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ABSTRACT 

The single particle flow behavior of food (carrot, parsnip andpotato cubes) 
and Nylon spheres was investigated in simulated holding tubes at different 
temperatures under pressurized (1 1 OC) and nonpressurized (80 and 1 OOC) flow 
conditions using different carrier fluids (water and 2, 3 and 4% starch 
suspensions). It was found that the particle to fluid velocity ratio (u f i )  was a 
function of cam'er fluid effective viscosity, temperature and flow rate, and 
particle relative size, density and shape. The maximum value of udu rangedfrom 
0.4-1.9 which increased almost linearly with temperature showing no specific 
deviations in the flow behavior of particles as conditions changed from the 
nonpressurized (< 1 OOC) to pressurized (1 1 OC) flow. In dimensionless form, the 
particle to fluid velocity ratio (mean and maximum) as well asparticle Reynolds 
number were found be functions of generalized fluid Reynolds number, particle 
Archimedes number, particle to tube diameter ratio and particle sphericity. 

INTRODUCTION 

Aseptic processing of low acid liquid foods containing solid particles is 
currently being evaluated with considerable interest following its success with 
liquid foods. Two main parameters viewed as critical for such a process are: 
particle residence time distribution and a conservative value of heat transfer 
coefficient (h*) between the liquid and particle. Both these depend on the flow 
behavior of the fluid characterized usually by its Reynolds number. For 
example, the widely utilized Froessling 'equation (Eq. 1) or several of its 
modifications (presented recently by Maesmans et al. 1992; Sastry 1992, 1993; 
Zuritz et al. 1990) contain Reynolds number (Re,) defined for a single particle 
with the velocity term used in the form q-u  (relative velocity) instead than 9: 

' On Leave from Dept. of Chemical Engineering, Lodz Technical University, Lodz, Poland. 
To whom correspondence should be addressed. 
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Data available for the flow behavior of particulate liquid foods in aseptic 
processing system (contrary to the minerals, grains or chemicals in hydrotrans- 
port) are not consistent and, especially under pressurized processing conditions, 
no accurate informations for holding tube flow exist in the literature. 

In light of above, the specific objectives of the present study were: (1) to 
investigate the effect of different parameters (flow rate, temperature, density and 
viscosity of the fluid, size, shape and density of particles and holding tube 
diameter) on mean and maximum velocity of solid food particles in a holding 
tube, and (2) to answer the question if the transition from nonpressurized to 
pressurized flow conditions changes the two-phase flow behavior in the holding 
tube. The study was undertaken using the particles introduced one at a time 
(single particle flow behavior) in order to avoid uncertainty related to particle 
to particle interactions while assessing the influence of potential factors. Particle 
to particle interactions can only be expected to reduce the maximum velocity of 
the fastest traveling particle (small or big). Thus, processes established based on 
the maximum velocity derived from single particles would generally be 
conservative and desirable from the view point of aseptic processing. 

Literature Review 

The majority of fluid foods contain several constituents, solid or semi-solid 
particles, agglomerate, etc., dispersed in a liquid which forms a continuous 
phase. Considering the full spectrum of particle sizes, the following general 
characteristics of the two-phase flow behavior have been recognized (Bain and 
Bonnington 1970; Govier and Aziz 1972; Jacobs 1991): 

(1) Ultrafine particles ($ <40 pm) which are almost always carried in a fully 
suspended, homogeneous state without any gravitational effects. 

(2) Fine particles (40 < $ < 150 pm) which are usually carried in a fully 
suspended state with uniform solid concentration distribution across the tube 
(pseudo-homogenous state), but sometimes concentration gradients due to 
gravitational effect may be encountered. 

(3) Medium-sized particles (0.15 < 4 < 1.5 rnm) which may form a heteroge- 
neous type of mixture resulting in solid concentration gradients over the 
depth of the tube while some particles may be sliding along the bed. A fully 
suspended type of flow may be expected for particles when particle 
densities are relatively close to the density of fluid. 

(4) Coarse particles ($ > 1.5 mm) which are seldom fully suspended (unless 
they are very light or the fluid is flowing very fast) often leading to 
stratification of particles. 
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Particulate liquid foods may contain particles of different type, size and 
shape. As follows from the above classification, the solid particles of group 1 
to 3 move within the liquid as a single phase. The prevailing heat transfer 
mechanism in this case will be conduction of heat from the liquid to solid 
particles. The movement of larger solid particles (group 4) has been considered 
to be critical in designing of aseptic processing. From public health safety point 
of view, the minimal lethality criterion is established with respect to the fastest 
moving large (often the largest) particle. The prevailing heat transfer mechanism 
in this case is convection from carrier fluid to food particle. 

The relative velocity between the fluid and particle depends on several 
parameters. Generalized differential equations describing the flow of solid 
particles in a liquid stream has been given much attention in the fluid mechanics 
involving mineral slurries (Lawler and Lu 197 1 ; Smoldyrev 1982; Darby 1986; 
Shook and Roco 1991). Basic theory of this phenomena was developed for 
hydro- and pneumo-transport of different solid materials, mostly minerals. With 
reference to the aseptic processing, Sastry and Zuritz (1987) developed a 
mathematical model for prediction of single particle trajectories and velocities 
in holding tube flow. The authors concluded that the model was capable of 
providing some qualitative understanding of the phenomena and it remains to be 
verified quantitatively. More recently, Dutta and Sastry (1990a,b) made a 
detailed analysis of the flow of solid particles in a model holding tube. The 
authors analyzed two situations: particle initially at the pipe center and p&icle 
initially at the tube bottom. Because of the complicated flow pattern in 
comparison to the simplified mathematical description, they found that their 
simulation described some of the trends observed only in a qualitative way. In 
the light of poor agreement between mathematical models and experimental 
results, extrapolation of the results may not be valid. 

Experimental results of particle to liquid relative velocity or particle 
residence time distribution (RTD) have been presented in several publications 
(Chahdarana 1992; Ramaswamy et al. 1992; Sancho and Rao 1992; Singh and 
Lee 1992; Yang and Swartzel 1991 and 1992; Sastry 1993; Abdelrahim et al. 
1993). The results of these studies generally indicate that the major factors 
influencing particle velocity in a stream of the carrier fluid are: viscosity, 
temperature and flow rate of the liquid, relative (particle to fluid) density of 
solids, relative (particle to tube) particle size, particle shape and concentration 
of the solid phase in the fluid. 

Some regression equations describing the above relationships have been 
published. For example, Dutta and Sastry (1990a) proposed the following 
experimental regression equation for mean particle velocity ratio (polystyrene 
spheres in CMC solutions): 
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The authors found that the particle to fluid velocity ratio was a stronger function 
of nondimensional viscosity p, than the particle Froude number Fr,'. More 
recently, Yang and Swartzel (1992) obtained the following empirical equation 
for mean particle velocity ratio: 

and Eq.(4) for the maximum particle velocity ratio: 

Equation (3) is similar to that proposed by Zhang et al. (1993): 

and Okuda (1981): 

q l u  = 1 - exp[-a ($/D)Fr,. 0.5 + b)] (6) 

Equations 3-6 emphasize the importance of density effect on velocity ratio 
only. As follows from our previous studies on incipient (start-up) velocity 
(Grabowski and Ramaswamy 1995), the viscosity of the carrier fluid strongly 
damped the density effect. For low viscosity fluids, the predominant factor was 
density ratio, while for high viscosity fluids it was viscosity. 

MATERIALS AND METHODS 

A recirculating fluid flow system (Fig. 1) was designed and built 
(Rarnaswamy et al. 1992) which consisted of exchangeable 1.25 m long Pyrex 
tube (internal diameters of 29.5, 41.2 or 54.6 mrn), a feed tank (steam kettle), 
variable speed pump, flow meter and a specially designed by-pass system for 
particle injection. In accordance with FDA regulations, the model holding tube 
was inclined upwards at an angle of 1.19". 

The carrier fluid used in the studies were water and pregelatinized solutions 
of starch (Them-floTM, National Starch and Chemical Corp., Bridgewater, NJ) 
of 2 ,3  and 4 % concentration. The temperature of fluid was maintained at either 
80, 100 and 110C. The starch solutions were prepared by heating the suspension 
by recirculating in the system for 90 min at approximately lOOC for gelatiniza- 
tion and allowing the solution to cool in the kettle for 1 h to set the gel 
formation. Detailed rheological characteristics of starch were studied and 
described elsewhere (Abdelrahim et al. 1991) from which consistency factor, K 
and the flow behavior index, n were obtained for 2, 3 and 4% starch at 
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FIG. 1 .  SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SET-UP 
1-Steam kettle, 2-Variable-speed pump. 3-Flowmeter, 4-3-Way valve of by-pass system. 

5-Port for particle entry. 6-Glass holding tube, ?'-Port for particle exit, 
8-Source of the light. T-Thermocouple locations and P-pressure gauge. 

temperatures of 80, 100 and 110C. The apparent viscosity of the solution was 
also measured before and after each test at 20C as a ratio of shear stress and 
shear rate (100 s-I) using a Haake RV-20 rotational viscometer (Haake, 
Germany). It was noted that during the experiments the apparent viscosity of 
starch solution remained unchanged up to about 3 h of circulation in the system. 
After this time, a fresh starch solution was used. 

Food particles used in this study were carrot, parsnip and potato cubes 
(density 1020 f 25, 980 f 20 and 1080 f 25 kg/m3, respectively) of 3 
different sizes. Additionally Nylon (density 1140 kg/m3) spheres of 4 different 
diameters were used as model food particles. Details of the experimental 
parameters are given in Tables 1 and 2. 

Experimental Procedure 

Vegetables (carrot, parsnip and potato) obtained from a local market were 
cut using a knife to proper size and blanched for 1 min in boiling water. The 
carrier fluid was circulated in the system (by-passing the particle entrance port) 
until a steady condition (preselected flow rate and temperature) was achieved. 
A single particle was introduced in to the system through the entrance port and 
by changing the position of the 3-way ball valve, the particle was set to move. 
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TABLE 1. 
MEASUREMENT SYSTEM 

No. Parameter Symbol Measurement Equipment Accuracy 

1. Temperature T [Cl Thermocouples (T-Type) 0.1C 

2. Flow Rate V [m3/s] 1) OMEGA FTB 4015-Flowmeter 1 % 

2) Direct measurement 1 % 
(Volume/Time) 

3. Time t [s] Direct measurement 0.1 s 

4. Effective rl HAAKE RV-20 
Viscosity [Pas] (MSOSC-head & MV1 -rotor) 1 % 

TABLE 2. 
RANGE OF EXPERIMENTS 

No. Parameter Symbol Experimental Range 

1. Temperature T 80, 100 and 110 degC 

2. Pressure P lo5 - 1.43 lo5pa 

3. Diameter of holding tube D 0.0546. 0.0413 and 0.0295 m 

4. Carrier fluid 

5. Particle size 

Water 
Starch Solution 2, 3 & 4% 

Nylon Spheres 4 0.019, 0.0127, 0.00953 & 0.00635 m 
(density 1140 kg/m3) 

Food particles: cubes 1 carrot, parsnip, potato 
1 = 0.0127. 0.01 and 0.0076 m 

6. Tube inclination 0 upwards 1.19" 

7. Tube flow Reynolds number GRe 0 - 30,000 



SINGLE PARTICLE TUBE-FLOW BEHAVIOR 349 

Prior to movement, the particles remained at the bottom of the tube except for 
parsnip, the radial position of which depended on the type of fluid used 
(generally on the top with water and randomly distributed when using starch 
solution). On the transparent glass tube, three marks were made to give two 
consecutive 0.5 m traveling distances (at 0.1,0.6 and 1.1 m from the entrance 
side of the glass tube). The first, second and the third marks represented a 
distance of about 0.3, 0.8 and 1.3 m, respectively, from the entrance port. The 
time taken for the particle to travel 0.50 and 1.0 m in the glass tube were 
measured visually (under brightly illuminated conditions) with the aid of a 
stopwatch. For each test condition, the measurements were repeated a minimum 
of 10 times to get the maximum and mean velocities as well as standard 
deviations (STD) in particle velocities. Generally, the time taken by the particles 
for traveling the total 1.0 m distance was about twice that for traveling the first 
0.5 m which indicated the entrance effect to be negligible. 

Density of vegetables was determined before and after blanching using a 
volume displacement technique. Generally, blanching increased the density by 
about 10-20 kg/m3 for each type of vegetable tested. 

Dimensionless Correlations 

As a first step in the interpretation of our experimental results, an analysis 
was made to determine the nature of relationship between the relative particle 
to fluid velocity ratio and some dimensionless numbers describing the flow 
system. Considering the theory of similarity for an analogous case (Smoldyrev 
1982), the relative particle velocity ratio was evaluated as a function of the 
following dimensionless numbers: 

(1) tube flow Reynolds number, Re, 
(2) tube flow Froude number, Fr, 
(3) particle Archimedes number, Ar,, 
(4) dimensionless particle size, (%ID) and, 
(5) sphericity of the particle, 4. 

These dimensionless variables covered all major parameters influencing the flow 
of particle in a carrier fluid, i.e., density of the food particle and the fluid 
(included in Ar,), viscosity of the carrier fluid (in Re, Ar,), fluid flow rate (Re, 
Fr), particle size (%ID), shape of the particle (4), temperature of the mixture 
(indirect effect on density and viscosity) and velocity profile in the tube (Re). 
The non-Newtonian character of starch solutions required the use of generalized 
Reynolds numbers (GRe) with power law effective viscosity defined as follows 
(Zandi 1971; Harrod 1989): 
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q = P3) K [(3n+ l)/nIn / [u('-") D("')] 

RESULTS AND DISCUSSION 

Particle Mean Velocity 

A stepwise multiple regression analysis of experimental data (over 500 
points, each point an average for a minimum of 10 measurements) on various 
factors, represented in dimensionless form, indicated that the tube flow Froude 
number was nonsignificant (p > 0.05) in comparison with the other parameters. 
The following was the best correlation obtained for the particle to fluid mean 
velocity ratio (%/u) (R2 = 0.71): 

The validity of this equation is limited to tube flow Reynolds number up to 
30,000, Archimedes number up to 2 x lo8, relative particle size ($ID) in range, 
0.12-0.65, particle sphericity q in range 0.8-1.0 and density simplex (a) other 
than zero. Figure 2 shows the comparison of the experimental %/u and that 
calculated using Eq. (8). 

Multiplying the dimensionless velocity (%/u) by the tube generalized 
Reynolds number (GRe = D u p / q) and particle to tube diameter ratio, one 
can get the particle generalized Reynolds number: 

Reevaluating the previous correlations using experimental GRe, as the 
dependent variable, the following dimensionless equation was obtained for the 
mean GRe,: 

It is important to note that experimental data gave a much better fit (R2 = 0.93) 
for this relationship than for the previous Eq. (8). This indicates that generalized 
particle Reynolds number may be a more appropriate dependent variable 
describing particle flow in the holding tube than the dimensionless particle 
velocity ratio (glu). Figure 3 shows a comparison of experimental and 
calculated (Eq. 10) data for GRe,. There were 2 distinct groups of points: one 
for water as a carrier fluid, part A, and a second one for starch suspensions, 
part B. 
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0.30 

0.30 0.50 0.75 1.25 1.95 

(u plu) MEAN - CALCULATED 

FIG. 2. COMPARISON OF CALCULATED (EQ. 8) AND EXPERIMENTAL 
MEAN VELOCITY RATIO 

0.1 1 10 1 o2 1 o3 1 o4 1 o5 
GRe, - CALCULATED 

FIG. 3. COMPARISON OF CALCULATED (EQ. 10) AND EXPERIMENTAL 
PARTICLE GRe, DATA 
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In heat transfer correlations (Eq. I), the generalized particle Reynolds 
number, GRe, based upon difference of particle and fluid velocity (I+-u) is more 
appropriate. Therefore, the following form of regression equation was also 
obtained (R2 = 0.89): 

Particle Maximum Velocity 

Taking into account the maximum value of particle velocity rather than the 
mean, the following dimensionless correlation (RZ = 0.70) was obtained by a 
stepwise multiple regression analysis: 

Figure 4 shows the relationship between experimental and calculated values 
of maximum particle relative velocity. Again, transforming (I+,,/u) into 
maximum particle Reynolds number (GRe,.,) as in Eq. (9). a significantly 
improved regression equation was obtained (R2 = 0.87): 

0.70 0.85 1.10 1.40 1.75 2-00 
(up/u) MAXIMUM - CALCULATED 

FIG. 4. COMPARISON OF CALCULATED (EQ. 12) AND EXPERIMENTAL 
MAXIMUM VELOCITY RATIO. 
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Equations (10)-(13) have the same validity limits as Eq. (8). 
Occurring in Eq. (8)-(13). the Archimedes number indicates a special role 

of drag coefficient during flow of solidlfluid mixture in holding tubes. This has 
been implicated in the study of settling and fluidization behavior of particles in 
slurry flow (Smoldyrev 1982; Darby 1986). Considering the results of the 
present study, Archimedes number appears to be a more useful parameter in 
correlation of particle flow velocity in holding tube than the more widely used 
Froude number. 

