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ABSTRACT 

Residence time distributions (RIZ)s) of water as influenced by particle 
concentration and mutator speed (SSHE only) were investigated in a holding 
tube and a horizontal scraped suface heat exchanger (SSHE). Liquid mean 
residence times (L,MRTs) were not significantly influenced by particle concentra- 
tions up to 30% in the holding tube. Variance, on the other hand, was 
significantly higher without particle loading, indicating a broader distribution. 
About 20% particle loading significantly reduced the LMRTs regardless of the 
mutator speed. In addition, an increase in the mutator speed significantly 
increased the variance regardless of the particle concentration, indicating a 
broader distribution. The variance in SSHE was not significantly influenced by 
the particle concentration, unlike the holding tube. The LMRTs calculated from 
volumetric flow rates were lower than those from pulse input experiments for 
both holding tube and SSHE. 

INTRODUCTION 

Residence time is the length of time a unit of product spends within the 
system boundaries. In aseptic processing of liquid foods, with or without 
particulates, one of the most important parameters affecting safety and quality 
of the aseptically processed products in continuous systems (heat exchanger and 
holding tube) is the residence time distribution (RTD). Thus, experimental 

' Approved as Journal Paper No. 13,670 of the Purdue Agricultural Experiment Station, USA. 
Author Lee formerly with the Department of Agricultural Engineering, Purdue University, is now 
with Department of Food Engineering. Taegu University. KyungBuk KyungSan, Seoul, Korea. 
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determination of liquid and particle RTDs in those systems is essential for 
establishing an adequate thermal process. 

Previous studies on particle RTDs in a holding tube (McCoy er al. 1987; 
Nesaratnam and Gaze 1987; Berry 1989; Dutta and Sastry 1990a,b; Hong et al. 
1991; Yang and Swartzel 1991, 1992) and scraped surface heat exchanger 
(SSHE) (Taeymans et al. 1985, 1986; Alcairo and Zuritz 1990; NFPA 1990; 
Lee and Singh, 1991a,b,c, 1993) have shown the influence of process conditions 
on the particle RTDs. In addition, several researchers investigated RTDs of 
liquid medium in a SSHEs (Chen and Zahradnik 1967; Trommelen and Beek 
1971; Milton and Zahradnik 1973; Cuevas et al. 1982) and holding tubes 
(Bosworth 1948, 1949; Dickerson et al. 1968; Scalzo et al. 1969; Palmer and 
Jones 1976; Hong et al. 1991; Sancho and Rao 1992). However, effect of 
particle concentration, which is one of the critical process parameters, on the 
liquid RTD has not been critically evaluated for conditions where particle 
concentration is the major variable. 

The objectives of this study were to: (1) examine the effect of particle 
concentration on liquid RTDs in a holding tube and (2) study the effect of 
particle concentration, mutator speed, and their interaction on liquid RTDs in 
a horizontal SSHE. 

MATERIALS AND METHODS 

Experimental Setup 

Holding Tube Assembly. A hold tube, 3.048 m section of stainless steel 
pipe (0.0525 m I.D.), was inclined 3.49" upward (6.06 cm inclination per linear 
meter) as specified by the Food and Drug Administration regulations. The 
injection port and conductivity meter (Presto-Tek Corp., Los Angeles, CA) were 
placed at the inlet and outlet of the test section, respectively (Fig. 1). A 90" 
elbow was connected immediately after the injection port to radially mix the 
tracer. The recycle loop, a 3.048 m, 0.0525 m I.D. plastic pipe (SaniTech, 
Sparta, NJ), was connected so that possible deviation of the particle flow pattern 
could be observed. A 0.0762 m I.D. inletloutlet port Waukesha positive 
displacement pump (AMCA International, Waukesha, WI) with a 7.46 kW 
variable speed motor (Syncrogear Module, U.S. Electrical Motors, St. Louis, 
MO) was used to pump product through the system. Product was recycled 
through a 56.78 L stainless steel reservoir connected to the inlet port of the 
Pump. 

SSHE Assembly. A transparent horizontal SSHE (Contherrn Division, 
Alfa-Laval, Inc., Newburyport, MA) was used for the study. The SSHE had an 
acrylic outer shield, thus making it possible to observe particle flow in the 
SSHE. Specific details of the system were described earlier (Lee and Singh 
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1991a). The mutator inside the SSHE was driven by a variable speed hydraulic 
power drive (Vickers Div. of Speny Rand Corp., Troy, MI). The pump and 
reservoir used for the holding tube study were also used for the SSHE 
experiment. The injection port and conductivity meter (Presto-Tek Corp., Los 
Angeles, CA) were placed at the entrance and exit of the SSHE. Once again, a 
90" elbow was located immediately after the injection port to mix the tracer. A 
long holding section after the SSHE was required to ensure recycled product 
would not return into the system during an experimental measurement period. 
In addition, tangential inlet and outlet ports for the SSHE were used to avoid 
bridging of the particles. 

Experimental Procedure 

Between 26.5 and 34.1 L of water (p, = 998.2 kg/m3), depending on 
conditions, were introduced into the reservoir, and the pump was turned on to 
circulate water for about 5 min to reach steady-state. Pump speed was adjusted 
to obtain the desired flow rate (480 ml/s for hold tube with Re = 11576 and 418 
ml/s for SSHE runs), and mutator speed (60 and 110 rpm for SSHE runs only) 
was set using a Hasler tachometer (Hasler-Tel Co., Inc., New York, NY) and 
visual calibration. 

A. Feed reservior 
B. Pump 
C. Injection port 
D. Hold tube or SSHE 
E. Conductivity meter 

FIG. 1 .  SCHEMATIC DIAGRAM OF EXPERIMENTAL PROCESSING SYSTEM 
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Once all process variables were set, the specified amount (depending on the 
particle concentrations; 0, 10, 20, and 30%, wlv) of potato particles (p, = 
1074.9 kg/m3; precut in 12.7 rnrn cubes; Purdue University Food Store) were 
added to the reservoir and the mixture was recycled for about 5 min to achieve 
a steady-state condition. A 15-11-11 portion of tracer (2% NaC1) was injected 
through the injection port and electrical conductivity of the outlet liquid was 
recorded. Electrical conductivity versus time data were monitored and collected 
using a data acquisition system (Trendsetter; Acurex Corp., Autodata Div., 
Mountain View, CA) and personal computer (ZEOS' 386SX; ZEOSm Internation- 
al LTD., St. Paul, MN). Data were stored as ASCII files for subsequent 
analysis. Measurements were conducted under isothermal conditions (at room 
temperature) and replicated at least 5 times. Occasionally, water was replaced 
to reduce the electrical conductivity of the returning product. 

Calculations 

In order to experimentally determine the mean residence time and variance, 
E(t) curves were constructed from the original data (electrical conductivity 
versus time). E(t), the fraction of volume elements exiting the system at a 
particular time, is a normalized distribution defined as (Eq. 1): 

E(t) values were determined by establishing the baseline conductivity of the 
particle carrier fluid, integrating the area under the curve, then normalizing the 
data by dividing each individual data point by the total area. Normalized values 
were then plotted against time to obtain the E(t) curve. 

To characterize the fluid distribution, mean and variance were calculated. 
For an E(t) curve, mean residence time, f , is given by 

The theoretical mean residence time, f,, was based on volumetric flow rate, Q, 
and system volume, V, 

If f, and f do not agree, there may be channeling or bypassing in the 
equipment, so that the effective volume is less than the actual volume (Heppell 
1985). 
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Variance, which indicated the spread of the distribution, was used to 
compare RTDs. For an E(t) curve, variance is given by 

Statistical Analyses 

Statistical analyses were performed using the General Linear Model 
Program (SAS 1988) to test the effect of particle concentration and mutator 
speed (SSHE study only) on liquid RTD means and variances as calculated by 
Eq. 2 and 4 for a holding tube and horizontal SSHE. Main effects and two-way 
interaction were analyzed in SSHE experiments. Duncan's multiple range test 
was used to estimate significant difference among means at the 5% probability 
level (Duncan 1955). 

RESULTS AND DISCUSSION 

Holding Tube 

Table 1 presents experimental liquid mean residence times (LMRTs) and 
variances along with predicted velocity ratios (VRs) as influenced by particle 
concentration in a holding tube. Even though statistical analysis indicated that 
LMRTs in the holding tube were not influenced by particle concentration up to 
30 % , a definite trend of decreasing LMRT with increasing particle concentration 
was observed (Fig. 2). This trend was explained by examining the shape of the 
E(t) curves. As particle concentration increased, the right-sided skew of the E(t) 
curve decreased (Fig. 3) thus causing the mean residence time (f), as calculated 
from the E(t) curve, to decrease. However, the theoretical LMRT calculated 
from volumetric flow rate (1, = 13.75 s) was 14.1-22.2% lower than the 
experimental LMRTs. Some of this variation may have been due to the tailing, 
or right-sided skew, observed in these experiments. Results obtained here are 
in agreement with Sancho and Rao (1992) who noted 8.8-17.3 % difference for 
water flow in a holding tube. They also indicated that the former values were 
lower than the latter values in all cases. Hong et al. (1991) observed similar 
results that the experimental mean residence time was 0.975 times the theoretical 
mean residence time (standard deviation of f 4.16%) for a fluid in turbulent 
holding tube flow (Re = 13800). Himmelblau and Bischoff (1968) indicated that 
a 20 % difference between the values was not too bad considering the approxima- 
tions involved in the analysis as well as the experimental error such as 
determination of volumetric flow rate. 
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Variance was significantly affected by th'e particle concentration. The 
variance without particle loading was significantly higher than that with particles 
(Table 1). Low variance with 10-30% particle loading indicated that particle- 
particle interactions may reduce back-mixing so that the liquid portion of the 
product comes out more uniformly. The characteristic parameter (r) for 
tanks-in-series model, which can be used to describe nonideal flow, ranged 
between 32 and 65. As r increases, the skewness of the density function 
becomes less pronounced. For r large enough (r250), the function becomes 
close to a normal distribution with the product of mean and variance approxi- 
mately equal to r (Olkin et al. 1980). 

Figure 3 presents E(t) curves as influenced by particle concentration in a 
holding tube. Each curve drawn in Fig. 3 was an individual replication (no 
averaging) and was selected with respect to its similarity to the average variance 
listed for each particle concentration in Table 1. The distribution curves were 
sharper at higher particle concentrations and seemed to approach a normal 
distribution from a gamma distribution as particle concentration increased. Hong 
et al. (1991), however, reported that their distribution curves fitted a normal 
distribution. 

TABLE 1. 
LIQUID MEAN RESIDENCE TIMES, VARIANCES, AND PREDICTED VELOCITY RATIOS 

AS INFLUENCED BY PARTICLE CONCENTRATION IN A HOLDING TUBE 

Predicted2 
Particle Experimental sf 

Concentration LMRT Variance r' urm urm 
(%I (s) (s2) (-1 (-1 (-1 

I Characteristic parameter for tanks-in-series model, defined as r = ?/a2, where t and cr2 are mean 
residence time and variance, respectively. 
Based on prediction equations from Yang and Swartzel (1992): 

"-' Means in the same column with the same superscript are not significantly different (P<0.05). 
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Particle Concentration (%) 

FIG 2. LIQUID MEAN RESIDENCE TIMES AS INFLUENCED BY PARTICLE 
CONCENTRATION IN A HOLDING TUBE (SYMBOL: LMRT) 

The velocity ratios (VRs) were estimated using the revised prediction 
equations from Yang and Swartzel (1992), which allowed determination of the 
Up, and Up, with known Fr, and U, values with 95% confidence. These 
relationships were developed in the turbulent flow regions (Re = 11400-17600) 
in a straight round conduit (0.0508 m I.D.) under isothermal conditions 
(temperature range 16-22C). The carrier fluid was tap water and test particles 
were polystyrene spheres 19.1 rnrn diameter. These conditions were similar to 
those used in this study and, therefore, applicable with the assumption that no 
particle interaction influenced the mean particle residence time. This is 
supported by the findings that mean particle residence times were not affected 
by the particle concentration up to 10 and 20% for horizontal and vertical 
SSHEs, respectively where particle-particle interactions were more expected than 
in a holding tube due to the mutator mixing (Lee 1991). 
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Time (s) 

FIG. 3. E(t) CURVES AS INFLUENCED BY PARTICLE CONCENTRATION 
IN A HOLDING TUBE (SYMBOLS: + 0%; * 10%; 20%; m 30%) 

As shown by Table 1 mean particle velocities were predicted to be 
1.057-1.081 times the mean fluid velocity and increased slightly as the particle 
concentration increased up to 30% in a holding tube. Velocities of the fastest 
moving particles were 1.069-1.100 times the mean fluid velocity and also 
increased as the particle concentration increased. In other words, the residence 
time ratios (7) were greater than 0.909 and in such case, selection of the worst 
scenario of laminar flow (7 = 0.5) for an adequate thermal process calculation 
in this turbulent flow region would result in overprocessing the fastest moving 
particles. For a known mean fluid residence time and hold tube length 
(calculated based on 7 = 0.5). particles with 7 = 0.909 would spend almost 
twice as long in the hold tube as necessary. This extra heat treatment delivered 
to the product will cause overall quality losses in terms of nutrient, color, 
texture, and other quality parameters. 
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SSHE 

Table 2 presents LMRTs and variances as influenced by mutator speed and 
particle concentration in a horizontal SSHE. LMRTs were not significantly 
affected by mutator speed but were significantly influenced by particle 
concentration. An increase in mutator speed significantly increased the variance 
regardless of the particle concentration, resulting in broader distributions (Fig. 
4). These results are consistent with findings of Chen and Zahradnik (1967) and 
Milton and Zahradnik (1973). 

TABLE 2. 
LIQUID MEAN RESIDENCE TIMES AND VARIANCES AS INFLUENCED BY MUTATOR 

SPEED AND PARTICLE CONCENTRATION IN A HORIZONTAL SSHE 

Parameter 
LMRT 

(s) 
Variance 

(s2) 

Mutator speed (rpm) 
60 

110 

Particle concentration (%) 
0 33.44' 93.42' 

10 30.35" 77.96' 
20 28.92" 75.93' 
30 3 1 .73'b 86.10. 

"* Means in the same column within parameter with the same superscript are not significantly 
different (P < 0.05). 

Particle loading significantly reduced the LMRT of 20 % particle concentration 
regardless of mutator speed. However, increasing particle concentration from 
0 to 30%, 10 to 20%, and 10 to 30% did not significantly affect the LMRTs. 
As observed in the holding tube experiment, the theoretical LMRT (f, = 20.93 
s) was considerably lower than experimentally determined values. Apparent 
back-mixing may have taken place as previously observed for particle flow in 
a horizontal SSHE (Lee and Singh 1991a). In addition, RTD of tracer material 
due to an imperfect pulse input as well as experimental error in determination 
of SSHE volume may have contributed to this difference. However, lower 
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theoretical LMRT was consistent with the findings for the holding tube 
experiment and was not unexpected. Unlike results obtained for the holding 
tube, variance in the SSHE was not significantly influenced by the particle 
concentration (Fig. 5). This was probably due to mixing induced by mutator 
rotation, which may have overshadowed the effect of particle concentration. 
LMRTs and variances as influenced by two-way interaction between mutator 

speed and particle concentration in a horizontal SSHE are presented in Table 3. 
LMRT was significantly higher at 0% particles and a mutator speed of 110 rprn 
than under any other conditions. This was probably because flow restriction, 
induced by high tangential force, acted on the product at high mutator speeds. 
However, the average volume element of liquid stayed for a significantly shorter 
period when the SSHE was operated at 110 rprn with 20% particle concentra- 
tion. LMRTs under other conditions were not significantly different. 

Time (s) 

FIG. 4. E(t) CURVES AS INFLUENCED BY MUTATOR SPEED 
IN A HORIZONTAL SSHE (SYMBOLS: 60 rpm; 110 rpm) 
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Effect of two-way interaction on variance can be distinctively divided into 
2 groups depending on mutator speed. Variance was significantly higher when 
a mutator speed of 110 rpm was used regardless of the particle concentration 
with one exception; 60 rpm without particle loading. This indicated that 
back-mixing might be more significant without particle loading at the lower 
mutator speed. At 60 rpm, liquid RTDs became more uniform as particle 
concentration decreased. The effect of mutator speed on liquid RTDs in a 
horizontal SSHE was greater than the particle concentration. The number of 
tanks-in-series model varied from 8 to 17 depending on the mutator speeds and 
particle concentrations. For those relatively small r values, the skewness of the 
distribution function becomes more pronounced as it can be seen in Fig. 4 and 
5. 

