cube, cylinder and sphere
sphericity ¥ 0.806, 0.874 and 1
9. Particle size
Cube L., 0.01905 m
Cylinder loy x doy 0.01905 x 0.01905 m
Sphere d 0.01905,0.02225and 0.025m
10. Can dimension D.xH 307x409(8.73cmx 11.6 cm)

Charactenistic length and regression analysis

Experimental data obtained for U and h;, were used to calculate the Nusselt
number from the relationship Nu = U (or hg) d; / k; where d., and k, are the
characteristic dimension and thermal conductivity of the liquid respectively. Other
dimensionless numbers were calculated using the physical properties of liquid and particle
(at the average bulk temperature), and system (operating) parameters. Prior to determining
the appropriate correlation, it was important to estimate a characteristic length, for use in
the dimensionless numbers. With end-over-end rotation of the can, Duquenoy (1980) used
the diameter of the can (D,; as the characteristic length in the dimensionless correlation,
since the study was restricted to a zero diameter of rotation (D,). Anatheswaran and Rao
(1985a) tried different variables and found that use of D, as characteristic length resulted
in very good R? ( = 0.92) while D, gave a poor fit of experimental data. Lenz and Lund

(1978) used the radius of the reel as the characteristic length in the dimensionless
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correlation with axial rotation. Deniston et al (1987) also used D, in correlations to
. describe the heating behavior of liquid in the presence of multiple particles. Fernandez
et al. (1988) used the diameter of the particle in the development of a dimensionless
correlation for fluid to particle heat transfer coefficient. In the present study, U and by,
were both influenced by the diameter of rotation and the size of the particle. A number
of combinations involving the diameter of rotation and the diameter of the can were tried
as the characteristic length in the regression analysis for the overall heat transfer
coefficient. In the development of the correlation for the fluid to particle heat transfer
coefficient, the particle size as a characteristic length was more meaningful and hence the
shortest particle dimension (d ), and an equivalent diameter of the particle (as diameter
of sphere of volume equal to that of particle, d,) were tried as characteristic lengths.

In heat transfer correlations, for example in the tube flow situation, the fluid linear
velocity is used in the dimensionless numbers (Reynolds number, Peclet number or
Froude number); or in the case of the flow over bodies, particle to fluid relative velocity
has been considered. The angular velocity of the can has been used in dimensionless
numbers involving cans undergoing rotational processing. This has also been widely used
in the studies involving mixing of liquids. In the present correlation, angular velocity

(7d,N/60) was used in the dimensionless form.,

Data Analysis _

Heat transfer, to the can liquid in rotational processing, is primarily influenced by
the forced convection induced by mechanical agitation. The influence of the system and
liquid/particle related parameters on U and hy, was determined, both with respect to a

~#ingle particle in the can and with multiple particles in the can. Therefore, two different
sets of correlations were developed for U and h,,, describing heat transfer in cans with i)

a single particle and ii) multiple particles.

Overall heat transfer coefficient
Analysis of variance showed that with a single particle in the can, particle

properties such as shape, size, density (within the range studied) effects on U were
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nonsignificant, and hence were not considered in developing the correlations. Only the
influence of retort temperature, rotational speed, radius of rotation, can headspace and
liquid viscosity were influential (Chapter 4), and hence included in the correlation. The
dimensionless parameters accounting for these effects were Re, Fr, Pr, h/H and
(D,+D,)/D,. The forced convection heat transfer, in the can liquid in agitation processing
has been modeled using Re and Pr (Anantheswaran and Rao, 1985a). The liquid
properties were evaluated at bulk temperature, which takes account of different retort
operating temperatures. The Nusselt number was modeled as function of the following
dimensionless groups:
h, D, + D,

= f{Re, Fr, Pr, -2, —* ¢ (7.2)
Nu e m )

c

However, the influence of particle size, shape and concentration was also studied in the
presence of multiple particles in the can. The effects of these parameters on U were
significant and hence included in the correlation. The headspace and diameter of rotation
effect were not studied with multiple particles, and hence excluded. Hassan (1984)
performed a theoretical analysis on the Navier-Stokes equation, which describes the liquid
velocity distribution in the can; the Archimedes number and density simplex was
suggested in the dimensionless correlation for the convective heat transfer coefficient
(cited by Deniston et al., 1987). A ratio of particle to liquid concentration, a ratio of
equivalent particle diameter to the diameter of the can, and particle sphericity were added

to the Nusselt number correlation:

= !Fr’ Pl',Al', s s 3_03? 7.3)
Nu = f (Re % oo (

Fluid to particle heat transfer coefficient

It is recognized that in tube flow systems, the shape of the particle moving in a
carrier fluid has a significant influence on its flow behavior and thus on fluid to particle
heat transfer coefficient. In the literature, separate heat transfer correlations have been

reported for spherical and cylindrical shape particles (Ozisik, 1989). The heat transfer
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coefficients, associated with pure forced convection with unbound flow, is generally

evaluated from the expression:
Nu = A + BRe® Pr? (7.4)

In the case of forced convection tube flow, additional dimensionless terms are added to
the correlation. In the present study of a single particle in a can with end-over-end
rotation, the magnitude of particle to liquid relative velocity was the result of the
combination of gravitational, drag, buoyant and centrifugal forces (Chapters 4 and 6). To
account for this, density simplex {a = l(p,,-p,)l/p,)], Archimedes and Froude numbers were
considered in the correlation. With a spherical particle, the effect of can headspace and
radius of rotation on hy, was studied and found to have a significant effect on hg, The

following modified relationship was used to take this into consideration:

Nu = A + BRe® Pr? FrB ArF 2@ (E)H [D_‘L%]I (7.5)
H D,

where constants B, C, D, E, F, G, H and I are determined by multiple regression analysis
on experimental data, and A is the limiting value of Nusselt number which is 2.0 for
sphere and has been derived from the steady state heat conduction solution for a sphere
in an infinite medium. In developing a correlation for heat transfer to a fluid flowing past
a cylinder, it is assumed that the fluid density is constant and that a steady state heat
conduction solution does not exist (Whitaker, 1976). Three different correlations were
developed for a spherical, cylindrical and cube shaped particle.

The effect of rotational speed, liquid viscosity, particle size, shape and
concentration on hg, was studied (Chapter 5), with multiple particles in a can. Analysis
of variance showed that these factors were highly significant (p<0.0001). To account for
these effects, Re, Fr, Ar, Pr, €/(100-¢), d./D, and ¥ were considered as dimensionless
parameters. Fernendez et al. (1988) modeled the heat transfer in a canned liquid/particle
system as a packed bed, and developed the Nusselt number correlation as a function of

Reynolds number, Prandtl number and a shape factor with an R* = 0.785. Nasr et al.
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(1994} conducted an experimental study on forced convection heat transfer from a
cylinder embedded in a packed bed and developed a Nusselt number correlation as
function of the Peclet number (Pe = Re . Pr) and the ratio of particle to liquid thermal
conductivities. Hassan (1984) also suggested a ratio of particle to liquid thermal
conductivity (k./k;) in the dimensionless correlation for the convective heat transfer
coefficient in a canned liquid/particulate system. Therefore, Pe and k /k, were also added
to the dimensionless correlation. A more general correlation, that accounts for variations

with associated parameters, was developed in the following form:

Nu = f |Re, Pr, 5:, € ,i‘_",w (7.6)
k' 100-¢ D,

RESULT AND DISCUSSIONS

Overnll heat transfer coefficient (U)

The diameter of rotation (D,) and the diameter of the can (D,) both individually
and in combination, were evaluated as a characteristic length in the correlation for U. The
correlation with D+D, gave the higher R®. The combination D +D, also allows data,
obtained with a zero diameter of rotation on a logarithmic scale, to be used in the
analysis. Earlier, Anatheswaran and Rao (19852) also found the model with the sum of
the diameter of rotation and the length of the can to give the highest R?, with end-over-

end rotation.

Single particle (or liquid only situation)

A stepwise multiple regression analysis of experimental data on various factors,
represented in dimensionless form, eliminated the Froude number as nonsignificant
(p>0.05) in comparison with the other parameters. The following equation gave the best
~ fit for the experimental data for the overall heat transfer coefficient with a single particle

in can (R = 0.99), representing the liquid alone in the can situation.
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Nu = 0.93 Re0S! pp06 (%i)021 (1.7)

The validity of this equation is limited to the Reynolds number in the range, 5.2 x 10° to
5.4 x 10°; Prandtl number, 2.6 to 90.7, and the relative can headspace in the range, 5.5
x 10 to 8.6 x 107 Figure 7.1 shows the plots for the Nusselt number calculated using
Eq. (7.7) vs experimental values. Although the overall heat transfer coefficient was
influenced by the diameter of rotation, its specific dimensionless form [{D,+D,)/D,] was
excluded from the final correlation, since both Nu and Re included (D+D,) as a
characteristic length. The exponents of Reynolds number and Prandtl number appearing
in Eq. (7.7) are slightly higher than that reported by Anantheswaran and Rao (1985a); this
is probably because of the significant influence of the diameter of rotation on U, and also
the higher range of diameter of rotation employed in the present study. Anantheswaran
and Rao (1985a) reported that over the range of diameter of rotation from 0 to 29.8 cm,
an increase in diameter of rotation did not significantly improve the rate of overall heat
transfer. With a single particle in the can, particle properties such as density and shape
did not influence the overall heat transfer coefficient, and hence were not included in the
relationship. Therefore, the above correlation equation can be used in the prediction of the

overall heat transfer coefficient for thermal processing of canned liquid foods, during end-

over-end rotation.