Transition from Nonpressurized to Pressurized Flow 

Commercial aseptic processing is carried out under pressurized, high 
temperature flow conditions, while most literature gathered data deal with the 
nonpressurized, low temperature conditions with few exceptions (for example, 
Chandarana et al. 1991). In the present study, an attempt has been made to 
evaluate the temperature effect on the particle flow behavior in the holding tube. 
Especially for the study of this effect, investigations were extended to lower 
temperatures of 20, 40 and 60C while the rest of the data were collected in 80, 
100 and 110C. Typical relationship between particle to fluid velocity ratio (glu) 
and temperature is demonstrated in Fig. 5. The figure, as well as the rest of data 
(for starch suspensions as a carrier fluid), indicated a general linear increase in 
the velocity ratio with increasing temperatures. Further, the data points 
represented a smooth continuum with no major deviations during the transition 
from the nonpressurized to pressurized flow conditions (100C). This suggests 
that the approach of two-phase nonpressurized flow in holding tube can be 
extended to pressurized flow simply by taking into consideration the temperature 
effect which has influence on fluid viscosity and hence the flow behavior. A 
similar conclusion was presented by Wilson and Brebner (1971) for slurry flow 
in open channels. 

Density and Viscosity Effects 

General trends with respect to density and viscosity effects on particle 
Reynolds number or particle velocity are indicated by Eq. (8)-(ll), with the 
Archimedes number calculated as an absolute value. Results indicate that density 
and viscosity have a major influence on particle flow characteristics. Similar to 
the approach suggested by Dutta and Sastry (1990b), the analysis of results was 
extended to the standard deviation in particle velocities under each conditions 
tested. Figure 6 shows the distribution of the coefficient of variation in particle 
velocity (100 x STDIg) as a function of density simplex a, where a=@,-p)lp, 
for 2% starch suspension. The distribution showed a characteristic peak in 
standard deviations at the density simplex equal to zero confirming the existence 
of generally randomized flow under such flow conditions. The behavior was 
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FIG. 5. TEMPERATURE EFFECT ON THE RELATIVE PARTICLE VELOCITY 
OF VEGETABLE CUBES IN WATER STREAM 

D E N S I T Y  S I M P L E X  ( a ) , -  

i. COEFFICIENT OF VARIATION IN PARTICLE VELOCITY AS INnUENCED 
BY DENSITY SIMPLEX (a) FOR 2% STARCH SOLUTION 
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typical for all carrier fluids tested (water and 2, 3 and 4% starch solutions) as 
shown in Fig. 7. The coefficient of variation generally reached a maximum at 
a = 0. It also increased with the starch concentration (i.e. with viscosity of 
carrier fluid). For 4% starch suspension and density simplex a = 0 (parsnip 
cubes), the coefficient of variation was as high as 45 %. Such large variations 
in particle velocities make their evaluation less precise. Hence, when density of 
particles is nearly equal to density of carrier fluid, it would be better to assume 
the velocity of the fastest particle to be equal to the maximum fluid velocity in 
the tube flow profile (usually along the axis of the tube) rather than rely on 
experimental data. For laminar flow conditions, the assumption for the particle 
to liquid velocity ratio (t+,,/u) equal to 2 appears to be reasonable. The 
maximum value of the velocity ratio of parsnip cubes to carrier fluid found in 
this study was 1.92 (at density simplex, a, close to zero and starch concentration 
= 4%) while the minimum was 0.4. 

Effect of Flow Rate 

Increasing the flow rate of the carrier fluid results in an increase in the 
particle to carrier fluid velocity ratio (141~). This trend is directly evident from 
Eq. (8)-(11) with typical data shown in Fig. 8. Such an effect could result from 
differences in the fluid flow velocity profile in the holding tube leading toward 
turbulence as the fluid flow rate increased. Similar trends in experimental data 
have been reported in other studies (Ramaswamy et al. 1992; Dutta and Sastry 
1990b). 

0 0.050.1 0.15 1 0 0.050.1 0.15 i 0 0.050.1 0.15 1 0 0.050.1 0.15 
I 

WATER i 2% STARCH / 3% STARCH I 4%STARCH 

DENSITY SIMPLEX, Abs(a),- 
FIG. 7. COEFFICIENT OF VARIATION IN PARTICLE VELOCITY AS INFLUENCED 

BY CARRIER FLUID TYPE AND DENSITY SIMPLEX (a) 
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0.70 . I I I I 

0.06 0.1 0.14 0.1 8 0.22 0.26 
VELOCITY OF FLUID, m/s 

FIG. 8. TYPICAL RELATIONSHIP BETWEEN RELATIVE PARTICLE VELOCITY 
AND CARRIER FLUID VELOCITY 

Particle Size Effect 

Literature data (Ramaswamy et al. 1992; McKay et al. 1992; Smoldyrev 
1982; Okuda 1981) suggest a significant influence of the particle size on particle 
velocity in the tube flow. This effect arises from the position occupied by the 
particle in the cross-sectional area of the tube entrapping carrier fluid with 
different velocity profiles. The velocity profile of moving liquid being lower 
along the tube wall and higher along the central axis, larger particles are 
affected by a liquid stream of higher overall velocity. Hence, the particle to fluid 
velocity ratio (qlu) can be expected to increase with increase in particle size. 
This tendency is confirmed from the correlation equations (Eq. 8-11). From 
sterilization safety point of view, this would mean that the critical particle is the 
largest one because it will be the fastest to travel and slowest to heat. Only when 
a = 0, the particle size may not have any special significance. 

Shape Effect 

It is well recognized that the shape of the particle moving in a carrier fluid 
in the holding tube has a significant influence on its flow behavior. The 
following are some illustrative examples (except for a = 0): (1) a spherical 
particle tends to roll, unless the tube surface is entirely frictionless; (2) other 
regularly shaped particles (for example, a cube) may slide if the surface is 
smooth or may tumble if it is rough or when there is a deposit of other particles 
at the surface, and (3) a rough or irregular shaped particle is likely to move in 
succession ofjumps or "bounces" (so called "saltation flow"). Typical effect of 
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shape on particle Reynolds number is shown in Fig. 9 (for water and for 3% 
starch as a carrier fluid). Data presented shows a significant influence (p 10.05) 
of particle sphericity (\k = 1 for spheres and \k =0.805 for cubes) on the flow 
behavior. The shape effect decreases as the fluid viscosity increases (3% starch 
vs water). This damping effect was observed with all starch concentrations 
(2-4%) tested. However, because experimental data were obtained for particles 
of spherical and cubical form only, the applicability of this analysis is limited 

FIG. 9. PARTICLE SHAPE EFFECT ON PARTICLE REYNOLDS NUMBER a) FOR 
WATER AND b) FOR 3% STARCH SOLUTION AS A CARRIER FLUID 
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to sphericity of particles between 0.8 and 1.0. Typical particle shapes for this 
range of sphericity have been presented elsewhere (Grabowski and Ramaswamy 
1995). 

CONCLUSIONS 

(1) Particle velocity in the holding tube of aseptic processing system is a 
function of carrier fluid viscosity, flow rate and relative particle size, 
density and shape. 

(2) In dimensionless form, both mean and maximum particle to fluid velocity 
ratio as well as their generalized particle Reynolds number (GRe,) are a 
function of generalized Reynolds number of the liquid in the tube (GRe), 
particle Archimedes number (Ar,), particle to tube diameter ratio (%ID) and 
particle sphericity (9). 

(3) Particle Reynolds number (GRe,) can be similarly correlated, for use in heat 
transfer correlations, using particle to fluid differential velocity in GRe, 
calculations. 

(4) Validity of the developed single particle correlations is limited to GRe up 
to 30,000, Ar, up to 2 x lo8, ($ID) in range 0.12 - 0.65, sphericity 9 from 
0.8 to 1 and density simplex a not equal to 0. 

(5) Predictability of food particle velocity is poor (i.e., standard deviations are 
high) when the difference in density between the food particle and the 
carrier fluid is small. 

(6) When operating temperatures change from nonpressurized flow conditions 
(temperature < 100C) to pressurized flow (temperature 2 100C), no 
specific change is observed in the flow behavior. 

NOMENCLATURE 

Constants in Eq.(6) (-) 
Surface area of the particle (m2) 
Surface area of an equivalent sphere (diameter d,,), respectively (m2) 
Tube diameter (m) 
Particle diameter (equivalent) [d,, = (6V, /~ )~ .~~] (m)  
Acceleration due to gravity (m/s2) 
Heat transfer coefficient (W/(m2K)) 
Consistency coefficient (Pa sn) 
Thermal conductivity (W/(m K)) 
Cube edge length (m) 
Flow behavior index (-) 
Temperature '(C) 
Linear, average velocity of carrier fluid [u =4V/(.lrD2)] (m/s) 
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Particle velocity, mean of 10 replicates ( d s )  
Particle velocity, maximum of 10 replicates ( d s )  
Carrier fluid volumetric flow rate (m3/s) 
Volume of the particle (m3) 
Thermal diffusivity of fluid (m2/s) 
Slope of the holding tube (angle, degree) 
Dynamic, effective viscosity (Pas) 
Nondimensional viscosity after Dutta and Sastry (1990a) [KU"~/ (~  q ) ]  
Kinematic viscosity [y =v/p] (m2/s) 
Sphericity of the particle [\k =4p,/AJ (-) 
Density of fluid and solid particles, respectively (kg/m3) 

Dimensionless Parameters 

a 

k P  
Fr 
Frpv 
Frp" 
Nu 
Pr 
GRe 
GRe, 
GRe, 

Density simplex [(p,-p)/p] 
Particle Archimedes number, Abs [g d,3 aly2] 
Froude number for tube flow [u2/(g D)] 
Modified Froude number [u2/(g d, a0.5)] 
Modified Froude number [u2/(g d,, a)] 
Nusselt number [h d,,/k] 
Prandtl number [yla] 
Generalized tube flow Reynolds number [u D plq] 
Generalized particle Reynolds number [u, d, plq] 
Generalized particle Reynolds number based upon relative particle 
velocity [(up-u) d,, plvl 
Particle Reynolds number (for Newtonian fluid) [u, 4, plq] 
Particle Reynolds number (for Newtonian fluid) based upon relative 
particle velocity [(u,-u) d, plq] 
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ABSTRACT 

The residence time and the residence time distributions of cylindrical 
particles (density 1130 kg/m3 and particle concentration 20% v/v) in a U-bend 
of 22 cm radius of curvature were studied. All qenments  were conducted at 
room temperature and with an aqueous solution of sodium carboxymethylcellu- 
lose (0.5 % CMC) as the carrier medium. Two levels of particle size (11 and 20 
mm) and three levels of product flow rates ( 0 . 6 6 ~  103, 0.81 x 103, and 
0 . 9 7 ~  103 d / s )  were used. The results obtainedfrom this study showed that the 
mean and the standard deviation of the normalized residence time of particles 
decreased as either particle size or flow rate was increased. The E(8)  and F(8) 
curves indicated that flow profile of particles approached the plug flow profile 
as the particle size or the flow rate was increased. Results obtained from 
regression analyses revealed that the mean and the standard deviation of the 
normalized residence time were significantly influenced by particle Froude 
number and most strongly by particle-to-tube diameter ratio. 

INTRODUCTION 

For the proper design of aseptic processing systems, studies concerning 
critical processing parameters are of paramount importance. Two major 
parameters, namely the residence time distributions (RTDs) of food particles and 
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the fluid-to-particle heat transfer coefficient @@), greatly influence lethality 
achieved during aseptic processing (Sastry 1989) and in general, numerical 
values of these parameters remdn unknown. 

Studies on flow behavior, residence time, and residence time distribution 
of particles suspended in liquid flowing at a certain flow rate in tubes and heat 
exchangers have been reported by many researchers (Toda et al. 1973; 
Maruyama et al. 1979; Richardson and Gaze 1986; McCoy et al. 1987; Sastry 
and Zuritz 1987a; Berry 1989; Dutta and Sastry 1990a,b; Alcairo and Zuritz, 
1990; Pannu et al. 1991 ; Yang and Swartzel 1991, 1992; Lee and Singh, 1990, 
1991, 1993; Hong et al. 1991; and Palmieri et al. 1992). Sastry and Zuritz 
(1987b) and Rao and Loncin (1974a,b) respectively, presented a critical review 
of flow behaviors of particles in tube flow and published models for predicting 
the residence time distribution in a pasteurizer. 

From the results of the previous studies, it was evident that the flow 
behavior and the residence time of the suspended particles were influenced by 
process conditions such as pipe orientation, carrier fluid viscosity and flow rate, 
particle size, concentration, shape, and density. The effects of pipe orientation 
(horizontal or vertical) on the particle velocity in straight pipes and radius of 
curvature of bend on the particle velocity in the bend were reported by Toda et 
al. (1973). However, the results reported in their study are not applicable to 
aseptic processing of particulate food since the size and the density of the 
particles that they used were extremely different from those of real food 
particles. The effects of carrier viscosity (Dutta and Sastry 1990a,b and McCoy 
et al. 1987), flow rate (Berry 1989; Yang and Swartzel 1991; Palmieri et al. 
1992; and Tucker and Richardson 1993), particle size (Pannu et al. 199 1 ; McCoy 
et al. 1987), and particle concentration (Palmieri et al. 1992; Tucker and 
Richardson 1993) on the particle residence time were found to exist. 

In spite of the considerable amount of research on the particle residence 
time that have been reported, all of the previous research concentrated on the 
study of the particle residence time in either complete holding tubes, straight 
sections of holding tubes, or scraped surface heat exchangers. Currently, no 
residence time data are available specifically for the curved sections (bends) of 
aseptic processing systems. 

The objectives of this study were to investigate the residence time and the 
residence time distribution of simulated food particles in the curved section of 
a holding tube as affected by particle size and pump speed. A separate study 
(Salengke and Sastry 1994) has been conducted on the effects of particle 
concentration and bend radius of curvature. 



EFFECT OF PARTICLE SIZE AND FLOW RATE 

MATERIALS AND METHODS 

Experimental Apparatus 

Figure 1 shows the schematic diagram of the apparatus used in the 
experiment. The major parts of the apparatus are a reservoir (0.12 m3 tank), a 
positive displacement progressive cavity pump (Sine pump, Div. of Kontro Co., 
Orange, MA), 2 transparent straight pipes (4.7 cm inside diameter and 3.048 m 
length), and a transparent U-bend (4.7 cm inside diameter and 22 cm radius of 
curvature). The pipes were inclined upward with a slope of 2.1 cm per linear 
meter. The bend (the measurement section) was oriented horizontally. A video 
camera equipped with a built-in digital stopwatch (Panasonic 8AF, Panasonic 
Co., Japan) was mounted directly above the bend to record particle motions and 
register the time elapsed during the experiment. To reduce the volume of the 
system, a small space near the outlet of the tank was isolated from the rest of 
the tank. The volume of this isolated space was 0.006 m3. The effective volume 
of the whole system was 0.0226 m3. 