Caution must be exercised in direct application of the results presented here 
to practical processing conditions; nevertheless, they provide fundamental 
insights into liquid RTDs as influenced by particle concentrations in a holding 
tube as well as SSHE. This variable with non-Newtonian fluid as a carrier at 
ultra high temperature processing conditions merits further study. 

Time (s) 

FIG. 5.  E(T) CURVES AS INFLUENCED BY PARTICLE CONCENTRATION 
IN A HORIZONTAL SSHE (SYMBOLS: +O%; * 10%; 20%; 30%) 
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TABLE 3. 
LIQUID MEAN RESIDENCE TIMES AND VARIANCES AS INFLUENCED BY 

TWO-WAY INTERACTION BETWEEN MUTATOR SPEED AND 
PARTICLE CONCENTRATION IN A HORIZONTAL SSHE 

Two-Way Interaction 
LMRT 

(s) 
Variance rl 
(s2) (-1 

Mutator speed 
(vm) 
60 
60 
60 
60 

110 
110 
110 
110 

Particle concentration 
(%) 
0 

10 
20 
30 
0 

10 
20 
30 

Characteristic parameter for tanks-in-series model, defined as r = $102, where t and 02 are mean 
residence time and variance, respectively. 

"-' Means with the same superscript within a column are not significantly different (P<0.05). 

CONCLUSIONS 

Liquid mean residence times were not significantly influenced by particle 
concentration up to 30% in a holding tube. Variance, on the other hand, was 
significantly higher without particle loading, resulting in a broader distribution. 
A 20% particle loading significantly reduced the LMRTs regardless of the 
mutator speed. In addition, an increase in the mutator speed significantly 
increased variance regardless of particle concentration. In contrast to the holding 
tube results, SSHE variances were not significantly influenced by particle 
concentration. The theoretical LMRTs were lower than the experimentally 
determined LMRTs for both holding tube and SSHE. Thermal process 
calculations based on theoretical residence time will be conservative, however, 
will result in a considerable overprocessing of the liquid portion of the product. 
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NOMENCLATURE 

D = Diameter of pipe (m) 

d, = Diameter or length of particle (m) 
E(t) = Normalized residence time distribution function 

Fr, = Particle Froude number, defined as Fr, = " " (dimensionless) 
!3dp(pp/p,- 1) 

g = Acceleration due to gravity (m/s2) 
Q = Volumetric flow rate (mlls) 

Re = Reynolds number, defined as (dimensionless) 
v 

t = Time (s) 
ti = Specified time (s) 
t, = Particle residence time (s) 
f = Mean residence time (s) 
f, = Theoretical mean residence time (s) 
U, = Velocity of fluid (m/s) 
Ufm = Mean velocity of fluid (m/s) 
Up = Velocity of particle (rnls) 
Up, = Velocity of fastest particle (m/s) 
Up, = Mean velocity of particle (m/s) 
V = Volume (ml) 
p = Viscosity (N/m s) 
p, = Density of fluid (kg/m3) 

p, = Density of particle (kg/m3) 
d = Variance of residence time (s2) 

T = Residence time ratio, defined as T = tp , dimensionless 
? 

t 
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ABSTRACT 

The sizing of holding tubes for continuous sterilization of foods containing 
large particles is affected by the flow behavior of the suspensions. Velocities of 
carrier fluid and model food particles in holding tube flow were numerically 
simulated through an iterative solution of the Navier-Stokes equations and 
particle dynamic equations in three dimensions. The Lagrangian approach was 
used to predict the individual particle trajectories under multiparticle tube flow. 
The physical domain included two straight tubes connected with a 180 " bend. 
The system had an upward inclination of 1.194" (0.25 in./@ of straight run). 
The assumptions considered included Newtonian carrier, spherical andneutrally 
buoyant particles, and 10% v/v particle loading. The results indicate that the 
particles have a significant back-influence on the fluid flow field. The 180" bend 
strongly affected both fluid and particle flow fields, which further reinforced the 
interaction of the two phases. The fastest particle velocities were less than the 
fluid streamline velocities passing through the particles' center. The radial 
positions of the particles on the cross section of the holding tube changed very 
little in the first straight section, but experienced a significant shifring in the 
bend and second straight-tube sections due to secondary flow. The residence 
times of particles under secondary-flow effect are therefore different j?om those 
obtained under straight tube-only flow. 

INTRODUCTION 

Food and Drug Administration (FDA) approval for aseptic processing of 
low-acid foods containing large particles has been hampered by the lack of basic 
information regarding the flow behavior of food particles (Sastry et al. 1989). 
This information is needed for estimating residence time distributions (RTDs) 
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of particles and heat transfer coefficients (hJ at the solid-liquid interfaces. Both 
RTDs and h, are the parameters most difficult to predict in aseptic processing 
of particulate foods. RTDs are critical in sizing holding tubes. The fastest 
moving particles must achieve the desired thermal treatment to assure commer- 
cial sterility. Furthermore, the h, depends on the relative velocity between the 
solid particle and the carrier liquid. Therefore, detailed and realistic flow 
behaviors of solid-liquid mixtures are necessary in designing aseptic processing 
systems. Simultaneous solutions of the continuity and momentum equations for 
the fluid and the dynamic equations for the particles may provide insights useful 
for designing aseptic systems. 

The velocity distributions of fluid and particles in two-phase flow have been 
studied numerically and experimentally by several researchers. Due to the 
complex nature of particulate two-phase flow, most of the published research on 
the subject has been performed using experimental techniques (Toda and 
Ishikawa 1973; Auton 1973; Ohashi et al. 1980; Dutta and Sastry 1990a,b). 
Experimental methods, however, usually provide "end effect" results instead of 
a continuous accounting of the whole flow process. Therefore, experimental 
techniques in general present limitations in providing detailed data on flow 
fields. A thorough review of the pertinent two-phase flow literature was 
presented by Sastry and Zuritz (1987). The literature in two-phase flow field 
modeling and simulation applicable to aseptic processing of particulate foods is 
limited; only a few publications (Kaimal and Devanathan 1980; Durst et al. 
1984; Berlemont et al. 1990; Lu et al. 1993) are available. However, most deal 
with two-phase turbulent flow. 

Durst et al. (1984) used both the Eulerian and the Lagrangian methods to 
simulate the flow of solid-liquid mixtures in tubes. In the Eulerian approach, 
both solid and liquid phases are considered as a continuum. The equations of 
motion are written for each phase at every point in the computational domain. 
The two sets of equations are coupled through the volume fractions and the 
interfacial forces or momentum transfer relations. The Eulerian approach seems 
to have advantages in the cases where high particle concentrations occur and 
where the high void fraction of the fluid becomes a dominant flow controlling 
parameter. But it is limited in the sense that it cannot predict individual particle 
trajectories. 

In the Lagrangian approach, only the fluid phase is considered as a 
continuum, with the particles dispersed throughout the fluid phase. The fluid acts 
as the carrier of the particles. This kind of flow is usually called dispersed 
two-phase flow or particulate two-phase flow. The conservation equations for 
the carrier phase are described by the standard equations of motion, while the 
Lagrangian frame of reference is applied in describing the motion of the 
particles moving through the carrier phase. The Lagrangian approach is better 
suited for predicting those particulate flows in which large particle accelerations 
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occur, and in providing information on individual particle trajectory. The system 
of equations for the two phases are coupled through source-like terms or 
interface drag forces including slip velocity between the phases. 

The simulations performed by Durst et al. (1984) were for two-dimensional 
axisyrnrnetric flows, while in the present situation we treat fully three-dimen- 
sional flows due to the existence of curvatures in the holding tube. The models 
by Durst et al. (1984) cannot be applied directly to aseptic processing because 
of their simplified flow situations. Also, the particle dimensions in their models 
are small in relation to the internal diameter of the pipe. In aseptic processing, 
particle sizes can be of the same order of magnitude than the internal diameter 
of the holding tube (up to 3-cm in a 5-cm diameter tube). The relative bigger 
particle size is the main characteristic in the modeling of aseptic processing of 
particulate two-phase flow. Non-Newtonian flow behavior of the carrier liquid, 
particle-particle interactions and particle-wall interactions further complicate the 
problem. 

Previous works on flow behavior of two-phase flow pertaining to aseptic 
processing (Sastry and Zuritz 1987; Sastry et al. 1989; Dutta and Sastry 
1990a,b) have predicted velocity profiles of particles in non-Newtonian tube 
flow through the use of simplified one-dimensional models. These models 
neither considered the back-influence of particles, nor the effect of 180" bends 
on the fluid flow field. These two factors are obviously very important for 
accurate numerical simulation of two-phase holding tube flow situations. Further 
study is therefore necessary to gain an improved understanding of the flow 
behavior of particles under these conditions. 

Particulate two-phase flow in aseptic processing still poses a challenge to 
numerical simulation. The present study is a preliminary investigation on flow 
behavior of suspended model food particles in viscous flow through a "typical" 
holding tube. It is intended to provide a better understanding of the underlying 
phenomena involved in this complex two-phase flow system. The emphasis is 
to explore the back influence of particles and 180" bends on the fluid flow field. 

MATHEMATICAL MODEL 

The Lagrangian model was employed to simulate the particulate two-phase 
flow. The assumptions of the model were: (1) laminar flow; (2) Newtonian 
carrier fluid; (3) negligible particle-particle interactions and (4) constant physical 
properties. 

The momentum transfer between the phases was carried along particle 
trajectories. The momentum transfer yielded additional terms that were included 
in the momentum equations of the fluid phase as a source term, and were 
dependent on the velocity difference between the two phases. 
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The physical domain studied included two, 3-m long each, straight tubes 
connected with a 180" bend. The internal diameters of the tubes and the bend 
were 5.08 cm corresponding to a commercial size holding tube OD. The 
curvature diameter of the 180" bend was 18.0 cm (centerline measurement). The 
whole system has an upward inclination of 1.194" (corresponding to the FDA 
requirement of 0.25 in./ft). The x-direction is taken as the axial direction, and 
the y- and z-axis are the vertical and horizontal directions, respectively, on the 
tube cross section. The corresponding velocities are u, v, w in the x, y, z 
directions, respectively. 

There are 35 1 grid points along the tube axial direction, and 21 grid points 
on the horizontal (z-axis) and vertical (y-axis) directions, respectively, on the 
tube cross section. The grid points on the holding tube are illustrated in Fig. 1. 

The model food particles are considered to have uniform spherical shape 
with diameter of 1 cm. Neutrally buoyant condition (particles with same density 
as the liquid phase) was assumed in the current simulation, although the model 
can handle nonneutrally buoyant conditions. The viscosity and average velocity 
of the liquid carrier investigated were 0.1 Pa s (1 poise) and 30 cmls, 
respectively, and the particle loading was 10 % v/v. Under these conditions, the 
Reynolds number is about 150. The outlet pressure of the holding tube was 
assumed to be 10 Pa (100 dyne ~ m - ~ ) .  

Equations of Motion of Fluid Phase 

Since a 180" bend was included in the physical domain, the three 
dimensional Navier-Stokes equations of the fluid phase (including the source 
term S, which represents the back influence of particles on the fluid flow field) 
must be solved. The corresponding governing equations in vector form are given 
by : 

where (4, 11, 0 represent a general nonorthogonal coordinate system. r is the 
preconditioning matrix. Here, an artificial temporal term is added to the 
continuity equation with a user-specified control parameter P .  The incompress- 
ible system of equations is thus hyperbolic in time, so that a time marching 
technique can be used to solve the problem. When steady state is reached, the 
time derivatives vanish and the original continuity equation (V-V = 0) is 
recovered. The various matrices and vectors are given by: 
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I 

(a) Y - Z plane 

-- 

(b) X - Y plane 

I Z -300cm -1 

(c) X - Z plane 

FIG. 1 .  DIMENSIONS, COORDINATES AND GRIDS OF THE HOLDING TUBE 

where the variables u, v, w are the physical velocities, U, V, W the contravari- 
ant velocities, p the viscosity of the fluid, and S,, S,, S, the source terms. J is 
the Jacobian of the transformation and P the coefficient of artificial compressibil- 
ity, which is widely used in solving incompressible flow to facilitate conver- 
gence (Merkle and Athavale 1987; Kwak et al. 1985; Yagley et al. 1992). The 
expression of p in Yagley et al. (1992) was used in the current model. 
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The initial and boundary conditions used in the numerical computation 
consisted of a specified fluid velocity profile (fully developed) at the inlet, with 
the corresponding pressure boundary condition determined from the initial 
velocity field, and a uniform pressure and relaxed velocity profile at the exit. On 
the tube wall, the traditional no-slip boundary condition was used for the fluid 
velocity, which was then used in the normal momentum equation to obtain the 
pressure at the wall. 

Velocities and Trajectories of Particles 

The particles suspended in a three-dimensional flow field could be expected 
to undergo translational and rotational motions in all three directions. Therefore, 
three linear and three angular momentum equations should be solved simulta- 
neously to describe the motion of the particles. Since the Lagrangian frame of 
reference was used in the current model, the motion of each particle is governed 
by the individual particle dynamic equations (mass acceleration equations). The 
three linear dynamic equations are given by: 

where m is the mass of a single particle, Vp, and F, (k = x,y,z) are particle 
velocities and forces acting on the particle in the x, y, z directions, respectively. 

The rotational motions of the particles are caused by the imbalanced viscous 
shear forces acting on their surface, which result in local torques. The three 
angular dynamic equations can be written as: 
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where I is the moment of inertia, which for a sphere has the value of 
(2/5)*m*a2. T, (for k = x, y, z) is the local torque. 

The particles suspended in viscous fluid are also subjected to the following 
drag and lift forces (Sastry and Zuritz 1987). 

(1) Saffman Lift Force (Saffman 1965, 1968) 

where K is the curl of fluid velocity, v the kinematic viscosity, a is the radius 
of the particle, and Vp and V, are the velocities of particle and fluid, respective- 
ly. 

(2) Magnus Lift Force (Rubinow and Keller 1961) 

F, = 7rpfa3Q x (Vp - Vf) 

where Q is the angular velocity of the particle. 
(3) Drag Force 

where the drag coefficient (C,) is satisfactorily described by Cliff and Gauvin 
(1971): 

where 

Re- = 
P2aIV,-VpI 

(4) Buoyancy Force (acting only in the y-direction) 

where g is the gravitational constant. 
In this simulation, if a particle reaches the wall of the holding tube, no 

motion in the normal direction towards the wall is permitted, but motion in 
tangential and axial directions are allowed without restraint. 
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After substitution of the above force expressions into the linear momentum 
equations (8, 9 and lo), the final linear momentum equations for particles in 
viscous flow are obtained as: 

In scalar form, the linear momentum equations are given as: 

In the xdirection: 

In the y-direction: 

In the z-direction: 

The first, second and third terms on the right hand side of Eq. 21, 22 and 
23 are Saffman lift, Magnus lift and drag force, respectively. The fourth term 
on the right hand side of Eq. 22 is the gravitational force resulting from density 
differences. 

The rigorous expression for the torque experienced by suspended particles 
in viscous fluid can be written as: 
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where A is the surface area of the spherical particle. 
After proper arrangement, the three angular dynamic equations of the 

particles could be written as: 

These linear and angular dynamic equations were solved iteratively along 
with the four equations of motion for the fluid phase. A compact fourth-order 
Runge-Kutta method was used to solve the equations. 

Simulation Procedure 

The equations of motion of the fluid phase (Eq. 1) were solved first without 
considering the particles' influence. With the computed information on the fluid 
field, particle velocities and trajectories in this flow field were calculated by 
solving the six dynamic equations for the particles (Eq. 2 1-23,25-27). In order 
to account for the interaction between the fluid and the particles, source terms 
were calculated from the computed velocities and trajectories of the particles. 
The fluid equations of motion were then solved again with these source terms 
in place. This iterative procedure was continued until convergence between the 
solution of the two phases was achieved. A procedure flow-sheet is presented 
in Fig. 2 indicating this iteration process. 

