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ABSTRACT 

A generalized model for predicting the effects of shear rate, temperature, 
moisture content, time-temperature history and strain history on viscosity has 
been evaluated for extruded potato flour doughs. An Znstron Capillary 
Rheometer and a 50 mm Baker Perkins co-rotating twin screw extruder were us- 
ed to evaluate all effects incorporated in the model, except strain history. The 
power law model was used to describe shear rate effects in the range 10-10000 
sl. The generalized model j?t observed data for temperatures of 25-95OC and 
moisture contents ranging from 22 to 50%, wet basis. Since potato flour by its 
manufacturing process is pregelatinized, it was unnecessary to evaluate the ef- 
fects of time-temperature history. Strain history was found to have an insign$- 
cant influence on the viscosity. 

INTRODUCTION 

Commercialization of extrusion processes is constrained by lack of adequate 
scale-up information. Two important elements in extrusion scale-up and design 
are effective process engineering analysis methods, and comprehensive 
rheological models. During cooking extrusion, starch granules undergo many 
changes leading to molecular rearrangement, including loss of crystallinity and 
formation of amylose lipid complexes. These changes in the starch granule 
significantly affect viscosity. Temperature, moisture, shear, and feed ingredient 
composition are important factors in these structural changes (Harper 1986). Ac- 
curate characterization of their effects on extrudates is, therefore, important. 
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Several extrusion models for flour and protein doughs have been proposed in 
the published literature (Bhattacharya and Hanna 1986; Cervone and Harper 
1978; Janssen 1986; Jao et al. 1978; Remsen and Clark 1978). Of these, only the 
model proposed by Remsen and Clark (1978) incorporates effects of 
temperature, shear rate, time-temperature history and moisture content. 

The most comprehensive rheological model yet has been proposed by Morgan 
et al. (1989). This generalized model describes the rheological changes which 
occur during the cooking extrusion of protein doughs. The mathematical rela- 
tionship predicts viscosity as a function of temperature-time history, strain 
history, temperature, shear rate and moisture content. 

Dolan et al. (1989) used the model by Morgan et al. (1989) as the basis for 
predicting changes in starch viscosity during the gelatinization of high moisture 
starch solutions. The model was found to predict changes in viscosity due to dif- 
ferent time-temperature histories when shear rate, moisture content, temperature 
and strain history are held constant. While the changes that occur in the starch 
granules are different for high moisture systems than low moisture systems, it is 
important to note that time-temperature history is an important factor con- 
tributing to viscosity changes in both systems. 

Recently, Mackey (1989) modified the expression of Morgan et al. (1989), 
and used it to describe the viscosity of low to intermediate moisture starch-based 
doughs during cooking extrusion. The major modification involved the substitu- 
tion of starch kinetics (gelatinization) in place of protein kinetics (denaturation). 

The purpose of this paper is to evaluate Mackey's (1989) expression for potato 
flour extruded at low to intermediate moisture. In particular, the significance of 
the modular effects of time-temperature history, moisture content, temperature, 
shear-strain history, and shear rate will be assessed. 

THEORETICAL DEVELOPMENT 

Mackey's (1989) modification of the model presented by Morgan et al. (1989) 
made it suitable for use in describing the viscosity of low to intermediate 
moisture starch-based products. The effect of time-temperature history on 
viscosity was modified to account for starch gelatinization kinetics. The 
resulting expression for time-temperature history effects is (Mackey 1989) 

Incorporating the above expression, the generalized viscosity model for extru- 
sion of starch-based doughs becomes (Mackey 1989): 

"l = eXP [% (7-1 - rl) + b ( M C  - MC,))(i)[l + A  - e4avfl . 
(2) 
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where 

and 

for T 2T, 

v = O  for T < T, (3b) 

The first term on the right hand sideof Eq. 2 incorporates the effects of 
temperature and moisture content on viscosity. It is important to note that M,, /R 
is not a measure of gelatinization kinetics but rather of how temperature affects 
the flow of the material. Lubricating effects of water are described by b(MC- 
MC,). The 87) term represents any apparent shear rate model (power law, 
Casson, Herschel-Bulkley, etc.) of the dough at the reference temperature, 
moisture content, and # = q5 = 0. The next term describes the effects of 
gelatinization on the viscosity of starch dough. 

Time-temperature history (4) can range from zero for temperatures below the 
gelatinization threshold to infinity for either very high temperatures, long ex- 
posure times or a combination of the two. Also included is the energy of activa- 
tion for gelatinization (Ng) which may be affected by moisture content. The 
final term incorporates strain history (4), which is a measure of the effects of ir- 
reversible shear thinning. As strain history increases, the viscosity approaches a 
finite value (voo). 

If any of the effects in Eq. 2 is absent or negligible, the term which incor- 
porates that- effect reduces to unity. 