Material Preparation 

The test particles used in the experiment were made of agar gel whose 
density was made comparable to that of potato (1 130 kg/m3). The shape of the 
particles were cylindrical with the length and the diameter being the same. 
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FIG. 1. SCHEMATIC OF EXPERIMENTAL APPARATUS 
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The carrier fluids used were aqueous solutions of sodium carboxymethylcel- 
lulose (CMC) containing 0.5 percent CMC (CMC, 7HF; Aqualon Company, 
Wilmington, DE). The fluid was prepared by slowly dispensing 600 grams of 
CMC powder into 0.12 m3 of hot water in a 0.2 m3 mixing tank with a mixing 
blade turned on. The solution was stirred for 30 min to accelerate the mixing 
process and to break up the flocculated powder. The solution was left in the 
mixing tank for 24 h to allow further dispersion. The density of the CMC 
solution was measured by measuring the weight of 250 ml CMC solution in a 
Pyrex graduated cylinder (250 rnl + 2 ml). The density of the CMC solution 
was 1001 kg/m3. Rheological characteristics of the carrier fluid were determined 
by measuring shear stress (7) at various shear rates ( j .)  using a rotational 
viscometer (Rheomat model 1 15, Contraves AG, Zurich, Switzerland). The data 
obtained were fitted to the Ostwald-de Waele power law model (Eq. 1) to 
determine the consistency coefficient (K) and the flow behavior index (n) of the 
carrier fluid. 

z = Kqn (1) 

The values obtained for the two rheological property indices were 0.297 Pa.sn 
for K and 0.7025 for n. 

Experimental Operation 

All the experiments were conducted at room temperature at 2 levels of 
particle diameter (11 and 20 rnm) and 3 levels of flow rate ( 0 . 6 6 ~  
0.8 1 x lo", and 0.97 x m3/s), corresponding to pump speeds 100, 120, and 
140 rpm. For each combination of variables, residence time data were collected 
at least 100 consecutive tracer particles resulting in a total of 600 data points. 

At the beginning of each run, the carrier fluid was circulated in the system 
for about 5 to 8 min to remove all air bubbles from the system. Pump speeds 
were regulated by an A-C variable speed drive (Reliance Electric Co., 
Cleveland, OH) and the pump rpm was measured using a Digital Tachometer 
(Shimpo Co., Kyoto, Japan). 

Test particles (20% of the effective volume of the system) were introduced 
into the system through the isolated space in the tank. A total of 20 tracer 
particles (in five different colors) were later introduced into the system after a 
more uniform distribution of particles in the system was achieved. 

Particle movements in the bend were recorded using the video camera and 
the residence times of the tracer particles were obtained from the readings of the 
built-in digital stopwatch. All experiments were run for 5 rnin. The overall 
product flow rate was measured using a bucket and a digital stopwatch at the 
end of each experimental run. 
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Data Analyses 

To rule out any effect of small variabilities of flow rate at the same pump 
speed, the residence times of particles were normalized with respect to their 
respective average overall product flow rate. Statistical analyses were performed 
using the General Linear Model procedure of SAS (SAS 1988) to test the 
influence of each factor included in the experiment on the mean and the standard 
deviation of the normalized residence time (NRT) of particles. Duncan's 
multiple range test was used to test for significant differences among means at 
the 5% level. Multiple regression analyses were performed using stepwise 
regression procedures of SAS (SAS 1988) to correlate between various regressor 
variables (particle Froude number, dimensionless viscosity, and particle to tube 
diameter ratio) and the mean and the standard deviation of the NRT. The values 
of the particle Froude number were calculated using the equation proposed by 
Nesaratnam and Gaze (1987) and values of dimensionless viscosity were 
determined using the equation proposed by Dutta and Sastry (1990b). 

where V, is the estimated fluid velocity, D, is particle diameter, D, is tube 
diameter, p, is particle density, p, is fluid density, K and n are the rheological 
indices of the carrier fluid. The carrier fluid velocities (V,) were estimated using 
the following equation (Ohashi et al. 1980). 

where V, is average overall product (slurry) velocity, V, is average particle 
velocity, C is volume fraction of the particle. 

For illustration purposes, the plots to illustrate magnitude of the spread of 
the normalized particle residence time were presented in the forms of the 
normalized residence time distribution function, E(8), and the cumulative 
normalized residence time function, F(8). The normalized residence time 
distribution function is expressed in the following equation as defined by Brown 
and Fogler (1986). 
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where AN is the number of particles having normalized residence times between 
time t and t+At, No is total number of replicates in the run. The normalized 
residence time of particles were obtained by dividing the particle residence time 
by their corresponding average product residence time. The E(8) and the F(8) 
curves were also used to characterize the distribution of the normalized 
residence time and the type of flow profile to which they may belong or at least 
approximate. 

RESULTS AND DISCUSSION 

Effects of Experimental Parameters on Mean NRT 

Analysis of variance of mean normalized residence time (NRT) is 
summarized in Table 1. The results show that the effects of experimental 
parameters included in the study were significant (P<0.01). However, the 
effects of the interactions between the two parameters were not significant 
(P > 0.1). Table 2 summarizes the results of Duncan's multiple range test for the 
normalized residence time. A typical plot, featuring the means and the 95% 
confidence interval of the means, for each main effect summarized in Table 2 
is also presented for a better representation of the trends observed. It is worth 
noting that the data sets used in constructing the plots were exactly the same as 
those used by the General Linear Model of the SAS (SAS 1988) in analyzing the 
significant difference of the mean of the normalized residence time of each 
group in Duncan's grouping. 

TABLE 1. 
ANALYSIS OF VARIANCE TABLE FOR THE MEAN NORMALIZED RESIDENCE TIME 

Sum of Mean 
Source DF square square F 

Particle size (S) 1 0.3490 0.3490 33.93* 
Flow rate (Q) 2 0.0971 0.0486 4.72* 
s * Q  2 0.0316 0.0158 1 .53NS 

*Highly significant at 1 % level (P < 0.01) 
"Not significant at 5% level (P>0.05). 
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TABLE 2. 
MEAN NORMALIZED RESIDENCE TIME AS INFLUENCED BY 

EXPERIMENTAL PARAMETERS 

Parameters Levels Mean NRT SD NRT 

Particle Size (mm) 

Flow rate (m3/s) 0.66 x lo5 0.9370" 0.1092 
0.81 x 10" 0.9137d 0.0912 
0.97 x 10" 0.9074d 0.0665 

Means within the same parameter with at least one superscript in common are not significantly 
different at 5 %-level. 

Data on the effects of particle Froude number and particle-to-tube diameter 
ratio on the means and the standard deviations of the normalized residence time 
are presented in Table 3. In Fig. 2 and 3, the mean and the standard deviation 
of the normalized residence time of particles were plotted against particle Froude 
number and particle-to-tube diameter ratio. The relationships between the' 
dependent variables (the mean and the standard deviation of NRT) and the 
regressor variables (particle Froude number and particle-to-tube diameter ratio) 
are well fitted by the empirical correlations presented in Eq. 6 and 7. The 
coefficients of determination (R2) yielded from Eq. 6 and 7 were 0.91 19 and 
0.963 1, respectively. 

TABLE 3. 
NUMERICAL VALUES OF VARIABLES USED IN REGRESSION ANALYSES 

F r ~  PND Dr Mean NRT SD NRT 
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FIG. 3. STANDARD DEVIATION OF THE NORMALIZED RESIDENCE TIME OF 
PARTICLES AS AFFECTED BY PARTICLE FROUDE NUMBER (Fr,) AND 

PARTICLE-TO-TUBE DIAMETER RATIO (D,) 
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Effect of Particle Size 

The effect of particle size on the mean normalized residence time was 
significant (P<0.05). The means of the NRT decreased significantly as the 
particle size was increased from 11 to 20 rnrn (Table 2). A typical relationship 
between particle size and mean normalized residence time is illustrated in Fig. 

4. This trend indicates that large particles tend to move faster than their smaller 
counterparts. Table 2 also indicates that the average velocities of both the small 
and the large particles exceeded that of the overall product (slurry). Similar 
trends have been reported by McCoy et at. (1987); Berry (1989); and Pannu et 
at. (1991). However, direct comparison between the results obtained in this 
study with those obtained by these investigators cannot be made because of 
differences in experimental conditions. 

The above phenomenon can be explained by the observation that the 
average flow rates employed in this experiment were relatively high (ranging 
from 0.66 x lo5 to 0.97 x 10" m3/s). In this range of flow rates, the carrier fluid 
appears to have enough momentum to lift the particles off the bottom of the 
tube. In addition, viscous forces may, to some extent, magnify the effect. This 
possibility was speculated based on previous findings by McCoy et at. (1987) 
which suggested the existence of combined effects of carrier viscosity and 
particle size on the particle residence time and its distribution. Moreover, an 

Particle Size (mm) 

FIG. 4. THE MEANS AND 95 % CONFIDENCE INTERVALS OF THE NORMALIZED 
RESIDENCE TIMES OF PARTICLES AS INFLUENCED BY PARTICLE SIZE 
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explanation proposed by Alcairo and Zuritz (1990) may also be used: when 
particles move along or near the tube wall, a large particle would tend to move 
faster than a small particle because some part of its mass would likely occupy 
the higher velocity region of the tube cross section. 

The effect of particle size on the standard deviations of the normalized 
residence time is presented in Table 2. It can be seen from the table that the 
standard deviations or the spreads of the normalized residence time were highly 
particle size dependent. In particular, the magnitude of the standard deviation 
was much lower for the large particles than for the small particles. Typical plots 
for E(8) and F(8) as influenced by particle size are illustrated in Fig. 5 through 
7. The shapes of the distribution curves were far from being normal. For the 
small particles, the E(8) curves were positively skewed and their distributions 
were much wider than the normal curve. On the other hand, the E(8) curves for 
the large particles were very much narrower than the normal curves. It was 
evident from the curves that the distributions of residence time for small 
particles were very much wider than those for large particles. Their correspond- 
ing F(8) curves showed that the curves for the large particle were steeper than 
those for the small particle. These trends suggest that the flow profile of 
particles in a bend approached a plug flow profile as the particle size increased. 
In order to explain the trend observed, it was appropriate to presume that some 
of the small particles were easily channelled with the high velocity carrier 
medium at or near the bend axis while some others lagged behind as they moved 
with the low velocity carrier at or near the bend wall, yielding a long tail on the 
right. 

Effect of Flow Rate 

The means of the normalized residence time as affected by flow rate 
(corresponding to pump speeds) are shown in Table 2. A typical plot for the 
relationship between flow rate and the mean of the normalized residence time 
is illustrated in Fig. 8. 

The trend of the data shows that there was a tendency for the normalized 
residence time to decrease with increasing flow rate. The result is comparable 
with previous findings of Dutta and Sastry (1990) and Berry (1989) for flow in 
straight section of a holding tube. A closer examination to the data reveals that 
the change of flow rate from 0.66 x to 0.8 1 X 109 m3/s or from 0.8 1 x 
to 0.97 x 10" m3/s had no appreciable effect on the normalized residence time 
of particles. However, the mean of the normalized residence time at flow rate 
0.97 x 10" m3/s was significantly lower than that at flow rate 0.66 x loJ m3/s. 
This trend may suggest that increasing flow rate to the highest level in the 
experiment may have significantly altered the inertial force of the particles to a 
higher value, causing the particles to move faster than the carrier medium. 
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The effect of changing flow rate (corresponding to pump speed) on the 
standard deviation of the normalized residence time as shown in Table 2 
indicates that there is a clear tendency of the standard deviation to decrease as 
the flow rate increased. The normalized residence time distribution curves along 

Normalized Residence lime 

Normalized Residence Time 

FIG. 5. E 8 AND F 8 CURVES OF THE NORMALIZED RESIDENCE TIMES 
OF PARTICLES AT FLOW RATE 0.66x 10" M3/S AS INFLUENCED BY 

PARTICLE SIZE 
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FIG. 6. E 8 AND F 0 CURVES OF THE NORMALIZED RESIDENCE TIMES 
OF PARTICLES AT FLOW RATE 0.81 X 10" M31S AS INFLUENCED 

BY PARTICLE SIZE 



FIG. 

EFFECT OF PARTICLE SIZE AND FLOW RATE 

Normotired Residence Time 

Normalized Residence Time 

7. E (8) AND F (8) CURVES OF THE NORMALIZED RESIDENCE 
TIMES OF PARTICLES AT FLOW RATE 0.97 x 10" M3/S AS 

INFLUENCED BY PARTICLE SIZE 
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FIG. 8. THE MEANS AND 95% CONFIDENCE INTERVALS OF THE 
NORMALIZED RESIDENCE TIMES OF PARTICLES AS INFLUENCED 

BY FLOW RATE 

with their cumulative normalized residence time curves for the small and the 
large particles as influenced by flow rate are presented in Fig. 9 and 10. The 
figures reveal that the spreads of the distribution curves tended to decrease and 
the steepness of the cumulative distribution curves increased as the flow rate 
increased. These trends indicated that the residence time of particles became 
more uniform (approached the plug flow profile) as the flow rate increased. 
Reverse trends have been reported by Alcairo and Zuritz (1990) for flow of a 
single particle in a scraped surface heat exchanger. In order to explain the above 
trend, it was presumed that the radial mixing and erratic motions of particles, 
which is most likely the case at relatively high particle concentration as in this 
experiment, became more severe as the flow rate increased. As a result, the 
majority of the particles would be expected to have spent approximately the 
same amount of time in the bend. 

CONCLUSION 

The overall trend observed for the effect of changing flow rate showed that 
the mean of the normalized residence time tends to decrease as the flow rate 
increases. A similar trend was observed for the standard deviation or the spread 
of the normalized residence time. The trends obtained from the E(8) and F(8) 
curves indicated that the flow profile of particles approached the ideal plug flow 
profile as the flow rate increased. 
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Normalized Residence Time 

FIG. 9. E (8) AND F (8) CURVES OF THE NORMALIZED RESIDENCE 
TTMES OF LARGE PARTICLES AS INFLUENCED 

BY FLOW RATE 
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Normalized Residence Time 

Normalized Residence Time 

FIG. 10. E ( 8 )  AND F (8)  CURVES OF THE NORMALIZED RESIDENCE 
TIMES OF SMALL PARTICLES AS INFLUENCED 

BY FLOW RATE 
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The mean and the standard deviation of the normalized residence time were 
significantly lower for the large particles. This trend was most likely due to the 
high flow rates employed in this study. The E(8) curves for large particles were 
much narrower than those for the small particles and their corresponding F(8) 
curves were steeper for the large particles. These trends indicated that the flow 
profile of particles approaches the ideal plug flow as the particle size increases. 

NOMENCLATURE 

Symbols 

C 

DP 
D r 
D t 
E(8) 
F(8) 
F'P 
g 
K 
n 
AN 
No 
NRT 
Q 
SD 
At 
v f 
VP 
vs 

Particle concentration 
Particle diameter, cm 
Particle-to-tube diameter ratio 
Tube inside diameter, cm 
Normalized residence time function 
Cumulative normalized distribution function 
Particle Froude number 
Acceleration due to gravity, m/s2 
Coefficient of consistency, Pa.sn 
Flow behavior index 
Number of particles having residence time within certain time interval 
Total number of replicates in a data set 
Normalized residence time of particles 
Overall product flow rate, m3/s 
Standard deviation of NRT 
Time interval, s 
Fluid velocity, m/s 
Particle velocity, m/s 
Average slurry velocity, m/s 

Greek letters 

j Shear rate, s-' 
p, Fluid density g/cm3 
pp Particle density g/cm3 
/LND Dimensionless viscosity 
T Shear stress, Pa 
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ABSTRACT 

Headspace gas composition of meat stored in modified atmosphere 
packaging (MAP) undergoes dynamic changes as a result of packaging plm 
permeability, postmortem metabolic activity, CO, absolption in water and lipid, 
and bacteria growth and respiration. A combined analytical and experimental 
method was developed to investigate CO, absorption by packaged fresh meat in 
a gas-impermeable environment and during isothermal storage. The ideal gas 
law was used as a theoretical basis and a gas-impermeable and constant-volume 
chamber was constructed to evaluate the theoretical derivation. Changes in 
headspace pressure caused by dynamic interactions between beef and MAP 
atmospheres were monitored to predict concentration changes of CO, within the 
chamber. The proposed methodology for measuring CO, concentration changes 
was confirmed by gas analysis andproved valid forprediction of headspace CO, 
concentration changes in MAP gas-impermeable systems within the range of 
initial gas composition 20% to 100% CO, balanced with N,, at temperatures 
ranging from 3 to 13C, and an initial headspace pressure of I55 kPa. 