RESULTS AND DISCUSSION 

Flow Field of Liquid and Solid Phases 

In order to clearly describe the flow characteristics of both fluid and 
particles, the whole physical domain was divided into three sections: the first 
straight tube, the bend and the second straight tube. 
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For the two straight tube sections, the cross section locations (distance from 
the bend) were expressed in terms of the normalized distance s/2a ("s" is the 
distance from or to the bend, and "a" is the radius of the tube). At both the 
entrance to, and exit from the bend, s was defined as zero. Negative values were 
assigned to the upstream locations and positive values to the downstream 
locations. For the bend section, the cross section locations were expressed in 
terms of angles. A schematic diagram of this division is shown in Fig. 3. 

Velocities and trajectories of particles were calculated at each time step. 
Based on the assumption of no particle-particle interactions, each particle path 
will only depend on the fluid flow field and its initial radial position on the inlet 
cross section of the tube. Therefore, we only need to trace one set of particles 
with different initial radial positions. In this study, nine particles with different 
radial positions were considered to arrive simultaneously at the inlet cross 
section of the tube at every time step; each particle having a velocity (V,) equal 
to the stream line velocity (V,) of the fluid passing through the particle's center. 
Based on the size and number of particles occupying the whole flow field, a 
10% V/V particle loading was obtained. 

First Straight Tube. In the first straight tube, one-dimensional (axial-direc- 
tion) flow is dominant. Fig. 4 shows that the axial velocity contours of the fluid 
phase are symmetric about the center of the tube and that the particles had a 
negligible influence on the fluid velocity contours due to the small momentum 
exchanges taking place in this section. The particles maintained their initial 
symmetric radial positions unchanged up to the bend entrance, at which point 
their positions start shifting due to the bend influence [Fig. 4(f)]. 

Bend Section. At the bend entrance, a secondary flow started to develop 
resulting in two symmetric vortices perpendicular to the primary (axial) flow. 
As shown in Fig. 5, this secondary motion carries the fluid from the inner to the 
outer wall along the horizontal cross section plane of symmetry and back to the 
inner side following the pipe wall contours. The secondary motion can be 
explained in terms of the response of a viscous-fluid element to an imbalance 
between the centrifugal acceleration and the cross section pressure gradient 
developed due to the curvature of the tube. At the bend entrance, the fluid 
experiences an increased resistance and is forced to change its flow direction. 
This causes a substantial momentum loss which results in a rapid increase in 
pressure towards the outside wall. It is the presence of this strong cross section 
pressure gradient that helps to set up the secondary flow. 

The presence of the particles altered the velocity profiles of the carrier fluid 
due to the large momentum transfer between the two phases. The centrifugal 
forces changed the radial positions and velocities of the particles. These changes, 
in turn, greatly affected the flow field of the fluid phase as illustrated by the 
secondary flow vector plots in the bend section shown in Fig. 5. The flow 
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Calculated the flow ) Calculate the flow field 
field for fluid phase for particle phase 
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> Velocities and trajectories 
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FIG. 2. ITERATION PROCEDURE IN THE SIMULATION 

patterns shown in the figure are caused by the particles obstructing the fluid flow 
path (the fluid had to negotiate its way around the particles), and the mecha- 
nisms involved are quite complex. Due to the relative big particle size in the 
current situation, the inertia associated with these particles is also considerable. 
This inertia first exerted a retardation effect on the fluid flow, which resulted in 
the reduction in strength of the secondary flow near the bend inlet [Fig. 5 
(a)-(b)]. Further down the bend, as the particles achieved enough acceleration, 
this retardation effect quickly disappeared. The accelerated particles, in turn, 
pushed the fluid around from the midsection to the bend exit as is shown in Fig. 
5 (c)-(f). As a result, the particles extended the bend effect on the downstream 
fluid flow field. 
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k- F i r s t  s t r a i g h t  t u b  

b-second s t r a i g h t  t u b  +-d 
FIG. 3. SCHEMATIC DIAGRAM OF THE CROSS SECTION 

LOCATIONS ON THE HOLDING TUBE 

The secondary flow shifted the maximum fluid axial velocity region towards 
the outer wall as can be seen in Fig. 6. The particles distorted even more these 
shifted velocity contours. A decrease of the radius of curvature of the bend 
would displace the fluid maximum velocity even closer to the outer wall 
(Fairbank and So 1987). 

The secondary flow induced by centrifugal forces pushed the particles 
towards the outer wall [Fig. 7 (a)-(d)], and then back to the center region of the 
pipe as they approached the bend exit [Fig. 7 (e) and (f)]. Similar phenomena 
were observed by Toda and Ishikawa (1973) in their experimental studies on 
particulate two-phase flow. These phenomena will obviously affect the particle 
flow behavior and residence time, proving to be of considerable practical interest 
in holding tube flow. 

An analysis of the equations describing laminar flow through curved tubes 
shows that two parameters characterize the flow: the radius ratio 6 = a/R and 
the Reynolds number, Re; both expressed in terms of the Dean number, De = 
6IRRe (Berger et al. 1983). Where a is the radius of the tube and R is the mean 
radius of curvature. Since the Dean number can be considered as the ratio of the 
square root of the product of the inertia and centrifugal forces to the viscous 
force, it provides a measure of the intensity of the secondary flow (Fairbank and 
So 1987). 
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(a) s/2a = - 20 
(without particles) 

(c) s/2a = 0 
(without particles) 

(b) s/2a - - 20 
(with particles) 

(d) s/2a = 0 
(with particles) 

(e) s/2a = - 20 (f! s/2a = 0 
(Radial positions of particles) 

FIG. 4. FLUID AXIAL VELOCITY CONTOURS AND PARTICLE 
RADIAL POSITIONS IN THE FIRST STRAIGHT TUBE 
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( a )  0' 
(without p a r t i c l e s )  

(c)  90' 
(without p a r t i c l e s )  

(b) 0: 
(with p a r t i c l e s )  

( d )  90' 
(with p a r t i c l e s )  

(e) 180' 
(without p a r t i c l e s )  

(f) 180' 
(with p a r t i c l e s )  

FIG. 5. SECONDARY FLOW DEVELOPED IN THE BEND AT THE INDICATED ANGLES 



Y. LIU and C .A. ZURITZ 

( a )  0. 
(wi thou t  p a r t i c l e s )  (b) 3' 

( w i t h  particles) 

( c )  9 0 '  
(w i thou t  p a r t i c l e s )  

(d) 90'  
( w i t h  p a r t r c l e s )  

(e) 180' 
(wi thou t  p a r t i c l e s )  

(f) 180'  
( w i t h  p a r t i c l e s )  

FIG. 6. FLUID AXIAL VELOCITY CONTOURS IN THE BEND AT 
THE INDICATED ANGLES 

Second Straight Tube. Although the centrifugal forces are present only 
within the bend, the radial pressure gradient set up to balance them can 
propagate downstream away from the bend. The secondary flow vectors with 
and without the presence of the particles (Fig. 8) show that the particles 
extended the downstream bend effect. In the present simulation (with 6 = 0.28, 
Re= 152, and De r81) ,  the axial fluid velocity contours in the second straight 
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tube (Fig. 9) show that without particles, a fully developed fluid velocity profile 
was achieved at about s12a = + 14, while with particles the fully developed 
flow field was not obtained until s12a = + 29. Comparable results were found 
experimental by Fairbank and So (1987) working with air in a similar tubelbend 
arrangement. These secondary motions can persist for much longer distances 
downstream (up to 40 diameters) under high Dean number conditions (Ward- 
Smith 1980). 

The velocities and radial positions of particles still kept changing well into 
second straight tube due to the persistence of the bend effect. The rate of these 
changes became slower towards the middle of the tube, and relatively stable 
conditions were achieved as the particles moved further downstream (Fig. 10). 
But, these "recovered" radial positions were no longer symmetric, as was the 
case in first straight tube. 

Fluid and Particle Velocities. The influences of the particles on the fluid 
axial velocity profiles are shown in Fig. 11, 12 for selected cross sections of the 
bend and second straight tube, respectively. As seen in the figures, the particles 
caused a shift of the maximum velocity region from the outside wall towards the 
inside wall near the bend outlet and in the early stages of the second straight 
tube. This is because as most of the particles moved towards the outside wall in 
the bend, the particles forced the fluid flow towards the inner wall, gradually 
shifting the maximum fluid velocity region in that direction. As the particles 
moved downstream, they migrated towards the inner wall causing the fluid 
maximum velocity to shift in the opposite direction and then back towards the 
center of the tube, where fully developed flow recovery was attained when the 
secondary flow vanished and the radial positions of the particles became relative 
stable (s12a = 29). 

In the first straight tube the particle velocities, V,, were slightly less than 
the fluid stream-line velocities, V,, passing through the center of the particles. 
The velocity differences between the two phases became larger in the bend due 
to the large velocity changes occurring in this section, but these differences 
completely disappeared at the exit of the second tube. The velocities V, and V, 
at three cross sections are listed in Table 1. The results show that while some 
of the faster particles in the first straight tube became slower at the end of the 
second tube, some of the slower ones became faster. 

For aseptic processing, the existence of secondary flow would probably 
improve the efficiency of the heat transfer process. Although heat transfer is not 
considered in the current study, one could reasonably expect that the secondary 
current induced by the bend curvature can create a strong mixing effect between 
the hot and the cold liquid. Variable density effects due to temperature gradients 
will further enhance the strength of this secondary motion because the heavier 
cold liquid will be subjected to a larger centrifugal force. 
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FIG. 7. RADIAL POSITIONS OF THE PARTICLES IN THE BEND 



FLOW BEHAVIOR OF FOOD PARTICLES 

(a) s/2a = + 6.5 
(without particles) 

(c) s/2a = + 14 
(without particles) 

(b) s/2a = + 6.5 
(with particles) 

(d) s/2a = + 14 
(wrth particles) 

FIG. 8. SECONDARY FLOW DEVELOPED IN THE SECOND STRAIGHT TUBE 

Residence Time Distributions and Average Velocities of Particles 

The radial position and velocity (or residence time) changes experienced by 
the particles, resulting primarily from the bend effect, significantly affected their 
residence time distributions in the holding tube. 

The residence times and average velocities of the particles at various cross 
sections (Fig. 13) are listed in Tables 2 and 3, respectively. 
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FIG. 9. FLUID AXIAL VELOCITY CONTOURS IN THE SECOND STRAIGHT TUBE 
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TABLE 1 .  
COMPARISON OF FLUID AND PARTICLE VELOCITY AT THE 

INDICATED CROSS SECTIONS (CMIS) 

At sl2a = -20 At Bend Exit At Tube Exit 

mean 39.03 39.23 42.14 43.96 44.08 44.08 

In the first straight tube, the particles crossed the inlet all at the same time, 
but with a parabolic velocity profile. This symmetric profile gave rise to a 
widening residence time distribution as they moved along this section. This 
effect can be seen in Table 2 by comparing the values of Max-Min between 
sections 1 and 2. When the particles flowed into the bend and early stages of the 
second straight tube, their radial positions alternated between high and low fluid 
velocity regions, resulting in an almost suppression of the axial dispersion of the 
particles as indicated by the Max-Min values in sections 2 to 5. But, as the 
particles reached a stable radial position in the section of the recovered 
quasi-parabolic profile of the fluid (after section 5), the axial dispersion started 
to increase again as can be seen by the Max-Min value in section 6. However, 
observing the development of the axial dispersion effect along the holding tube, 
it can be seen that from the inlet plane (Max-Min = 0) to section 2, the 
Max-Min grows to 5.17, while between sections 2 and 6 it only increases by 0.9 
(from 5.17 to 6.07). From these numbers one can speculate that from section 
6 onward (the inlet to the next 180" bend), the particles would experience a 
small axial dispersion effect, and that the Max-Min value would grow by about 
the same magnitude (0.9) between that point and the inlet of the third bend. 

As shown in Table 1, the particle velocities were almost always less than 
the fluid streamline velocities passing through their center. On the other hand, 
the mean particle velocities shown in Table 3, were all - but one - larger than 
the average fluid velocity, which was 30 cm/s in the current simulation. The 
same result was found by Sandeep and Zuritz (1991) in their experimental study 
on residence time distributions of spherical particles in holding tube flow. 
Additionally, they found that the ratio of the mean-to-minimum particle 
residence time ranged between 1.06 and 1.16; in the present simulation, the 
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FIG. 13. CROSS SECTION LOCATIONS FOR THE DETERMINATION 
OF PARTICLE RESIDENCE TIMES 

+ 

TABLE 2. 
RESIDENCE TIMES OF PARTICLES AT VARIOUS CROSS SECTIONS1(S) 

1 
11 

Particle# Sec.1 Sec.2 Sec.3 Sec.4 Sec. 5 Sec. 6 

No. 1 
No. 2 
No. 3 
No. 4 
No. 5 
No. 6 
No. 7 
No. 8 
No. 9 

mean 5.05 7.63 8.55 11.83 14.61 17.29 
Max-Min 3.21 5.17 5.29 5.18 5.18 6.07 
Change ,101 % 108% 94.6% 56.3% 42.8% 44.1% 

'Cross sections are shown in Fig. 13. 
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TABLE 3. 
AVERAGE PARTICLE VELOCITIES AT VARIOUS CROSS SECTION' (CMIS) 

Sec #1 Sec #2 Sec #3 Sec #4 Sec #5 Sec #6 

'Cross section locations are shown in Fig. 13. 

ratio at section 6 (outlet) was 1.26. This small variation may be due to the 
difference in holding tube length, as they used four straight tubes and three 180" 
bends. However, an analysis of the variation of this ratio along the six sections 
shows that it decreases from 1.6 at section 1, to 1.2 at section 5 and then 
increases to only 1.26 in section 6. If there were two more bends and straight 
tubes, judging from the previous analysis, one would expect the ratio to fall 
within the experimentally determined range. 

CONCLUSIONS AND RESEARCH NEEDS 

Velocities of fluid, and particles trajectories and velocities have been 
quantitatively predicted under a particulate two-phase pipe flow situation. The 
simulation results indicated that the bend had a considerable influence on both 
fluid flow field and particle residence times in pipe flow. They also showed that 
the particles had a significant effect on the flow field and extended the bend 
effect on the downstream fluid flow field. 

In the current model, the carrier medium is a Newtonian fluid. Further- 
more, particle-particle interactions were neglected. The carrier fluids used in 
aseptic processing, however, are generally non-Newtonian fluids, and particle 
interactions can be very important, particularly when the particle loading is high. 
Both non-Newtonian fluid and particle-particle interactions are currently being 
incorporated in the model. 

LIST OF SYMBOLS 

Symbol Meaning 

Radius of particle (m) 
Drag coefficient 
Force (N) 
Buoyancy force (N) 
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Frk 
Fs 
g 
h f 
I 
J 
K 
m 
P 
r 
Re 
RTDs 
S 

Greek Letters 

Magnus lift force (N) 
Saffman force (N) 
Gravitational acceleration (m/s2) 
Solid-liquid interface heat transfer coefficient (W/m2C) 
Moment of inertia (kg m2) 
Jacobian matrix 
Curl of fluid velocity (s-') 
Mass of one particle (kg) 
Pressure (Pa) 
Radius of holding tube (m) 
Reynolds number 
Residence time distributions (s) 
Source term in fluid momentum equation 
Torque (N m) 
4 or x direction velocity (rnts) 
q or y direction velocity (m/s) 
r or z direction velocity (rnls) 

Coefficient of artificial compressibility 
Preconditioning matrix 
Computational grid coordinate 
Coefficient of viscosity (Pa s) 
Kinematic viscosity (m2/s) 
Density (kg/m3) 
Summation 
Angular velocity of particle (radiansls) 

Subscripts 

d Drag 
f Fluid 
P Particle 
X,Y ,Z Direction 
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ABSTRACT 

A semi-analytical (concerning the particle temperature) semi-numerical 
(concerning thefluid temperature) solution to the differential equations governing 
heat transfer to axially rotating liquid/particulate canned foods was obtained 
using Duhamel's theorem and a numerical 4th-order Runge-Kutta scheme. This 
solution avoids some of the shortcomings of earlier solutions such as the 
requirement for constant heating medium temperature, the need for empirical 
formulas, or the use of unrealistic assumptions regarding the fluid temperature. 
The agreement between the proposed solution and limiting case analytical results 
was very good. A maximum fluid temperature difference of less than 2C was 
momentarily observed at the beginning of heating; differences between particle 
surface temperatures were even smaller. Comparison between predicted values 
and experimental data from the literature showed good agreement only as far as 
the fluid temperature was concerned; particle surface temperatures deviated 
significantly. 