MATERIALS AND METHODS 

Potato flour (Lamb-Weston, Portland, Oregon) was mixed at room 
temperature with tap water to 25, 35, and 45% moisture (wb) in a large institu- 
tional kitchen mixer. The doughs were allowed to equilibrate at 7 "C overnight in 
Ziploc bags (Dow Chemical, Indianapolis, Indiana). Final moisture content of 
the doughs were determined by drying in a vacuum oven overnight at 70 "C and 
686 mm Hg. 

An Instron Capillary Rheometer and a Model 4202 Instron Universial Testing 
Machine (Instron Corp., Canton, Massachusetts) were used to measure the ap- 
parent viscosity of the doughs. Die lengths of 50.8 mm (2 in) and 6.35 mm (% 
in) and diameters of 3.175 mm (118 in) and 1.59 mm (1116 in) were used, giving 



4 K.L. MACKEY, R.Y. OFOLI, R.G. MORGAN AND J.F. STEFFE 

LID ratios ranging from 2 to 32. Two replicates for each plunger velocity and 
LID ratio were performed. Force versus plunger displacement curves were col- 
lected and force at the die entrance was calculated by extrapolation of the force 
versus displacement curves to the die as described by Einhorn and Turetzky 
(1964). Barrel drag was then substracted from the corrected force. 

Temperatures of 25, 50, 65, and 95 "C were used in this study. At 50 and 
65 "C, doughs were compressed in the capillary barrel and were held for 10 rnin. 
Moisture contents of 25, 35, and 45%, wet basis, were used. Tests were con- 
ducted at 50°C for 25% (wb) moisture samples. Cook times of 2, 4, 6 and 12 
min at 95 "C were performed on 35 % (wb) moisture samples after compression. 
The 45 % moisture samples were cooked for 4 and 12 min after compression. Ef- 
fects of temperature on viscosity (A&) was determined by a linear regression of 
log q versus inverse temperature; the effect of moisture content on viscosity (b) 
was determined by a linear regression of log q versus moisture content at cons- 
tant temperature. 

Experimental extrusion tests were conducted using a Baker Perkins MPF-SOD 
(APV Baker, Grand Rapids, Michigan) co-rotating twin screw extruder with the 
screw configuration given in Table 1. Moisture contents were 40 and 50% (wb) 
and temperatures at the die ranged from 40 to 75 "C depending on extruder 
operating conditions. Feed rates of 1.26 X lW1, 2.00 X 1W2, and 8.69 X 

kgls; and screw speeds of 100,220, and 350 RPM were used. Die diameter was 
3.17 X m and die lengths were 4.00 X 1.50 X and 2.60 X 1W2 
m. Pressure drop and extrudate temperature at the die were recorded two 
minutes after extruder operating conditions had been changed to allow 
equilibrium conditions to be attained. Equilibrium conditions were assumed to 
exist when die pressure and barrel zone temperatures were stabilized. 

RESULTS AND DISCUSSION 

Correction for entrance effects was made using the technique described by 
Bagley (1957). Shear rate and shear stress were calculated using the 
Rabinowitsch equation (Whorlow 1980) 

and the standard expression for shear stress at the wall of a capillary: 
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TABLE 1.  
SCREW CONFIGURATIONS (LID RATIO: 15) 

Length (cm) 

17.2 

7.6 

7.6 

5.1 

2.5 

5.1 

6.2 

5.1 

5.1 

12.7 

Screw Type* Location 

FS Feed Inlet 

30F 

FS 

30F 

45F 

FS 

30F 

FS 

30F 

SL Die 

*Key to screw notation 
FS Feed screws 
30F 30 degree forwarding paddles 
45F 45 degree forwarding paddles 
SL Single lead screws 

Viscosities of the extrudates were calculated by measuring the pressure drop at 
the die. Plotting pressure drop versus the three die LID ratios at constant 
temperature, moisture, and mass flow rate allowed correction for end effects as 
described by Bagley (1957) for capillary dies. Shear rate was calculated using 
the Rabinowitsch equation (Whorlow 1980) and shear stress was calculated us- 
ing Eq. 5 for each die, temperature, moisture and mass flow rate. Temperature 
and moisture correction on extruder data was performed using AE,, and b 
estimated from the capillary rheometer. 

There was apparent slip at some moisture contents, temperatures and shear 
rates, as indicated by the presence of a "shark skin" on the extrudate. Slip 
analysis was performed using the method described by Darby (1976); however, 
the results were not meaningful. The inability to correct for slip is probably due 
to a friction coefficient between the wall of the capillary die and the food 
material which could not be measured. 
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The effect of temperature on viscosity (adjusted to 35 % moisture content and a 
shear rate of 100 s-I) is shown in Fig. 1. The effect of moisture content on 
viscosity (adjusted to 50°C and 100 s-I) is shown in Fig. 2. The actual moisture 
contents of the 25,35, and 45 % doughs were determined to be 0.282 (22 % wb) , 
0.507 (33.7% wb), and 0.772 (43.6% wb) g water per g potato flour, respective- 
ly. As illustrated, a simple logarithmic relationship may not be adequate for 
broad ranges of moisture content. This is similar to the data for defatted soy 
flour adjusted to 95 "C from Morgan et al. (1989). 