INTRODUCTION 

Carbon dioxide-enriched atmospheres have been used to extend the shelf-life 
of packaged fresh meat because of their effect on the growth inhibition of gram 
negative microorganisms (Enfors and Molin 1978; Zhao et al. 1994). Carbon 
dioxide is highly soluble in water and lipid (Gill 1988). As C02 is absorbed by 
meat packaged in a high C02 concentration modified atmosphere packaging 
(MAP) system, package shrinkage or collapse may occur. Package collapse has 
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been given as a limiting factor to wider usage of MAP with fresh meat (Gill 
1988; Bush 1991). To overcome this problem, the absorptive capacity of the 
meat for CO, must be taken into account when designing a MAP systems. 

Few methods for measuring CO, absorption in fresh meat have been 
reported. Gill (1988) measured the solubility of CO, in beef, pork and lamb by 
saturating the meat tissue with CO,, then absorbing the gas evolved from the 
tissue in standard 0.05M Ba(OH), solution and titrating the residual Ba(OH), 
with 0.1M HC1 using phenolphthalein as the indicator. Bush (1991) mentioned 
that the CO, absorption diagram (i.e., a plot of CO, absorption with respect to 
time) for meat could be measured using a thermostatic, constant volume or 
constant pressure chamber. However, the accuracies of methods to measure CO, 
absorption have not been documented. 

The overall objective of this work was to develop a method for measuring 
CO, absorption in MAP (CO, and N,) packaged meats. The specific objectives 
included: (1) derivation of a method to predict CO, absorption in packaged fresh 
meats, and (2) verification of the predicted values of CO, absorption by 
measurements with a gas analyzer. Also suggested are applications of the 
developed measurement method in a MAP system design. 

THEORY 

The Ideal Gas Law 

The ideal gas law can be stated as: 

where P is absolute gas pressure (Pa), V is the gas volume (m3), n is the 
absolute amount of the gas (mole), T is absolute temperature of the gas (K), and 
R is universal gas constant (8.3 144 Jlmole .K) . 

Under normal temperature and pressure conditions, the ideal gas law can 
be used to describe the behavior of 0,, CO, and N, (Toledo 1991). For a gas 
mixture, Dalton's law of partial pressure and Amagat's law of partial volume 
describe the relationship between total pressure and volume of gas mixture. The 
partial pressure and partial volume of each individual gas can be expressed 
respectively as: 

where Pj and Vj are partial pressure and volume of individual component gases, 
respectively. Restated, the ideal gas law can be used to relate the partial 
pressure of each component gas to the number of moles of that component 
within the mixture. The partial pressure of a component gas is related to the 
component amount in a gas mixture by: 
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where nj is the absolute amount (moles) of the component gas with partial 
pressure Pj. 

Estimation of CO, Absorption 

Consider a sealed (gas-impermeable) , thermostatic (isothermal), and 
constant volume chamber, as shown in Fig. 1. Into the chamber, introduce the 
product under examination and various mixes of CO, and N,, maintaining the 
product temperature constant. The partial pressures of CO, and N, in a constant 
headspace volume and constant temperature are represented by: 

where PC, and P, are the partial pressures of CO, and N,, respectively (Pa), 
VH is the package headspace volume (m3), and n,-, and n, are the absolute 
amounts of gaseous CO, and N, within chamber, respectively (mole). By 
Dalton's law of partial pressure, Eq. (5) can be rewritten as: 

G a s ,  moisture 

c h a n g e 4  

FIG. 1. AN IMITATIVE THERMOSTATIC. CONSTANT VOLUME, AND GAS 
IMPERMEABLE SYSTEM FOR DERIVATION OF C0, ABSORPTION EQUATIONS 
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Because nitrogen is an inert gas and much less soluble in meat compared 
with CO,, the absolute amount of nitrogen is assumed to remain constant in the 
package (Taylor 1972; Seideman et al. 1979; Farber 1991). Differentiating Eq. 
(6) with respect to time, t, yields: 

That is, the pressure loss within a constant volume, constant temperature 
chamber results from CO, being absorbed into the meat. Given that total gas 
volume occupied in the chamber is constant, and assuming the temperature 
within the chamber remains uniform with no gas permeating through the 
chamber wall, the amount of CO, absorption can be calculated by solving Eq. 
(7). Solving this differential equation, the amount of CO, remaining within the 
chamber (package) at some final time is: 

where Q,,~ and Q,,, are amounts (moles) of gaseous CO, within the chamber 
initially and at the final time, respectively, and Pi and Pf are the absolute 
pressure (Pa) of chamber headspace at the initial time and final time, 
respectively. 

The present study is concerned with the absolute amount of CO, absorbed 
by meat during a specified period of time. The term "CO, absorption" was used 
as a gross measure of CO, absorbed per unit mass of meat. Other researchers 
have chosen the terminology "CO, solubility" to express a similar concept (Gill 
1988). The CO, absorption in meats can be calculated as: 

where A,,, is the accumulative amount of CO, absorbed by packaged meats at 
some final time (moleco2/kg,,,), and M, is amount of meat product in the 
package (kg). 

Alternately, the units of CO, absorption can be expressed as gco2/kg,,, by 
multiplying by the molecular weight of CO, (44 g/mole,,,). Thus CO, 
absorption on a massfmass basis is expressed as: 

Combining Eq. (8), (9) and (lo), Aco2 is finally expressed as: 
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By measuring the headspace gas pressure changes during a specified 
duration, the headspace CO, changes caused by absorption (or evolution) within 
packaged meat can be determined from Eq. (1 1). An uncertainty analysis of Eq. 
(1 1) is given in the Results and Discussion section. The time selected for 
measurement of CO, absorption in the present study was 12 h. Preliminary 
research indicated 12 h was a sufficient length of time for meat to absorb CO, 
without influence of other reactions such as microbial growth or lipid oxidation. 
Also, a time interval of 12 h was previously considered by Gill (1988) as the 
time needed for fresh beef to reach CO, absorption equilibrium. 

Estimation of Final CO, Concentration in Headspace 

Because the volume percentage of CO, and N, is equal to mole percentage 
of CO, and N,, according to the ideal gas law, the volume percentage of CO, 
can be calculated as: 

By analogy of Eq. (12), the initial amount of CO, that can be expressed in terms 
of the initial CO, concentration is: 

Since qO2, = ncOzi - Aq,, and by calculating A%, from Eq. (8) and the sum 
of qO2 and n,, from Eq. (6), Eq. (12) can be expressed completely in terms of 
pressure and initial gas concentration: 

[CO,] iPi - AP 
[CO,I,= 

p f 

where [CO,li is initial volume percentage of CO, in headspace (%) that could 
be measured by gas analyzer (or assumed from a certified gas mixture used for 
initial MAP environment), and AP=Pi-P,, is headspace gas pressure change (Pa) 
with Pi and Pf indicated as the measured initial and final total headspace absolute 
gas pressure, respectively. Similarly, final calculated volume percentage for N,, 
[N,], can be calculated from: 

where [N21i is initial volume percentage of N, in headspace (%) that could be 
measured by gas analyzer (or assumed from a known certified MAP gas mix). 
Equation (15) is stated assuming that the change in partial pressure of N, has a 
negligible contribution to the overall pressure change AP. Equations (14) and 
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(15) are used to calculate the final volume percentages of N, and CO, 
respectively for comparison of results predicted by the pressure measurement 
method and those observed using a gas analyzer. 

MATERIALS AND METHODS 

Detailed Construction of Experimental Apparatus 

An experimental apparatus used for estimation of CO, absorption was 
constructed as shown in Fig. 2. A sealed aluminum pressure vessel (255 mm 
diameter by 110 mm high and 10 mm thick) was built as a constant volume 
chamber. A pressure transducer (Omega Engineering Inc., PX 304-100AV) 
attached to the lid of the chamber was connected to a strip chart recorder (ABB 
GOERZ Aktiengeschaft, Austria, Model SE120) to monitor changes of absolute 
pressure of gases within the chamber. Additionally, temperature inside the 
chamber was measured with a copper-constantan thermocouple probe (Omega 
Engineering Inc., Model CPSS-18G-8-RP) connected to the second channel of 
the strip chart recorder. Two metering valves attached to the chamber (Swagelok 
Co., Model SS-31RF2) were connected to a premixed gas bottle and vacuum 
pump (Thomas Industries Inc., Model 607CA32), respectively. The chamber 
connections allowed for evacuation and gas back flushing to replace the internal 
chamber atmosphere. A sampling port for withdrawal of gas samples and a 
pressure release valve to insure the safety of the system were also connected 
with the chamber. 

FIG. 2. TEST APPARATUS USED TO MONITOR CHANGE IN GAS PRESSURE 
1. strip chart recorder 2. pressure gage 3. thermocouple probe 
4. pressure transducer 5. vacuum pump 6 ,  premixed gas tank 

7. gas flush valves 8. sampling syringe 9. pressure release valve 
10. meat sample 11. test chamber 
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The composition of headspace gases in the chamber was monitored by 
removing 30 ml gas at the headspace pressure via a 30 ml gas-tight syringe 
(Becton Dickinson and Company, Model B-D) through a Shimadzu septum 
(Chemical Research Supplies, Model 77) attached to the sampling port. The 
volume percentage of the individual gases present was measured using a CO,/O, 
gas analyzer (Servomex Co., Model 1450). The gas analyzer was calibrated as 
per the manufacturer's instructions using N,, known certified gas mixtures of N, 
and CO,, and air as calibration gases. The measurements of gas composition 
were used to confirm the initial and final gas composition within the chamber 
during CO, absorption experiments. 

The chamber volume was determined by the total volume of water that 
could be injected into the chamber, 5.16 1. The seal integrity of the chamber 
was determined by monitoring the pressure change in nitrogen (initial gas 
pressure of 207 kPa) during 24 h. The seal integrity was verified periodically 
throughout the study by holding a desired gas or gas mix within an empty 
chamber and monitoring gaseous pressure changes over time. In order to achieve 
isothermal conditions, the test apparatus was located inside a temperature 
controlled cooler (Master-Bilt, Standex Company, Model D34LCD82) that was 
adjusted to the desired temperature 12 h before the start of each experiment. 

Experimental Validation of CO, Absorption Method 

A replicated 3 x 3 factorial, complete randomized design (18 sample trials) 
was conducted to study CO, absorption in fresh beef under three different 
storage temperatures (3, 8, and 13C) and 3 different initial gas compositions 
(100% CO,, 50% C0,/50% N,, and 20% C02/80% N,). Premixed gases of 
known CO, and N, composition were injected into the chamber with repeated 
vacuum/back-flush cycles. The chamber was evacuated by vacuum pump to 
approximately 8.0 kPa absolute pressure for 40 min, the desired gas mixture 
was then admitted into the chamber, then vacuum evacuated and gas 
back-flushed again. The repeated vacuurn/back-flush procedure assured residual 
0, of less than 0.5% as determined by measuring headspace gas composition 
with a gas analyzer. The headspace to meat volume ratio for all samples was 
controlled at 2.5, a ratio that was found to provide sufficient absolute amounts 
of CO, for all gas mix combinations (Zhao et al. 1995). To validate the CO, 
absorption procedure, pressure changes monitored over the course of each 
experiment were used to calculate final gas composition within the test chamber 
headspace. Equation (11) was used to predict amount of CO, absorption, and 
Eq. (14) and (15) were used to calculate final CO, and N, concentration in 
headspace, respectively. Predicted headspace gas composition was compared to 
that observed as measured with the gas analyzer. Correlation and bias analyses 
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were conducted for observed and predicted percentage concentrations of CO, 
and N,. 

Experimental Validation of N, Absorption Assumption 

An investigation of N, solubility in meat was conducted to verify assumed 
conditions within the test chamber (i.e., dn,/dt =0). The N, absorption in meat 
was measured by maintaining 100% N, atmosphere in the test chamber and 
recording absolute pressure changes of N, over time. A beef sample was placed 
into the chamber and held at 8C, and the atmosphere in the chamber was 
adjusted to 100% N, using the previously described vacuurn/back-flush 
treatment. The absolute pressure of headspace gas was monitored to determine 
N, absorption in meat. Pressure reduction would indicate that N, is absorbed by 
meat; otherwise, N, absorption in beef could be ignored. 

Meat Sample Preparation 

Meat composition (e.g., moisture content and fat content), pH and other 
biological factors can greatly affect CO, absorption in packaged meat (Gill 
1988). Therefore, care was taken to maintain uniformity among individual beef 
samples within the experiment. Samples were cut from the inside round 
semimembranosus muscle obtained from beef carcasses 72 h after slaughter and 
trimmed free of external fat (Zhao et al. 1995). All samples were vacuum 
packaged in high barrier vacuum bags using a chamber-type, heat-seal vacuum 
packaging machine (WestGlen Corp., Model VM 200H). Sample bags were 
stored at 4C for less than seven days until the beginning of each experiment. 
Care was taken to ensure minimum variability in biological factors among 
samples. Moisture content, fat content, and pH were measured for all beef 
samples. Moisture, fat, and pH were measured as 72.0 f 2.0%, 2.5 + 2.0%, 
and 5.5 + 0.2, respectively. 

RESULTS AND DISCUSSION 

Validation of Headspace CO, Change Measurement 

The comparisons of the predicted volume percentages of CO, and N, at the 
end of 12 h storage with the observed values as measured with the gas analyzer 
are shown in Fig. 3. The deviation of gas composition calculated using Eq. (14) 
and Eq. (15) from that observed using the gas analyzer was in the range of 
+2.0%. The R2 for regression lines of predicted data and observed data was 
0.998. This observation confirmed that the method proposed in this work to 
estimate headspace CO, changes during storage is valid. 
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FIG. 3. COMPARISON OF OBSERVED (MEASURED BY GAS ANALYZER) AND 
PREDICTED (CALCULATED BY ASSUMING THE IDEAL GAS LAW) VOLUME 

PERCENTAGES OF HEADSPACE CO, AND N, 

Validation of N, Absorption Assumption 

Nitrogen is considered an inert gas in MAP systems and is less soluble in 
water than CO, (Perry and Chilton 1973). Seideman et al. (1979) measured the 
volume and weight percentage changes of N, and CO, during storage for 100% 
O,, 100% N,, and 100% CO, packaged beef. Findings indicated that a 
significant change in the volume of N, did not occur until 14 days of storage. 
The loss in N, after 14 days may have been due to package film permeation or 
to dissolution of gases into meat tissue (Seideman et al. 1979). Enfors and Molin 
(1984) also reported that CO, evolution played an important role in headspace 
gas behavior for a 100% N, packaged beef. The implication was that CO, 
evolution was not due to absorbed O,, even though it was suggested that it might 
be due to retained 0,. In the present study, headspace gas pressure increased 14 
kPa during 12 h storage for the 100% N, packaged beef (Fig. 4). The pressure 
increase was directly attributed to an increased CO, concentration within the 
headspace as confirmed by analysis of final headspace gas composition. Final 
CO, headspace concentrations ranged from 10% to 13% among replicates. This 
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FIG. 4. OBSERVED (SYMBOLS) PRESSURE CHANGES WITH TIME FOR 
FRESH BEEF PACKAGED WITH 100% N2 AT 13C 

observation further confirmed that N, is an inert gas and less soluble compared 
with CO,. Thus the assumption to ignore N, changes in headspace would appear 
to be reasonable. 

Uncertainty Analysis for Predicted C02 absorption 

From Eq. (1 I), CO, absorption was calculated by measuring gas pressure, 
temperature, test chamber volume, and meat sample characteristics. Therefore, 
a source of error that exists for the predicted CO, absorption values is 
measurement error in the respective variables, propagated within the calculation. 
The magnitude of the error can be estimated by calculating uncertainty interval 
for CO, absorption. The uncertainty interval for a single sample experiment can 
be calculated following the procedure by Kline and McClintock (1953). For a 
function A of n independent variables, v,, v ,,..., v,: 

A =A(v, ,v,, ... ... v,) (16) 

the uncertainty w,, is indicated by: 

where w,, w,, . .., w, are uncertainty of each independent variable. Since the 
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CO, absorption equation can be expressed as: 

44VH 44VHAP 
A =-[Pi-PJ= 

'02 RTM, RTM, 

Evaluating the partial differential terms (aA/av,) for Eq. (18) and substituting 
into Eq. (17) gives: 

v H V,AP 1 VHAP 1 
1 

- AP 2 7 
wAnn -44{(- > h V H  +2(- 

RTM, 
)'~;p +(-)'(-)+; +(-)2(-)+$ml 

RTM, RM, T RT M, 

where w,,, is the uncertainty of A,,, and wvH, w,,, w,, and w,, are the 
uncertainty of VH, AP, T and M,, respectively. The coefficient 2 for the WAp 
term is because the uncertainty of AP consists of the uncertainty of both Pi and 
P, which are the same. Eq. (19) can be greatly simplified by dividing by Eq. 
(18) to obtain the nondimensionalized form: 

(- 
A,, 

For typical data observed in this study as a example to calculate the 
nondimensional uncertainty, a description of the reading might be: AP = 155 
f 0.5% AP (kPa), w,, = 0.775 (kPa); VH = 1.5 f 5%VH (liter), wvH = 
0.075 (liter); T = 286.15 f 0.5 (K), w, = 0.5 (K); M, = 650 f 2.0 (gram), 
w,, = 2.0 (gram). 