INTRODUCTION 

Knowledge of the time-temperature profile for the food under processing is 
essential in evaluating the lethal effect of a heat treatment on microbial or 
quality factor destruction and, therefore, in designing a thermal process. For 
liquidlparticulate food systems, prediction of heat transfer rates is restricted, at 
present, to film theory analysis. Heat transfer coefficients are incorporated into 
coupled differential equations describing energy balances on both liquid and 
particles (Merson and Wolcott 1986; Rao and Anantheswaran 1987; Stoforos 
1988); provided that these heat transfer coefficients are known, the solution to 

'Author Stoforos' present address: Thermopilon 5, 35100 Lamia, Greece. 
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the differential equations gives the temperature profile for the processed liquid 
and particles. Solutions to these equations have been presented for fluid and 
particle temperatures under various heat treatments: for axially rotating 
liquidlparticulate canned foods (Lenz and Lund 1978; Rurnsey 1984; Lekwauwa 
and Hayakawa 1986), for continuous sterilization of liquid foods containing 
discrete particles in scraped-surface heat exchangers and holding tubes (de 
Ruyter and Brunet 1973; Manson and Cullen 1974; Hemrnings and Kern 1979; 
Sastry 1986; Chandarana and Gavin 1989; Chang and Toledo 1989; Lee and 
Singh 1990; Armenante and Leskowicz 1990; Merson and Sawada 1991). or for 
particulate processing in fluidized beds (Chang and Wen 1966; Sawada and 
Merson 1986). Although much can be learned about processing of 
liquidlparticulate canned foods by studying continuous processing of liq- 
uidlparticulate systems, the following discussion is limited to references 
pertaining to in-container processing. 

For axially rotating cans, Lenz and Lund (1978) developed a solution using 
Duhamel's theorem and a 4th-order Runge-Kutta numerical scheme. They 
decoupled the fluid and particle energy balance equations by first assuming that 
the fluid temperature was approximated by the expression for canned liquid 
without particles. Lekwauwa and Hayakawa (1986) introduced a statistically- 
described particle volume distribution. The temperature distribution for 
individual particles was obtained using Duhamel's theorem and empirical 
formulas describing the heat transfer problem to spherical, cylindrical or oblate 
spheroidal-shaped particles in a constant temperature fluid. The resulting 
equations were discretized and solved iteratively. In their numerical solution, 
they assumed that within each time step the fluid temperature was a linear 
function of time, the coefficients of these functions being determined iteratively 
such that the resulting particle and fluid temperatures satisfied the overall energy 
balance equation. Finally, for the same system, Rumsey (1984) has presented 
a finite difference numerical solution, assuming spherical particles. By 
discretizing the equations, he obtained an expression for the fluid temperature 
at a given time based on the average particle temperature at the previous time 
step. Particle temperatures were calculated from fluid temperature at the same 
time step, by dividing the spherical particle into ten concentric spherical shells. 
For each time step, he proceeded by first solving fdr the fluid temperature and 
then, using this solution, obtaining particle temperatures. > .  

The objective of the current work is to present a solution to the differential 
equations governing the heat transfer to agitating liquidlparticulate canned foods. 
It is a semi-analytical (concerning the particle temperature) semi-numerical 
(concerning the fluid temperature) solution and was obtained using Duhamel's 
theorem and a numerical 4th-order Runge-Kutta scheme. 
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Theory 

The system under investigation is a fluid with dispersed particles in an 
axially rotating can completely surrounded by a heating medium (e.g . , steam). 
The governing differential equations are derived from thermal energy balances 
on the liquid and solid (particle) phases. Major assumptions that characterize 
both the derivation and solution of the equations are: uniform fluid temperature, 
constant heat transfer coefficients, uniform initial temperatures for both particle 
and fluid, equal diameter spherical particles, and constant physical and thermal 
properties for both the fluid and particles. Neglecting the heat accumulated in 
the can walls, an energy balance on the can contents yields 

For E being the fraction of the effective can volume occupied by the particles, 
V, the effective can volume (total can volume minus headspace volume), and 
p, and p, the fluid and the particle density, respectively, Eq. (1) becomes 

Equation (2), subject to the initial condition 

Tkt = 0) = T, 

constitutes the governing equation for the fluid temperature. 
For each spherical particle, the governing differential equation for the 

temperature distribution is 

subject to the following initial and boundary conditions 

Tp(rp,t = 0) = Tpi 

Tp(rp = 0,t) = finite 
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where T, is the particle surface temperature. 
Provided that the heat transfer coefficients (U, and h,,) are known, solution 

of Eq. (2) and (4). with the conditions imposed through Eq. (3), (5), (6) and 
(7), will give the temperature distribution for the fluid and particles. The two 
differential equations are coupled through the boundary condition at the particle 
surface, Eq. (7), so they should be solved simultaneously. 

MATHEMATICAL PROCEDURE 

Duhamel's theorem is a superposition method which provides solution to 
differential equations with time-dependent boundary conditions based on the 
solution of the same problem with constant boundary conditions. For the heat 
conduction problem in a spherical particle with convective boundary condition, 
Duhamel's theorem states (e.g., Carslaw and Jaeger 1959; Hildebrand 1976; 
Myers 1971): 

If U(rp,t) represents the temperature at any position rp and time t for a 
sphere with zero initial temperature, heated by a medium of unity temperature, 
then the solution to the same problem but for which the medium temperature is 
a function of time, cP(t), is given by 

For our problem, the solution for U(rp,t) is given by (Carslaw and Jaeger 1959) 

r~ sin(Xn)sin(X,-) 
2BiR " x:+(B~- R~ X:a 

u(rp,t)=l - L C  exp(- P t )  
(9) 

rp n-I G + B ~ ( B ~ -  1) RP' 

where f A,,, n = 1, 2,. . . are the roots of 

X,cot(Xn) + Bi - 1 = 0 

and Bi is defined as 
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Evaluating the derivative aU(rp, t -X)/at through Eq. (9), substituting the 
resulting expression into Eq. (8). and correcting for the initial particle 
temperature, Tpi, not being zero, the following equation is obtained for the 
particle temperature of our problem (Stoforos 1988). 

In order to evaluate the integral appearing in Eq. (12), since TXt) is still 
unknown, we assume that 

T,(X) = T,(t) for 0 5 X I t 

Hence, 

Substituting Eq. (13) into Eq. (12) and using the following identity 
r 

gives upon rearranging 

I 

sin(Xn)sin(X,P) 
Rp exp( - " P t )  x2a 

hf, RPZ 

A short proof the validity of Eq. (14) can be obtained by setting t = 0 into 
Eq. (9) and noting that U(rp,t = 0) = 0. Equation (15) is the exact solution for 
Tp only when TXt) = constant. For all other cases, due to the assumed T, 
function, Eq. (15) overestimates Tp. 
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The next step is to introduce Eq. (15) into Eq. (2) in order to eliminate 
< Tp > . For the average particle temperature, < Tp > , defined by 

for 

4 3 v =-rRp 
3 

and 

Eq. (16) reduces to 

Using Eq. (17), for Tp given by Eq. (15), the following expression for the 
average particle temperature is obtained 

By defining 

from Eq. (18), we obtain 

Substituting Eq. (20) into Eq. (2) and rearranging yields 
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Equation (21) can be written as 

where the coefficients C, through C, correspond to the coefficients appearing in 
Eq. (21). Using Eq. (19) the above coefficients are given, explicitly, by the 
following expressions 

and 

Note that C3(t) = - (C2(t) + C,). 
Equation (22), subject to the initial condition given by Eq. (3), was solved 

numerically for T, using a 4th-order Runge-Kutta scheme. After the fluid 
temperatures were calculated, Eq. (12) was used to obtain the temperature of the 
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particle at any position and time. The integral appearing in Eq. (12) was 
evaluated using the trapezoidal rule. A problem concerning the convergence of 
Eq. (12) appears due to the numerical calculation of the integral. For X = t, the 
exponential term drops out of the summation and the remaining series converges 
very slowly. To overcome this problem, the integral was divided into two parts; 
from X = 0 to X = t - At and from X = t - At to X = t, for At being the 
time step used for the numerical solution. By assuming 

then 

Hence, due to Eq. (28) and the identity given by Eq. (14), from Eq. (12) 
we obtain 

Equation (29) was actually the equation used in the computer program to 
calculate the particle temperature. The error introduced due to the approximation 
made through Eq. (27) is of the same order as the error due to the numerical 
evaluation of the integral, and it diminishes at long times when the rate of 
change of the fluid temperature decreases. 

A final topic in this section concerns the convergence of the series in Eq. 
(23) through Eq. (25). Using the 4th-order Runge-Kutta scheme to solve Eq. 
(22), it is necessary to calculate C,(t), C2(t), and C,(t) at t = 0. For t = 0, the 
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exponential term in Eq. (23) to (25) drops out, and as in the case just discussed, 
the series converges slowly. By the same reasoning used to arrive to Eq. (14), 
it can be shown that 

and 

Hence, for t = 0 using Eq. (30) and (31) in Eq. (23) and (24), 

C,(O)=l (32) 

and 

C,(O) can be calculated as C,(O) = - (C,(O) + C,). 

Using Eq. (29) for particle temperature calculations and Eq. (32) and (33) 
at t = 0 for fluid temperature calculations in the computer program, the series 
converged within 30 terms for the worst case (that is, for low thermal diffusivity 
spheres). 

RESULTS AND DISCUSSION 

Using the described mathematical procedure, fluid and particle surface 
temperature data were created for various cases and compared with predicted 
and experimental values from the literature. Furthermore, predicted and 
experimental particle surface temperatures were compared in terms of their 
effect on microbial destruction through the following equation (e.g. Ball and 
Olson 1957): 
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Comparison with Analytical Data 

Using Laplace transforms, Sawada and Merson (1986) obtained an analytical 
solution for fluidized bed sterilization of particulate foods in the limiting case of 
constant medium temperature, T,,, and equal initial temperatures for both liquid 
and particles (see also Sawada 1984). By redefining certain parameters, their 
solution can be used to predict fluid and particle temperature data for canned 
liquidlparticulate foods (Stoforos 1988; Stoforos and Merson 1990). In Fig. 1 
and 2 results obtained by the present method are compared with data created 
using Sawada and Merson's analytical solution. Fluid and particle surface 
temperatures are plotted for potato spheres (% = 0.01 1 1 m) in deionized water, 
and for aluminum spheres (% = 0.0127 m) in silicone fluid (1.5 cst kinematic 
viscosity at 25C). For these and all subsequent figures, the values of V, = 
0.00047 m3 and A, = 0.03565 mZ were used, while the physical and thermal 
properties used (Table 1) were those reported by Hassan (1984). A 2.0 s time 
step was used with the numerical solution, T,, was assumed constant, at 100.OC, 
and initial temperatures of T,, = T, = 28.5C were used. 

For both cases, agreement between the present and the analytical solution 
was very good. For potato spheres in deionized water, maximum temperature 
differences between the analytical and the present solution occurred for the fluid 
at about 40 s where AT, was 1.17C, and for the particle surface at about 60 s 
with maximum AT, of 0.54C. For aluminum spheres in silicone fluid, 

A T analytical 
20 Tps, analytical 

- Tf. Eq. (22) 
10 - - T ~ ~ .  ~ q .  (29) 

o l . l . l . l . l . , . I . , . , . l . , . l  
0 40 80 120 160 200 240 280 320 360 400 440 480 

TIME ( s )  

FIG. 1. COMPARISON WITH ANALYTICAL RESULTS (SAWADA 1984) FOR 
POTATO SPHERES IN DEIONIZED WATER 

U, = 1100 W/m2K, Bi = 5.1. 
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FIG. 2.COMPARISON WITH ANALYTICAL RESULTS (SAWADA 1984) FOR 
ALUMINUM SPHERES IN 1.5 cst SILICONE FLUID 

U, = 311.7 W/m2K. Bi = 0.0137. 

lo{ 

TABLE 1. 
THERMAL AND PHYSICAL PROPERTIES AND EXPERIMENTAL 

DESIGN PARAMETERS USED FOR SIMULATION 

- Tf. Eq. (22) 
- - Tps, Eq. (29) 

0'. , . , , , , , , 

Potato Spheres Aluminum Spheres 
in Deionized Water in 1.5 cst Silicon Fluid 

I . I . I ' I . I . , ~  
0 40 80 120 160 200 240 280 320 360 400 440 480 

TIME ( 8 )  

maximum AT, of 1.80C was observed at about 60 s, and maximum AT, of 
1.22C at 100 s. Due to the assumption in deriving Eq. (22) that TXA) = TXt), 
for 0 I A I t, it is expected that maximum temperature differences will occur 
at times close (but not equal) to the beginning of heating, where the rate of 
change of T, is greatest. Times where maximum temperature differences 
occurred were later for the silicone fluid, which heated more slowly than water. 
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A common pattern can be identified in Fig. 1 and 2. Our method predicts 
initially lower T, and T, values compared to analytical ones, but after some 
time, the temperatures predicted by our method are slightly higher than the 
analytical values. This can be explained by examining the d <Tp> /dt term 
where < Tp(t) > is our first estimate of the average particle temperature history, 
given by Eq. (18). Due to the assumed fluid temperature function, Eq. (18) 
overestimates < Tp > . This means that the predicted average particle temperature 
[from Eq. (18)] rises faster than the actual <Tp> at the beginning of heating, 
but, due to the asymptotic nature of the temperature increase, after some time 
the predicted average particle temperature approaches the final < Tp > earlier 
which results in a slower heating rate after that time. In order for Eq. (22) to 
be satisfied, T, must behave in a complementary way. Therefore, our predicted 
fluid temperatures initially lag behind the analytical ones, but after some heating 
time, they tend to be higher than the analytical values. 

Finally, since particle temperatures are evaluated by Eq. (29) and are 
directly dependent on T, values, Tp data follow the same pattern as T, data. 

This reasoning leads to the conclusion that repeated iterations between Eq. 
(22) and (29) would provide a more accurate solution. This was indeed the case. 
One more iteration improved our results while further iterations left the values 
practically unchanged (fluid temperatures differed by less than 0.2C for the 
worst case). However, to include one more iteration to the solution we must use 
discrete <Tp> data and solve Eq. (2) instead of Eq. (22). This results in a 
considerable increase in computation time and, considering the agreement of our 
method with analytical results, the iterations were not adopted. 

Comparison with Lenz and Lund's Method 

In Fig. 3, the ideas used to develop our procedure are compared with those 
used by Lenz and Lund (1978). A value of Bi = 0.0137, corresponding to the 
experimental findings of Hassan (1984), was used. The two fluid temperature 
curves presented in Fig. 3 are for the cases of fluid processed with and without 
particles. The lower T, curve is obtained using Eq. (22) with U, = 31 1.7 
W/m2K, and it is assumed to represent true T, data for fluid processed with 
particles. Lenz and Lund used Eq. (12) to obtain particle temperatures, using T, 
values obtained for the case of liquid processed without particles. In order to 
simulate their method, such fluid temperature data were obtained using Eq. ( 3 3 ,  
that is, assuming constant heating medium temperature 
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FIG. 3.COMPARISON WITH LENZ AND LUND'S (1978) METHOD FOR 
ALUMINUM SPHERES IN 1.5 cst SILICONE FLUID 

T,, = lOOC (constant), T, = Tpi = 28.5C. 

J 

104  

0 

In order to use Eq. (33,  the value of the heat transfer coefficient, h, must 
be known. Lenz and Lund (1978) reported higher heat transfer coefficients for 
the case of liquid processed without particles than with particles. From their 
data, h values for fluids without particles can be as much as three times higher 
than h values for fluids with particles. Therefore, a moderate value of h = 450 
W/m2K (about 1.5 times higher than U, = 3 1 1.7 W/m2K) was selected to create 
fluid temperature data associated with Lenz and Lund's method. 