Inverse temperature, K-' 

FIG. 1.  EFFECT OF TEMPERATURE ON VISCOSITY OF POTATO FLOUR 
(Viscosities adjusted to 35% MC and 100 s-I) 

Apparent viscosity versus shear rate for potato flour cooked at 95 OC for 0,2,  
4, 6, and 12 min are plotted in Fig. 3. The power law model was found to pro- 
vide accurate characterization for shear rate effects. Data for 2, 4, and 6 min 
show similar slopes (flow behavior indices) and apparent viscosities. The 12 min 
cook data exhibits more shear thinning. This is, most likely, due to degradation 
of overcooked starch, which would indicate that time-temperature had little ef- 
fect on viscosity for cooking times less than 6 min. 

Since potato flour is pregelatinized in the process of making it, there is no 
relative increase in viscosity from gelatinization effects, therefore, A = 0 (see 
Eq. 3c). The term in Eq. 2 accounting for the effects of time-temperature history 
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r TSE SOX MC 
o TSE 40% YC 
A CR 43.6% MC 

CR 33.7% MC 

Moisture content (w.b.), decimal. 

FIG. 2. CORRECTED VISCOSITY OF POTATO FLOUR 
VERSUS MOISTURE CONTENT 

(Viscosities adjusted to 50C and 100s-') 

Shear rate, s-' 

O.O 

FIG. 3. VISCOSITY OF POTATO FLOUR DOUGHS COOKED OVER VARIOUS TIMES AT 
95 "C 

r 12 minuter V o 
8 6 minuter 
A 4 mlnutar 
o 2 mlnutar 
o 0 minuter 

0 
I I I I 

1 .o 10.0 100.0 1000.0 1 .OE+04 
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accordingly reduces to unity. Comparison of these data with uncooked 
viscosities adjusted to the same temperature and moisture content verifies that 
the potato flour is pregelatinized. Strain history did not significantly affect the 
viscosity of the potato flour and therefore this parameter was also set to unity. 

All capillary rheometer and twin-screw extrusion data were then fit to a final 
model of 

which, essentially, is equivalent to the model presented by Cervone and Harper 
(1978). 

Equation 6 gives an R2 of 0.951. The parameters in Eq. 6 which provided the 
best fit are given in Table 2. 

TABLE 2. 
REGRESSED VALUES AND LITERATURE COMPARISONS 

Parameter Regressed Literature Type of material 
value value* 

Mw 8729 4967 Cooked cereal dough 
8723 Pregelatinized corn flour 
7300 Soy grits 
6900 Defatted soy flour dough 

8.63 6.7 Defatted soy four 
7.9 Corn flour dough 
0.19 Soy grits 

0.25 0.24 Defatted soy flour 
0.34 Soy grits 
0.36 Pregelatinized corn flour 
0.5 1 Cooked cereal dough 

34903 4880 Cooked cereal dough 
4982 Pregelatinized corn flour 
16930 Soy grits 
28800 Soy grits 

The values of the free energy of activation (q), the moisture constant (b), 
and the shear thinning index (n) are within the ranges observed by other resear- 
chers for similar cereal and soy products (Table 2). The lower value of the 
power law index compared to pregelatinized corn flour is to be expected since 
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native potato starch is highly shear thinning. The means of the predicted versus 
observed data are plotted in Fig. 4 for all data. Note that the data obtained during 
twin-screw extrusion fit with the same degree of accuracy as the data obtained 
from capillary rheometry . 

v TSE 50% MC 

Observed viscosity, Pa-s 

FIG. 4. PREDICTED VERSUS OBSERVED VISCOSITY OF POTATO FLOUR DOUGHS 

CONCLUSIONS 

The generalized model of Mackey (1989) has been evaluated for extruded 
potato flour. The model incorporates the effects of shear rate, temperature, 
moisture content, time-temperature history and strain history. Viscosity data 
were obtained by capillary rheometry and twin screw extrusion of low moisture 
potato flour doughs. 

The model was experimentally tested with potato flour doughs over a wide 
range of experimental conditions; a temperature range of 25-95 "C, a moisture 
content range of 0.28-0.77 g water per g potato flour (2244% wb), and shear 
rate range of 10-10000 s-I . 

Results from the capillary rheometer and twin screw extruder are similar over 
a wide range of shear rates, moisture contents, and temperatures. It appears, 
therefore, that the capillary rheometer could be used to obtain the appropriate 
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model parameters to describe the effects of shear rate, moisture content and 
temperature. Since potato flour is pregelatinized during the process of making it, 
time-temperature and strain history effects were absent. 

Future research must focus on assessing the kinetics of ungelatinized starches, 
on the relationship of time-temperature history and strain history to starch 
gelatinization, and on the understanding of slip phenomena in capillary and ex- 
truder dies. 