Substituting above descriptions into Eq. 20 yields 

Therefore, an uncertainty analysis for A,,, indicates that the maximum error for 
&,, prediction is approximately 5.1 % . 

Implications for MAP System Design 

The dynamic behavior of CO, with respect to initial headspace gas 
composition, storage temperature, headspace volume of a package, and meat 
characters is required in establishing design criteria for MAP systems. The 
measurement methodology is an important tool in advancing an engineering 
design basis for MAP. The theoretical considerations presented in this work 
could serve as the basis for developing a MAP design methodology that would 
predict the amount of headspace CO, change based on packaging configuration 
and storage conditions. The methodology for estimating headspace CO, change 
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is the first step in understanding the influence of packaging configuration and 
storage conditions on MAP headspace behavior. Zhao et al. (1995) developed 
mathematical equations to relate the amount of CO, absorbed by beef during 12 
h storage to meat temperature, initial CO, concentration, packaging 
headspace-to-meat volume ratio, and surface area of beef samples. With these 
equations, processors can predict the minimum amount of CO, required to 
saturate beef at the specific storage and packaging configuration conditions. 
Therefore, the package collapse observed in the modified atmosphere packaged 
meat could be avoided. Further, with above calculated amount of CO, added to 
the package, the full effect of CO, addition in MAP meat can be achieved since 
CO, quantities in excess of those required for meat saturation could be added to 
package initially or through a dynamic MAP strategy (Gill and Penney 1988; 
Zhao et al. 1994). 

SUMMARY 

The combined analytical and experimental method used in this work showed 
that CO, absorption in meat can be estimated directly from observed changes of 
headspace gas pressure for a gas-impermeable package. Compared with the 
chemical procedures, this method is very simple, since gas pressure and 
temperature can be easily and precisely measured. Moreover, the chamber 
headspace can be changed to consider the influence of different packaging 
configurations on CO, absorption. Various configurations can conveniently be 
achieved by adding inserts to change chamber volume, by varying gas 
composition, and by controlling temperature. Assuming chamber integrity can 
be maintained, the accuracy of CO, absorption estimation depends only on the 
measurements of gas pressure, temperature, and volume of the chamber. Based 
on the stated precision of the test chamber measurements, the maximum 
estimated error for CO, absorption measurement is approximately 5.1 % . 
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ABSTRACT 

The model given by Levine has been extended to account for the eec ts  of 
moisture, salt and fat through appropriate modifications based on theory and 
computational experience. Appropriate modifications to consistency index and 
flow behavior index as a function of moisture, salt and fat are given. The 
thickness of sheeted dough has been modeled as a function of gap, reduction 
ratio and the flow behavior index which constitutes an important contribution. 
The model so modified was fitted to experimental data on power consumption in 
sheeting dough prepared from two flour types, viz., whole wheat jlour and 
resultant atta, respectively, at five combinations of gap and reduction ratios and 
three levels each of moisture, salt and fat (conforming to actual use ranges) 
using Nelder-Mead algorithm for nonlinear optimization. These models provided 
12 constants for each flour type which gave fundamental information on the 
dough properties for each flour type. Three-dimensional graphics have been used 
to interpret the model. These models appear to be of much practical use. 

INTRODUCTION 

Sheeting is an important unit operation in the baking industry and it directly 
determines the power consumption. Consequently much work has been reported 
in the literature on sheeting and power requirements (Levine 1985; Kilborn and 
Tipples 1974). Most of the work is limited to the sheeting for bread making and 
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generally related to single level of moisture (used in bread making). Cornrnend- 
able work on constructing a working model to predict power consumption based 
on theoretical considerations with imposition of certain assumptions has been 
reported by Levine (1985). In the simplified form also, this model is quite 
complex. The actual use of the model has been made after assumptions on key 
physical constants pertaining to dough rheology such as flow behavior index, the 
dimensionless point at which sheet separates from the roller and the final 
thickness of sheeted dough (only as a simple multiple of the gap). The model 
does not account for the effect of different levels of moisture, salt and fat, all 
of which profoundly modify dough rheology, and hence the power requirements. 
The purpose of this study is to extend the model reported by Levine (1985) to 
account for the effects of moisture, salt and fat and also to fit the model more 
realistically, principally without assumptions of the kind noted above. Two 
possible common approaches are: 

(1) incorporate such forms of relationship which describe the dough consistency 
as a function of water, salt and fat based on reported theory, where they 
exist, or propose appropriate models where the literature is scanty, or 

(2) exploratory modeling using suitable and economic designs offered by 
statistics under response surface methodology (RSM). 

This paper elaborates on the first approach to account for the effects of gap, 
reduction ratio (RR), water, salt, and fat on power consumption in sheeting of 
dough prepared from whole wheat flour and resultant atta, respectively, 
covering a wide range in each variable. 

Box-Behnken design (Box and Behnken 1960) was used to plan experiments 
for three factors, water, salt, and fat at each chosen levels of gap and reduction 
ratios. The design minimized number of experiments under the circumstances. 
The second approach has also been investigated and is being reported separately. 

MATERIALS AND METHODS 

Wheat Flours 

Whole wheat flour was obtained from a local Chakki (disk mill) and 
resultant atta was produced on a roller flour mill from International School of 
Milling Technology, CFTRI, Mysore. 

Sheeting and Power Consumption Measurements 

Experiments were carried out on a dough sheeter developed at CFTRI, 
Mysore. The unit consists of two-teflon rollers of 50 rnm diameter and 300 mm 
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length. The gap between the rollers can be adjusted by an eccentric shaft 
mechanism. The maximum clearance between the rollers is 5 rnm. The 
two-teflon rollers are driven by a 0.25 HP motor through a compact reduction 
gear unit. The rollers rotate at 85 rpm. The power consumed was measured by 
a digital wattmeter. Dough was prepared under predetermined conditions as 
given in Table 1. 

TABLE 1 .  
THE BOX-BEHNKEN DESIGN FOR 3 INDEPENDENT VARIABLES 

Trial No. Moisture Salt Fat 

Coded Values Variable 

Moisture, for WWF (Moisture%-65)/5, 
for resultant ana (Moisture%-5O)R 

Salt, for WWF (Salt%-1.5)10.5, 
for resultant atta (Salt%-4)lO.S 

Fat, for WWF (Fat% -4)12, 
for resultant atta (Fat%-1.5)10.5 

METHODOLOGY 

Experimental Design 

Box-Behnken design (Box and Behnken 1960) was used to investigate the 
effects of three independent variables viz., water (W), salt (S) and fat (F) at 
certain discrete and achievable values for reduction ratio (RR) chosen for the 
purpose, and roll gap upon the power consumption. This statistical design is an 
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incomplete 3 X 3 factorial which leads to only 15 experiments for the 
determination of the linear, quadratic and first order interactions. The designs 
for the two types of wheat flours are given in Table 1. These designs were 
repeated at each of the combination of gap (and reduction ratio). Five levels of 
gap (4.4, 3.15, 1.9, 1.05 and 0.55 mm) were used requiring 5 x 15, i.e., 75 
experiments in total. 

Model Development 

The theoretical model (detailed. later) was extended to reflect the effects of 
moisture, salt, and fat on power consumption in the sheeting and fitted using the 
flexible polyhedron search method published by Nelder and Mead (1965) 
wherein the values of all the parameters were determined, many of which were 
generally assumed in literature as reflected earlier. The data corresponding to 
the experiments (0, 0, 0) performed in identical conditions at central point of 
Box-Behnken experimental design allow appreciation of reproducibility of 
results. 

RESULTS AND DISCUSSION 

Theoretical Considerations 

In the present analysis, wheat dough has been assumed to be pseudoplastic 
fluid material governed by power-law model for reduction of dough thickness 
from t, to to as shown in Fig. 1. 

FIG. 1. SCHEMATIC REPRESENTATION OF ROLLS 
(b = 2Hr; t, = 2H,; t, = 2H,) 
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The most common and simplest mathematical model to describe the power 
consumption with reference to different reduction ratios (Middleman 1977) is: 

where 

But the power consumption is given by: 

Integrating Eq. (I), we have 

where - dp = pressure gradient, defined by (Levine 1985) 
dx 

where, 

H, = function of t,, t, and n 
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where RR is Reduction Ratio, = HdH, 
Now substituting the value of dpldx in Eq. (3), we get 

- X 

But X = / ~  
. Therefore x = 2.R.Hg.X2. 

Substituting this in the above equation, we get 

7 
X y ~ ~ - u ~  = l n  

[ I n  1 .  I ~ ~ - ~ ~ I ~  . H g  (8) 

CH. (1 +x2)2n 

After considering several modifications and testing them, the following model 
best described the power consumption for sheeting as a function of fundamental 
parameters (as detailed earlier) as well as moisture, salt and fat. 

but dx=/-.&. 

P = ~ W U  [%I ..[;I .IF . JT J ~ ~ - i ~ l ~ ~ ~  

CH. 
g B 

X h l  
(1 +X2) 

at feed, x = - -1 and discharge, x = idis (not known) 1 :: 
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R = 5.012, U = 2nR.Nl60; where N = 85 rpm and W = 13 cm and where 
m, the consistency index, is a function of moisture, salt and fat and based on 
theory (Rao 1977), as well as experience (from actual computations) following 
functions were found suitable. 

Similarly for the flow behavior index, n, the following equation appears to be 
reasonable 

where 
Total Mass = 1 + (Moisture%l100) + (Salt%l100) + (Fat%/100) 
water = (Moisture %/100)lTotal Mass; 
salt = (Salt %1100)/Total Mass; 
fat = (Fat %/100)lTotal Mass, 

Therefore m,,, n,,, A,, A,, b ,  Xdis and k, to k,, are constants to be determined; 
m decreased with water, may increase with salt, and decrease with fat, and n 
may be sensitive to salt and fat. 

It was apparent from the examination of initial runs (results not presented) 
that k, was almost zero, and, therefore, for m quadratic term in water may not 
be necessary. On similar grounds, the effect of salt and fat on "m" were linear 
in nature while for n, the effect of salt was linear and that of fat, a power 
function. Therefore, in the modified form, 

m=mo.exp(k,.water).(l +k,.salt).(l +&.fat) (12) 

Equation (9) was integrated using Simpson's quadratic formula using 40 
intervals. 

All the relevant parameters (12 in number, viz., m,,, n,,, a, A,, b ,  %,, and 
k, to k,J were computed by fitting the model to experimental data through the 
flexible polyhedron search algorithm of Nelder and Mead (1965), which was 
suitably extended to provide analysis of variance and multiple correlation (Table 
2). 

The Model Fit 

Levine (1985) and Levine and Drew (1990) assumed values for certain 
constants, especially for the consistency index, the flow behavior index and the 
dimensionless distance at the discharge based on the values generally cited in 
literature and picking up the most probable ones for the first two constants, 
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while for the last, Levine (1985) derived the value with assumption of residual 
power gradients in the sheeted dough at the extremes of the sheeting process 
(equal to zero). They clearly indicated that the actual determination was rather 
difficult. 

TABLE 2. 
RESULTS OF ANOVA* 

Source d f 
Mean Square 

Resultant ana WWF 

Model 12 5.70 x 10' 2.16 x 10' 
Error 62 8.79 x lo2 1.46 x lo2 
Multiple R 0.75 0.86 
Mean Absolute 20.03 8.83 
Deviation 

*Significant at 5 % confidence level 

However, certain numerical techniques are available which can compute 
(as contrast to experimental determination) such values of the unknown constants 
in a proposed model so as to give best fit to the experimental data on the final 
response of interest, which is power consumption in this particular case. The 
computed values of m,,, q,, a, A,, &, X,,, and k, to k, for the two flour types 
are given in Table 3. Table 4 shows the experimental and model predicted 
power consumption for sheeting of doughs prepared from WWF and Resultant 
atta. It is apparent from the values of m,, that the WWF gave doughs of higher 
consistency as compared to those of Resultant atta, however, higher moisture 
levels used in WWF required lower Power consumption. The value of q, (Flow 
behavior index) gave values of 0.335 and 0.260 which conforms to the range 
reported for wheat flours. The value of A, is important as it determines the 
ultimate thickness of the sheeted dough. The values were 2.328 and 2.036 for 
WWF and Resultant atta doughs, respectively, which particularly indicates that 
the sheet thickness at the discharge will be much greater at larger reduction 
ratios. Viscoelastic properties support such observations. Using the values of A,,, 
A, and A,, the thickness of sheeted doughs at given Hg and RR can be predicted. 
The discharge distances obtained were 0.7392 and 0.5722 for WWF and 
Resultant atta, respectively, which are much higher compared to the value given 
by Levine (1985) which was low at 0.224. The computation of the same has 
been illustrated by Levine elsewhere (Levine and Drew 1990). The magnitude 
of ji,, reported in this paper for doughs prepared from WWF and resultant atta 
are much higher than can be explained so easily, and at least not by the 
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reasoning given by Levine and Drew (1990). Such high values indicate the 
discharge of sheeted dough by the rollers much later, and it may be due to 
stickiness exhibited by the sheeted doughs. 

TABLE 3. 
COEFFICIENTS DETERMINED USING 2ND ORDER EQUATION FOR 

POWER CONSUMPTION 

Parameter Resultant atra WWF 

m, 
n, 
a 
A, 
x, 
%is 

k, 
k2 

k, 
k4 

k5 

k, 
Multiple R 

The values of k, indicated that increasing water levels decreased the 
consistency of doughs prepared from resultant atta more than those from WWF. 
On the other hand, salt increased the consistency, and nearly twice as much for 
resultant atta as for WWF. Fat decreased the consistency of resultant atta much 
more than it did for doughs from WWF. It indicated that the effectiveness of fat 
(in decreasing consistency) increased with decreasing extraction rate (of flour). 
Contrary to this, salt decreased the flow behavior index of WWF nearly seven 
times more than it did for resultant atta. 

The values of k, and k, indicated that fat decreased the flow behavior index 
of resultant atta much more than that for WWF. These results (with multiple 
correlations of 0.86 and 0.75 for WWF and resultant atta, respectively, Table 
2 )  clearly reflect that the variation in rheological properties with water, salt and 
fat depended on the flour characteristics, such as the extraction rate (apart from 
the wheat type) and particle size may also play an important role. It becomes 
imperative to consider interaction between all the macro- and micro-constituents 
of wheats with water, salt and fat before concluding their effect of a visibly 
simple but a complex unit operation of sheeting and ultimately the power 
consumption. 
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TABLE 4. 
EXPERIMENTAL AND PREDICTED POWER CONSUMPTION FOR SHEETING OF 

DOUGHS FROM WWF AND RESULTANT A V A  
Power Consumvtion (Watts) 
WWFa Resultant ana 

SN RRb G ~ D  X,* X.* X.* Obs Pred Obs Pred 
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TABLE 4.  (Continued) 
Power Consumvtion (Watts) 
WWF' Resultant &I 

SN RRh Gap X,* X.* X.* Obs Pred Obs Pred 

*As under Table 1 
'Whole wheat flour 
'Reduction ratio 

The approach detailed here reflects the need to actually determine or 
compute the constants governing the power consumptions during sheeting 
operation. The pressure gradient in the dough during sheeting does not appear 
to be zero, especially for large RR values as the material, that is, dough, is 
viscoelastic in nature. This may be a major reason for higher values of GiS 
reported in this paper. The differences in power consumption for the two doughs 
and comments on the trends of power consumption with the water, salt, fat, etc., 
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will be explained through certain selected 3-D graphs. 