The importance of h should be emphasized, since, as will be shown later, 
this is the main parameter determining the accuracy of the Lenz and Lund 
method. Using the fluid temperature data created for h = 450 W/m2K and Eq. 
(29) we created particle surface temperature data corresponding to Lenz and 
Lund's solution. Using the fluid temperature data created for U, = 311.7 
W/m2K and Eq. (29) we created particle surface temperature data corresponding 
to our method. Particle surface temperatures were also created using Eq. (15) 
and the T, values for U, = 3 1 1.7 W/m2K. These data correspond to our initially 
assumed T,(r,,t) function. As Fig. 3 shows, even these T, data are more 
accurate than final T, predictions by Lenz and Lund. Hence, although we do not 
present the final solution for T, obtained by Lenz and Lund's method, it is clear 
that it is less accurate than our solution, since their data are based on the 
previously discussed T, curve. 

- - - Tps. initially assumed. Eq. (15) ---- T ~ ~ .  ~ q .  (29) 

l l l ~ l . l ~ ~ . , . , . I . I ~ , . I '  

0 40 80 120 160 200 240 280 320 360 400 440 480 

TIME ( 5 )  
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Another interesting result that can be seen from Fig. 3 is that the T, values 
predicted by Lenz and Lund can be even higher than the true T, data. This is, 
of course, due to using the assumed T, curve for fluid without particles. It is 
clear that the accuracy of the Lenz and Lund method depends on the magnitude 
of the differences of fluid temperatures for fluid processed with and without 
particles. This is something that they cannot control during their solution. Lenz 
and Lund reported good agreement between predicted and experimental values 
for the temperature at the center of a plastic sphere. This is to be expected for 
their experimental conditions since they heated the monitored sphere in the 
absence of additional particles. Hence, fluid temperature values for liquid alone 
or liquid with the single plastic sphere should be practically identical. As is also 
true for our method, the accuracy of Lenz and Lund's method can be improved 
if the temperature solutions are used iteratively. 

Comparison with Experimental Data 

Using the present method and the heat transfer coefficients obtained 
experimentally by Hassan (1984) for potato spheres in deionized water, the 
temperature data presented in Fig. 4 were created. In contrast to Fig. 1, 
temperature data presented in Fig. 4 were obtained using discrete time-varying 
T,, data, the ones obtained experimentally by Hassan (1984). In addition, T, was 

" different than T,,. Predicted and experimental fluid temperatures (Hassan 1984) 

Tst. experimental 
A Tf. experimental 

Tps. experimental - T,, predicted, Eq. (22) 
- - Tps, predicted. Eq. (29) 

0 40 80 120 160 200 240 280 320 560 400 440 480 

TIME (s) 

FIG. 4. COMPARISON WITH EXPERIMENTAL DATA (HASSAN 1984) FOR 
POTATO SPHERES IN DEIONIZED WATER 

U,, = 1099 W/m2K, Bi = 2.55, T, = 45.8C. TPi = 28.5C. 
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were in good agreement. However, particle surface data deviated significantly. 
For the data presented in Fig. 4, the differences between predicted and 
experimental particle surface temperatures are shown in Fig. 5. The pattern of 
differences between predicted and experimental T, values was similar to the one 
observed by Rumsey (1984). Predicted values were higher than the experimental 
ones at the beginning of heating, but subsequently, they were lagging behind the 
experimental curve. The following two reasons were considered as possible 
explanation for this discrepancy. First, the experimental particle temperatures 
might be erroneous due to the experimental methodology followed (Stoforos 
1988). The data obtained by Hassan (1984) by monitoring the surface tempera- 
ture, through a thermocouple, of a particle restricted at the center of the can are 
not necessarily representative for the rest of the free moving particles (Merson 
and Stoforos 1990). Second, the use of average, constant, values for the heat 
transfer coefficients (in particular h,) might not be appropriate (especially as 
measured at the fixed particle). By observing Fig. 5, we can conclude that a 
new, lower, value for the liquid-particle film heat transfer coefficient will fit 
better the experimental data at the beginning of heating; for example at 40 s. 
However, in order to fit the experimental data at subsequent times, e.g., at 60 
s, this new value for h, must be increased (since the difference between 
predicted and experimental data at 60 s is lower than the difference at 40 s). 
(Note an apparent deviation at 20 s which is a result of the imposed initial 
condition and the particular numerical At value used.) This reasoning suggests 
a time (temperature) dependant liquid-particle film heat transfer coefficient 
which gradually increases approaching a constant value, higher than the average 

TIM: (s) 

FIG. 5. PARTICLE SURFACE TEMPERATURE DIFFERENCES (PREDICTED MINUS 
EXPERIMENTAL VALUES) FOR POTATO SPHERES IN DEIONIZED WATER 

Uo = 1099 W/m2K, Bi = 2.55, T, = 45.8C. T,, = 28.5C. 
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value calculated by Hassan (1984) and used with the model. This is not 
unrealistic, especially for the particular experimental data used here; for the 
particle fixed at the can center through a stiff thermocouple, and being so rotated 
at the constant can rotational speed, the relative fluid to particle velocity (a 
parameter directly affecting h,) is expected to increase as the fluid viscosity 
decreases at increasing temperatures. Note however, that the above mentioned 
behavior for h, is not necessarily the case for unrestricted, free moving, 
particles. 

As expected, temperature differences were amplified when used to calculate 
process F values. Using Eq. (34) with the particle surface temperature data 
presented in Fig. 4 and for T,, = lOOC and z = 9C, the following F values, 
F = 1.06 rnin and F = 1.66 min, were calculated for the predicted and 
experimental temperatures, respectively. 

Effect of Heat Transfer Coefficients on Fluid and Particle Temperatures 

Equations (22) through (26) present the fluid temperature as a function of 
the Biot number (and, hence, of h,). Therefore, in principle, we could use Eq. 
(22) together with experimental fluid temperature to predict h, values, thus 
eliminating the need for obtaining ambiguous particle temperature data. 
However, despite concerted efforts, we were unable to calculate reliable h, 
values when Eq. (22) was used for T, predictions. The reason is that fluid 
temperature is not a strong function of h,. Considering the accuracy of our 
solution, the error in T, predictions introduced by our method is high relative to 
fluid temperature differences which result from varying the h, value. Figure 6 
shows predicted T, data for the case of potato spheres in deionized water for 
various U, and h, values. Note that T, is strongly dependent on U, but only 
slightly on h,. Differences of about 20% in h, values result in differences in T, 
values within the error introduced by our method. Hence, our method cannot be 
used to predict h, values based only on T, experimental data. 

As would be expected, in contrast to fluid temperatures, particle surface 
temperatures are strongly dependent on h,, as seen in Fig. 7. Therefore, 
provided that reliable experimental data for both fluid and particle surface 
temperatures exist, our method can be used to obtain heat transfer coefficients. 
For this method, only a few discrete T, and Tp measurements are enough to 
estimate U, and h, values. For coefficient determination, our method overcomes 
weaknesses of other methods: The method used by Lenz and Lund (1978) is 
restricted to high thermal conductivity particles, while the method of Hassan 
(1984; Deniston et al. 1987) needs complete time-temperature histories for both 
fluid and particle surface. On the other hand, if our method is used to fit 
experimental T, and Tp data for the heat transfer coefficients, the computer time 
requirement could be of concern. 
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FIG. 6. EFFECT OF U, AND h, ON FLUID TEMPERATURE FOR POTATO 
SPHERES IN DEIONIZED WATER 

FIG. 7. EFFECT OF U, AND h, ON PARTICLE SURFACE TEMPERATURE FOR 
POTATO SPHERES IN DEIONIZED WATER 
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SUMMARY AND CONCLUSION 

The proposed solution has been proven to give accurate predictions for fluid 
and particle temperatures for the case of thermal processing of axially rotated 
canned liquidlparticulate food systems. Such temperature predictions, coupled 
with microbial and quality destruction data, are valuable to the food industry in 
designing thermal processes. With slight modification of the coefficients 
appearing in the governing equations, this method can be used to predict 
temperature data for the case of bulk heating of particulate foods in fluidized 
beds or other aseptic processes of liquidlparticulate foods, under steady state 
conditions, provided that the liquid temperature is uniform in the radial 
direction. Time-dependent heating medium temperatures can be easily handled. 
To use the proposed method, the heat transfer coefficients U, and h, must be 
known. Alternatively, the solution can be used to fit experimental fluid and 
particle data for the heat transfer coefficients. 

NOMENCLATURE 

Can surface area, m2 
Biot number, Bi = h,,%&, dimensionless 
Specific heat of fluid, JIkgK 
Specific heat of particle, JIkgK 
Coefficient in Eq. (22) given by Eq. (23), dimensionless 
Coefficient in Eq. (22) given by Eq. (24), dimensionless 
Coefficient in Eq. (22) given by Eq. (25), dimensionless 
Coefficient in Eq. (22) given by Eq. (26), dimensionless 
(Or simply F) time at a constant reference temperature, T,,, required 
to destroy a given percentage of microorganisms whose thermal 
resistance is characterized by z, s 
Heat transfer coefficient, W/mZK 
Liquid-particle film heat transfer coefficient, W/m2K 
Thermal conductivity of particle, Wlmk 
Mass of fluid, kg 
Mass of particles, kg 
Can rotational speed, revolutions per minute 
Particle radius, m 
Particle radial distance, m 
Fluid temperature, C 
Initial fluid temperature, C 
Particle temperature, C 
Initial particle temperature, C 
Particle surface temperature, C 
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Reference temperature, C 
Heating medium temperature, C 
Heating time, s 
Overall heat transfer coefficient, W/m2K 
Particle temperature, (see Eq. (8)), C 
Effective can volume, m3 
Particle temperature, Eq. (8), C 
Particle volume, m3 
Temperature interval required for the time required to destroy a certain 
percentage of microorganisms to traverse a logarithmic cycle, C 

Greek Letters 

Thermal diffusivity of particle, a, = h/ppC,, m2/s 
Volume fraction occupied by the particles, dimensionless 
Dummy time variable, s 
Nth eigenvalue, given by Eq. (lo), dimensionless 
Fluid density, kg/m3 
Particle density, kg/m3 
Function defined by Eq. (19), dimensionless 
Time-dependent heating medium temperature, see Eq. (8), C 

Symbols 

< > Volume average 
A Increment 
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ABSTRACT 

Osmotic dehydration rates were determined for coconut over a range of 
osmotic solution concentration (40-70°B) and temperature (25-45C). A semi- 
empirical relation for kinetics of osmotic dehydration has been proposed, which 
indicates the moisture diffusion as afunction of concentration of osmotic solution 
and its temperature. Good agreement was observed between the observed and 
predicted values (correlation comcient 0.90). The effective diffusion coefJicients 
of water in coconut during osmotic dehydration were estimated and also the 
activation energy of the osmotic dehydration process of coconut was found as 
I .  75 x 104 JAg-mole. 

INTRODUCTION 

The process of osmosis can be used to remove water from a dilute solution 
retained within a semipermeable membrane by surrounding it with a more 
concentrated solution, water diffuses through the membrane from the dilute to 
the concentrated solution until an equilibrium is reached. The solute is unable 
to diffuse through membrane in the reverse direction or can do so only very 
slowly,. so that the net result of this process is a transfer of water to a 
concentrated solution. However, when the processing time is quite high 
considerable diffusion of the osmotic solute from the solution in the reverse 
direction was observed (Ponting 1973). 

Osmotic dehydration is a dynamic process in which water and acid (if 
available in the food material) diffuse into the concentrated osmotic solution 
rapidly in the beginning and at a relatively slow rate later while the solute 
diffusion to the food material is relatively slow in the beginning and increases 
with increasing immersion time (Ponting 1973). 
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In general, osmotic dehydration is used in upstream processing for partial 
dehydration of plant or animal foods such as fruits, vegetables, fish, etc., before 
they are subjected to further processing viz: freezing (Ponting 1973), freeze 
drying (Hawkes and Flink 1978). vacuum drying (Dixon and Jen 1977), air 
drying (Nanjundaswamy et al. 1978). 

However, the purpose of the present work is entirely different. When 
coconut is cut along the major axis, it results in two pieces of elliptical shape. 
The shells have an export market as they are used as ice-cream bowls, and are 
biodegradable. Here the aim is to exploit osmotic dehydration for the separation 
of the coconut kernel from the shell, a task which otherwise needs tedious 
manual labor. The kernel is used for further processing with improved taste 
imparted by an osmotic agent. 

The other major application is to reduce the water activity of many food 
materials so that microbial growth will be inhibited to a large extent. Since most 
of the food contains large amounts of water, it is cost intensive to ship, pack and 
store (Rao 1977, Biswal and Le Maguer 1989). Osmotic dehydration has been 
identified and implemented as one of the energy efficient methods of partial 
dehydration, since there is no need for an energy intensive phase change (Bolin 
et al. 1983). Moreover, as the feed is not subjected to a high temperature during 
osmotic dehydration, the heat damage to color and flavor is minimal. 

In order to make the osmotic dehydration step a economically feasible one, 
the osmotic solution needs to be reconcentrated by some means either evapora- 
tion or addition of fresh osmotic reagent. It should be noted that in the present 
case, the extent of dehydration required for the separation of kernel from the 
shell is not as high as the other cases (only 30% of the water present in the 
coconut). This makes the reconcentration step an economically viable one. 
Further, it has been observed that repeated reconcentration is not having any 
countereffect on the product characteristics. 

Many salts and saccharides (mono, di and poly) are used as osmotic agents. 
Basically the resulting osmotic solution should be harmless, of low water activity 
and of acceptable taste. Among salts, sodium chloride was found to be an 
excellent osmotic agent (Lerici et al. 1985), but its application is limited because 
of the salty taste it imparts to the food (Hawkes and Flink 1978). Sucrose, 
among saccarides, has been widely used as an osmotic agent due to several 
advantages it offers. Sucrose prevents food discolorization to a large extent by 
enzymic oxidative browning by its inhibitive capacity towards polyphenol 
oxidase enzyme (Ponting 1973). Further, it imparts good taste to the food 
material. Sucrose being a disaccharide, has lower diffusivity when compared 
with other osmotic agents (Chandrasekhran and King 1972), so less of it will be 
absorbed by the food material, making it an ideal choice as osmotic agent. 

In general, the rate of osmotic dehydration is a function of concentration 
and temperature of osmotic solution, immersion time, solution to food ratio and 
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specific surface area. Hence a systematic study of the effect of most of these 
parameters on the kinetics of osmotic dehydration was conducted. Semiempirical 
model equation has been proposed for the diffusional water loss. 

PREVIOUS WORK 

Many authors (Farkas and Lazar 1969; Convey et al. 1983; Rahman et al. 
1990) have investigated the effect of temperature and solute concentration on the 
kinetics of osmotic dehydration of different food materials. No information is 
available in the literature regarding osmotic dehydration of coconut and its 
advantages. Out of the available information for the other food material, very 
little information is available regarding the mathematical modelling or kinetics 
of osmotic dehydration. Most of the available information is in the form of 
empirical relations. 

Farkas and Lazar (1969), suggested an empirical equation relating 
concentration of osmotic solution, its temperature, immersion time and weight 
loss. Contreras and Smyrl (1981), incorporated the effect of pH on weight loss 
during osmotic dehydration. Conway et al. (1983), proposed a model based on 
Fick's second law of diffusion. Andreotti et al. (1983), and Rahrnan and Lamb 
(1990), have given empirical equations for weight loss as a function of time, in 
which it was shown that weight loss in osmotic dehydration is proportional to 
square root of the immersion time. 

THEORETICAL CONSIDERATIONS 

The following equation for osmotic dehydration is written assuming an 
exponential approach to equilibrium, (Zugarramurdi and Lupin 1977) 

- dM/dt = &(M -Me) (1) 

where dM/dt is rate of osmotic dehydration, M is moisture content at any time 
t, Me is equilibrium moisture content and KT is defined as an osmotic 
dehydration rate constant. The negative sign accounts for the fact that M is 
decreasing with time. 

The general equation for mass transfer is given by 

where C and C* are the concentration at time 't' and at equilibrium, respective- 
ly, and k.a is the overall mass transfer coefficient. On comparison of Eq. 1 and 
2, it can be noticed that KT is similar to the overall mass transfer coefficient 
@.a), where 'a' is specific area and 'k' is the individual mass transfer coeffi- 
cient. For diffusion through solids, k in turn can be expressed as De/L,, where 
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D, is effective diffusion coefficient and LC is characteristic length. Hence KT can 
be expressed as 

I(T = (De.a)/Lc (3) 

where D, is effective diffusion coefficient of water in coconut, 'a' the 
specific area per unit volume and LC the characteristic length (in the present case 
it is the thickness of the coconut piece). For similar effective diffusion 
coefficients in coconuts of different sizes and shapes, the rate of water removal 
due to osmotic dehydration will largely depend upon the factor a/Lc. Similar 
analysis for different situations is given by Tanaka and Yoshida (1984), 
Zugarramurdi and Lupin (1980), Heldman and Singh (1980) and Treybal(1968). 