NOMENCLATURE 

relative viscosity increase due to gelatinization 
constant related to moisture effects on viscosity, dimensionless 
constant related to strain history effects on viscosity, s 
free energy of activation, kcal [g mole]-I 
reaction transmission coefficient, K-I s-I 
power law consistency coefficient, Pa sn 
capillary length, m 
moisture content, dry weight basis, decimal 
reference moisture content, dry weight basis, decimal 
flow behavior index, dimensionless 
volume flow rate, m3 s-I 
universal gas constant, 1.987 cal [g mole K]-I 
die or capillary radius, m 
time, s 
temperature, K 
Threshold temperature for starch gelatinization, K 
reference temperature, K 

Greek Symbols 

a index of molecular weight effects on viscosity 

9 shear rate, s-I 
Activation energy of gelatinization, callg-mol 

AP pressure drop, Pa 

'l apparent viscosity, Pa s 
'la viscosity at infinite time-temperature history, Pa s 

'l?, T, MC viscosity corrected for shear rate, moisture and temperature, Pa 
S 
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shear stress at the wall, Pa 
strain history, dimensionless 
time-temperature history, K s 
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ABSTRACT 

A factorial experimental design was used to study the effect of exhaust heat 
recovery, airflow rate and outlet temperature on the energy consumption of a 
spray dryer. A commercial-scale cocurrent jlow dryer with pressure atomizatrzatron 
was used to dry 15 wt% sodium sulfate solutions. The inlet air to the dryer was 
preheated by using a shell-and-tube heat exchanger to recover energyfrom the 
exhaust air. Heat recovery reduced the energy consumption of the dryer by 
12 -2896, with the largest reduction occurring at the high levels of airflow rate 
(13,000 kgh)  and outlet temperature (104°C). The energy consumption of the 
dryer was lowest when heat was recovered at the low airflow rate (6500 kgh) 
and low outlet temperature (82 "C). 

No problems were encountered with fouling or cleaning of the heat exchanger. 
The total pressure drop across the heat exchanger vaned from 0.05-0.2 kPa 
depending on the air jlow rate. This additional flow restriction resulted in an 
estimated 8% decrease in airflow rate but had negligible effect on energy con- 
sumption. The warm-up time and the space required by the heat recovery unit 
were insigniJicant factors for this dryer. 7he payback period of the heat recovery 
system was estimated as 4. I - 5.4 years with a rate of return of 21 - 28 96. 

INTRODUCTION 

Spray drying is one of the most energy intensive unit operations in the food in- 
dustry. In the production of dried milk, for example, the spray dryer can con- 
sume 16-20 time the energy that an evaporator requires to evaporate a pound of 
water (Knipschildt 1986). Thus, there has been a considerable effort to improve 
the thermal efficiency of spray dryers. 
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14 D.P. DONHOWE, C.H. AMUNDSON AND C.G. HILL, JR. 

Advances in the technology of producing powdered food products have 
centered on the use of an additional fluidized bed or perforated plate to ac- 
complish the final drying of the product (Piseclq 1985; Youngs 1986). These 
improvements have lowered energy consumption by as much as 30%. Other dry- 
ing technologies showing promise include acoustic drying (Chowdhury 1984; 
Muralidhara 1985; Swientek 1986), drying in the presence of superheated steam 
(Amelot and Gauvin 1986) and drying under vacuum (Hayashi 1983). 

Improvements can also be made in the design and operation of the spray dryer, 
including the use of direct air heating (Jansen and Elgersma 1985; Shebler 
1977), optimization of process parameters (Cook and Dumont 1988; Gronlund 
1984), foaming the feed solution (Romero-Ferrer et al. 1986; Okazaki and 
Crosby 1984) and establishing good operational practices (Baker and Bahu 
1983). 

However, these methods of improving the thermal efficiency are limited by 
the loss of energy with the exhaust air from the dryer, particularly the latent heat 
associated with its water vapor. If the energy in the exhaust air could be fully 
recovered, then spray dryers would have thermal efficiencies approaching those 
of modern evaporators employing vapor recompression (Bimbenet 1982). 

There are many options for recovering the energy in the exhaust air of a spray 
dryer (Kragh and Kraglund 1981; Reay 1980). Scrubbers use part of the this 
energy to preheat the feed to the evaporator or dryer. However, these systems 
have often resulted in bacterial contamination of the product and are less effec- 
tive than other systems at reducing overall energy consumption (Kessler 1980; 
Knipschildt 1986; Richardt 1980). Another option is sending clean and humid 
exhaust air to a flue gas evaporator (Kragh and Kraglund 1981; Richardt 1980). 
The inlet air to the dryer, meanwhile, could be preheated by waste gas from a 
boiler (Energy Technology Support Unit 1986a) or steam condensate (Piseclq 
and Shell 1979). However, the operating schedule of the dryer should match that 
of the other processes being considered. 