Multiple particles

The presence of multiple particles in the liquid caused secondary agitation in the
can, which influenced the heat transfer to both liquids and particles. The magnitude of
secondary agitation depends upon the concentration, size and shape of the particle, the
liquid properties and rotational speed due to liquid-particle interactions. Again, a forward
step-wise regression analysis was performed on the experimental data of U, obtained with
multiple particles. Once again, the Froude number turned out to be a non-significant
(p>0.05) factor in the correlation. The significant dimensionless numbers for Nusselt

number were Re, Pr, the particle to liquid concentration ratio [e/(100-€)}, the ratio of
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equivalent particle diameter to can diameter (d/D,) and particle sphericity (P}, as shown

in the following correlation (R* = 0.99):

Nu = 0.20 Re®* Pro% (_f_)'w (_d.';)""“ o (78)
100-¢ D,
The characteristic length used in Eq. (7.8) was D +D,. The above correlation is valid for
the Reynolds number in the range, 1.7 x 10" to 5.4 x 10°, Prandt! number, 2.6 to 90.7,
particle concentration (g), 20 to 40% (v/v), the ratio of particle shortest dimension to the
can diameter, 0.22 to 0.29 and sphericity, 0.806 to 1. The predictive quality of Eq. (7.8)
is compared in relation to the measured values in Figure 7.2, The value of the exponent
of the Re and Pr were initially smaller (0.24 and 0.19 respectively) than in Eq. (7.8)
giving an R? value of 0.86. However, in the heat transfer literature Prandtl number
dependence is commonly represented with an exponent of 0.3 or 0.4, i.e. Pr”? or Pr**
(Whitaker, 1976). Hence, in the present heat transfer analysis, Pr was varied between 0.3
to 0.4 and regression analysis was carried out again yielding a more meaningful
relationship, as finally represented in Eq. (7.8) with a better R* value (0.99). The exponent
of Re in Eq. (7.8) was slightly lower than Eq. (7.7), probably due to increased drag and
particle secondary interaction in the presence of multiple particles. The influence of
particle related parameiers (e.g concentration and sphericity) on Nu is in the same order
of magnitude as the Reynolds number and Prandt! number (i.e. coefficients nearly in the
same range). Increasing particle concentration reduces the heat transfer to liquid, which
is evident from the negative exponent of particle to liquid concentration ratio. A slightly
lower effect was observed with d/D.. Use of a particle shortest dimension (d,) in place
of d, resulted in a correlation (R* = 0.99) with similar exponents for all dimensionless

parameters; but a slightly higher value of the exponent for sphericity.

Fluid to particle heat transfer coefficient (hy,) o
Single particle
An equivalent particle diameter (d,) or particle shortest dimension (d,) were

considered to be most appropriate as characteristic lengths in the correlation for hg,. The
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correlations with shortest particle dimension gave the slightly better R*. Fernandez et al.
(1988) also found their model, with the equivalent particle diameter as a characteristic
dimension, gave a higher R* with axial rotation.

The flow around the particle may differ for different geometrical shapes.
Experimental results also showed that particle shape effect with a single particle in a can,
was more pronounced compared to that with multiple particles in a can. In the heat
transfer literature, separate h, correlations have been reported for flow over spherical and
cylindrical objects (Whitaker, 1976). The limiting Nusselt number value is 2.0, which
represent the steady state heat conduction between fluid and sphere.

A step-wise multiple regression analysis of experimental data on hg, for the
spherical particle showed that the density simplex, Froude and Prandtl numbers along with
the relative can headspace (h,/H), and the dimensionless diameter of rotation [(D,+D,)/D,]
were significant parameters. The following was the best correlation obtained for the fluid

to particle heat transfer coefficient, with the spherical particle (R* = 0.83):

Nu = 2.0 + 1971 Fr®3! ppo33 5034 (}}3)"’6
H

0.21
D+ D, (1.9)
D

The above Eq. (7.9) is valid for Froude number 5.32 x 10™ to 2,13 x 10, density simplex
3.49 x 107 to 1.51, Prandtl number 2.6 to 90.7, relative can headspace (h/H), 5.52 x 107
to 8.63 x 107 and diameter of rotation [(D,+D_)/D_] in the range 1.0 to 7.18. The exponent
of the ratio of can headspace to the can diameter was much higher compared to that in
the previous Nusselt number correlation (Eq. 7.7) for U. This indicates that increasing can
headspace has more effect on hy, compared to that on U. Figure 7.3 shows the
comparison between [(Nu-2)/Pr®*] calculated using Eq. (7.9) and the [(Nu-2)/P:"*)
experimental.

A regression analysis with experimental data on hﬂ; for the cylindrical and cube

shaped particle, resulted in following correlations:
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Cylindrical shaped particle (R* = 0.91):

Nu = 7.26 Re%2? ppo3s ,L12 (7.10)
Cube shaped particle (R* = 0.91):

Nu = 8.03 Re%52 pr032 o163 (7.11)

The correlations Eqs. (7.10) and (7.11) are valid for Reynolds number, in the range, 44.0
to 1.39 x 10°, Prandtl number, 2.6 to 78.3 and density simplex in the range 0.15 to 0.28.
The dimensionless numbers were based on the equivalent particle diameter (d.). Figures
7.4 (given on page 123) and 7.5 (given on page 125) show the relationship between
calculated and experimental values of (Nu/Pr”*). The settling velocity of the particle in
the can, during end-over-end rotation, may be the influence of particle density, liquid
density and viscosity, respectively. It is important to note that in Eqs. (7.9) to (7.11),
density simplex appears as a significant parameter, as in the particle settling velocity
expression (Denn, 1980). Density simplex was also found significant in the dimensionless
correlation for flutd to particle heat transfer coefficient by Deniston et al. (1987). The
exponent of density simplex was higher in the correlations for the cylindrical and cube
shaped particle (Eqs. 7.10 and 7.11) compared to the correlation for spherical particles
(Eq. 7.9). This is probably due to the experimental range of the density simplex employed
for the spherical particle, which describes the effect of density simplex over the larger
range. In general, for spherical particles, h;, improved with higher rotational speeds;
however, higher density particles (Delrin and Teflon) in water showed different trends.
[n the flow visualization study of particle motion (Chapter 6), it was found that increased
centrifugat forces, at a higher rotational speed caused the heavier particles to stay along
the can wall. This could result in less effective movement of the particle, thus decreasing
the associated hy,. Due to these o.p—posing trends of hy, with rotational speed, the Nusselt
number correlation had lower R? for the spherical particle, compared to that obtained with
the cylindrical and cube shaped particles, where only moderately dense particles were
used. Experimental data showed that the rotational speed influence on h,, was more

pronounced with the cube shaped particle, in comparison to the cylindrical particle; and

124



1.34

0.33 )

1.24

1.04

Experimental log (Nu/Pr

0.84

0.94 -

L Nu = 803 Re%2 Proid 418 ]
i T «  Experimental
" — Preadicted -

R%= 0.91 '
084 084 104 144 124 134

Predicted log (Nu/Pr °%)

Figure 7.5  Comparision of experimental and regression (Eq. 7.11) predicted (Nu/Pr®*")
for fluid to particle heat transfer coefficient (h,), in cans with a single cube
particle

2.3 -l N N v ) M M v 1] v M M 1 v M M 1 ¥ _

- Nu = 0.167 Pedt (5)"“‘ (_‘.’:)"m( € )m gan”

I k D, 100-¢/, )

3 211 ; ]

4 ]
o I

L 49t i
3
S ]

E 17¢ i
= I

% L : Experimental ]

15 ~~ Predicted .

R%= 0.96 j

1 '3 ] " 1 o N ] " " 1 " i " i N N PR 7

1.3 15 1.7 1.8 2.1 2.3

Predicted log Nu
Figure 7.6  Comparision of experimental and regression (Eq. 7.12) predicted Nu for

Sluid to particle heat transfer coefficient (h,), in cans with multiple
particles

125



this resuited in a high;r value for the constant and exponent of Reynolds number in the
. Nusselt number correlation (Eq. 7.11). |

Multiple paticles
Regression analysis of the experimental data, obtained for h;, in the presence of

multipie particles, gave the following Nusselt number correlations (R* = 0.96):

Nu = 0.167 Pe®$! (k”)M (__) 070 (10§_e)°'°°’ 023 (1.12)
98 ;d 070 0.06
Nu = 0.718 Re®! (5)'9 (_=)°7 ( € ) T o2 (1.13)
k, D, 100-¢

In Eqs. (7.12) and (7.13), the dimensionless numbers were based on the equivalent
particle diameter (d.). The correlations with the particle shortest dimension were equally
good, with a slight difference in the value of the constant. These correlations are valid for
the Peclet number in the range, 1.18 x 10% to 7.71 x 10°, Reynolds number in the range,
28 to 1.55 x 10°, the ratio of particle to liquid thermal conductivity in the range, 0.56-
2.24, the relative particle dimension (d/D.) in the range, 0.22-0.29, particle concentration
€ in the range 20%-40% and particle sphericity ¥ in the range 0.806 - 1.0. The
signiﬁcaﬁce and inclusion of particle to liquid thermal conductivity ratio in the
correlations (Eqs. 7.12-7.13) suggested that h;, was influenced by the particle/liquid
thermal conductivity. In this case, the problem of convection heat transfer to the canned
liquid/particle system may be of conjugate heat transfer. It is important to note that the
density simplex and Froude number were nonsignificant (p>0.05) unlike the instance of
single particle cotrelations. The Peclet number, which is the product of Reynolds and
Prandt! numbers, and particle to liquid thermal conductivity ratio were found to be
significant parameters. Nasr et al. (1994) also used Peclet number and particle to liquid
thermal conductivity ratio to describe forced convection heat transfer in a packed bed
system. An equally good fit was obtained with the Reynolds number; however, the

exponent of thermal conductivity ratio was much higher (Eq. 7.13), suggesting that liquid
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and particle thermal conductivities are important parameters in the present canned
liquid/particles systems.