The dependence of 'De' on temperature is assumed to follow the Arrhenius 
equation 

De = DoExp(-AIRT) (4) 

where Do is a constant, A is the activation energy and R is the gas constant. It 
should be noted that in the above equation Do is dependent on the concentration 
of the osmotic solution, specific area and characteristic length, which was found 
empirically by a regression method. 

Do.a/Lc = 6.9B +202.66 (5) 

Substituting the value of the Do in Eq.(4), the value of D, can be obtained. 
The value of KT for different sizes and shapes can be obtained from Eq. (3). 
Solution of differential Eq. (1) can be written, with initial condition t = 0, M 
= Mo, as 

M = M,[1 - Exp(-D,.a/Lc)t] + MoExp(-De.a/Lc) (6) 

Theoretically, the moisture content at any time can be obtained by 
substituting the values of initial and equilibrium moisture contents and osmotic 
dehydration rate constant. 

MATERIALS AND METHODS 

Mature coconuts were taken from the local market. The shell of the coconut 
was manually removed. From the coconut kernel, thus obtained, six circular 
pieces of the diameter 25 mm and of thickness 7mm were cut. Sucrose syrup 
was used as an osmotic agent. A ratio of foodlsyrup 1:5 by weight was used. 

Experiments were carried out by changing the concentration of syrup and 
temperature, from 40-70°B and 25-45°C. respectively. Four cans, each 
containing 400g sucrose solution of different concentration (viz: 40, 50, 60, 
70°B, were kept in a constant temperature water bath. Weighed and numbered 
(1-6) pieces of the coconut were kept in each of the cans. At intervals of one 



OSMOTIC DEHYDRATION OF COCONUT 191 

hour, pieces were taken out in serial order, rinsed in a stream of water and 
surface water was removed with tissue paper. Water present after osmotic 
dehydration was determined by taking the difference of the weight of a piece of 
coconut after osmotic dehydration (Y) and the weight of dry solid (Z). After 
osmotic dehydration the pieces were kept in oven at 100-1 10C in order to find 
out total solids (Z). The same exercise was repeated for different combinations 
of concentration of osmotic solution and its temperature. Each experiment was 
performed in triplicate and the average value was taken. The moisture content 
M (kg of water / kg of dry solid) was calculated with the assumption that no 
diffusion of solid is taking place either from coconut to the osmotic solution or 
from solution to the coconut. The correction factor to account for the variation 
in the initial weight of each sample (of same size) is incorporated in the 
calculations. The moisture content is calculated as 

M (kg of water / kg of dry solid) = (Y-Z)/Z 

RESULTS AND DISCUSSION 

The moisture content (M) at various immersion times during the course of 
osmotic dehydration was experimentally determined over a range of temperature 
(25-35C) and concentration of osmotic solution (40-70°B). A typical plot of 
variation of moisture content with immersion time for 70°B and 35C is shown 
in Fig. 1. The rate of change of moisture content (-dM/dt) is deduced at 
different moisture levels from similar plots, as that shown in Fig. 1, over the 
entire range of temperature and concentration of osmotic solution. A typical plot 
of rate of change of moisture content, thus obtained, versus average moisture 
content is shown in Fig. 2. The slope of line gives the osmotic dehydration rate 
constant &) and equilibrium moisture content (Me) is inferred from the 
intercept. Fig. 3 shows that the dependence of effective diffusion coefficient (D3 
on temperature, follows the relationship given by Arrhenius (Eq. 4). The slope 
of the straight line (in Fig. 3) is used to determine the activation energy of the 
osmotic dehydration process and it is found to be 1.75 x lo4 Jtkg-mole in the 
present case. However, it was observed that the factor (D,.a)/Lc in turn depends 
on the concentration of osmotic solution. Hence by regression method a 
relationship between (D,.a)/Lc and concentration was obtained as shown in Eq. 
5. A comparison between experimental and theoretical values of effective 
diffusion coefficient is shown in Fig. 4 and can be observed that agreement is 
very good. The order of the magnitude of the values of De is same as those 
reported in literature (Auzara et al. 1992; Favetto et al. 1981, Beristain et al. 
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1990). However, the values of D, obtained in the present study are slightly 
lower than those reported for food materials such as pineapple and beef which 
can be appreciated by the fact that coconut has relatively less porous structure. 

Theoretically, the moisture content at any given immersion time was 
calculated from Eq. 6 by substituting the values of D, (which in turn is obtained 
from Eq. 4 and 5), specific area, characteristic length, initial and equilibrium 
moisture contents. Figure 5 shows a typical plot for comparison of theoretical 
values of moisture content, thus obtained with experimental ones, at 70°B and 
35C. It is clear from the figure that the proposed relation fits the experimental 
results fairly well (correlation coefficient 0.95). 

By observing similar plots prepared for other process conditions, it 
appeared that the discrepancy of experimental data from the curve of the 
proposed relation (Eq. 6) is relatively more at higher temperatures for any given 
concentration of osmotic solution (correlation coefficient 0.90). The probable 
reason could be the impairment of the selectivity of the cell membrane at higher 
temperatures. Further, at any given concentration and temperature, there is a 
little discrepancy of the experimental values from theoretical ones towards the 
end of the osmotic dehydration process. Perhaps the assumption that no diffusion 
of solid is taking place in either way may not be as valid towards the end of the 
osmotic dehydration process. 

Conc. 70.8 

Temp. 35 C 

Time (H) 

FIG. 5. COMPARISON OF EXPERIMENTAL VALUES WITH THEORETICAL ONES 
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CONCLUSIONS 

Osmotic dehydration was found to be a successful method to aid the 
removal of coconut kernel without much difficulty. The moisture content at any 
given immersion time during the course of osmotic dehydration can be predicted 
from the proposed model equation in order to optimize the process conditions. 
Effective diffusion coefficients of water in coconut obtained from the proposed 
model are similar to those reported in the literature. 
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NOMENCLATURE 

a Specific area, m2/m3. 
A Activation Energy, J / kg-mole 
B Concentration of osmotic solution, degree Brix 
C Concentration at time 't', kg-mole/m3 
C* Equilibrium concentration, kg-mole/m3 
Do Constant 
D, Effective diffusion coefficient at any temperature T, m2/s 
k Individual mass transfer coefficient, m/s 
KT Osmotic dehydration rate constant at any temperature T, h-' 
LC Characteristic length, m 
Mo Initial moisture content of coconut piece on dry basis, kg of water / kg of 

dry solid 
M Moisture content of coconut at any time 't', kg of water / kg of dry solid 
Me Equilibrium moisture content on dry basis, kg of water / kg of dry solid 
R Gas constant, 8.314 x lo3 Jlkg-mole OK 
t Immersion time of coconut in osmotic solution, h 
T Temperature of osmotic solution, OK 
Y Weight of coconut after osmotic dehydration, kg 
Z Weight of dry solids, kg 
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ABSTRACT 

A mathematical model was developed to predict the frequency distribution 
of steady-state 0, partial pressures in modified-atmosphere packages of fresh 
and minimally processed fruits and vegetables. Variation in 0, uptake was 
predicted to have relatively larger influence on the package 0, distribution than 
variation in film permeability to 0,. The model also predicted that the range of 
0, partial pressures in the packages would be larger for the products with lower 
K,, (a constant in product 0, uptake equation) values. The percent deviation 
of package 0, partial pressures from [Odd increased with [OJ, up to about 
3 kPa and gradually decreased thereafrer. Package 0, distribution was 
symmetrical at higher [Odd but became gradually asymmetrical with decreasing 
[OJ,from 6 kPa. The model was used to predict target [Odd for the design 
of modified-atmosphere packages for digerent probability levels of having 
package 0, being equal to or less than a minimum tolerable level of the product. 

INTRODUCTION 

The application of modified-atmosphere packaging (MAP) technique for 
extending the storage life of fresh and minimally processed produce has been 
rapidly expanding (Crothers 1992; Zind 1992). MAP provides an economical 
and practical way to provide beneficial 0, and CO, levels for products marketed 
in small quantities. 

A procedure based on Fick's law of gas diffusion has been suggested to 
design MA packages (Beaudry et al. 1992; Cameron et al. 1989; Deily and 
Rizvi 1981 ; Hayakawa et al. 1975; Henig and Gilbert 1975; Kader et al. 1989; 
Talasila et al. 1992). In this procedure, product 0, uptake and CO, production 
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rates are matched with the film permeability to 0, and CO,, respectively, to 
obtain target 0, and CO, concentrations. 

In an ideal situation, all the packages should have the target gas levels at 
steady-state. However, in practice, the actual 0, and CO, levels in the packages 
deviate from the target levels because of the natural product-to-product variation 
in 0, uptake and CO, production rates and film-to-film variation in gas 
permeability to 0, and CO, (see Beaudry et al. 1992). Since 0, concentrations 
slightly below their beneficial level could be injurious for some fruits and 
vegetables (Kader 1989; Saltveit 1989), it is important to consider the variation 
in package 0, levels when designing MA packages. 

There has been very little discussion in the literature on the variation of gas 
levels in MA packages. Talasila et al. (1992) derived an equation to determine 
the magnitude of variation in the package 0, and CO, partial pressures for the 
special case of constant respiration rate. However, to our knowledge, a detailed 
analysis of the problem has not been reported. 

The specific objectives of this work were to (1) develop a mathematical 
model to predict the frequency distribution of steady-state package 0, partial 
pressures for a given frequency distribution in product 0, uptake and/or film 
permeability to 0, (2) study the influence of various parameters on the 
frequency distribution of package O,, and (3) develop an approach for designing 
MA packages that reduces the probability of developing injurious 0, partial 
pressures. 

MODEL DEVELOPMENT 

Graphical Analysis 

In a modified-atmosphere package, a steady-state 0, partial pressure is 
obtained when the rate of 0, permeating through the packaging film due to 
partial pressure difference between inside and outside is equal to the rate of 0, 
uptake by the product. This concept is illustrated for a product with a specific 
0, uptake, a film of given permeability to 0, and an outside 0, partial pressure 
of 21 kPa in Fig. 1A. A deviation in 0, uptake and film permeability to 0, 
from the respective expected values creates an 0, partial pressure that differs 
from the targeted value. The exact 0, partial pressure created will depend on 
the magnitude of the deviation in 0, uptake and film permeability to 0, in that 
particular package. For instance, a f 10% variation in 0, uptake and film 
permeability to 0, could create a range of package 0, partial pressures from 1 
to 4 kPa (Fig. 1B). In this example, the packages were designed for a target 
steady-state 0, partial pressure of 2 kPa. 
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FIG. 1. ILLUSTRATION OF THE ATTAINMENT OF STEADY-STATE 0, PARTIAL 
PRESSURE (A) AND THE OCCURRENCE OF PACKAGE 0, DISTRIBUTION WHEN 
THERE IS A VARIATION IN PRODUCT 0, UPTAKE AND FILM PERMEABILITY 

TO 0, (B) IN A MODIFIED-ATMOSPHERE PACKAGE 
A f 10% variation in both 0, uptake and film permeability to 0, will create a range 

of 0, partial pressures varying from 1 to 4 kPa in the packages that are originally 
designed to obtain 2 kPa at steady-state. 

Derivation of the Model 

The following assumptions were made for the development of the 
mathematical model: 

(1) Product 0, uptake and film permeability to 0, follow normal distributions. 
(2) Product 0, uptake can be described using a Michaelis-Menten-type 

equation. 
(3) The ratio of 0, uptake of a product to the mean 0, uptake of the population 

to which the product belongs is constant at all levels of package 0, partial 
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pressure. This assumption implies that the coefficient of variation of 
product 0, uptake has the same magnitude at all package 0, partial 
pressures. 

Assumptions 1 and 3 have been validated for cut broccoli at OC (Talasila 
et al. 1994) and assumption 2 was shown to be valid for several fresh products 
including blueberries (Cameron et al. 1994; Song et al. 1992). raspberries (Joles 
et al. 1994), and cut broccoli (Hagger et al. 1992; Lee et al. 1991; Talasila et 
al. 1994). 

The concept of creation of steady-state 0, partial pressure in MA packages 
in mathematical form can be described as follows (Cameron et al. 1989): 

where b2 is the 0, uptake of the products in a package (see Nomenclature); W 
is the mass of the product in the package; Po, is the 0, permeability; A is the 
surface area; Ax is the thickness of the film; [OJ,, is the 0, partial pressure 
outside the package; and [OJ,,, is the steady-state package 0, partial pressure. 

If R, and Po2are equal to the mean values of their respective populations, 
[0JPk will be equal to the median of the package 0, population: 

- 

where &,, is the mean 0, uptake, Po is the mean film permeability to 0, and 
[OJ, is the median steady-state pac%age 0, partial pressure. 

Package specifications are usually determined using Eq. (2) for a target 0, 
partial pressure equal to [OJ,. In an ideal case of no variation in 0, uptake 
and film permeability to O,, all the packages should have [O,],,, equal to [O,], 
at steady-state. 

If product 0, uptake follows Michaelis-Menten-type equation (See Cameron 
et al. 1994; Hagger et al. 1992; Lee et al. 1991 ; Song et al. 1992), it may be 
expressed as a function of package 0, partial pressure as: 

where K,, and kmax are constants specific to a product. If b2 of products in 

a package is 'X' times < at all the 0, partial pressures (see assumption 3), 
2 

then from Fig. 1B: 
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and if Po2 is 'Y' times %: 
- 

POI =Y .POI 

Note that RHS of Eq. (4) contains [OJpkg and not [OJ,. This becomes 
clear from the following analysis of Fig. 1B. If the 0, uptake of products in a 
package is represented by the top dotted line of the 0, uptake distribution and 
the 0, flux through that package is represented by the bottom dotted line of the 
'0, flux through film' distribution in Fig. lB, the x and y coordinates of the 
point of intersection of the two curves will give [02]pkg and corresponding b2 
of the products in that package, respectively. This Ro2 is 'x' times b2 
co&esponding to the same [O,],,,. 

Substituting Eq. (2), (3), (4), and (5) into Eq. (1) yields following 
relationship between [OJpkg and other variables 

which when rearranged gives a quadratic equation in [0,Ipkg. Only one of the 
solutions of the quadratic equation yields positive values for [OJpkg: 

Equation (7) will reduce to the model presented by Talasila et al. 
(1992) for the simplified case of constant 0, uptake. 

Note that [02]pkg in Eq. (7) is independent of the magnitudes of R, and Po . 
[0,Ih can be predicted from Eq. (7) for a given [OJ,, K,,, [OJ,, k and 9. 
For example, if 0, uptake of the products in an individual package is 1.2 times 
the mean 0, uptake (X = 1.2) and film permeability to 0, is 0.9 times the mean 
permeability (Y = 0.9), the steady- state 0, partial pressure in that package 
(rodpkg) will be -0.4 kPa if the packages were designed for an 0, partial 
pressure ([OJ,) of 1 kPa at steady- state. For this example, a K,, of 0.25 kPa 
and an [OJ,,, of 21 kPa were assumed. 