Heat recovery systems for preheating the inlet air to the dryer with the exhaust 
air offer the advantage of simultaneous operation of energy source and energy 
sink. Single-stage air-air heat exchangers and air-liquid-air exchangers are the 
most commonly used systems, and the choice between the two types of systems 
often depends on the powder loading in the exhaust air (Kragh and Kraglund 
1981). 

Air-air heat exchangers are usually of the tubular (Energy Technology Sup- 
port Unit 1986~; Masters 1983), plate (Jansen and Steenbergen 1979; Reay 
1980) or heat pipe types (Jansen and Steenbergen 1979; Vasiliev et al. 1984). 
These heat exhangers often incorporate smooth surfaces (e.g., straight tubes or 
flat plates) for resistance to fouling and ease of cleaning (Reay 1980, Kragh and 
Kraglund 1981). They are usually quite large, though, due to the poor heat 
transfer properties of air. 
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Air-liquid-air heat exchangers or "run-around coils" consist of two air-liquid 
heat exchangers connected by a recirculating liquid (Reay 1980). Run-around 
coils typically use extended surfaces to decrease the size of the unit (Hansen 
1982). The inlet and exhaust air ducts of the dryer may also be located far apart 
without the additional expense of ductwork which might be prohibitive with air- 
air heat exchangers. Run-around coils are thus often used when retrofitting 
dryers. However, they are more sensitive to fouling, more complicated and less 
efficient than air-air heat exchangers (Energy Technology Support Unit 1986b; 
Holland 1980). 

Other potential heat recovery systems include two-stage heat exchangers 
(Kragh and Kraglund 1980; Milton 1981) and heat pumps in an open (Jebson 
1977) or closed (Pendyala 1986) cycle. These systems recover part or all of the 
latent heat available in the exhaust air as well as its sensible heat, which could 
greatly increase the efficiency of spray drying. However, these units are 
generally more complex and expensive. 

The purpose of the research presented here was to assess the performance of a 
shell-and-tube heat exchanger for recovering energy from a commercial-scale 
spray dryer. 

MATERIALS AND METHODS 

Spray Dryer 

Experiments were conducted on a one-stage cocurrent flow spray dryer 
operating with pressure atomization (Fig. 1). It is capable of evaporating 900 
kglh of water when drying a 45 wt% skim milk concentrate. The cylindrical dry- 
ing chamber has a height of 11.3 m and a diameter of 2.4 m. 

A two-speed exhaust fan provides air flow through the dryer. A damper can be 
used to vary the flow rate from 14-283 std m3/h. The incoming ambient air 
stream first passes through a recuperative heat exchanger. After passing through 
some louvers and an air filter, the air can be heated indirectly by steam coils or 
directly by a natural gas burner. For this research the air was heated primarily by 
the gas burner. 

The inlet air is split between two ducts before entering the drying chamber. 
The air in the upper inlet duct enters the drying chamber immediately around the 
feed nozzle and aids the atomization and spray-air contacting processes. The air 
in the lower inlet duct enters the outer annular plenum chamber and helps to pre- 
vent powder buildup on the dryer walls. The ability to change the velocity and 
temperature of each inlet air stream gives the dryer versatility for drying various 
foodstuffs. 

The liquid feed is held in a 760-L tank equipped with steam and cooling water 
jackets for temperature control. A small centrifugal pump is used to prime a high 
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pressure pump, which transports the feed under pressure to a spray nozzle posi- 
tioned in the center of the inner plenum chamber. 

The atomized feed and inlet drying air mix in the plenum chamber and travel 
cocurrently down the drying chamber in approximately plug flow. Most of the 
dried product falls through the main cone and airlock when the air stream 
reverses its direction of flow at the dryer skirt. The product fines are recovered 
by two cyclones connected in parallel. The exhaust air is then either rejected to 
the atmosphere or sent to the heat recovery unit. 

The experimental spray dryer is described in greater detail by Arnundson 
(1967). 

Heat Recovery Unit 

A shell-and-tube heat exchanger was used to preheat the inlet air to the dryer 
by recovering energy from the exhaust air (Fig. 2). The heat exchanger has two 
tube-side passes and one shell-side pass in counter-cross flow. The tube-side 
fluid is the cold ambient air which is to be preheated, while the shell-side fluid is 
the hot exhaust air from the dryer. The tubes are made of borosilicate glass, and 
the shell is constructed of 304 stainless steel. 
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FIG. 2. 

The tube arrangement in the heat exchanger is shown in Fig. 3. Each tube pass 
contains 31 rows of 40 tubes; the heat exchanger thus contains a total of 2480 
tubes. The tubes are arranged horizontally and vertically "in-line". The 
geometric parameters of the heat exchangers are also summarized in Fig. 3. 

A clean-in-place (CIP) system was used to clean the shell side of the heat ex- 
changer. The outsides of the tubes were cleaned by feeding hot water or cleaning 
solution to a perforated pipe at the top of the heat exchanger (inside the hood), 
with the holes in the pipe pointed downward over the tubes. A pneumatic system 
was used to move the pipe back and forth over the tubes. A separate hot water 
line was connected to a spray nozzle for cleaning the hood. An automatic system 
was provided for controlling the CIP procedure, although manual control was 
used for this research. Filters were installed before the first tube pass to remove 
any dust in the ambient air. 