Effect of Water and Salt on Power Consumption at RR of 1.9, Gap of 
0.055 cm and 4% and 1.5 % Fat 

The variation of power consumption for water and salt is given in Fig. 2(a) 
and 2(f). For both the flour types, power consumption decreased exponentially 
with water, the reduction was much more for resultant atta dough as compared 
to doughs prepared from WWF. With salt, power consumption increased 
marginally at all levels of water. 

Effect of Water and Fat on Power Consumption 

The 3-D graphs at 1.5 and 4% salt are given in Fig. 2(b) and 2(g) for 
WWF and resultant atta, respectively. For both the flour types the power 
consumption decreased with fat and the effect was more pronounced for dough 
prepared from resultant atta. The trend with water was similar to that explained 
earlier. 

Effect of Fat and Salt on Power Consumption 

The power consumption decreased with fat for both the dough types;, 
however, for WWF doughs, it followed a decreasing convex curve while for the 
resultant atta it was almost a linear decrease. The two doughs also showed 
different patterns of power consumption with salt. For WWF, power consump- 
tion decreased with increasing salt while it increased for resultant atta. The 
effects of fat and salt (compared to that for water) on power consumption are 
also complicated due to their relation with the flow behavior index [Fig. 2(c) 
and 2(h)]. 

Effect of Gap and Fat on Power Consumption 

Figures 2(d) and 2(i) show the variation of power consumption with gap 
and fat at constant levels of RR (1.9), water (65 and 50%), and salt (1.5 and 
4%) for WWF and resultant atta, respectively. For both the flour types, the 
power consumption decreased sharply with increasing gaps (from 0.05 to 0.21 
cm) and then stabilized at gaps of >0.21 cm requiring small power consump- 
tion. With increasing fat, as expected, the Power consumption decreased for 
both the flour types. 

Effect of Water and RR on Power Consumption 

At constant levels of gap, salt and fat, the power consumption as a function 
of water and RR are shown in Fig. 2(e) and 2(i) for WWF and resultant atta, 
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respectively. The power consumption increased with RR, for both the flour 
types, hyperbolically; however, at higher RR values, the power consumption 
increased slowly especially at higher moisture levels, while at lower moisture 
the power consumption kept increasing quite significantly but not as much as it 
did up to RR values of 1.2. 

The variation in H, was related to the gap, RR and n and detailed under 
theoretical considerations. As it will be important to predict the thickness of the 
sheeted dough, the 3-D plots of 2 H, (output thickness) are shown in Fig. 3(a) 
and 3(b) for WWF and resultant atta, respectively, keeping water, salt and fat 
at constant levels as detailed earlier. 

The latter two appear in the relationship developed between n and salt and 
fat. It is apparent from these figures that at higher RR values, with increasing 
gaps the output thickness could be more than 2-3 times the gap. However, at the 
lowest gap values tried in the reported experiments (0.055 cm), the predicted 
values of 0.15 and 0.2 cm appear to be on the higher side, and there is a scope 
to improve the model further. 

Similarly Fig. 4(a) and 4(b) show variation of n, the flow behavior index, 
with salt and fat and show that n decreases with increasing salt levels and just 
marginally so with increasing fat levels. The latter is clear in Fig. 4(b) for 
resultant atta. These plots throw light on the influence of additives, such as salt 
and fat, on fundamental properties of doughs and justifies further research work 
in building more theoretically sound and practically supported models in future. 

CONCLUSIONS 

It is apparent from the results presented in this paper that the final sheet 
thickness depends on the gap, reduction ratio and flow behavior index and that 
actual quantitative relationship will be desirable rather than assume a flat 
constant determining the final thickness of the sheeted dough. As the material 
is viscoelastic in nature, the elastic energy retained in the material after sheeting 
will actually determine the final thickness. Reduction ratio has been identified 
as the single most important parameter determining the final thickness, along 
with the flow behavior index which is determined by the type of flour and 
ingredients, such as salt and fat, present in the dough. As a result, the 
relationship given for the predictions of sheet thickness, coupled with the 
determination of n as a function of salt and fat, is an important quantitative 
contribution detailed in this paper in the quest for building a model for power 
consumption. 

The influence of water and salt on the consistency index, though known, 
has been given in quantitative terms, along with the effect of fat. These 
modifications increased the relevance and applicability of the model to actual use 
conditions for the preparation of various sheeted products such as chapathi, nun 
and other related products. 
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FIG. 2. RESPONSE SURFACES SHOWING THE EFFECTS OF DIFFERENT LEVELS OF 
MOISTURE, SALT, FAT, RR AND GAP ON POWER CONSUMPTION FOR TWO TYPES 

OF FLOURS (WWF AND RESULTANT AmA, RESPECTIVELY) 
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The magnitude of %, as obtained for the two flour types indicates that a 
certain pressure gradient remained in the dough even at the extremes of the 
sheeting process; this requires further careful examination of the mathematical 
complexities involved, and from the mechanical engineering point of view. 
However, the approach adapted in this communication provides a practical 
approach to actually computing some of the important parameters governing 
power consumption. 

NOMENCLATURE 

English 

D = Roll diameter 
H = One half of sheet thickness 
h(x) = Distance from center line to roll surface 
m = Flow consistency 
n = Power law flow index 
N = Roll rotational speed 
P = Power consumption, Watts 
p = Pressure between rolls 
R = Roll radius 
t = Sheet thickness 
U = Peripheral roll velocity 
W = Roll width 
x = Coordinate in direction of dough flow 

X = Dimensionless position = x/,/2RHg 

y = Coordinate in direction normal to dough flow M = Moisture, % 
S = Salt, % 
F = F a t , %  
RR = Reduction Ration Subscriptions 
dis = Discharge 
f = Feed position 
g = Nip 
0 = Output 

Greek letters 

X = Dimensionless distance from nip to separation 
rXy = Shear stress (dynes/cm2) 
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ABSTRACT 

This study was conducted to determine water sorption isothenns of 
cellulose-based films made from methyl cellulose (MC) and hydroxypropyl 
cellulose (HPC), and to evaluate the ejJect of plasticizer concentration and 
temperature on water vapor permeability coeficient in those jilms. .The 
equilibrium moisture contents of MCfilm and HPCfilm increased slowly with 
an increase in water activity (a,) up to 0.75, but increased greatly after 0.75 G. 
The water vapor permeability coeficient of HPC film increased as the 
concentration ofpolyethylene glycol (PEG) increased; however, the water vapor 
permeability comcient of MC film which contained 0.22 ml PEG& cellulose 
was lower than of films which contained no or higher PEG. An Arrhenius-type 
relationship was fitted to examine temperature dependence of water vapor 
permeability coejjicients of cellulose films. The edible films studied exhibited 
relatively low activation energies (14.56-16.43 kJ/mol) compared with typical 
food packaging materials. 

' Department of Food Science and Technology, University of Georgia, Agricultural Experiment 
Station. Griffin. GA 30223. 
Send Correspondence to: Dr. Manjeet S. Chinnan, Professor Center of Food Safety and Quality 
Enhancement, Department of Food Science & Technology, University of Georgia, Griffin, GA 
30223-1797, TEL: 770-228-7284, FAX 770-229-3216 

Journal of Food Process Engineering 18 (1995) 417-429. All Rights Reserved. 
OCopyright 1996 by Food & Nutrition Press, Znc., Tmmbull, Connecticut. 417 



M.S. CHINNAN and H.J. PARK 

INTRODUCTION 

Controlling moisture exchange is a critical factor in extending the shelf- life 
of moisture sensitive foods (fresh fruits and vegetables), and processed products 
(frozen foods, candies, snacks and cookies). Edible coatings for fresh fruits and 
vegetables have been used to control moisture loss with the purpose of 
prolonging their shelf-life during storage (Erbil and Muftugil 1986; Risse et al. 
1987; Smith and Stow 1984). Water loss in fresh fruits and vegetables can 
adversely affect their quality during the marketing period. Edible coatings can 
act as a moisture barrier; They can also create and allow the build-up of carbon 
dioxide level and reduction of oxygen level inside the fruit or vegetable tissue 
thus reducing respiration rate and potentially extending product shelf-life. 

Concerns have been raised about transmigration of monomers from plastic 
films into foods when in contact (Park and Ashcraft 1989); for example, the 
monomer of polyvinyl chloride has been listed as a carcinogen. However, 
cellulose-based films are edible, biodegradable and fall under the GRAS 
(generally recognized as safe) category (Kester and Fennema 1986). The 
cellulose-based films may be used as packaging materials which come in contact 
with foods. Edible coatings for processed products also could be used as 
moisture barriers to extend product shelf-life during their marketing. Kester and 
Fennema (1989b) reported that the lipid-cellulose film placed at the interface of 
two components, bread and a tomato-based sauce, effectively retarded migration 
of moisture from sauce to bread during storage. Rico-Pena and Torres (1990a) 
used methyl cellulose-palmitic acid film in a simulated ice cream cone core as 
moisture-impermeable barrier and observed that the sample of sugar cone which 
contained this film showed no detectable moisture increase for 10 weeks at -23C 
and for 4 weeks at -12C. 

Gas and water vapor permeation properties in edible films including 
cellulose are affected by several factors such as solvent type, plasticization, 
polymer material, and other film additives (Banker 1966; Banker et al. 1966; 
Pascat 1986). Gontard et al. (1993) recently published data on the effect of 
glycerin as a plasticizing agent on water vapor barrier properties of wheat gluten 
film and reported that the water vapor transmission rate increased as 
concentration of the plasticizer increased in the film. Park and Chinnan (1995) 
made cellulose-based films which contained two different concentrations of 
plasticizer and found that the gas and water vapor permeability coefficient 
increased with increasing plasticizer level. Overall, very limited work has been 
reported in the literature on the plasticizer effect on the water vapor barrier 
properties of cellulose-based films. 

Several reports exist on determining the water vapor permeability coefficient 
and water vapor sorption isotherm in plastic films (Labuza and 
Contreras-Medellin 1981; Karel et al. 1959). Linear relationship between water 
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content and water activity (G) in the plastic films was observed (Karel et al. 
1959). Water vapor permeation properties of cellulose-based films and 
protein-based films are different when compared with plastic films. The moisture 
isotherms of most edible films made from biopolymers are not linear over a 
wide range of a,,,. Gontrad et al. (1993) reported that the slope of water vapor 
sorption isotherm of wheat gluten film increased linearly in the range of 0 to 
0.68 a,,, and then increased sharply beyond 0.68 a,,,. However, data on water 
vapor sorption isotherm of cellulose-based films is not available. 

Labuza and Contreras-Medellin (1981) found that water vapor gas 
permeability coefficients increased in plastic films as temperature increased. 
Temperature effect on oxygen permeability coefficients of protein-based films 
was reported by Gemadios et al. (1993), and Arrhenius plots were fitted by 
them in the temperature range of 7 to 35C. However, the authors of this study 
are not aware of any study reporting the effect of temperature on water vapor 
barrier properties of cellulose-based films. 

The objectives of this study were to (1) determine the water vapor sorption 
isotherms of cellulose-based films, and (2) evaluate the effect of plasticizer 
concentration and temperature on water vapor permeability coefficients in those 
films. 

THEORETICAL CONSIDERATION 

Fick's first law can be applied to the water vapor permeation process when 
it is assumed that the diffusion is in a steady state and there is a linear 
concentration gradient through the film. Then, the flux (J) is given by 

where, J is flux (g/m2s), D is diffusion coefficient (m2/s), A C is concentration 
difference across the film (g/m3), X is thickness of the film (m), Q is amount 
of water diffusing through the film (g), A is area of the film (m2) and t is time 
(s) (Crank 1975). 

The driving force needs to be expressed in terms of partial pressure 
difference, rather than the concentration difference because it is easier to 
measure pressure difference and then correlate to concentration difference. 
Therefore, Henry's law, where the vapor pressure of the solute varies with 
concentration in a linear manner, could be applied. A rearrangement of terms 
yields the following equation in terms of permeability coefficient and partial 
pressure difference (Crank 1975). 
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where, S is the Henry's law solubility coefficient (g/m3 Pa), p,-p, is the partial 
pressure difference across the film (Pa) and P is the permeability coefficient 
(gdmzs-Pa) .  It may be noted that Henry's law is not applicable in those 
packaging materials which exhibit nonlinear moisture sorption isotherm (Karel 
et al. 1959; DeLeiris 1986); however, it is often applied to such materials (e.g., 
edible films). In situations when Henry's law is applied for determining 
permeability coefficients, the resulting values are effective or average 
permeability coefficients and valid only for the conditions of the experiment. 

MATERIALS AND METHODS 
Materials 

The materials used to prepare the cellulose films were: methyl cellulose (25 
cp), hydroxypropyl cellulose (370,000 mw), polyethylene glycol (400 mw) 
(Aldrich Chemical Company, Inc., Milwaukee, WI); and ethanol, 95% (Fisher 
Scientific, Pittsburgh, PA). All the salts for saturated salt solutions to obtain 
moisture isotherms are listed in Table 1 and were acquired from Fisher 
Scientific (Pittsburgh, PA). 

TABLE 1. 
RELATIVE HUMIDITY (%) OF VARIOUS SALTS SOLUTIONS1 

Relative humiditvl 

Salts 5C 21C 

Potassium acetate 
Magnesium chloride 
Magnesium nitrate 
Cupric chloride 
Sodium chloride 
Ammonium sulfate 
Lithium sulfate 
Potassium sulfate 

'Rockland (1960). 

Preparation of the Cellulose-Based Films 

Methyl cellulose (MC) and hydroxypropyl cellulose (HPC) based film 
solutions were prepared by dissolving 9 g of each cellulose in a solvent mixture 
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containing 200 ml of ethanol and lOOml of distilled water (Kamper and Femema 
1984; Park and Chiman 1995). Three solutions were prepared for each cellulose 
type containing polyethylene glycol (PEG) as plasticizer at levels of 0, 0.1 1, 
0.22 and 0.33 ml PEGIg cellulose. Brinkmann homogenizer (Westbury, NY) 
was used to mix the film solution. For degassing, solution was heated until it 
started boiling. The degassed solution was poured onto a glass plate and dried. 
The film thus formed was carefully detached from the glass plate and used for 
determining moisture sorption isotherm and water vapor permeability coefficient 
properties. 

Thickness Measurement 

A micrometer was used to measure the film thickness to an accuracy of 
0.0025 mm. Ten measurements were made at random positions on each film. 

Moisture Sorption Isotherms 

Dried HPC film and MC film were cut into small pieces (less than 0.015 
g), weighed, and then placed over saturated salt solutions in desiccators at 
constant temperature (5C and 21C) to provide water activities in the range 
0.23-0.97 (Table 1). Final moisture contents were determined after moisture had 
equilibrated which was verified by periodic weight measurements. Samples were 
dried overnight at lOOC under vacuum to determine moisture content as 
described in AOAC (1980) method 23.002 for gelatin. Tests were conducted in 
triplicate. 

Water Vapor Permeability Coefficient (WVP) 

Three plastic cups of high density polyethylene (3 mm thick) filled with 
desiccant and covered with HPC film and MC film to be tested were placed 
individually in two desiccators, one was 33%RH (MgCl,) and the other was 
75 %RH (NaCl), at 5, 13, 2 1 C, respectively. The change in weight of the cups 
against time was recorded every two hours. The permeability coefficient was 
calculated from Eq. 2; where water vapor pressure (p,) on the desiccant side of 
the film was assumed to be zero and the water vapor pressure (p,) in the 
desiccator due to MgC1, or NaCl salt solution was calculated from the vapor 
pressure of pure water at respective selective humidities. It is to be noted that 
no forced air movement was provided and we did not specifically follow the 
ASTM E96-80 method for determination of WVP. However, we did follow the 
procedures published by other researchers and the authors of this study (Kamper 
and Femema 1984; Aydt et al. 1991; Park and Chiman 1995). 
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RESULTS 

Moisture Sorption Isotherms 

Sorption isotherms of the MC film and HPC film at 5 and 21C are shown 
in Fig. 1 and 2, where moisture content was plotted against water activity. At 
higher temperatures, less moisture was absorbed at a given water activity. This 
trend is well documented in literature for most food materials. The sorption 
isotherm curves of MC film and HPC film (Fig. 1 and 2) can be viewed as two 
distinct segments indicating that the equilibrium moisture increases slowly with 
an increase in water activity up to 0.75, beyond which there was a sharp 
increase in equilibrium moisture of the films tested. Linear regression analysis 
of moisture content and water activity (a,) data for a, from 0 to 0.75 yielded R2 
values greater than 0.98 (Table 2). Including a, values beyond 0.75 drastically 
reduced R2 values. 