If b2 and Po, are normally distributed, then both X and Y will be normally 
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distributed. Let f,(x) and f2(y) be the probability density functions of X and Y, 
respectively. Since X and Y are independent, the distribution function for 
[02],,,, F(s), can be given as (see Parzen 1960): 

where s, x, and y are 
respectively and P is 
by Eq. [7]: 

any real values that can be assumed by [02],,,, X, and Y, 
the probability function for [02],,,. Function 'g' is given 

ro,lpk, = g(x,y) (9) 

The inequality, g(x,y) I s, can be used to obtain the integration limits for 
x (see Parzen 1960). With proper integration limits for x and y, F(s) can be 
written as: 

OD OD 

where 

With the change of variable from x to x' as 

in Eq. (lo), F(s) becomes 

The probability density function for [02]pkg, f(s), can be obtained by 
differentiating F(s) with respect to s: 
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The probability density functions, f, (x) and f2 (y), for normal distribution 
are (Parzen 1960): 

where m,, ax and my, a, are the means and standard deviations of X and Y 
distributions, respectively. From the definitions of X and Y, both m, and my 
can be calculated as equal to 1 and ax and a, as equal to the respective 
coefficients of variations (in decimal) of R, and P distributions. Substituting 

O2 
Eq. (14) and (15) with the proper values of m,, my, ox, and a, into Eq. (13) 
yields 

4s2-4as] - 1 
I(S) = ay- - + I  exp - 

9- CV, CV,!~ b ( 4 s 2  1 I 

Equation (16) cannot be directly solved by any known integration methods. 
Numerical integration may be used to obtain probability densities of [02]pkg for 
various values of s. From this information, the density function of [02]pkg, F(s), 
can be determined by numerical integration of the following equation: 

With the knowledge of coefficients of variation of 0, uptake (CV,) and film 
permeability to 0, (CV,), KID, and [02],,,, the distribution of [02],,, can be 
calculated by using Eq. (17) for any given [O,],,. Valuable information, such 
as the probability of having [OJ,,, below a certain level (F(s) or P([02],,, 5 s)) 
and the interval of [OJ,,, with a certain probability level, can be directly 
obtained from the [02]pkg distribution. Alternatively, the required target [OJ, 
for designing MA packages for a given probability of having [02]pkg equal to or 
less than a certain minimum level (P([ O,],,, I s)) can be predicted using a 
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'trial and error* or some other root finding method. 
For the simple case of having variation in either 0, uptake or film 

permeability to O,, target [OJ, can be directly predicted by mathematical 
manipulation of Eq. (7). The following equation was obtained by assuming no 
variation in film permeability to 0, (i.e., Y = 1): 

A relationship similar to Eq. (18) may be developed for the special case of 
no variation in 0, uptake. 

The X value in Eq. (18) for a given probability level (P) can be obtained 
from the corresponding standard normal deviate (z) using the following 
relationship deduced from the definitions of z (Steel and Torrie 1960) and X: 

z values corresponding to a given P can be obtained by solving the density 
function for normal distribution using numerical integration (see Table 1 for 
typical z values). 

For using the developed model for designing MA packages, accurate 
estimates of CV, and CV, are essential. CV, depends on the mass of the 
product in the package (W). The following theoretical relationship (Steel and 
Torrie 1960) may be used to derive the relationship between W and CV,: 

where OR is the standard deviation of the means of several 0, uptake popula- 
tions, UR is the standard deviation of any one 0, uptake population, and n is the 
number of individual products in any one population. 

For the case of modified-atmosphere packaging, the products in each 
package may be assumed to constitute a population and the overall 0, uptake of 
the products in the package may be assumed to be equal to the mean of the 
population. Then, OR, OR, and n in Eq. (20) can be taken as standard deviation 
of product 0, uptakes among the packages, standard deviation of 0, uptake 
among the products in a package, and number of products in each package, 
respectively. 
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Assuming a, to be a constant for any specific product and the total product 
mass in a package is directly proportional to the number of products in the 
package, the following relationship may be derived between W and CV,: 

where K is a constant. With the knowledge of mass of the product and the 
corresponding CV of 0, uptake, CV for any other mass can be calculated from 
Eq. (21). 

Talasila et al. (1994) used the developed mathematical model to predict the 
probabilities of [02]pkg being equal to or less than different given 0, levels in cut 
broccoli packages at OC and reported that the predicted probabilities agreed very 
closely with the experimental results. 

ANALYSIS OF THE MODEL 

Effect of 0, Uptake and Film Permeability on Package 0, Distribution 

Package 0, distribution is not influenced by the magnitudes of product 0, 
uptake (ROZ) or film permeability to 0, (Po ) according to Eq. (16). However, 
the distribution depends on K,, and on coefdcients of variation of b2 (CV,) and 
Po2 (CVp). 

Figure 2 shows the effect of CV,, CV,, and K,, on [OJ,,, distribution. A 
probability interval of 0.01 % (or a confidence interval of 99.99%) was used for 
calculating [OJ,,, range. For an [OJ, of 2 kPa and a K,, of 0.25 kPa, [OJpkg 
was predicted to vary from 0.65 to 5.20 kPa when there is a 5 % variation in Ro 

2 
and Po . A change in CV, from 5 % to 10% increased the range of [OJ,,, from 
0.65-g.20 kPa to 0.45-7.50 kPa. The range of [OJpkg also increased with a 
change in CV, from 5 % to lo%, however, the change was not as high as that 
caused by the similar increase in CV,. A 10% variation in both Ro2 and Po2 was 
predicted to cause the [OJ,,, to vary from 0.25 to 8.50 kPa. 

The range of [02],,, was smaller for higher K,, values (Fig. 2). For 
example, for a 5 %  variation in R, and Po , the range of [OJ,,, was only 
1.40-2.85 kPa for a K,, of 5 kPa as komparea to 0.65-5.20 kPa for 0.25 kPa. 
Also, for a K,, of 5 kPa, there was not as significant a change in the range of 
[OJ,,, as for 0.25 kPa with increase in variations in b2 and Po2 from 5 to 10%. 

Effect of [OJ,, on Package 0, Distribution 

The model predicted an increase in the range of [0 Jpk, with an increase in 
[OJ,, between 1 and 6 kPa (Fig. 3). For a K,, of 0.25 kPa, the distribution 
of [OJpkg was symmetrical for an [0,], of 6 kPa, and it became gradually 
asymmetrical as [O,],, changed from 6 kPa to 1 kPa. The range of [OJ*, was 
generally smaller for a K,, of 5 kPa at any [O,],, (Fig. 3). Also for this case, 
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FIG. 2. FREQUENCY DISTRIBUTION OF 0, PARTIAL PRESSURES IN THE PACKAGES 
THAT ARE DESIGNED TO OBTAIN AN [O,], OF 2 kPa AT STEADY-STATE FOR K,,, 
VALUES OF 0.25 kPa (A), 0.50 kPa (B), 1.00 kPa (C), AND 5.00 KPA (D) AND FOR 
COMBINATIONS OF 0% CVR AND 0% CVp (-0-); 5% CV, AND 5% CVp (-); 10% CV, 

AND 5% CVp (---); 5% CVR AND 10% CVp (- . -) AND 10% CVR AND 10% CVp (....) 
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FIG. 3. FREQUENCY DISTRIBUTION OF 0, PARTIAL PRESSURES 
IN THE PACKAGES THAT ARE DESIGNED TO OBTAIN [O,],, OF 
6 kPa (-), 4 kPa (---), 2 kPa (- -) AND 1 kPa (--) AT STEADY- 
STATE FOR K,, VALUES OF 0.25 kPa (A) AND 5.00 kPa (B) AND 

FOR A COMBINATION OF 5 % CV, AND 5 % CV, 

[OJ,,, distribution was close to symmetrical for all the [O,],,, between 1 and 6 
kPa. The change in shape of the [O,],,, distribution with [O,],, and K,, value 
is due to the change in the shape of the product 0, uptake curve for different 
K,, values. Small KIn values indicate a constant 0, uptake from an [O,],,, 
level of 21 kPa to a very low value depending on the magnitude of the KIn and 
a rapid decrease in 0, uptake from there to zero level (see Cameron et al. 
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1994). For the case of small K,, and low [O,],,,, the distribution becomes 
asymmetrical as the change in [OJ,,, is minimal even with a large variation in 
0, uptake. 

Equations (18) and (19) were used to predict [OJ, for different [OJ,,, and 
P values. z values corresponding to different P levels were obtained from Table 
1. The percent deviation, which was calculated as (([OJ, - [0,],,,)/[ OJ,, 
x loo)), was as high as 58% for an [O,],, of 3 kPa and a P of 0.001% (Fig. 
4A). Percent deviation gives the difference between [O,],, and [OJ,,,, the 
chance of occurrence of package 0, levels equal to or lower than [OJ,,, being 
P, expressed as a percentage of [OJ,. Percent deviation increased with [OJ, 
between 0 and 1: 3 kPa and gradually decreased there after (Fig. 4). An 
increase in P decreased the percent deviation. A change in K,, from 0.25 kPa 
to 5.0 kPa significantly reduced the percent deviation. 

Effect of Mass of the Product in the Package on CV, 

The CV of 0, uptake may be reduced by increasing the mass of the product 
in each package. This will in turn decrease the range of package 0, partial 
pressures. An analysis of Eq. (21) revealed that the CV, can be decreased 
rapidly by increasing the product mass only up to a certain level (Fig. 5). 
Afterwards, the reduction in CV, with increase in product mass is minimal. 

TABLE 1. 
CALCULATED z VALUES CORRESPONDING TO A GIVEN PROBABILITY 

LEVEL (P) FROM NUMERICAL INTEGRATION OF THE NORMAL 
DISTRIBUTION DENSITY FUNCTION 

Probability (P) z value 
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FIG. 4. PERCENT DEVIATION (CALCULATED AS ([Odd -[OJPk,)1[0~, X 100) 
AS A FUNCTION OF [OJ, FOR K,,, VALUES OF 0.25 kPa (A), 0.50 kPa (B), 
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AND 0.1 % (- -) PROBABILITY 
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FIG. 5. RELATIONSHIP BETWEEN COEFFICIENT OF VARIATION OF 0, UPTAKE 
(CVR) AND MASS OF THE PRODUCT IN THE PACKAGE (W) BASED ON EQ. (21) 

FOR A K VALUE OF 100 

Prediction of Target [OJ,,, Levels for MA Package Design 

A 'trial and error' solution with Eq. (16) and (17) was used to predict the 
required target [O,],, for a given probability of having [OJ,,, equal to or less 
than a certain minimum level (P([O,],,, I s)). The model predicted that in 
order to have a 0.01 % probability of having [02]pkg I 1.0 kPa, the target 
[O,],, should be 2 3.25 kPa. In this example, a K,, of 0.25 kPa and a 5% 
CV in 0, uptake and film permeability to 0, were assumed. 

Eq. (18) was used to predict the target [O,],, for the simplified case of 
negligible variation in film permeability to 0, for various probabilities of having 
[O,],,, I 1 kPa and for a K,, of 0.25 kPa (Table 2). Lower probabilities 
mandate considerably higher target [O,],,,. An increase in coefficient of 
variation of 0, uptake from 2.5% to 10% significantly increased the target 
[O,],, for the package design. 

DISCUSSION 

An approach has been suggested in this paper to design packages based on 
a given low 0, limit and a given probability of having package 0, less than or 
equal to the low 0, limit. A lower probability mandates higher target [O,],, 
which will in turn require the usage of films with higher permeability to 0, for 
a given mass of the product. 
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TABLE 2 .  
TARGET [O,],, FOR A K,,, OF 0.25 kPa AND FOR VARIOUS CV, AND 

PROBABILITIES OF HAVING [OJ,,, < 1 kPa 

Probability 2.5 % 
% 

The lower 0, limit will be different for different fruits and vegetables and 
needs to be established empirically. Depending on the type of fruit or vegetable, 
the lower 0, limit may be determined based on RQ break point (Beaudry et al. 
1992; Cameron et al. 1994; Joles et al. 1994), which is an indicator of the start 
of the fermentative respiration process, or on other physiological or pathological 
limitations for the storage of the product. The lower 0, limit increases with 
product temperature and storage duration (Beaudry et al. 1992; Ke et al. 
1991a.b). 

When the proposed approach is used, it is possible that steady-state 0, 
partial pressures in some of the packages will be above the optimum level 
recommended for the product. For example, for a product with a K,, of 0.25 
kPa, there is a 10% probability that the steady-state 0, partial pressures in 
packages designed to obtain a median 0, partial pressure of 2 kPa will be above 
3 kPa (Fig. 3A). An attempt to decrease the number of packages that are 
exposed to 0, partial pressures above 3 kPa by decreasing the target [O,],,, 
increases the probability of exposing the packages to 0, levels below a minimum 
tolerable limit. A compromise has to be made between the risk of exposing 
some packages to 0, partial pressures above the optimum level to exposing the 
packages to 0, partial pressures below the minimum tolerable limit. 

The model predicted that the range of [OJ,,, will be smaller for products 
with higher KID values (Fig. 2 and 3). Products such as blueberries (Cameron 
et al. 1994) and raspberries (Joles et al. 1994) have K,, values considerably 
higher (0.80 kPa for blueberries and 5.6 kPa for raspberries at OC) than for cut 
broccoli (0.25 kPa at OC, Talasila et al. 1994). Therefore, for the same 
variation in 0, uptake and film permeability, the range of package 0, partial 
pressures in blueberry and raspberry packages will be considerably smaller than 
for the cut broccoli packages. However, variation in 0, partial pressures inside 
the product is expected to be a function of K, and not Kin. KID used in 
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developing the current model is not a true K, for any underlying enzymatic 
reaction of the respiration activity in the product. It is generally assumed that the 
K,,, for cytochrome oxidase is lower than 0.1 kPa and remains constant for all 
products, whereas K,, is influenced by several factors, especially product skin 
resistance to 0, diffusion relative to the rate of 0, uptake. This explains why 
K,, increased for blueberries from 0.80 kPa at OC to 5.80 kPa at 20C (Cameron 
et al. 1994). While increasing the K,, reduces variability in package 0, partial 
pressures, the variability in 0, partial pressures inside the product remains 
largely constant since K, is constant for any product and does not change with 
Kl,. 

This study considered only product-to-product variation in 0, uptake and 
package-to-package variation in film permeability. However, it is well known 
that variation in product respiration rate exists between harvests. Variation also 
exists in permeability of the film of the same type but from different sources 
(Doyon et al. 1991). If perforated films are used for product packaging, it is 
possible that the number of perforations per unit area of the film and the 
cross-sectional area of the perforations will vary. This will add to the variations 
considered in this study and will hence increase the range of the package 0, 
levels. 

Only the situations where products are injured by reduced 0, levels were 
considered in the current study. There are some other situations where fruits 
and vegetables are injured by high CO, partial pressures (Kader 1989; Saltveit 
1989). For these situations, an approach similar to the one developed in this 
paper may be used to design the packages based on the high CO, limit and the 
associated probability level. In certain cases where consideration of both 0, and 
CO, partial pressures in the package is important, prediction of probability levels 
of the gases would not be as easy. 

The results predicted by the model indicate that even a small variation in 
0, uptake and film permeability to 0, could create a large variation in 
steady-state package 0, partial pressures. This variation is in addition to the 
variation caused by any temperature changes that will occur during the 
distribution and marketing of the produce. It is well known that even a small 
change in temperature can substantially vary the gas levels inside the packages. 
Unless these possible variations, namely, natural variation in product respiration 
rate, film permeability, and variation in temperature, are taken into consider- 
ation when designing packages, the MA packaging technique may not be 
consistently beneficial. 

NOMENCLATURE 

A Film surface area of the package (cm2) 

c v ~  Coefficient of variation of the distribution of Po, (%) 
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Coefficient of variation of the distribution of Rq (%) 
Distribution of [O,],,, 
Probability density of [OJ,,, 
Probability density of X 
Probability density of Y 
Function representing the relationship among X,Y, and [OJ,,, 
A constant relating CV, and W in Eq. (21) 
A constant in Michaelis-Menten-type equation of 0, uptake as a 
function of package 0, partial pressure (kPa) 
A true Michaelis-Menten constant indicative of an enzymatic reaction 
of respiration process in the product (kPa) 
Mean of the distribution of X 
Mean of the distribution of Y 
Number of individual products in any one 0, uptake population 
0, partial pressure outside the package (kPa) 
Median steady-state package 0, partial pressure (kPa) 
Steady-state 0, partial pressure in a package (kPa) 
Probability of [OJ,,, 
Film permeability to 0, (mmol c m  cm-2 .h-' .kPa-') 
Mean of the film permeability to 0, distribution (rnmolcm. 
cm-2 -h-' -kPa-I) 
0, uptake of the product in a package (mmol-kg-'.h-I) 
Mean of the 0, uptake distribution (mmol-kg-'.h-') 

A constant in Michaelis-Menten-type equation of 0, uptake as a 
function of package 0, partial pressure (mmol-kg-'ah-') 
Any real value that can be assumed by [OJ,,, 
Fraction Ro I R, 
Any real vafue tiat can be assumed by X 
Fraction Po /P, 
Any real value that can be assumed by Y 
Mass of the product in a package (kg) 
Standard normal deviate 
Thickness of the packaging film (cm) 
Standard deviation of 0, uptake among individual products in any 
one 0, uptake population (mmol-kg-'-h-') 
Standard deviation of the mean 0, uptake among several 0, uptake 
populations (mmol -kg-' -h-') 
Standard deviation of the distribution of X 
Standard deviation of the distribution of Y 
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ABSTRACT 

Drainage of curd is the separation of solid curd grains and whey, an 
essential process step in making cheese. It is difficult to model this process by 
use of current consolidation theories, mainly because of the considerable loss of 
whey by the curd grains themselves during the expulsion of whey from pores 
between the curd grains. As an alternative we have studied a model that takes 
the expression of a single curd grain as a starting point. By analyzing 
experimental results of a column filled with uniform curd grains drained in 
radial direction while being under axial external pressure, we study the question 
to which extent this model might be used to predict the change of porosity with 
time. It appeared that the model gives reasonable results at low external 
pressures. At high external pressures the model proves to be inadequate. In the 
intermediate pressure range the model predicts too fast an expression of the curd 
grains, although a liquid pressure gradient between the center and the outside 
of the curd column could not be detected. This suggests the existence of isolated 
pores, or a geometric limitation of the deformation of curd grains in a curd bed. 