Experimental Measurements 

The flow rate, temperature and composition of each process stream (air, feed 
or product) and the energy supplied to the dryer were measured. 
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FIG. 3. 

Flow Rate. Air flow rates were measured using orifice meters in the inlet 
ducts to the dryer and a Venturi meter in the exhaust duct. These meters were 
calibrated by injecting a known amount of ammonia into the air duct upstream of 
the meter and simultaneously measuring the time-averaged concentration of am- 
monia in the air iinrnediately downstream of the meter (Woodhams 1970; 
Donhowe 1988). 

In addition, the negative pressure differential created by the exhaust fan caus- 
ed room air to leak into the dryer. This leakage occurred primarily in the inlet 
ductwork around the steam coils and gas burner, and in the exhaust ductwork 
between the bustle and cyclones. Air leakage in the inlet ducts was determined 
from ammonia calibration of the air flow rate upstream and downstream of the 
leaks. The exhaust duct leakage was estimated as the difference between the 
measured flow rates of the inlet and exhaust air streams. 
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Manometers were used to measure the pressure drops over the flow meters, 
heat exchanger and exhaust fan. 

The flow rate of the sodium sulfate feed solution was determined by 
calibrating the nozzle for a given feed pressure before and after a set of ex- 
perimental runs. The flow rates were determined by measuring the time required 
to collect a known amount of feed from the nozzle. Since the nozzle wore out 
rather quickly due to the abrasive nature of the feed solution, the flow rate 
through the nozzle at a given pressure increased about 2% between calibrations. 
The feed flow rate for an experimental run was estimated by linear interpolation 
between calibrations. 

The total flow rate of product was determined using a mass balance on sodium 
sulfate. 

Temperature. Air temperatures were measured using copper-constantan ther- 
mocouples connected to a potentiometer (Model #156X63V30, Honeywell, 
Inc.). The thermocouples were generally located at the center of an air duct or 
passage. However, temperature and velocity profiles were measured in the ducts 
around the heat exchanger to determine where to locate thermocouples to obtain 
a good estimate of the average temperature. The thermocouples were calibrated 
against a National Bureau of Standards thermometer over the operational 
temperature range. 

The air temperature was measured at the following locations: before and after 
the heat exchanger on both shell and tube sides, in the upper and lower inlet 
ducts, in the dryer bustle (where extensive mixing of the air stream gives a 
reliable estimate of the outlet dryer temperature), at the entrance to the cyclones, 
and at the Venturi meter. 

A calibrated thermocouple was used to measure the temperature of the solu- 
tion in the feed tank. The product temperature was estimated as the temperature 
of the air passing through the dryer bustle. Although the product leaving the 
dryer was substantially cooler than the exhaust air, the effect of this inaccuracy 
on the energy calculations was negligible. 

Composition. Air humidities were determined from measurements of wet- 
bulb and dry-bulb temperatures. These measurements were taken at three loca- 
tions: the ambient inlet to the heat exchanger, downstream of the Venturi meter 
in the exhaust duct, and in the outlet duct from the heat exchanger on the shell 
(exhaust) side. The ambient air pressure was measured using a mercury 
barometer. Psychrometric formulae were used to calculate the humidity from 
these measurements (ASME 1968; Pallady 1984; Treybal 1980). 

The moisture contents of the feed solution and the product were determined by 
drying samples to a constant weight in a vacuum oven. 

Energy Input. The energy input to the dryer came from three sources: the gas 
burner, the steam coils, and work effects associated with the pumps and fan. The 
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flow rate of gas to the burner was determined from timed readings of a Rockwell 
1000 gas meter. The energy input from the steam coils was estimated from 
measurements of the flow rate of condensate and the steam pressure. The elec- 
trical energy consumption of the dryer was determined by measuring the voltage 
and current drawn by the pumps and fan. 

RESULTS AND DISCUSSION 

The objectives of this research were to determine: (1) the effect of heat 
recovery on the energy consumption of the spray dryer; (2) the technical and 
economic feasibility of installing the heat recovery system on this dryer (if it 
were operated as a commercial dryer); and (3) the economic feasibility of install- 
ing the heat recovery system on this dryer. 

Effect of Heat Recovery on Energy Consumption 

A 23 factorial design (Box et al. 1978a) was used to study the effect of heat 
recovery on the energy consumption of the dryer for various operating condi- 
tions. The process variables investigated were: (I) whether or not heat was 
recovered (H); (2) the exhaust air flow rate (F); and (3) the outlet temperature of 
the dryer (T). 

The experimental design was run in blocks four, with the block factor con- 
founded with the three-factor interaction HFT. Each block was replicated at least 
once. The experimental levels of the process variables and the blocking arrange- 
ment are shown in Table 1. 