The shape of sorption isotherm of the MC film was similar to that of methyl 
cellulose-palmitic acid film, reported by Rico-Pena and Torres (1990b), which 
had weight ratio of 3:l at 24C. The equilibrium moisture of MC film was 
slightly higher than that of HPC film at a given water activity. Moisture 
isotherms were not determined at 13C, although the water vapor permeability 
coefficients were measured at 13C in addition to 5 and 21C. Observing the 
similarity in shapes of 5 and 21C isotherms, it was not believed necessary to 
obtain 13C isotherm for our study. 

0 0.2 0.4 0.6 0.8 1 .O 1.2 

Water Activity 

FIG. 1. MOISTURE SORPTION ISOTHERMS OF METHYL CELLULOSE 
FILM WITHOUT PLASTICIZER AT 5 AND 21C. 
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Water Activity 
FIG. 2. MOISTURE SORPTION ISOTHERMS OF HYDROXYPROPYL CELLULOSE FILM 

WITHOUT PLASTICIZER AT 5 AND 21C 

TABLE 2. 
REGRESSION ANALYSIS OF MOISTURE ISOTHERM DATA OF METHYL CELLULOSE 

(MC) AND HYDROXYPROPYL CELLULOSE (HPC) FILMS 

Temperature Relative humidity- Regression analysis statistics 
Film ( c )  Data Range (%) Slope RZ 

MC 5 0-33 
0-75 

2 1 0-33 
0-75 

HPC 5 0-33 
0-75 

2 1 0-33 
0-75 

Water Vapor Permeability Coefficient (WVP) 

WVPs of cellulose films, MC and HPC, were considerably greater than 
those of commonly used plastic films such as polyethylene (PE) and polyvinyl 
chloride (PVC) in Table 3. Without any plasticizer, WVP of HPC film was 
expected higher than that of MC film because HPC has a hydroxyl group in 
hydoxypropyl functional groups. But WVP of HPC film was lower than that of 
methyl cellulose. Reduction of WVP of HPC film could be attributed to 
formation of hydrogen bond between HPC polymers (Banker et al. 1966). 
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TABLE 3. 
WATER VAPOR PERMEABILITY COEFFICIENTS OF SELECTED FILMS 

Thickness Relative humidity 
Film (mm) difference(%) Permeability" 

Cellulose film in this studyb 
HPC 0.08 75 

33 

Cellulose films from the literature 
C 18-C 16 HPMCc 0.04 97 

Other films from the literature 
PEc 100-90 

"nit of permeability is in pgm/m2s-Pa at 21C; p is an abbreviation of pic0 
I, Cellulose films without plasticizer. 

Kester and Fennema (1989a); C18 (stearic acid), C16 (palmitic acid), MC (methyl cellulose), 
HPMC (hydroxypropylmethyl cellulose). PE (Polyethylene, low density) and PVC (Polyvinyl 
chloride). 

* Hagenmaier and Shaw (1990). 

It may be noted that Eq. 2 can be used to calculate the WVP in linear 
portion of moisture sorption isotherm for hydrophilic films because of Henry's 
law (Karel et al. 1959; DeLeiris 1986). WVPs of MC and HPC films in this 
study were measured at a, differences by 0-0.33 and 0-0.75 which are linear 
portions in moisture sorption isotherms curves of the films. Therefore, the 
permeability of the films are theoretically same if these are measured inside of 
linear portion of moisture sorption isotherms curves. However, slopes of 
moisture content and a, data for a, from 0 to 0.75 in moisture sorption 
isotherms curves were higher than those of a, from 0 to 0.33, which can cause 
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higher WVPs in the films. Kester and Fennema (1989a) also reported that the 
WVPs of cellulose films measuring at 0-97% relative humidity (RH) gradient 
were lower than those of films measuring at 67-95% RH gradient in cellulose 
films. Higher slopes of moisture content and a, data for a, from 67-95 than 
those of the slopes for a, from 0-95 in moisture sorption isotherms of methyl 
cellulose films (Rico-Pena and Torres 1990b) would contribute to higher WVPs 
of the cellulose films measuring at 67-95 % RH gradient in Kester and Fennema 
work (1989a). Labuza and Contreras-Medellin (1981) also reported that many 
hydrophilic films show a change in WVP depending on vapor pressure 
conditions. The HPC film was more flexible than MC film, which is probably 
attributed to HPC polymer having longer side chains than MC. WVPs of 
cellulose films of Kester and Fennema (1989a) contained stearic and palmitic 
acids and were lower than those of cellulose films prepared in our laboratory, 
which could be attributed to fatty acids in the former films (Table 3). WVP of 
plastic films were 2 orders of magnitude lower than those of cellulose films. 

Plasticizer Effect. The effect of plasticizer concentration on WVP of 
cellulose films is shown in Fig. 3. WVP of HPC film increased as the 
concentration of polyethylene glycol (PEG) increased from 0 to 0.33 rnl PEGIg 
cellulose. However, the WVP of MC film showed a different trend compared 
to HPC film. The WVP of MC film containing 0.22 ml PEGIg cellulose was 
lower than those of MC films which contained 0, 0.11 and 0.33 ml PEGIg 
cellulose. Banker et al. (1966) observed that the plasticizer could enhance or 
retard moisture permeation of cellulose films, depending upon its concentration. 
Park and Chinnan (1995) reported that the WVP of HPC film and MC film 
increased as the concentration of PEG increased from 0.1 1 to 0.33 ml PEGIg 
cellulose. In wheat gluten film, WVP increased linearly as concentration of the 
plasticizer, glycerin, increased in the range of 16 to 33 g glycerin1100 g protein 
(Gontard et al. 1993). The surfaces of cellulose films containing higher level of 
plasticizer had smoother appearance than the films with low level of plasticizer. 

Temperature Dependence. Temperature dependence of WVP of HPC and 
MC films is illustrated in Fig. 4. An Arrhenius-type relationship given below 
was fitted to data. 

where P is permeability coefficient (gmlmzs.Pa), A is constant, E, is 
activation energy (Jlmol), R is gas constant (8.314 Jlmol-K) and T is absolute 
temperature (K). After logarithmic transformation, Eq. 3 is written as 
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Plasticizer concentration (ml PEGIg cellulose) 

FIG. 3. PLASTICIZER EFFECT ON WATER VAPOR PERMEABILITY COEFFICIENT 
(WVP) OF HYDROXYPROPYL AND METHYL CELLULOSE FILMS 

HPC-75 % RH (HPC film. WVP measured with 75 % RH difference) 
HPC-33% RH (HPC film, WVP measured with 33% RH difference) 
MC-75% RH (MC film, WVP measured with 75% RH difference) 
MC-33% RH (MC film, WVP measured with 33% RH difference) 

PEG (polythylene glycol). HPC (hydroxypropyl cellulose) 
and MC (methyl cellulose). 

1 ooorr (In<) 

FIG. 4. TEMPERATURE DEPENDENCE OF THE WATER VAPOR PERMEABILITY 
COEFFICIENT (WVP) OF HYDROXYPROPYL AND METHYL CELLULOSE 

FILMS WITHOUT PLASTICIZER 
HPC-75 % RH (HPC film, WVP measured with 75 % difference) 

HPC (hydroxypropyl cellulose). 
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Slope of the fitted regression line allowed calculation of an apparent activation 
energy E,. The same procedure described above was applied to calculate 
activation energy of MC film. The activation energies of HPC and MC films 
which had no plasticizer were 14.56 and 16.43 kllmol, respectively. These are 
relatively low activation energies, when compared with various packaging films 
such as polyvinylidene chloride, polypropylene, polyvinyl chloride and 
polyethylene (Labuza and Contreras-Medellin 198 1 ; Myers et al. 196 1). Kester 
and Fennema (1989a) observed a large value for activation energy (59.4 kllmol) 
in a waxed laminated cellulose film, this is probably due to heterogeneity of the 
laminated film. Gennadios et al. (1993) reported that activation energies of 
protein films such as corn-zein, wheat gluten and wheat and soy protein isolate 
films ranged from 46 to 50 kllmol (1 1 to 12 Kcal/mol), which is several fold 
greater than the cellulose films investigated here. 

SUMMARY AND CONCLUSIONS 

The sorption isotherm curves of MC film and HPC film indicated that the 
equilibrium moisture content increases slowly with an increase in water activity 
(%) up to 0.75, but increases sharply after a, of 0.75. The equilibrium moisture 
of MC film was slightly higher than that of HPC film at a given water activity. 
The water vapor permeability coefficient of cellulose films were 2 orders of 
magnitude greater than those of typical plastic films, polyethylene and polyvinyl 
chloride. The water vapor permeability coefficient of HPC film increased as the 
concentration of polyethylene glycol (PEG) increased; however, the water vapor 
permeability coefficient of MC film which contained 0.22 ml PEGIg cellulose 
was lower than those of MC films which contained 0,0.11 and 0.33 ml PEG/g 
cellulose. Temperature dependence of the water vapor permeability coefficient 
of HPC film and MC film followed an Arrhenius type relationship. The 
activation energies of HPC film and MC film containing no plasticizer were 
14.56 and 16.43 kllmol, respectively; these are relatively low active energies 
compared with typical food packaging materials such as polyvinylidene chloride, 
polypropylene, polyvinyl chloride and polyethylene. Additional observations 
about these cellulose based films indicate that they have appearance and surface 
characteristics similar to those of plastic films. They are also transparent, 
without any odor and taste. 
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ABSTRACT 

The design and modeling of a tubular reactor, similar to an extrusion 
rheometer, which accounts for reacting flow is described. A numerical study 
(finite differences) of heat transfer to a flowing and reacting biopolymer melt 
(wheat gluten), similar to extrusion processing, is described and compared to 
experimental data. The cylindrical wall is nonisothermal in the aria1 direction, 
but is adequately characterized by a third-order polynomial determined 
experimentally. Convective and viscous dissipation terms are included in the 
energy equation. The rheological behavior of the melt is described by a power 

law model, r =tr+,e ($)j". h e  consistency coefficient pre-exponential, m, is 
530,000-2,100,000 Pa-sec" and the power law exponent or flow index, n, is 
0.38-0.65 for a 25-30% moisture content range and a 11 0-209 C temperature 
range. The flow index decreases with increasing conversion due to 
polymerization reactions occurring at elevated temperatures. Flow curves, bulk 
temperatures, and temperature profiles are presented for a variety of cylinder 
wall temperatures and biopolymer moisture contents. 
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JNTRODUCTION 

New texturized plant protein products are being developed each year. In 
recent years wheat flour and gluten have become more widely used in feedstock 
formulations for use in extrusion cooking (Barres et al. 1990; Lawton et al. 
1985; Boyd and Phoolka 1989; Andersson and Hedlund 1990). 

Extruders first became important to the food industry as a process to mix 
flour with steam or water and to pump this mixture at elevated pressures through 
extrusion dies to form a product (Harper 1981). They are now used extensively 
to form andlor cook product in a one-step unit operation. 

Several groups have stated the research needs in food extrusion processing 
(Harper and Harmann 1973; Baird and Reed 1989). They said that the following 
areas of research are still needed to facilitate further application of food 
extrusion and, more importantly, understand the process more scientifically: (1) 
extruder modeling, (2) transport phenomena, (3) physical properties, (4rphysical 
and chemical reactions, (5) process control, and (6) scale up. 

Mathematical models of single-screw extruders have been developed and 
tested using polymer extrusion theory for plastics (Harper 1981; Wagner 1987; 
Baird and Reed 1989). Numerous extrusion flow equations have been developed 
by Biesenberger and Sebastian (1983), Fricke et al. (1977), Tadmor and Gogos 
(1979) that are readily applicable to food extrusion theory. 

However, kinetic, thermodynamic, and rheological properties of food doughs 
during extrusion must be known before theoretical extruder equations can 
effectively be used for modeling. Since their properties are functions of 
operating variables such as temperature, shear rate, time-temperature histo j, 
and moisture content, mechanistic models describing kinetic and thermodynamic 
processes are needed for application to extrusion theory. The variability of 
temperature, shear rate, time-temperature history and pressure throughout an 
extruder renders them almost useless in kinetic, thermodynamic and rheological 
analysis. Only in the case of major simplifying assumptions, such as Newtonian 
flow and isothermal conditions, can a proximate analysis be done. Since it is 
known that plasticated doughs behave as non-Newtonian fluids (Baird and Reed 
1989), considerable error is already introduced by the first assumption. 

The extrusion rheometer, referred to most often as a capillary rheometer, 
has been used as a tool for measuring viscosity of molten polymers and doughs 
over a wide range of shear rates (Pezzin 1962; Morgan et al. 1978; Wagner 
1987). Pezzin (1962) used an extrusion rheometer to obtain rheological data on 
polystryene and other polymers and he concluded that such data could be 
correlated with flow behavior of polymers in commercial extrusion processing. 
Therefore, an extrusion rheometer should provide an adequate method of 
measuring rheological properties of food dough feedstocks operating at similar 
conditions found in extrusion processes. Lower viscous dissipation is adequately 
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compensated for by applying direct heat to the rheometer. Thus, an extrusion 
rheometer serves as a useful laboratory extruder for studying kinetic, 
thermodynamic, and rheological properties of dough feedstocks analyzed at 
typical extruder operating conditions. 

Most often an extrusion rheometer is used to measure, in the case of dough 
materials, the viscosity of the material that has reached temperature equilibrium 
with the heated sample reservoir. Typically, the dough is placed in a heated 
sample reservoir, allowed to equilibrate, and then, using a plunger-ram system, 
extruded through a die. With this system no account is taken for the effect of 
time-dependent reaction on flow properties since the total reaction has been 
allowed to take place (equilibration time) before the interacting material is 
extruded. Transport processes in a food extruder are the result of a reacting 
flow, which is quite different from usual plastics extrusion processes involving 
no chemical reactions. A rheometer capable of simulating such flow would be 
of great utility in providing information on kinetic, thermodynamic, and 
rheological properties actually occurring during extrusion processing. 

The objectives of this research were to: (1) design and construct a simple 
tubular reactor, similar to an extrusion rheometer, for studying kinetic and . 
rheological properties of doughs during extrusion, (2) model the heat transfer 
to the biopolymer melt in the reactor, and (3) determine the rheological 
properties of a reacting and flowing system. 

DESIGN OF THE TUBULAR REACTOR 

Since no reaction was desired before entering the heated reaction region, the 
reactor, the apparatus was designed with two temperature regions. The sample 
reservoir needed to be cooled so that no thermally-induced reactions would 
occur. Therefore, one of the design criterion was to determine how to confine 
the heat to the reactor without heating the sample reservoir walls in the process. 
Another design criterion was to simulate the residence times in the melt-section 
of an extruder, i.e., 2-10 s (Harper 1981). Once the temperature profiles in the 
reactor were modeled, the time-temperature history of the biopolymer melt was 
predictable and kinetic information was, therefore, obtainable. 

The sample reservoir with an inside diameter 1.27 cm and 10.2 cm long was 
constructed. An identical section was constructed for the reactor as is shown in 
Fig. 1. A 1.27 cm polyamide plastic spacer was constructed to fit between these 
two sections to provide thermal insulation. It was able to withstand the 
temperatures and pressures typically used in an extruder. A 500W band heater 
5.08 cm in length was employed to heat the reactor. The die was 1.59 rnrn in 
diameter and 10.2 cm in length. A pressure vessel was constructed to pressurize 
the reactor outlet using nitrogen to prevent flashing as the extrudate exited the 
reactor. Two thermocouple wells (not shown in Fig. 1) were installed. One was 
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located just above the thermal insulator to monitor the cool zone temperature and 
the other one was located above the band heater for temperature monitoring and 
heater control. The barrel housing the reactor was wrapped with 6.0 cm thick 
insulation to prevent heat loses. The entire apparatus was bolted to a stand and 
an Instron universal testing machine was used to provide the force for the 
plunger and the force measurements needed to perform the experiments. 