INTRODUCTION 

Cheese is one of the main dairy products. Though many different varieties 
of cheese are produced, the basic principle of the manufacture is always the 
same. It starts with clotting of the milk, i.e., the transformation of the liquid 
milk into a gel. Clotting can be accomplished either by adding rennet (an 
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enzyme) to the cheese milk or by acidification of the milk. Subsequently, the gel 
is cut into pieces. Whey, i.e., an aqueous solution of lactose, proteins and salt, 
is expelled from the pieces. This process is called syneresis. The process is 
usually enhanced by stirring and heating of the curdlwhey mixture. Finally, 
fairly rigid curd grains and a large amount of whey are obtained. The whey and 
curd are separated in a process called drainage of curd. It leads to the formation 
of a coherent mass of curd grains, that is subsequently salted and ripened. 
Drainage is therefore an essential step in the cheese-making process. Improve- 
ment of the current drainage process is of importance as it may increase yields 
and reduce sanitation costs and quality failures (Akkerman et al. 1994a). 

Most current qualitative theories for the expulsion of liquid from a 
particle-liquid mixture by squeezing or compaction are (modified) Terzaghi 
models (Leclerc and Rebouillat 1985; Shirato et al. 1986). This model is shown 
symbolically in Fig. 1. In this model the time dependent behavior of the 
particle-liquid mixture is caused by restriction of the liquid flow, and there is no 
expulsion of liquid from the particles. In the drainage of curd, however, a part 
of the expelled whey originates from within the curd grains. Moreover, during 
the drainage bonds are formed between the curd particles, so called fusion 
(Akkerman et al. 1993). These two features are not present in the Terzaghi 
model. 

load 
pcock s tor  
sed / o p e  w 'i 

FIG. 1. THE TERZAGHI MODEL, EXPLAINED BY A FRICTIONLESS PISTON IN A 
CYLINDER FILLED WITH AN INCOMPRESSIBLE LIQUID. A SPRING, A 

STOPCOCK AND A LOAD 
In (a) a spring is immersed in a cylinder filled with water. In (b) a load is applied. The piston 
cannot descend and the liquid pressure is equal to the applied pressure. In (c) the stopcock is 
opened, water escapes and the piston sinks. At (d) the spring carries the total load (Leclerc 

and Rebouillat 1985). 
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Kerkhof (1979) has applied the Terzaghi theory to the drainage of curd. 
Comparison of experiments and model calculations led him to the conclusion 
that an entirely new type of model was needed. To this end, Kerkhof introduced 
the so-called relaxation and expression of particles (R.E.P.) model. Compaction 
due to decreasing porosity and to decreasing curd volume are distinguished in 
this model and have different time constants. The mathematical relations of the 
decrease in free whey volume and in curd volume were derived from compres- 
sion experiments. In these compression experiments it was assumed that after 
a certain time the compaction of the curd bed was caused by the whey expulsion 
from the curd grains only; the free whey content was assumed to be constant 
from then on. This model was used to predict uniaxial drainage behavior of thin 
layers of curd. Kerkhof compared his R.E.P. model calculations with experi- 
mental results. Although the predicted values did not exactly match the 
experimental ones, he ascertained that in general lines the model was in 
harmony with his experimental results. Kerkhof concluded therefore, that the 
time needed to deform and express curd grains is essential in the process of 
draining curd. 

Kerkhof considered his approach as a tentative pilot study. Application of 
the model to factory conditions, involving thicker layers of curd, was not 
possible in the form at that time. Furthermore, for the relationships on particle 
level, e.g., fusion and whey expulsion, only rough estimates were available. 

In this paper we try to obtain a better understanding. of the fundamental 
properties of the curd drainage process. Experiments on well-defined curd grains 
have resulted in a model that describes the expulsion of whey out of a single 
curd grain under pressure. Using this model as a basis for a model for batch 
drainage we investigate to what extent the behavior of a single curd grain is 
significant for the behavior of a large collection of grains. 

THE MODEL FOR A SINGLE CURD GRAIN 

Drainage of curd is not an isolated process, as its outcome depends 
strongly on the preceding curd preparation and the subsequent shaping and 
pressing. In practice, curd grains exhibit considerable spread in size, shape and 
liquid content. Study of the drainage therefore requires a well-controlled curd 
preparation and to that end a new technique was developed. It enables the 
production of almost identical cube shaped curd grains. The basic features of the 
new apparatus are: the clotted milk is cut into uniform cubes by two wire grids, 
and the cubes are so gently stirred, that serious damage of the cubes is 
prevented. The latter feature is realized by subsequently pumping an amount of 
whey and large air bubbles through openings in the bottom of the cheese vat (see 
Fig. 2). A complete description of the apparatus is given by Akkerman et al. 
(1994a). 
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therrnostatted 

FIG. 2. DIAGRAM OF THE CHEESE VAT USED TO PREPARE CUBE 
SIZED CURD GRAINS 

At the start the wheylair distribution chamber is filled with whey, its openings at the 
top temporarily closed to avoid mixing of whey and milk. After the clotting the gel is 

cut by wire frames (not shown). 

The volume of the curd grains is characterized by their relative remaining 
volume i(t), that is the actual volume of a curd grain as a fraction of its volume 
before syneresis. The uniform curd grains are used to study the expression and 
deformation of a single curd grain in a uniaxial compression setup (Akkerman 
et al. 1994a). From these experiments Akkerman et al. (1994a) derived an 
empirical equation for the relative remaining volume of a single curd grain: 

where 
i(t) = relative remaining volume at time t (-), 
i(=) = relative remaining volume at infinity (-) (= 0.10). 
k = constant (= 4. Pa-' s-lR 1. 
Pm = pressure on the curd grain (Pa), 
t = time (s). 
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UPSCALING THE MODEL TO CURD BATCHES 

Our aim is to use the model for the expression and deformation of a single 
curd grain as a tool to predict the change in porosity of a curdlwhey mixture in 
a column that is being compressed. To that end the compaction and liquid 
pressure in a curdlwhey mixture in a drainage column were studied in a setup 
as depicted in Fig. 3. 

It turns out that in the upscaling two physical quantities play important 
roles: the pressure and the porosity. The total exerted pressure on the curdlwhey 
mixture is taken to be equal to the external pressure, as the apparent weight of 
the (submerged) curd grains is relatively small. The exerted pressure can then 
be decomposed into three partial pressures (Schwartzberg 1983): 

where 
p, = total exerted pressure (Pa), 
p, = pressure on the curd mass (Pa), 
p, = liquid pressure (Pa), 
p, = pressure loss due to adherence and friction to the wall (Pa). 

i perforated I jwall 

displacement 
transducer 

pressure 
transducer 

FIG. 3. A SCHEMATIC DRAWING OF THE MEASUREMENT OF THE LIQUID 
PRESSURE AND COMPACTION OF A CURDIWHEY MIXTURE IN A 

CYLINDRICAL DRAINAGE COLUMN 
The external pressure was exerted by applying a weight. 
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It appeared that at relatively low external pressure (less than 1000 Pa), the 
overall liquid pressure difference between the center and the outside of the 
column was below the detection level. Therefore we assumed the contribution 
of the liquid pressure p,, to be zero. 

A significant part of the pressure exerted upon the curd grains in the 
drainage column is lost due to adherence and friction of the curd mass to the 
wall. The magnitude of this pressure loss, p,, depends on the height within the 
column, that is, on the distance from the plane where the external pressure is 
applied. However, to simplify the equations a linear average of the pressure loss 
between top and bottom of the vessel was taken as an approximation that is 
independent of the height within the column. In this way an average value for 
pw is taken according to experimental data (Akkerrnan et al. 1994b): 

where 

k, = constant ( = 6. lo4 Pa-'.'), 
h = distance between top and bottom of the curd bed (m), 
R = radius of the column (m). 

The whey-filled pores between the curd grains, which were assumed to be 
uniformly distributed over the curd bed, do not carry a significant part of the 
pressure. The external pressure, in fact force per mZ, is carried by a smaller 
cross-sectional area of curd grains, hence the stress upon the curd grains can be 
(locally) higher than the overall pressure. Because of the statistical properties of 
porosity, the volumetric porosity of the curdlwhey mixture equals the areal 
porosity; the Delesse principle (Weibel 1979). Since p, = 0 this leads to the 
following average local stress p,' upon the curd grains: 

where 

p,' = average local stress upon the curd grain (Pa), 
E = (volumetric) porosity (-). 

The decrease of the volume of uniform curd grains can be derived from 
the expression of a single curd grain [i(O) is expressed as a volume fraction]. It 
has to be noted that during the expression of a single curd grain a considerable 
broadening of the grains occurs, which is taken into account by averaging the 
applied stress between two subsequent intervals in time in Eq. 1. If the increase 
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in cross-sectional area of curd grains in a batch may be supposed to be identical 
to that of a single grain, then the volume of the curd grains can simply be 
deduced : 

where 

V,(t) = remaining volume of the curd grains at time t, 
V,(oo) = remaining volume of the curd grains at infinity ( = 0. lo), 
k = constant ( = 4. Pa-' s-'" ). 

EXPERIMENTAL DESIGN 

The upscaled model was designed to calculate the volume of the curd mass 
as a function of time. However, to use the model in this way the porosity e of 
the curdlwhey mixture must be known. In practice it turns out that it is 
extremely difficult to obtain good measurements fore. Some measurements may 
be obtained using the optical fiber method described by Akkerman et al. (1992); 
however, this measurement procedure is not yet developed well enough to obtain 
a densely spaced (in time and space) set of reliable data. Therefore we have 
applied the upscaled model in a reversed way: using volume data of the 
curdlwhey mixture we have tried to calculate its porosity. 

The volume of the curd column is composed of the volume of the pores and 
the volume of the curd grains. If the volume of the curd grains can be predicted 
and the volume of the curdlwhey mixture is measured, then the porosity may be 
calculated. The volume of the curdlwhey mixture can be derived from the height 
measurements (Fig. 3). At the start of an experiment it is difficult to determine 
the height accurately, as the top of the curd bed is uneven. The porosity at the 
start of an experiment cannot be measured and is to a certain extent a matter of 
definition. To avoid these complications, the porosity was taken at 30 s at a 
value of 0.15. The latter value was obtained by Akkerman et al. (1994b) from 
experiments at an external pressure of 530 Pa. The volume of curd grains can 
then be calculated [where t is taken at 30 s, and V,(30) = i(O)]. 

The average local stress upon the curd grains depends on the porosity, 
which varies in time. By taking an initial estimate for this porosity, the average 
local stress upon the curd grains can be calculated (Eq. 4). The volume of the 
curd grains follows then from a time dependent version of Eq. 5: 



J.C. AKKERMAN, M. DE GEE and J. SCHENK 

where 
P ~ '  = average of the local pressure on the curd grains over the 

interval [t,t+At], depending on the value of the porosi- 
tY 9 

v,(t) = remaining volume of the curd grains at time t, 
V,( t+~t)  = approximated remaining volume of the curd grains at 

time t+At. 

The approximated remaining volume V,( t+~t)  of the curd is then compared 
with the measured volume of the curdlwhey mixture, and a new value for the 
porosity is calculated. This procedure is repeated until convergence of v,(t +At) 
to a limit V,(t+At) is obtained. A flow chart of the calculation scheme is given 
in Fig. 4. 

RESULTS 

The calculated porosity as a function of time at various external pressures 
together with some results of porosity measurements collected by M e r m a n  et 
al. (1994b) are given in Fig. 5. 

At external pressures below 400 Pa, the calculated porosity decreased 
monotonically during a period of at least 900 s. The predicted porosity depends 
to a large extent on the estimated initial porosity, but presumably this value 
hardly affects the calculated monotonic decrease in porosity as a function of 
time. As the measured porosity at an external pressure of 530 Pa decreased 
monotonically, it is very likely that the porosity at external pressures below this 
value will also decrease monotonically. The above reasoning applies if the 
behavior of a single curd grain is a reasonable model for the expression of a 
column of these curd grains. 

At external pressures in the range 400-1000 Pa the calculated porosity 
increased after an initial decrease. This happened at a still earlier stage for a 
higher external pressure. A significant increase of porosity is unrealistic 
(Kerkhof 1979). The calculated increase of porosity is an indication for an 
overestimation of the calculated speed of curd drainage. In reality, the 
expression of curd grains in a column may well be less than is the case for a 
single curd grain; this may be due to the limited possibilities for deformation of 
grains in the curd column and/or the locally retarded flow of whey. With respect 
to the latter, it has to be noted that the dimensions of the curd grains will be 
generally not small compared to the dimensions of the drainage system. In such 
a system, it is likely that a few interconnected openings transport a major part 
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of the whey flow; hence, in such a "channel" an overall liquid pressure between 
the center and the outside may be virtually absent, whereas elsewhere in the 
curd bed the permeability may be quite small (see Fig. 6). 

At high external pressure levels (greater than 1000 Pa) the pressure on the 
liquid plays an important role, but in our relatively simple model this quantity 
is not taken into account; it leads to an overestimation of the stress upon the 
curd and thus to an overestimated decrease of the volume of the curd grains. 

Initial state: n 

I [calculate N(t+At)] 

FIG. 4. THE SCHEME TO CALCULATE THE POROSITY e(t) FROM 
MEASUREMENT OF THE HEIGHT OF A CURD COLUMN h(t) AND 

THE VOLUME OF THE CURD GRAINS V,(t) 
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DISCUSSION 

The expression of one single curd grain can only be used as a model for the 
expression of a column of curd grains at low external stress. The limits of the 
external stress will probably be determined by the geometry of the column and 
the initial relative remaining volume i(0). At the conditions of our experiment 
(0.29 < i(0) < 0.23 and R = 0.06m, t = 900s), the limit is about 400 Pa; this 
may be higher in a case of more rigid curd grains. In practice, drainage 
equipment should allow a fast and complete removal of a certain amount of 
whey. Therefore, application of higher external stresses may be attractive. 
However, as shown above, the expression of a drainage column filled with curd 
grains can be greatly retarded compared to that of a single curd grain, while a 
liquid pressure gradient between the center and the outside of the curd column 
is still below the detection limits. This may be due to limited deformation 
possibilities for the curd grains inside the curd column andlor locally restricted 
flow of whey. Both causes may partly be set off by a slightly widening design 
of the drainage column. At high stress levels the single curd grain approach does 
not work, because liquid flow restrictions are not taken into account. However, 
high stress levels are rarely applied as they introduce an increased inhomogene- 
ity of the curd blocks (Akkerman et al. 1994b). 

In this paper we have tested the usefulness of the upscaled model by its 
ability to predict acceptable values for the porosity. One should realize that this 
is a very severe test. Indeed, the reconstruction of the porosity as parameter in 
an exponential curve is a notorious, ill-posed problem, and therefore it is very 
sensitive for the effects of errors either in the model or in the measurements. It 
may very well be that the upscaled single particle model is able to predict the 
volume of the curd mass, once an acceptable model (or a set of reliable 
measurements) for the porosity is available. 

It should be realized that the drainage of a curd column is only one example 
of complicated expression behavior that cannot be described by current filtration 
models. The work of Tragardh and A~idsson  (1984) shows that it is also very 
difficult to describe the expression of sugar-beet pulp with (modified) Terzaghi 
models. Study of such a system, with a comparable approach as given here, 
could be considered. 
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