Attempts were made to maintain all other operating parameters at constant 
values during the execution of the factorial design. However, some variation in 
these parameters was unavoidable, as can be seen in Table 2. The effect of these 
variations was reduced by executing the runs within a block in a random order. 

Additional precautions were taken to minimize the effect of variation of the 
feed flow rate and ambient air temperature. First, all results were referenced to 
an ambient temperature of 10 "C. Second, since the flow rate of feed solution in- 
creased almost linearly as the factorial design progressed, the blocks were run in 
the order I, II, 11, I. Third, the energy consumption of the dryer was divided by 
the amount of water evaporated from the feed. This quantity is called "specific 
energy consumption" or SEC and has units of Idlkg. 

Since the levels of the factorial variables could not be achieved precisely, the 
data were regressed to a linear model of the factors and their interactions (Box et 
al. 1978b). The SEC values obtained from this model for the design levels of - 1 
and + 1 were then analyzed as though the factorial had been executed perfectly 
(Donhowe 1988). 
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TABLE 1.  
2' FACTORIAL DESIGN FOR ASSESSING EFFECT OF HEAT RECOVERY 

ON ENERGY CONSUMPTION OF DRYER 

Variables and levels 

Heat Air Flow Dryer Outlet 
Recovered? Rate Temperature 

Level H F T 

- 1 NO 6455  kg/h 8 2 . 2  OC 
1 YES 13010  kg/h 1 0 4 . 4  OC 

Blocking arrangement 

Standard Order 

Test Variables Block 
Condition H F T HFT 

Blocking Arrangement 

Test Variables 
Condition H F T Block 

TABLE 2. 
EXPERIMENTAL RANGES OF "CONSTANT" PARAMETERS FOR FACTORIAL DESIGN 

Parameter Experimental Range 
-- 

Feed - wt. % N a 2 S 0 4  1 4 . 8 3  - 1 4 . 9 5  
- temperature (*C) 53  - 56  
- nozzle sx -58 /21  
- pressure 2000 psig 
- flow rate (kg/hr) 255 - 274 

Ambient - temperature (*C) -2 to 23 - humidity (kg/kg) 0 . 0 0 5  - 0 . 0 1 1  
- pressure (mm Hg) 727 - 743  

Energy from steam coils* (kW) 4 . 4  - 1 3 . 2  

* Energy input from the steam coils for Run 21 
was 35 kW since steam heating was needed to 
achieve the desired outlet temperature. 
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A cube plot of the regressed data is shown in Fig. 4. The specific energy con- 
sumption of the dryer was lowest for the combination of heat recovery, low air 
flow rate and low outlet temperature. The combination of no heat recovery, high 
air flow rate and high outlet temperature required the most energy. 

The effects of the various factors on the energy consumption of the dryer was 
shown in Table 3. All three main factors (H.F.T) and the two-factor interaction 
HF were statistically significant at the p < 0.005 level. 

The use of heat recovery (H) reduced the specific energy consumption by 1746 
H/kg evaporated compared to the mean of 7 1 14 Hlkg . The average reduction in 
energy consumption due to heat recovery was thus 

with the factor of 2 being introduced because the mean represents a point mid- 
way between the low and high levels for heat recovery. 

The reduction in energy consumption by using heat recovery at an operating 
condition F,T is given by 

% Reduction in Energy Consumption = S E C ~ = - ~ ,  F, T - S E C ~ = ~ ,  F, T * 100 
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TABLE 3. 
ESTIMATED EFFECTS OF THE VARIABLES AND THEIR INTERACTIONS 

ONTHEENERGYCONSUMPTIONOFTHEDRYER 

Estimate + Standard Error 
Specific Energy Reduction in 

Consumption Energy Consumption 
(kJ/kg evap.) ( % I  

Average 7114 + 62 
Main Effects: 

Heat Recovery H -1746 + 123 
Air Flow Rate F 2216 + 123 
Outlet Dryer Temperature T 1230 + 123 

Two-Factor Interactions: 
H x F  -753 + 123 
H x T -170 + 123 
F x T  391 123 

Three-Factor Interaction (Block): 
H x F x T z B  -319 + 123 

-- - - --- 

* * *  Statistically significant at p < 0.005 level. 

Percent Reduction in 
Energy Consumption by 
Use of Heat Recovery 

( -  1 T ( + I  
7 

8 2 . 2  Outlet 104.4 
Temperature 

( C )  
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The reduction in energy consumption varied from 12-28%, with the largest 
reduction occurring at the high levels of air flow rate and outlet temperature (see 
Fig. 5). 

The specific energy consumption was 2216 kJ1kg or 27.0% greater for high 
air flow rate (F) compared to low air flow rate. This result was probably due to a 
combination of two effects. First, for a given energy input, the temperature of 
air downstream of the gas burner (i.e., the inlet drying temperature) is lower for 
the high air flow rate. Second, the residence time of the air in the dryer at the 
high flow rate is about half the residence time for the low flow rate. Both have an 
adverse effect on the efficiency of the dryer and more than counteract the. 
positive effect of increased atomization and spray-air contact at the high air flow 
rate. 