Figure 7.6 (given on page 125) shows the relationship between experimental and
calculated values of Nu. There were 2 distinct groups of data points: one for oil as test
liquid, and a second one for water. The particle sphericity effect on hy, was similar to that
observed with U, and tlis is evident from the exponent of W in Eq. (7.8) for U and Eq.
(7.13) for hy,. The lower exponent of relative particle concentraticn suggested that its
influence on Nusselt number was relatively small. Analysis of variance on hy, also showed

that the influence of particle concentration oa h,, was smalil when compared to other

parameters.

CONCLUSIONS

Other than the particle density and shape effect on U with a single particle in the
can, U and h,, were influenced by ali parameters considered in the present study.
Correlations were developed with single and muitiple particles for U and hg, with
equations showing a good agreement with the experimental data. The characteristic
dimension of sum of diameter of rotation and diameter of can was more appropriate for
the U correlations, while particle shortest dimension or particle equivalent diameter were
found to be appropriate for hy, correlations. Heat transfer to liquids was modeled using
the Reynolds number and Prandtl number; while different dimensionless groups were
significant in the modeling of heat transfer to particle(s). For a single particle moving in
an agitated can of liquid, heat transfer to the particle was modeled using Froude number,
Prandtl number, Reynolds number and density simplex. Their relationship was attributed
to various forces affecting the settling vgi'ocity of the single particle in the can. In the
presence of multiple particles in can, tl:ﬁl";' Nusselt number correlation suggested that hy,
was influenced by both particle and liquid'tlhermal conductivities;, hence their ratio, and
Peclet number (product of Reynolds number and Prandtl nuhibér)i'—-?ile particle
concentration effect was more pronouncéd with U than with h,,. The particle shape effgct

was equally important for U and h,,
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CHAPTER 8

NEURAL NETWORK MODELS rUR THE PREDICTION OF HEAT TRANSFER
PARAMETERS (CONDUCTION AND CONVECTION HEATING CONDITIONS)

ABSTRACT

The application of artificial neural network (ANN) for the prediction of heat
transfer parameters is presented in this chapter. In the first phase, the ANN was tested to
predict heat transfer parameters associated under conduction heating conditions. A four
layer neural network (1 input, I output and 2 hidden layers) with 3 input and 3 output
neurons was trained using a back-propagation algorithm. Data needed to train the neural
network were obtained using a finite difference computer siniulation program. Equivalent
lethality processes were obtained for a range of input variables (can size, food thermal
diffusivity and kinetic parameters of quality factors) for sterilization temperatures between
110 and 134 °C (at 2 °C intervals). The computed optimal conditions and their associated
quality changes were used as input variables for training and evaluation of the neural
network. The trained network was found to predict optimal sterilization temperatures with
an accuracy of + 0.5 °C and other responses with less than 5% associated errors.

In the second phase of this work, the ANN was used to predict U and hg,
associated with canned liquid/particle mixtures, subjected to end-over-end rotation. These
important parameters are needed for modeling the time-temperature profiles of liquid and
particle. Experimental data obtained for U and hg, in earlier stusies were used for toth
training and evaluation, Multi-layer neural networks with 7 input and 2 output neurons
(for a single particle in can), and 6 input and 2 outputs neuron (for multiple particles in
can) were trained using a back-propagation algorithm. Once again, the optimal network
was obtained by varying tlie number of hidden layers, number of neurons in each hidden
layer and learning runs. The trained network was found to predict U and hy, with less than
3% and 5% errors, respectively. The neural network models were more accurate than the

dimensionless number models for predicting U and hy,
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INTRODUCTION

Experimental time-temperature data are required to establish the thermal process
schedule for canned liquid/particle food systems during agitation processing. Mathematical
models can also be used to optimize the processing conditions in situations where physical
experimentation is expensive and time consuming. However, development of such models
for canned liquid/particle system will require the appropriate values of overall heat
transfer coefficient (U) and fluid to particle heat transfer coefficient (h;). Typically,
dimensionless correlations have been used for the prediction of U and h;,. Using the
traditional approach of multiple regression analysis, the heat transfer coefficient in the
form of a Nusselt number is correlated to the other dimensionless parameters influencing
its magnitude. However, selection of appropriate dimensionless groups requires prior
knowledge of the phenomena under investigation. Artificial neural network (ANN) models
have the capability of correlating large and complex data sets without any prior
knowledge of the relationship between them (Linko et al., 1992). Neural network models
have performed well even with noisy, incomplete or inconsistent data (Bochereau et al.,
1992). In recent years, there has been an increasing use of such ANN models in the area
of food processing/engineering.

In sensory science, neural networks have been proposed as a method of advancing
the understanding of complex unstructured tasks invoiving human insight and judgement
(Galvin and Waldrop, 1990). ANN has been used to model sensory data of such as the
color quality of tomato and peaches (Thai and Shelwfelt, 1991) and for beef sensory
evaluation (Park et al., 1994). Tomlins and Gay (1994) used ANN models to classify
black tea samples by their phenolic composition. Horimoto et al. (1995) found that ANN
predicted wheat flour loaf volumes in baking tests, which were more accurate than those
predicted with principal component regression analysis.

In rheology, neural networks have been used to predict rheological properties of
dough. Ruan et al. (1995) correlated the dough rheological properties measured using a
farinograph and extensigraph to the torque developed during mixing. Linko et al. (1992)

used neural network programming in the fuzzy control of the twin-screw extrusion cooker,
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to minimize the problem associated with extrusion control systems.

In image recognition analysis, ANN has been used in some areas of food
processing (Sayeed et al., 1995). For example, Liao et al. (1993) used ANN for
classifying corn kernel breakage. The results indicated that shape features, based on the
corn kernel morphological profile, accurately discriminated broken and whole kemnel.
Sayeed et al. (1995) used ANN models in snack quality evaluation, based on visual
texture and morphological characteristics; and Tomlins and Gay (1994) used ANN to

predict the origin of black tea based on chromatographic data.
ARTIFICIAL NEURAL NETWORK : GENERAL BACKGROUND

An artificial neural network is a collection of interconnecting computational
elements which simulates neurons in a biological system. It is characterized by the
network topology, neurons and leamning rules. An artificial neural network has the
capability of relating the input and output parameters without any prior knowledge of the
relationship between them., A properly trained neural network can be used to
simultaneously produce more than one output, unlike traditional models where one
regression is required for each output. Recently, artificial neural networks have been used
in those situations where good physical models of the process were not available and the
number of output variables were more than one.

Artificial neural network models were originally developed to mimic the function
of the human brain. The brain contains billions of nerve cells (neurons) highly
interconnected through synapses. Each neuron processes information by receiving signals
from other neurons via synapses and produces an output which is then transmitted to
some other neurons. It is believed that the synaptic strength of junctions is altered when
knowledge is stored in the brain. Consequently, a synapse can be considered as the basic
memory unit of the brain.

The artificial neural network used in this study is a computer program that consists
of a collection of simple elements (neurons) that work together to solve the problem. An

artificial neuron is modelled (Figure 8.1) to receive (n) inputs, X = [x,, x,, X5, ... X,] and
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Figure 8.1 Model of an artificial neuron
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Figure 8.2  Schematic of a multi-iayer neural network
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yield a desired output (d), through a process of learning. The components of the input
vector are weighted by a set of coefficients, W (w,, w, w,, .., w ). The sum of the
weighted input is then computed, producing an output, S = X"W (X input vectors from
mth layer). The weights are essentially continuous variables and can take negative as well
as positive values. During the learning process, input vectors and desired response are
presented to the network and an algorithm automatically adjusts the weights, so that
output responses to input vectors will be as close as possible to their respective desired
response. A popular method for adapting the weights is the simple LMS (least mean
square) algorithm (Widrow and Lehr, 1993) which minimizes the sum of squares of the
linear error over the learning set. The linesr error (€) is defined to be the difference
between the desired response {d) and the output (S). However, when this model is applied
to a multi-element neural network, the procedure for error calculation becomes more
complicated (Widrow and Lehr, 1993).