Insulator- 

Die ~ e i a i n e 4  

Pressure Vessel 

Compression Ring Assembly 

Band Heater 

- Gas Inlet 

FIG. 1.  TUBULAR REACTOR SHOWING LOCATION OF MAJOR COMPONENTS 

MATHEMATICAL FORMULATION 

The physical system for pressure flow through a cylindrical channel 
(extruder die) is illustrated in Fig. 2. It consists of flow through a cylinder with 
an inside radius, R, and wall temperatures characterized by third-order 
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polynomials. The reactor wall temperature profiles were determined 
experimentally by inserting a thermocouple probe into the reactor and taking 
measurements every 5.0 rnm. The experimentally determined reactor wall 
temperature profiles are shown in Fig. 3. The average axial wall temperature, 
T,,aQ, was the arithmetic average temperature along the entire length of the 
reactor wall. Table 1 lists the equations for each curve in Fig. 3. 

FIG. 2. NOTATION FOR PRESSURE FLOW THROUGH A CYLINDRICAL CHANNEL 

TABLE 1. 
AXIAL WALL TEMPERATURE PROFILE EQUATIONS FOR THE EXTRUDER DIE 

USED FOR THE WALL BOUNDARY CONDITIONS IN SIMULATING HEAT TRANSFER 
TO A FLOWING MOLTEN BIOPOLYMER. 
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FIG. 3. AXIAL REACTOR WALL TEMPERATURE PROFILES WITH THE AVERAGE 
AXIAL WALL TEMPERATURE GIVEN FOR EACH PROFILE 

The energy equation can be simplified by making the following assumptions: 

(1) Inertial forces are negligible in comparison with viscous and pressure 
forces. 

(2) Body forces (e.g., gravity) are also negligible. 
(3) Thermal conductivity, specific heat and density are constant. 
(4) Normal stresses are negligible. 
(5) Heat transfer by conduction in the direction of flow is negligible 

compared to both convection in the direction of flow and conduction 
perpendicular to the direction of flow. 

The simplified energy equation is 

where u is the velocity in the z-direction. 
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A common constitutive equation for polymer melts is 

where 

Since non-isothermal conditions existed in the reactor, the Arrherius form of q 
was used resulting in Eq. (4) becoming 

Then, by substitution into the energy equation, we obtain 

From the continuity and momentum equations the velocity profile is 

where n+ 1 v=- 
n 

du From Eq. (7) we obtain an expression for - 
dr 

Substitution of Eq. (7) and (8) into Eq. (6) for u and duldr results in the 
following energy equations as a function of r: 
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The boundary conditions for the above equations are the following: 

z = 0: T = To (given in Table 3) 
r = R: T = f(z) (given in Table 1) 

A finite difference scheme using an integration technique of the Adams-Moulton 
type was used to solve the previous equations. The finite difference method used 
ten elements in the radial direction and each element was subsequently integrated 
in the axial direction. Integration error criteria was 1 x 10". 

The local bulk temperature, T,,,, was determined by calculating a weighted 
average of the temperatures at each element using the following definition: 

where i is the element used in the finite difference scheme. 

MATERIALS AND METHODS 

Fractionation 

. Commercial gluten, the unfractionated protein constituent of wheat feedstock, 
was purchased from Midwest Grain Company. Gluten was fractionated into 
ethanol soluble gliadin and ethanol insoluble glutenin using the Osborne 
procedure (Osborne 1907). Albumin and globulin, water soluble proteins, were 
solubilized using 0.5M NaC1. The 0.5M NaCl - gluten mixture was agitated for 
2 h at 4C and subsequently centrifuged for 2 h at 2000 g. The supernatant was 
discarded and the residue was rinsed with 40 rnl distilled water for 30 minutes 
to remove residual salt. The residue remaining after solubilization with salt 
solution was then solubilized with 70% ethanol. The ethanol insoluble fraction, 
glutenin, was freeze dried, milled and stored at 4C. Five gram samples were 
used in all experiments. All experiments were done in triplicate. Each powdered 
sample was mixed with water to achieve a 25% or 30% moisture content (w.b.) 
and stored overnight at 4C to reach equilibrium. 
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Biopolymer Rheology 

The reactor was heated to 100, 155, or 195C depending on the temperature 
desired using a proportional controller. The sample reservoir was cooled by 
pumping ice water through the cooling coil and was maintained below 40C. An 
Instron testing instrument was employed to ram the plunger and measure the 
resulting force. The Instron was operated in the load control mode so that a 
constant load could be maintained independent of displacement. The pressure 
vessel was equipped with a viewing glass and light so that velocity 
measurements could be made. As soon as the extrudate started to exit the 
reactor, a timer recorded time of flow. The length of the extrudate was then 
measured and a resulting velocity could be calculated. The following expression 
was used to compute the apparent shear rate (Cogswell 1981): 

where r is the uncorrected shear rate (sec-I), Q is the' volumetric flow rate 
(m3/s), and R is the reactor radius (m). The Rabinowitsch correction was used 
to calculate the wall shear rate (Cogswell 1981): 

where n is the power law exponent. 
Slippage at the reactor wall was considered negligible. Entrance and exit 

pressure losses were neglected due to the LID ratio being greater than 10. Shear 
stress was calculated from the following expression (Cogswell 1981): 

APD 
7 =- 
" 4L 

where AP is the axial pressure drop across the reactor axially (MPa), D is the 
reactor diameter (m), and L is the reactor length (m). The pressure drop through 
the reactor was calculated by taking the force measurement from the Instron, 
dividing it by the cross-sectional area of the reactor and subtracting the pressure 
in the pressure vessel (1.10 MPa) from it to get AP. The power law model was 
used as this has been shown to be highly correlated to shear rate and shear stress 
data of gluten doughs (Sharma and Hanna 1992). The equation used to 
determine the consistency coefficient, m, and the flow index, n, is shown below: 

where m, is the consistency coefficient pre-exponential (Pa-secn), E is the 
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viscous activation energy and n is the power law exponent. Nonlinear regression 
was employed to determine the values of q ,  E, and n since nonisothermal 
conditions existed in the tubular reactor. It should be noted that both shear 
stress, T and temperature, T, in Eq. (14) varied with axial position in the tubular 
reactor at a given shear rate. Shear stress was assumed to decrease linearly from 
inlet to outlet based on Eq. (13) and temperature was nonlinear using 
experimental data represented in Fig. 3. 

Extent of Reaction 

A free thiol and total sulfhydryl assay according to the procedures of Chan 
and Wasserman (1993) was employed to determine disulfide concentration. It is 
hypothesized that gluten and glutenin crosslink via disulfide bonds (Ewart 1988; 
Graveland et al. 1978) Thus, disulfide bond concentration would give an 
indication of the extent of reaction. 

RESULTS AND DISCUSSION 

Rheological Properties 

Values for q ,  the consistency coefficient pre-exponential, n, the flow index, 
and E, the viscosity activation energy, resulting from nonlinear regression for 
gluten and glutenin are given in Table 2. The consistency coefficient gives an 
indication of the viscosity of a fluid. As Table 2 shows, it is evident that the 
viscosity of glutenin is almost twice the value as for gluten. Glutenin is the high 
molecular weight fraction of gluten, so the viscosity of this fraction would be 
expected to be greater in magnitude than that for the composite gluten. The flow 
index decreases with increasing extent of reaction at a constant moisture content. 
Our flow index values (n) of less than unity indicate pseudoplastic behavior, 
which is consistent with observations for cereal doughs (Sharma and Hanna 
1992). No literature exists showing the flow index behavior for wheat flour 
doughs at elevated temperatures or for concentrated gluten doughs at any 
temperature. Studies on soy dough (Baird and Reed 1989) have shown the flow 
index to increase with temperature. This would indicate that as temperature 
increases the material approaches Newtonian behavior. But these studies were 
conducted on dough that had been allowed to react before extruding, so that 
viscosity changes were likely the result of temperature effects alone. The 
polymerization reactions are irreversible except for shear-induced chain scission. 
Thus, temperature effects would only influence chain mobility, not reactivity. 
In the present study, gluten and glutenin were reacting (see discussion below) 
and flowing simultaneously. As gluten polymerizes the flow behavior index 
should continue to decrease from unity since decreased chain mobility in a 
reacting polymer network should result in creating a less Newtonian fluid. 
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TABLE 2. 
FLOW INDEX (N). CONSISTENCY COEFFICIENT PRE-EXPONENTIAL 

@&,) AND VISCOSITY ACTIVATION ENERGY (E) FOR WHEAT GLUTEN 
AND GLUTENIN DOUGHS AT DIFFERENT MOISTURE CONTENTS (%MC) 

AND EXTENT OF REACTION (X) 

Sample X n m, (Pa-secn) E (kcal/mol) CV 

Gluten: 

25% MC 0.17 0.52 1,100,000 0.62 12% 
0.63 0.45 980.000 0.95 17% 
0.79 0.39 1,200,000 1.20 10% 

30% MC 0.20 0.65 530,000 0.62 16% 
0.90 0.55 550,000 0.95 14% 
1.00 0.48 680,000 1.20 17% 

Glutenin: 

Viscosity flow curves for gluten are shown in Fig. 4. Glutenin showed 
similar behavior. Shear thinning, which is typical of pseudoplastic materials, is 
evident from the flow curves. In every case viscosity decreases with shear rate 
and temperature. Viscosity of 25% moisture content gluten at 110C is almost 
twice the viscosity of 30% moisture gluten at about the same temperature (data 
not shown). At higher temperatures moisture content has little affect on gluten 
viscosity. Viscosities for glutenin at different moisture contents show similar 
trends. 

Extent of Reaction 

Ewart (1968, 1972, 1979,1988) has done extensive research in determining 
the role of disulfide bonds in gluten's viscoelastic properties and structure. He 
hypothesizes that glutenin is a trifunctional monomer capable of polymerizing 
via disulfide bond formation. Schofield et al. (1983) analyzed the effect of heat 
on sulfhydryl-disulfide interchange reactions and concluded they were the 
primary bonds responsible for network formation upon thermosetting. Numerous 
other researchers (Kaczkowski and Mieleszko 1980; Beckwith and Wall 1966; 
Graveland et al. 1978) have supported the disulfide bond hypothesis, but recent 
research (Ledward and Tester 1994) has shown that other reactions might also 
be important in network and crosslink formations. 
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Shear Rate (scc-I) 

Power law fit. llOCdata - I - Rho98 
Powerlawfit, A 209C&ta 
FQAl.96 

FIG. 4. VISCOSITY FLOW CURVES FOR 25% MOISTURE CONTENT GLUTEN 

The extent of reaction, X, at different residence (process) times in the 
reactor is shown in Fig. 5 for gluten and glutenin. The extent of reaction is 
defined as the disulfide bond concentration (nmols) determined colorimetrically 
compared to the disulfide bond concentration at long residence times (t = co), 
not the total intrinsic disulfide bonds possible. Similar data were obtained for 
glutenin with the extent of reaction being lower due to mechanical degradation. 

Heat Transfer Simulation Results 

In order to obtain solutions for the energy equation in the tubular reactor a 
number of physical property data were needed. Thermal conductivity, density, 
and average velocity were determined through a separate set of experiments and 
are tabulated in Table 3. Rheological properties used in simulations are listed in 
Table 2. Specific heat was calculated using the following relation (Baird and 
Reed 1989): 

c,=l .44+2.74XW (15) 

A thermocouple probe, 1.02 mm in diameter and 30 cm in length, was inserted 
into the reactor to monitor the material temperature as it flowed through the 
reactor. The pressure vessel was equipped with a neoprene pressure seal that 
allowed the probe to be inserted into the reactor without losing pressure. 
Experimental data was collected and compared to simulation data as shown in 
Fig.. 6. The agreement between data and simulation is acceptable considering the 
difficulty in maintaining the radial position of the thermocouple on the centerline 
and to visually determine the axial position with flowing extrudate. 
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o 25%MC Glutenin Data 
0 3O%MC Gluten in  Data 1 

25%MC Gluten  Data 
30%MC Gluten  Data 

P r o c e s s  Time ( s e c )  

FIG. 5. EXTENT OF REACTION OF GLUTEN AND GLUTENIN AT 209C 
Error bar represents typical standard deviation for all data. 

TABLE 3. 
PHYSICAL PROPERTY DATA USED FOR SIMULATION ARE DENSITY, p, SPECIFIC 

HEAT, C,, AND THERMAL CONDUCTIVITY, K 
The average velocity in the zdirection is us,,. Initial axial extrudate temperatures, To is the 

extrudate temperature at z=0. The average die wall temperature. T,,,,, is the average axial die 
wall temperature. 

Sample Dle To uavg P c~ k 
T,,(C) (C) (cmJs) (kglm3) (k~lkgc)  (wlmc) 

Gluten: 
25% MC 110 45 2.94 1150 2.13 0.29 

167 55 2.89 1150 2.13 0.27 
209 62 2.85 1150 2.13 ' 0.25 

30% MC 110 45 2.72 1230 2.26 0.32 
167 55 2.67 1230 2.26 0.30 
209 62 2.57 1230 2.26 0.29 

Glutenin: 
25% MC 110 45 2.61 1170 2.13 0.36 

167 55 2.57 1170 2.13 0.40 
209 62 2.16 1170 2.13 0.43 

30% MC 110 45 3.14 ' 1210 2.26 0.37 
1 67 55 2.77 1210 2.26 0.44 
209 62 2.77 1210 2.26 0.49 
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Axlal DLstance, z (mm) 

Simulation Experimental Dam 

FIG. 6. COMPARISON OF EXPERIMENTAL VERSUS SIMULATED EXTRUDATE 

Simulation results of temperature profiles for 25 % moisture content gluten 
as a function of radial distance, r, at different axial locations are shown in Fig. 
7. It can be seen that the temperature at the wall, r =0.8 mm, increases then 
decreases as axial distance increases. The simulation shows the expected 
behavior of increasing centerline temperature as a function of axial position. 
Likewise the temperature of the extrudate along the wall displays the increasing 
and decreasing behavior that the reactor wall boundary conditions require. 

0 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Centerline 

Radial Distance, r (mm) Wall 

FIG. 7. PREDICTED RADIAL TEMPERATURE DISTRIBUTIONS AT DIFFERENT 
AXIAL LOCATIONS, Z 
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Plots of simulated bulk temperatures along the length of the reactor are 
shown in Fig. 8 for the power law viscosity model and for the inviscid model 
for 25% moisture content gluten. The bulk temperatures are shown for different 
reactor wall average temperatures. Plots for 30% moisture content gluten and 
for 25 % and 30% moisture content glutenin are similar in shape and therefore, 
not shown here. The average axial bulk temperatures for these are shown in 
Table 3. The inlet temperatures are between 45-63C for the profiles shown in 
Fig. 8. The viscosity decreases with increasing temperature, i.e., increasing 
extent of reaction, and the bulk temperatures approach one another at increased 
axial lengths for the power law and inviscid fluid. The difference between the 
power law and inviscid fluids is greatest near the entrance where the viscosity 
is highest due to lowest temperature. This difference reflects the greater viscous 
dissipation under these conditions. Viscous dissipation increased the bulk 
temperature up to 16C more than that predicted for the inviscid fluid. 

- - - - -  NO Viscous Dissipation 

FIG. 8.  BULK TEMPERATURES AS A FUNCTION OF AXIAL DISTANCE, 
Z,  FOR (-) POWER LAW VISCOSITY FLUID AND (--) INVISCID FLUID 

Tz,avg is the average axial temperature for the extrudate 

CONCLUSIONS 

The results for the power law viscosity model have been compared to the 
inviscid fluid model. Viscous dissipation accounted for a bulk temperature rise 
over the temperature experienced with no viscous effects. This simulation is 
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applicable for pressure flow in cylindrical coordinates only. Agur and 
Vlachopoulos (1981) have shown that flow in other geometries results in 
different viscosity requirements to adequately model heat transfer for the same 
fluid. 

Rheological properties of gluten and glutenin have been determined for a 
reacting flow phenomena. Shear thinning pseudoplastic behavior was observed. 
The flow index decreased with increasing temperature which indicated further 
deviation from Newtonian behavior presumably due to crosslinking and 
polymerization. The rheological properties were subsequently used in simulation 
of heat transfer to the molten biopolymer. This research should prove helpful in 
modeling food extrusion of cereal doughs in general when the physical 
properties of the feedstock are known. 
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