The most common structure of an artificial neural network is generally a multi-
tayer design. A fully connected four layer network is illustrated in Figure 8.2. During
learning, the response of each output neuron in the network is compared with a
corresponding desired response. Error signals’ associated with the output elements are
computed and the information transmitted from one layer to the previous layer using a
back-propagation algorithm (hence the name back-propagation network). This procedure
is repeated over the entire learning set for a specified number of times (learning runs),
chosen by trial and error. In the layer structure, the inputs are interconnected in an input
layer, and the computed outputs are interconnected in the output layer (Figure 8.2). In
between these two layers, one or more hidden layers (as another variable for neural
network) are interconnected depending upon the applications. The number of input
neurons correspond to the number of input variables, and the nurpbér of output neurons
match the number of desired output variables. The number of neurons in the hidden layer
is dependent on the application of the network. In principle, if a sufficient number of
these input/output combinations are used for learning/training of the neural network, such
a trained network should be able to predict the output for new inputs. These learning sets

can be compiled from experimental data or can be obtained from computer simulation.
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The objectives of this study were to develop ANN models for the prediction of
overall heat transfer coefficient and fluid to particle heat transfer coefficient, and compare
the accuracy of results with traditional regression models of dimensioniess correlations.
Since this was the first application of an artificial neural network to thermal processing,
the first part of the study, namely feasibility, was evaluated using readily available
computer generated finite-difference data on time-temperature profiles of conduction
heated foods, for prediction of optimal process schedules. Subsequently, the neural
network modeling approach was extended to the experimental study of convective heat

transfer in canned liquid/particulate systems,
METHODOLOGY

PART I - Process Optimization, Conduction Heating

In the last decade, various studies have been carried out for quality optimization
of thermally processed foods. Computer simulation has made this possible since the
kinetics of microorganisms and quality factors, and the physics of conduction heat transfer
are very well understood and can be described with mathematical models. Optimization
of the sterilization process is based on the fact that thermal inactivation of microorganisms
is much more temperature dependent than quality factors (Lund, 1977) and has lead to the
use of high temperature short time (HTST) processing. However, applicability of this
principle to conduction heated foods is limited due to their slow heating behavior,
resulting in large temperature gradients within the can during heating/cobling. Teixeira
et al. (1969ab) were probably the first to use computer simulations for quality
optimization, They used a finite difference solution to the conduction heat transfer
equation for cylindrical cans, coupled with kinetic data on nutrient .degradation. Recently,
several researchers have used such models for predicting optimal conditions for thermal
processing of foods (Teixeira et al.,, 1969a,b; Saguy and Karel, 1979; Ohlsson, 1980,
Thijssen and Kochen, 1980; Stlva et al., 1992; Hendrickx et al., 1989, 1993).

Hendrickx et al. (1989) used an empirical approach to calculate optimal

temperatures for maximizing quality factors. Using traditional regression analysis, they
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developed empirical equations to relate optimal temperatures to various product properties
(thermal diffusivity and z-vaiue of quality factors), processing conditions (geometry and
dimensions of the food, surface heat transfer coefficient, initial product temperature and
retort come up time) and processing criteria (target F -value). Hendrickx et al. (1993)
extended the correlations to more generalized conditions, accounting for cooling lethality
as well as retort come-up ‘time. The study, however, was limited to infinite shapes with
one dimensional heat transfer. Silva et al. (1993) presented correlations for the optimal
sterilization temperature for conduction heated foods with finite surface heat transfer
coefficients. The previously mentioned studies (Hendrickx et al.,1989; Hendrickx et al.,
1993 and Silva et al., 1992) were based on optimizing the surface quality. An extensive
review of the modeling of optimum processing conditions for stertlization was presentec
by Silva et al. (1993). Recently Silva et al. (1994) presented a comparative study between

surface and volumetric average quality retention in thermoprocessed foods.

Process Optimization

An optimal sterilization temperature is generally taken as the processing
temperature that results in minimum volumetric heating of the food product, while
meeting the constraints of commercial sterility. Such a process can be expected to
preserve the bulk of thermolabile quality factors. Exceptions exist to this rule, for
example, when surface discoloration due o thermal treatment is the primary consideration,
the optimization should be aimed at minimizing surface cook rather than product bulk.
Parameters that determine the optimal sterilization temperature are numerous: can
dimension, thermal difiusivity of food, kinetic parameter of nutrient (z), lethality to be
achieved, cooling water temperature, initial temperature of food, retort come-up time,
convective heat transfer coefficient at the can outer surface, etc. A mathematical model
for conduction heat transfer in a cylindrical container was coupled with volume average
thermal destruction kinetics of quality factor and center point destruction of a target
micro-organism (or F_ value), in order to obtain optimal sterilization temperatures in this
study. Modeling of such a process involves the mathematical description of (i) numerical

solution of the two-dimensional heat conduction equation for - finite cylinder and (ii)
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first order kinetics, describing the thermal destruction of micro-organisms and quality
change.

Heat transfer Model

The heat flow in the cylindrical geometry of a finite shape was represented by the

following partial differential equation (Ozisik, 1989);

PT, 181, &T

oT oT _ 1 9T
ar? r or Bz o« Ot

(8.1)

where o is the thermal diffusivity and r and z are the radial and axial coordinates,

respectively.

The initial sid boundary conditions were;

T=T, at t=0 (8.2)
— =0 atr=0 t > (8.3)
= at r and 0
aT h
— = = e - 8.4
E» 0 at z 2andt 0 (8.4)
T=T, at r=a z=0, z=h and t>0 (8.5)

All thermophysical properties were assumed to be temperature independent, and
the external heat transfer resistance at the can surfaée was considered to be negli gible, as
in the case of processing cans in steam. A finite difference computer program was
employed using Crank-Nicholson scheme for spatial derivatives and a fully implicit
scheme for time derivative (Ozisik, 1989). The numerical procedure involved with the
finite difference method is detailed in the appendix. Due to symmetry around both axes
of a cylindrical can, only one quarter of the cylinder was modelled using a 20 x 20 grid.

Since an unconditionally stable implicit scheme was used, a time step size between 2 to

20 seconds, was used depending on the can size. The computer program was written in
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FORTRAN 77, to compute the transtent temperature distribution in a cylindrical

geometry.

Kinetics of thermal destiuction
A primary objective of thermal processing is to achieve a pre-set level of
commercial sterility. The intended process lethality (or thermal times), measured in terms

of an F, value, is used for this purpose:

t (T- Tld)
F,o= 10 = & (8.6)
0

where F, is the integrated lethality (min), t is the time of processing (heating, holding and

cooling), T is the temperature at the geometric center of the can, T, is the reference

ref
temperature (121.1 *C) and z_ is the temperature sensitivity indicator of the thermal
destruction of the micro-organism under consideration (typically, z,=10 C° for spores of
Clostridium botlinum). The integrated lethality was continuously computed and the
process simulation continued until the heating lethality reached the target value of 10 min.
Based on the contribution of lethality during cooling, the computation process was then
adjusted by trial and error to give a combined lethality (heating and cooling) of 10 min.
The integrated heating time (F,,) with respect to a quality attribute of food product was

calculated at the reference temperature by:
[ @ [10 " dv]a (8.7)

The above equation is similar to the F, value except that the F,, is based on
volumetric/mass average destruction, which is of greater interest for quality retention (e.g.
nutrient retention). z, indicates the temperature sensitivity indicator quality factor in
question (used as a variable in this study). Using the calculated F,, the quality retention

following a process can be obtained using the relationship:
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F
log N =log N, - F“‘- (8.8)

ref

where D, is the decimal reduction time for quality factor, N, initial quality, and N is the
quality remaining after processing, F,, determines the extent of retention of quality factors

based on their respective D and z values and was used as a criterion for optimization in

this study.

Vaniable Selection

The three factors used in this study were: can size, thermal diffusivity, and z value
of quality factor (Table 8.1). Other parameters (initial product temperature = 80 °C, retort
come up time = O min, process lethality = 10 min and z value of micro-organisms = 10
C°) were kept constant. Since can has two-dimensions: radius (a) and height (h), in order
to reduce the number of input variables for neural network analysis, a characteristic

dimension was calculated using the following equation (Ramaswamy et al., 1982):

e 2.303
Characteristic dim =
praclerte CHCESION = 13467 | 5783 (8.9)

0’!2)2 a 2

Thirteen operating temperatures were employed in the range 110 to 134 °C (at 2

°C intervals).

Calcu'ation of input/output data needed

Data on optimal process temperature, corresponding process time and associated
quality factor were needed in order to construct and train the neural network. These were
obtained first of all by identifying the process times required at each of the thirteen
operating temperatures, in order to achieve the preselected F, value of 10 min. Simulation
processes were run for these calculated times and the extent of quality factor destruction
was computed for each z value. From a plot of quality destruction vs operating
temperature, the optimal temperature for minimum quality destruction was obtained, again

for each z value (representing arbitrary quality factor). The simulation was then rerun at
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this optimal process temperature to get the exact process time and quality factor retention,

Table 8.1 Levels and range of input variables used in thermal processing
optimization

Variables No. of test levels Range

Can size 30 200 x 211 to 401 x 411!
Thermal diffusivity x 107 m*/s 3 .2 14 16

z value of quality factors, °C 4 15 25 35 45
Temperature, °C 13 110 to 134°C(2°Cinterval)

'30 can sizes (Lopez, 1987); 201 x 211 means a can of 2 1/16" diameter and 2 11/16"
height (standard notations in canning industry)

Neural Network

The software program employed was NEURALWORKS Professional Plus
(NeuralWare Inc., Pittsburgh, PA). A four layer neural network (i.e. 1 input, 1 output and
2 hidden layers) was used in this study. The input layer consisted of 3 neurons which
corresponded to 3 input variables (characteristics can dimension, thermal diffusivity of
food product and z value of quality factor). The output layer also had 3 neurons, one each
for optimal sterilization temperature, process time and F,.. A standard back-propagation
algorithm was used for learning/training of the network. A range of 2 to 16 neurons in
each hidden layer and 1,000 to 100,000 learning runs were tested, in order to find the
optimum configuration of neural network for the present problem. The optimal
configuration with respect to number of neurons and learning runs was found using 360
cases for training and same 360 cases for testing. The optimal configuration was based
on minimizing the difference between the neural network and the desired outputs. Several
statistical parameters (mean absolute error, standard deviation of error, mean relative error,
standard deviation of relative error) were used for the determination of the optimal
number of neurons in the hidden layer, and also the number of learning runs. The

following criteria were used with respect to the statistical/error parameters:
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Error (g) = Finite difference output - Neural network response
Relative Error % (g,) = ( &/ finite difference output) x 100

Mean Absolute Error (MAE) = Mean of & values

Standard Deviation of Error (SDE) = Standard deviation in € values
Mean Relative Error % (MRE) = Mean of relative error % (g,)

Standard Deviation of Relative Error % (SRE) = Standard deviation of

refative error % (g,)

The above parameters were used to give a broader range of selection criteria. The error
magnitudes in user units (MAE, SDE in °C or min) are more meaningful with respect to
process temperature and process times, while the relative error (MRE, SRE in %) better

described the network performance with respect to quality factor retention.

PART II - Heat Transfer Parameters, Convection Heating

The experimental data of U and h;, were divided into two groups : (i) single
particle in the can and (ii) multiple particles in the can, and separate neural network
models were developed. The performance of developed models were compared with the

traditional regression models, developed earlier using dimensional analysis.

Newal Neiwork

For test data with a single particle in the can, the input layer consisted of 7
neurons which corresponded to 7 input variables (particle sphericity, particle density,
rotational speed, diameter of rotation, can headspace, liquid thermal diffusivity and
kinematic viscosity). The output layer had 2 neurons, one each for U and hy With
multiple particles in the can, the input layer consisted of 6 neurons corresponding to 6
input variables (particle sphericity, particle size, particle concentration, rotational speed,
liquid thermal diffusivity, kinematic viscosity). The number of output neurons remained
2, one each for U and h. The standard back-propagation algorithm was used for

learning/training of the network.
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Optimal configuration _

For each data-set, the optimal value of neural network variables such as number
of hidden layers, number of neurons in each hidden layers and learning runs needed to
be determined, again. In order to find the optimum configuration 1 to 3 hidden layers,
with a range of 5 to 40 neurons in each hidden layer and 25,000 to 100,000 learning runs
were tested. The neural network was trained and its prediction capability was tested with
the full set of data (single particle, 315 cases; multiple particles, 180 cases). The optimum
value was based on minimizing the difference between the neural network output and the
desired output. Once the optimal configuration with respect to number of neurons and
learning runs was found, the performance of the neural network was tested on different
sizes of data-sets. The data-set of 315 cases, for a single particle in the can, was randomly
divided into three groups. The first group consisted of all 315 cases for learning and a
randomly chosen 85 cases for the test. In the second group, 85 cases were selected for
learning and 85 cases for the test, all chosen randomly from the set of 315 cases. In the
tiird group, 85 cases were taken for learning and all 315 cases for the test. In a similar
fashion, the data-set of multiple particles was divided into three groups by combining
180/50 , 50/50 and 50/180 learning/test data-sets. Error parameters described earlier were
used to determine adequacy of the neural network output response for a given input data

set.

RESULTS AND DISCUSSION
PART I : Process Optimization, Conduction Heating

Computer simulation

A total number of 4680 (13 temperatures ranging from 110 to 134 °C with an
interval of 2 °C for 360 test conditions) time-temperature simulations and associated
quality changes were obtained, to generate optimal processing parameters for 360 test
conditions. The optimal sterilization temperature was clearly dependent on the can size,

thermal diffusivity and z value of the quality factor. Lower values of characteristic
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dimension of the can and higher values of thermal diffusivity resulted in a higher optimal
process temperature, probably due to the resulting lower thermal gradients. This was also
shown by Silva et al. (1992} while minimizing surface cook value. At higher z values (30
and 45 C°), the optimal sterilization temperatures were at the higher end of the range,
while the opposite was true when the associated z values for quality factor were fower (15
and 25 C°). This was expected, since a higher value of z, represents a more thermal
resistant quality factor. Process time and F,, were also significantly influenced (p<0.05)
by all three parameters. Process times were larger for the bigger can size and/or lower
thermal diffusivity, while quality retention was found to be higher (since lower F,,) for
a smaller can size and/or higher thermal diffusivity. Process times were shorter with
increasing z values, since the associated optimal process temperatures were higher.

Average quality retention values have been reported to vary with z, and a lumped

parameter, f,, which depends on can size and thermal diffusivity (Silva et al., 1994), In
this study, it was found that for smaller cans and lower thermal diffusivity, the optimal
process temperatures were higher and nutrient retention values were lower at higher z,
values. However, at hiyher thermal diffusivity, the nutrient retention data showed a curvi-
linear trend, initially decreasing and then increasing with increasing z,. With larger cans,
on the otherhand, irrespective of the thermal diffusivity value in the range studied, optimal

process temperatures increased and the quality retention values decreased with z_.

Leaming/Trahiirg of Newral Network

Theoretically, once the neural network is learned/trained using the learning/training
data, its performance can be evaluated by using the same data chosen in a random fashion
(Huang and Mujumdar, 1993). However, before Vﬂg‘e learning process, the optimal
configuration of the neural network should be determined since it has two variables:
number of neurons in each hidden layer and number of learning runs. Several error
parameters were used to determine adequacy of the neura! network output response for
a given input data set.

First, by keeping the number of learning runs constant (arbitrarily chosen as

50,000), the number of neurons in each hidden layer was varied from 2 to 16, The errors
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associated with optimal sterilization temperature, as a function of the number of neurons,
are shown in Figure 8.3, The calculated errors converged to a minimum value at 8
neurons in each hidden layer. Increasing the neurons beyond this level only resulted in
increased computation time, with no additional benefits. The trend was similar with the
other two output responses, process time and F,, as well as other selected levels of
learning runs, demonstrating a minimum at 8 neurons. The magnitude of the deviations
were, however, slightly higher for process time and F,.

In the next step, with the number of neurons in each hidden layer fixed at 8, the
learning runs were varied from 1,000 to 100,000, The variations in different errors are
compared in Figure 8.4 as a function of learning runs, for process time, shown as an
example output. The convergence was observed at about 50,000 learning runs, beyond
which the changes were small, The trend with respect to errors was again similar for the
other two output responses, optimal sterilization temperature and F,, with just some
differences in their magnitudes.

The prediction performance of the neural network is shown in Figure 8.5 as plots
of neural network predicted values vs computer output values (actual values), for all three
variables. The predicted values were more evenly and tightly distributed around the
regression line, with a slight scattering of deviation at the higher end. The associated
errors with the neural network outputs are compared in Table 8.2. The observed high R®
values (>0.98) indicated excellent correlations of neural network predicted values with the
ﬁr_;_i;e:""difference output. Relatively, slightly lower correlations were observed while
: p)r/edicting the changes in quality factors (F,). The deviation in optimal process
" temperature prediction (MAE) was 0.35+0.32 °C. The mean relative error in process times
wiis about 5%, with the standard deviation of relative error of ~5%. The relatively large
standard deviat_iohs associated with process time predictions by neural network were due
to deviations observed under conditions of low (<30 min) and high (>100 min) process
times. The mean relative error with F,, was ~2%, The neural network prediction showed
deviation from the desired output mostly at the higher end of F_ values.

Overall, the relative errors associated with the process time prediction were the

highest and those associated with the process temperature were the lowest, somewhat in
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proportion to the range of values {optimal process temperature from 112 to 132 °C,
process time from 20 to 165, min and F,, from 20 to 90 min) employed for these
variables. On a percentage basis, compared to the midpoint values, the range associated
with process times was +80%, while the same with process temperature was only +9%.
With F,, the range was +60%. These differences are also due to the logarithmic nature
of both the process time and the quality factor retention in relation to optimal process
temperature. In the neural network, the weights were adjusted to result in a minimum
error in the simultaneous prediction of all three paraineters, which are quite different in
their nature. The relative errors found were on an average within 5% of the above ranges.
In general, these errors will have an even smaller influence on quality factor retention in
real processing conditions. For example, the neural network prediction error of +5% at
lower end of F,, values would mean +1.2% error in thiamine retention [F,, = 23.6 min,
D, = 163 min (Lund, 1975), z= 25 C°, can size = 202 x 204, thermal diffusivity = 2.0
x 107] at 123 °C and at higher end of F__ values +1.9% error [F,, = 69.6 min, D, = 163
min, z = 25 C°, can size = 401 x 411, thermal diffusivity = 1.2 x 107] at 115 °C.

.Table 8.2 Error parameters for optimal sterilization
temperature, process time and F,
Error Top PT Fo
Parameters (°C) (min) (min)
MAE 0.37 3.12 0.81
SDE 0.35 2.86 . 095
MRE (%) 0.30 483 2.11
SRE (%) 0.28 4.84 2.21
R* 0.99 0.99 0.99
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- PART H - Heat Transfer Parameters, Convection Heating

Leaming/Training of ANN

Initially, all five error parameters (R°, MAE, SDE, MRE and SRE) were
determined by keeping learning runs fixed at 50,00 whereas the number of hidden layers
(1, 2 and 3) and the number of neurons in each hidden layer (5,10, 15, 20, 30 and 40)
were varied. The error parameter results indicated that the prediction accuracy of neural
network slightly increased (up to 1% in MRE and SRE, results not shown) when the
number of hidden layer was increased to 2; however, a further increase in the number of
hidden {ayers to 3 did not improve the brédictien accuracy. Earlier studies (Ruan et al.,
1995 and Tomlins and Gay, 1994) also found that the neural network prediction accuracy
improved with two hidden layers compared to that one hidden layer. Hence a four layer
network was constructed with 1 input, 1 output and 2 hidden layers. Later, the number
of neurons in each hidden layer varied from 2 to 12 and learning runs from 25,000 to
100,000. The optimal number of neurons in each hidden layer and learning runs were
obtained from error parameters for U and h;,. The mean relative errors associated with U
and hy, as a function of the number of neurons and learning runs, are shown in Figures
8.6 and 8.7. The computed errors converged to a minimum value at 8 or 10 neurons in
each hidden layer and 50,000 learning runs. Increasing the neurons and/or learning runs
beyond these le‘;rels resulted only in ';ncreased computation time with no additional
benefits. The trend of four remaining error parameters with the number of neurons and
learning runs was similar to the one observed with mean relative error. The actual value
of the relative errors remained relatively constant (and in some cases showed a fluctuating

trend with an occasional increase in errors) afier the number of neurons exceeded 10.

Performance of ANN

A neural network configuration with 10 neurons in each hidden layer and 50,000
learning runs was evaluated for performance testing on the three sets of data with both
single and multiple particle data-sets. The prediction performance of the neural network

for all the sets is shown in Figures 8.8-8.11 for the single particle and in Figures 8.12-
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8.15 for multiple particles, as plots of neural network predicted values vs experimental
output values for both U and hy, The predicted values were more evenly and tightly
distributed around the regression line for the first set involving the full set of learning
cases (315 or 180). With lower number of learning cases (85 or 50) also, the predicted
values were in fairly close agreement with experimental values, with a slight deviation
at higher ends. This implies that when representative data are available, even a smaller
set of data used for training can reasonably predict the output performance over the entire
range. However, care should be taken to avoid extrapolation of the results, because in
reality a neural network cannot accurately give the output response, like any other

polynomial regression technique, outside the range of input parameter used for training.

Single particle in the can situations

The associated errors with the neural network outputs are compared in Table 8.3
for the single particle in the can situations. The high R* (>0.99) values for U indicate
excellent correlations of neural network predicted values with experimental values.
Relatively, lower correlations were observed while predicting hg,. This is probably due to
the slightly higher experimental variation associated with hg, evaluations. On average, the
magnitude of errors for all groups was nearly the same as those for the reference- group
for U, while it increased for h,, (MRE increased from 6 to 10%). These errors were
within the range of experimental variability (coefficient of variations in hy, was about
10%) for the measured value of hg,. On average, the mean relative error in U prediction
was essentially of 2.5 + 2.4 % (W/m® K) for all the groups. The mean relative error in
hy, prediction was about 5.8 % with the reference group and about 9% with the remaining
groups; however, the standard deviation of relative error was ~7% with all groups. The
relatively larger standard deviations associated with hy, predictions by neural network,
were mostly due to deviations observed under conditions of high fluid to particle heat
transfer coefficient value (h;,>400 W/m*K). Neura! network prediction showed a deviation
from the desired output mostly at the highér end of hg, values when all 315 cases were
used for leamning purpose. However, when only 85 cases were used for learning, the

predicted values deviated at both ends (Figures 8.10 and 8.11).
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Table 8.3 Comparisons of error parameters for different sizes of learning and test
cases for a single particle in the can

Error R.G' F.G* 8.G T.G*
Parameters U hy, U hy, U hy, U hy,
(Wim® K) (Wit K) (Wt K) (Whn'* K) (Wim? K) {(W/m® K) (Wim* K) (W/m?* K)

MAE 5.11 17.2 424 150 4.43 174 480 196
SDE 476 160 376 143 390 192 451 202
MRE (%) 246 5.82 247 865 246 970 240 99!
SRE (%) 251 7.00 243 7.3 237 763 246 744
R* 0.99 0.98 099 098 099 097 099 097

'Reference group : learning = 315 cases and testing = 315 cases; “First group : learning
= 315 cases and testing = 85 cases; 'Szcond group : learning = 85 cases and testing = 85
cases; "Third group : learning = 85 cases and testing = 315 cases

Multiple particles in the can situations

Table 8.4 summarizes the associated errors in U and hg, with the neural network
output for multiple particles in the.“,can. The error parameters were of similar magnitude
compared to that observed with the single particle cases. Again, excellent correlations
were observed (R*>0.99) for U values predicted by neural network vs the experimental
outputs; and relatively, lower correlations were chserved while predicting hy,. The
standard deviations in experimental hy, values were stightly higher compared to that of the
experimental U values. The prediction performance of a neural network trained with
smaller size of data-sets was slightly lower when compared to a trained full data-set. This
was probably due to some degree of associated extrapolation. However, the increased
errors were within the limits of experimental variability in measured values of U and hg,
On average, the magnitude of error for the first group was nearly the same as those of the
reference group for U and h,,. However, with the second and third groups, the errors were
relatively higher compared to the errors of the reference or first group, for both U and hy,
especially with reference to relative error (MRE) and standard deviation (SRE). The mean

relative error for the reference and first group in the U prediction was of 2.5 + 1.75%, and
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with second apd third group it was 3.5 + 2.75%. The mean relative error in hy, was about
4.25 % with the reference and first group, and about 6.5% with the second and third
group; however, the standard deviation of relative error was ~4% and ~6%, respectively.
Qverall, the relative errors associated with h,, prediction were the higher, and those
associated with the U were the somewhat lower in proportion to their standard deviations
in experimental data. In a neural network, the weights are adjusted to reflect minimum
error in the prediction of both parameters U and h;, simultaneously; however, the
independent variables may be affected differently. Figure 8.16 shows a typical continuous
response plot of neural network predicted values, and experimental values of U and b at
various rotational speeds; this demonstrates some nonlinearity. Such a plot will be useful

in assessing the continuity of the predictions under extrapolation situations.

Table 8.4 Comparisons of error parameters for different sizes of learning and test
cases, for multiple particles in the can
Error R.G' F.G 8.G T.G'
Parameters U by, U h, U hy, U he
(Wim* K) (W/m® K) (Wit K) (Wim? K) (Wt K) (Win® K) (W/m? K) (Whn' K)
MAE 9.85 48.1 8.24 36.7 13.2 58.1 124 632
SDE 11.0 40,5 6.75 37.1 12,1 538 146 63.8
MRE (%) 2.57 452 247 4.03 375 638 323 6.70
SRE (%) 1.96 390 1,55 4.20 248 596 299 6.34
R- 0.99 094 099 095 099 089 099 0388

'Refarence group : learning = 180 cases and testing = 180 cases; *First group : learning
= 180 cases and testing = 50 cases; *Second group : learning = 50 cases and testing = 50
cases; *Third group : learning = 50 cases and testing = 180 cases

Comparison of the neural network models with the regression models

The performance of neural network models were compared with regression models
previously obtained with dimensional analyses (Chapter 7). Table 8.5 summarizes the
error parameters for dimensionless correlations and neural network models. Although R’

values obtained for both modeling approaches were comparable for all cases (except for
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h;, with a single particle in the can), the absolute and relative errors in heat transfer
coefficients were higher with dimensionless correlations compared to that obtained by the
neural network. The mean relative error and standard deviation in heat transfer
coefficients with the neural network were nearly half of the those obtained with
dimensionless correlations. The errors in hg, prediction with a single particle in a can were
quite high in the dimensionless correlation; this was due to the nonlinear behavior of hy,
with rotational speed for high density particles. These trends were difficult to incorporate
in dimensional analysis, which is based on the understanding of the physical nature of the
phenomena. In such situations, neural network modeling has a clear advantage over
traditional multiple regression analysis. However, as opposed to the neural network which
is generally described as the 'black box' regression model, the dimensional analysis
approach may give a better insight into the physical phenomena which otherwise cannot

be obtained with neural network models.

Table 8.5 Comparison of error parameters for neural network model vs dimensionless
correlation

Error Single particle Multiple particles
Parameters U hy, . U he

DC NN DC NN DC NN DC NN

(Wit K} (W/m? K) (Win! K) (Wi K) (Wit K) (Wim? K) (Wi K) (Wim? K)
MAE 171 511 313 172 25,1 985 754 48.1
SDE 254 476 433 16.0 329 11.0 634 407
MRE (%) 500 246 169 5.82 570 257 826 452
SRE (%} 376 251 119 7.00 465 196 712 390
R® 099 099 083 098 098 099 096 094

DC - Dimensionless correlations; NN - Neural network
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CONCLUSION

In neural network mcdeling applications, the number of hidden layers, the number
of neurons in the hidden layers and the number of learning runs need to be optimized
before using the neural network. For conduction heating conditions, a neural network with
8 neurons in hidden layers and 50,000 learning runs was found as the optimum for its
performance. The trained network was found to predict response with less than 5%
associated errors, with respect to optimal sterilization temperature, process times and
quality factor retention. .

A neural network with 10 neurons in the hidden layers and 50,000 learning runs
was found optimal for its performance with convection heating systems. The trained
network was found to predict responses with less than 3% and 5% associated errors with
respect to the overall heat transfer coefficient and the fluid to particle heat transfer
roefficient, respectively. Even when a smaller group of data-sets was used for training,
the prediction accuracy of the network was found to be within the experimental variability

of measured U and hy, values. The prediction accuracies of neural network models were

higher compared to the multiple regression models of dimensionless correlation.
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CHAPTER 9

GENERAL CONCLUSIONS, CONTRIBUTION TO KNOWLEDGE AND
RECOMMENDATIONS

GENERAL CONCLUSIONS

A methodology was developed for the measurement of convective heat transfer
coefficients, associated with canned liquid/particle mixtures subjected to end-over-
end processing. The assumption of uniform temperatures of liquid in cans,
subjected to agitation processing, was verified using heat penetration parameters
and standard deviation of temperature at different locations and at various
rotational speeds. Of the two different objective functions, one based on
minimizing the sum of the square of the differences between experimental and
predicted temperatures (LSLD) and other based on minimizing the difference
between the measured and predicted lethality (LALD), the later was found to be
more appropriate for the estimation of hy,. The measured h;, values were higher
with moving particles compared to those for a fixed particle. The method

differentiated U and h, values »: different rotational speeds.

Using the methodology developed, the influence of system and product parameters
on U and hy, were evaluated. With a single particle in the can situation, the
rotational speed effect on U and headspace effect on hg, were predominant among
the four system variables studied. The particle density had no significant influence
(p > 0.05) on U, however, U was influenced by liquid viscosity at all the
rotatiohéi‘—:peeds (0 to 20 rpm). Both liquid viscosity and particle density had a
significant effect on h;,. In general, decreasing liquid viscosity, increasing particle

density (except with Teflon and Delrin) and increasing rotational speed improved

hn,_,-_'i'he particle density effect on hy, was hi_ghe‘r than those of rotational speed and

liquid viscosity.
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Errors in thermocouple placement, within the particle, during temperature data
gathering caused relatively lower errors in the evaluated hy, than those associated
with errors due to measured thermal diffusivity and thermal conductivity. The
errors in evaluated h;, were lower with higher thermal diffusivity particles and,

hence, particles with higher thermal diffusivity were prefertcd to others.

With multiple particles in cans, the influence of liquid viscosity, rotational speed,
particle size, particle concentration as well as particle shape on U and h,, were
investigated, with end-over-end processing conditions. All the above parameters
had a significant influence on U and hy,. The range of hy, values obtained in the
present study was comparable to some previously put.lished values under moving
particle situations. The increasing rotational speed and decreasing liquid viscosity
improved U and h,,. Initial increase in particle concentration from a single particle
(to 20% for U and to 30% for hg) enhanced the heat transfer coefficients;
however, a further increase in concentration to 40% (v/v) decreased the heat
transfer coefficients. Higher U and hy, were obtained with decreasing particle size
in oil and water, at all the rotational speeds. With a single particle in the can,
decreasing particle sphericity (sphere to cube) improved h, in all conditions,
because of increasing roughness, however, U was not affected by the particle
shape. With multiple particles in the can, U and hg, values were highest with the
sphere, followed by the cylinder and then the cube; this was explained by the
packability of the particles in the can. The influence of particle size, particie
concentration and rotational speed were more pronounced with the viscous liquid
(oil). The influence of particle shape was more pronounced with a single particle

in the can.

A flow visualization study under end-over-end rotational conditions assisted in
making a qualitative assessment of the particle motion/mixing effect on the
magnitude of U and h;, under various experimental conditions. In the single

particle in a can situation, the motion of the particle under different conditions was
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described with three particle density groupings: low, moderate and heavy density
particles compared to that of the liquid density. The particle motion was
influenced in all experimental conditions. With multiple particles in the can, the
particle concentration, particle size and particle shape influenced the particle

mixing. The particle mixing time was reduced with increasing rotational speed and

decreasing liquid viscosity.

Dimensionless correlations describing Nusselt number as a function of Reynolds
number and Prandtl number were developed for convective heat transfer to liquids
in cans with (i) a single particle (or liquid only situation) and (ii) multiple
particles, subjected to end-over-end processing. The characteristic length, used in
the dimensionless numbers, was the sum of the diameter of rotation and the
diameter of can for U correlations. In the modeling of heat transfer to a single
particle, forces affecting the particle settling velocity in the agitating can liquid
were significant; hence, dimensionless numbers such as Froude number, Prandtl
number, Reynolds number and density siinplex, accounting for these forces, were
significant. Additional dimensionless groups were significant in the modeling of
heat transfer to multiple particles; particle to liquid thermal conductivity ratio and
Peclet number (product of Reynolds and Prandtl numbers). The particle shortest
dimension and particle equivalent diameter were equatly good as the characteristic
length in dimensionless numbers for hg, correlations. The particle concentration
effect was more pronounced on U compared to that on hy,. The particle shape

effect was equally important with U and h,,

Multi-layer reural network models were developed to predict the heat transfer
parameters with conduction and convection heated canned foods. The neural
network models can predict several outputs simultaneously, unlike conventional
regression models.where one equation is needed for each output. With conduction
heated food, the trained neural network with 8 neurons in each hidden layer (2

hidden layers) and 50,000 learning runs predicted the response with less than 5%
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associated errors, with respect to optimal sterilization temperature, process times
and quality factor retention. The overall heat transfer coefficient and fluid to
particle heat transfer coefficient, the two important parameters needed for
theoretical prediction of time temperature profiles of convection heated canned
liquid/particle mixtures, were predicted simultaneously using the artificial neural
network. A 4 layer neural network provided optimal performance, with 10 neurons
in each hidden layer and 50,000 learning runs. The trained network predicted
responses with less than 3% associated errors for overall heat transfer coefficient
and less than 5% associated errors for fluid to particle heat transfer coefficient.
The piediction accuracy of the neural network model remained within the
experimental variability of measured U and h, values, even when a smaller group
of data-sets were used for training. The prediction accuracies of neural network
models were higher than the multiple regression models of dimensionless

correlation.
CONTRIBUTION TO KNOWLEDGE

A methodology was developed to measure the overall and fluid to particie heat
transfer coefficients, associated with canned liquid/particle mixtures subjected to
end-over-end processing. The method allowed the particle movement inside the
cans while measuring the transient temperature of particle in cans during agitation

processing.

A comprehensive study to establish the influence of both system and product
parameters on associated convective heat transfer coefficients in canned
liquid/particle mixtures with end-over-end processing. The following were
examined and discussed: effects of retort temperature, radius of rotation, can
headspace, rotational speed, particle density, liquid viscosity and particle size,
particle concentration and particle shape on overall heat transfer coefficient and

fluid to particle heat transfer coefficient.
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A qualitative discussion was ncluded for particle motion/mixing, which
incorporated the influence of particie to liquid density, liquid viscosity and
rotational speed on the motion of single particle in a can, and particle
concentration, particle size, particte shape, liquid viscosity and rotational speed on
the mixing behavior of multiple particles and their resulting effects on the

magnitude of the overall heat transfer coefficient and the fluid to particle heat

transfer coefficient.

Dimensionless correlations for the prediction of convective heat transfer to liquid
and particles in cans, subjected to end-over-end rotation, were developed in terms
of physically meaningful groups. With a single particle in the can, forces affecting
the particle settling velocity were significant in the correlations (for h), while

heat transfer to the particles in canned liquids was described using a packed bed

system.

Neural network modeling was evaluated as a new approach for the prediction of
convective heat transfer coefficients associated with canned liquid/particle

mixtures. The neural network model predicted U and hg, with less than 3 and 5%

errors respectively.

RECOMMENDATIONS FOR FUTURE RESEARCH

Scope of the current research could be broadened by :

Quantifying the influence of can size, can shape, can materials and different retort
heating media on U and h,, in canned liquid/particle mixtures with rotational

processing.

Evaluating heat transfer to canned liquid/particle mixtures subjected to oscillatory

agitation.
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Quantifying the particle motion/nuxing in containers under vartous experimental

conditions of agitanon processing and relating it to vanations in heat transfer

coefficients.

Biological validation of thermal processes using predicted convective heat transfer

coeificients.

Extension of the present work of heat transfer and flow visualization to non-

Newtonian liquids and food particles.
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APPENDIX

FINITE DIFFERENCE FORMULATION AND NUMERICAL PROCEDURES

The governing partial differential equations in differeni shaped geometry with

appropriate inttial and boundary conditions are (Ozisik, 1989):

(i) Sphencal geometry

aq (.2 .a_r) (A.1)
&t Pl a2 r Or
The mitral and boundary condittons are :
T(r, 0) = T, ' at t =0 (A.2)
e, v _ 4 at 1> 0 (A.3)
or
k a . (T, - T,) aa r=3a and t>0 (A4
P oo hfP t A 2
(ii) Cylindiical gcometry
?I=a(a'T+l§£+ﬂ) (A.5)
a P al.:! r or azz

The initial and boundary conditions are:
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T, 2, 0) = T, a t =0 {A.6)

@éri‘lw st 1>0 andO<z<L (A7)
M=O ' a t>0 and 0<'r<a (A.¥)
ar
k. oh (T -T.) atr-a:0<z<Landt>0 (A9)
g "M (T - Ty r-a; z and t

HE

k, .

“hey (T,-T,) atz=L;0<r<aand(>0 (A.0)

(iii} Rectangular geometry

ar ap( . . (A11)

The mitial and boundary conditions are:

T(x, y,20) = T'l at t =0 {A12)

dT(x, Q, z, t}
—=2 7 =)
dy

att>0;0<x<aand0<z<a (A.13)

a0, ¥,z _

o at>0;0<y<aandQ<z<a (A.14)
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dai(x, y, 0, 9 _ 0

at t>0;0<x<zgand0<y<a (A.15)
oz

JT
kp"é;:hrp'(Ti - Tps); at x=a; 0 <y<a Q0<z<a;t0 (A.16)

ar

kp.sym

“he Ty - Thyaty =a; 0 <x<a0<z<a;t0 (A7)

1-:13.3:;—11---hfp.(T1 -Thatz=a,0<x<a0<y<a;t0 (A.18)

Numerical procedure

The solution of the second order parabolic equations (spherical, cylindrical and
rectangular coordinate system) with their associated initial and boundary conditions was
carried out using finite difference methods. The Crank-Nicholson scheme was used for
first and second order spatial derivatives appeared in the heat flow equations and
backward difference scheme for first order derivative in convective boundary equations.
An implicit method was used for time dei.vatives, Since transformed equations contain

temperature values of next time steps, it was necessary to employ iterative technique in

the solution procedure.

Finite difference approximation

(i) Spherical geomertry

The computational grid details are shown in Fig. A.1. Due to the nature of
boundary condition over the spherical surface the heat flow in the sphere can be
considered as one-dimensional. In the radial direction, region (0 <r < a) was divided into
N equal divisions. Space index i = | represents the center of the sphere where symmetry
(adiabatic) boundary condition was applied and i = N+1 represent the sphere surface
where convective boundary condition was applied. The subscript i specify the nodal points:

and superscript n is used for time indexing, with n = 0 means time = 0 and the step size
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convection
4 i, Tt

B i=N+1"
center, r: suface, r=a

Figure A.1  Finite difference grid system for one-dimensional heat transfer in a sphere
with the convection boundary conditions at the surface
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being:

Ar = 2 (A.19)
N

r, = (i-1) Ar (A.20)

" = n At (A.21)

Finite difference approximations of the various derivatives, appearing in the energy
equations and boundary conditions, used in this numerical scheme are given in Table A.l.

The heat flow equation for the spherical geometry can be written as:

52 B - % (3 (822

This reduces to following form for all internal nodes, in the finite difference

formulation, given by:
ATL + BT+ QT = (A)TL + DT + (O T,y (A2

where

L __ 1 ,pg.t_ 1. L 1 51

I — I.= “+ R

A = s ’
' 2ar2 2(-1)Ar? Ar? At 2412 2(i-1)Ar? Ar?

The nodal equations for node i=1 and i=N+1| can be given by:

n+l 1 n+l _ n -1 o
B.TI +XI~E.T2 -'D.Tl +?13'T2 (A'24)
-1 1 h,, Ar hy, Ar
iul 1 N (_ . )T - T (A.25)
Ar Mo \Ar k N k f
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Table Al Finite difference approximations of derivatives

Derivatives Difference approximation

First order in space

(&

Second order in space

n+l n+l n n
Ty - Ty + Ty - T
4 . Ar

Tﬁ;l -2T . Tin-:i + Ty - 2 T + T

83T)“+l
( ar2h

2., Ar?

First order in time

Tln - Tln

5 i

i

ot

First order in space (used in convective boundary condition)

1
T - T

(& v

ol
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(i} Cylindrical geometry

The numerical procedure described above for one-dimensional heat flow in
spherical geometry can be extended for two-dimensional heat flow in finite cylindrical
seometry. Since the nature of boundary condition over the cylindrical surface creates two-
dimensional symmetry, only one quarter of the cylinder was considered for analysis. The
computational grid details are shown in Fig A.2. In the radial direction region (0 <r <
a) is subdivided into N equal divisions. Space index i = 1 represents the central axis of
cylinder (r = 0) where symmetry (adiabatic) boundary condition was applied and i = N+1
represents the curved surface of the cylinder where convective boundary condition was
applied. The other space coordinate (0 <z < +L), which is divided into M equal divisions,
is indexed by the subscript j. The plane of symmetry passes through the location j = land
flat (top) surface of the cylinder is represented by j = M+1 where convective boundary
condition was applied. The superscript n indexes the time step with n=0 representing zero

time (t=0). The following relations hold good for the grid system,

Ar = L (A.26)
N

Az =L (A27)
M

r, = (i-1) Ar (A.28)

t® = n At (A.29)

Finite difference approximation of the various derivatives, appearing in two-
dimensional heat flow equation in cylindrical coordinate system, used in this numerical
scheme are given in Table A.1. The following is the finite difference form of the heat

flow equation;
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top surface AN convection

K4 hn:n Ti
A ‘ !
z=+L! j=M+1
T(r.2.t) j#1 e convection
( h¥p| TI
J __l—_ o
J |
Axes of symmetry
(55 I B B % |1N+1
VA
4 ]
z2=0 l‘=°-m - r=a =n
curtred surface
z=-L /"
bottom surface

Figure A.2  Finite difference grid system for two-dimensional heat transfer in a
cylinder with the convection boundary conditions at the surface
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(azT . (l) (ﬂ) . (QJ_T) -1 (ﬂ) (A.30)
or2hi \rhlari lgeth «, Vot
The nodal equations for internal nodes, 0 <r<aand 0 < z < +L
A THG BTS¢ TRy + DT, + D T
= (-A) Tlgl‘i +E le (-G . Tttil,j +(-D) Tlfjl-l + (-D) T[3+1 (A.31)
Nodal equations for symmetry axis, 0 < r < a and z=0
A TR + BT + ¢ TR + 2D T
= (-A) T + BT + (-C) . Tioy; + (-2D) T, (A.32)
Nodal equations for symmetry axis, r=0 and 0 < z < +L
BT, +(A, +C)Thy+ DTy + DTy
=ET) + (-A; - C) . Tityy +(-D) Tyj, + (-D) Ty, (A33)
Nodal equation for the center point, r=0 and z=0
+ + +1
BTS" + (A +C)Tiy *+ 2D T}
=E T + (-A; -~ C) . Tieyy + (-2D) T}, (A.34)
coefficient in above Eqs. (A.32) to (A.34) are:
Al=1_ 1 ; B=_1_1_1
2 Ar? 4 (-1 Ar? Ar? Az« At
c = | S 1 ; D = 1 ; E = 1, 1
2 Aar?* 4 (i-1) Ar? 2 Az? ar? Az o« At

Nodal equations for curved surface, r=+aand 0 <z < +L
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A Tyh; + (FA-2B-C-D) Tyj' + B TRy, + B Ty,

= -C Tr?,j -D T}“' (A35)

Nodal equation for node at the intersection of curved surface and symmetry axis, r= +a

and z=0

A Ty.y + (-A-2B-C-D) Ty} + 2 B Ty,

=-CT - DT (A.36)

coefficient in above Eqs. (A.35) and (A.36) are:

A:.L; B: 1 ; C: 1 ; ])—h‘l=p
2 Az? 2 a, At k Ar

Nodal equations for top surface, 0 < r < +a and z= +L
A Tit, + (-A-B-C-D-E) Tjj{ + BT\ + C Tiim
= -D T + -E T¢" (A37)

Nodal equation for the node at the intersection of top surface and symmetry axis, r=0 and
z =+L

A Tim + (-A-B-C-D-E) Ty + (B+C) Ty'}y

= -D Ty *+ -E T (A.38)

coefficient in above Eqs. (A.37) and (A.38) are:
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1 g e

2A1° [ 2(i- 1)]2Ar2 ’ 2 «, At 7k Az

A mfi ]

Nodal equation for top right corner node, r= +a and z= +L
n+1 n+l n+l
A. TN'!.M + (_A—B-C“D—'E) TN.M + B TNM 1

= (-C-D) Tf"' - E Tym (A39)

coefficients in above Eq. (A.39) are:

The finite difference formulation of energy equation along with boundary
conditions lead to a system of algebraic equations that form a banded matrix. Various
numerical methods have been developed to solve simultaneous algebraic equations by a
digital computer. [ter_ative methods are particularly preferred over direct methods due
lower roundoff errors associated with these methods. In the present analysis successive
overrelaxation (SOR), an improved version of Gauss-Seidel iterative procedure was used

to solve simultaneous algebraic equations (Jaluria and Torrance, 1986).

(iii) Rectangular geametry

The heat flow equation for the rectangular geometry immersed in a fluid medium
becomes three dimensional. The application of finite difference method to three
dimensional systems require no additional concepts. However the number of nodal
equations are significantly high. In the present study a software package based on
numerical methods was used to solve three dimensional energy equation. This package
utilizes a new technique, called the numerical method of lines (NMOL) to solve initial-

boundary value problems.
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The problem-domain is discretized, as in the finite difference method, so that the
governing partial differential equation is equally valid at all the nodal points. The spatial
derivatives in the differential equation are approximated by algebraic expressions based
on the Taylor series, However, the time derivative is left alone. This results in a set of
ordinary differential equations, one foe each nodal potnt, which can be solved by any
method available for solving ordinary differential equations. The guidelines for solving

and programming initial-boundary value problems using NMOL are detailed in Schiesser
(1983).
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