The specific energy consumption was 1230 Hlkg or 15.9% greater at the 
higher outlet temperature (T). This result has been frequently cited in the 
literature (Masters 1979; Cook and Dumont 1988). 

The interaction between heat recovery and air flow rate (HF) was also signifi- 
cant, as shown by Fig. 6. The reduction in energy consumption by use of heat 
recovery was 26.4% and 15.3% at the high and low air flow rates, respectively. 
This situation resulted from two phenomena: (1) the temperature of the air 
decreased less between the dryer outlet and heat exchanger at the high air flow 
rate (heat losses from the exhaust duct were lower relative to flow rate); and (2) 
the effectiveness of the heat exchanger was greater at the high air flow rate. 
Commercial dryers are normally operated at full capacity, which corresponds to 
the high air flow rate. 

Percent Reduction In 
Specific Energy Consumption Energy Consumption by 

[kJlkg H 2 0  evaporated] Use of Heat Recovery 

Air Flow Rate F 1 Alr Flow Rate F 
(kglhr) (kglhr) 

6 4 5 5  ( - )  2796  2369  6 4 5 5  1 ( - 1  15.3 

No ies  

Heat Recovered? 
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The effect of heat recovery on the energy consumption of the dryer is sum- 
marized by the Sankey diagram given in Fig. 7. The values in this diagram 
represent percentages of the total energy entering or leaving the dryer. These 
values were obtained by averaging the results from all runs with heat recovery. 

An average of 19% of the energy leaving the system was recovered by the heat 
exchanger. However, 54% of the total energy was still lost with the exhaust air 
leaving the heat exchanger, due to its high content of water vapor. Heat losses 
accounted for about 26% of the energy leaving the system, with the heat loss 
from the uninsulated drying chamber most significant (14%). The heat loss from 
the ductwork between the dryer outlet and the heat exchanger was relatively 
small but still significant (about 6%). This value may be somewhat lower than 
would be encountered in industry, since the heat recovery unit is located inside a 
building. 

ENERGY IN 

Hamt IOSSaS 26.4% 

Drylng chambar 14.2% 
Inlet ducts 

neat erchanpar 2.2% 

Product 0.2 % 
Condanmmta 0.1 % Exchnnaar 

54 .4% 

ENERGY OUT 

Releranca condltlonm: Amblmnl aIr at 10 C mnd humldlly of 0.0386 kglkg 
Llquld water and rolld aodlum aullata a1 10 C 

Va1u.a raprasent mn averaga of all factorla1 runs wlth haat racovary 

Fig. 7. 

The values for the heat losses, particularly the inlet duct loss, are slightly in- 
flated since all energy input devices were assumed to be 100% efficient. The ef- 
ficiency of the steam coils, the pumps and the fan would be expected to be 
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somewhat less than 100%. However, these devices contribute far less energy 
than the gas burner, which probably has an efficiency close to 100%. 

Technical Feasibility of Heat Recovery System 

Assessment of the technical feasibility of installing the heat recovery system 
on this spray dryer involved considering aspects associated with: (1) fouling and 
cleaning of the heat exchanger; (2) the additional pressure drop over the heat ex- 
changer; (3) the warm-up time of the heat exchanger; and (4) the size of the heat 
recovery unit and its associated ductwork. 

No problems were encountered with fouling of the heat exchanger. Although 
sodium sulfate powder built up on the tubes, this fouling had no noticeable im- 
pact on the effectiveness of the heat exchanger. This result is not surprising, as 
the estimated resistance to heat transfer from the tube wall was less than 3 % and 
any additional build-up on the tubes would increase this value only slightly 
(Donhowe 1988). Fouling also had no noticeable effect on the pressure drop of 
the heat exchanger. 

For the experimental runs with sodium sulfate, the tubes were easily cleaned 
by a periodic rinse with hot water. However, test runs with other products, such 
as fat-based foods, required the use of a soap solution during the cleaning cycle. 

It should be noted that the dryer was not operated continuously for extended 
periods of time, as is usually the case in industry, and the dried product was 
usually easy to clean. 

The individual pressure drops over the shell and tube sides of the heat ex- 
changer ranged from 0.02 to 0.1 kPa. The maximum cumulative pressure drop 
over the heat exchanger was 0.2 kPa, which is small relative to the pressure drop 
across the fan (2.0 kPa). The additional power requirement of the fan due to the 
pressure drop across the heat exchanger was estimated as 0.7 kW at the high air 
flow rate (Perry and Chilton 1973). This value represents a 2% increase in the 
energy consumption of the fan, but only a 0.2% increase in the total energy con- 
sumption of the dryer. However, the maximum flow rate of the fan decreased by 
an estimated 8% due to the presence of the heat exchanger. 

The time required for the temperature of the preheated air leaving the heat ex- 
changer to reach 95 % of its maximum value was less than 20 min for both low 
and high air flow rates. Since the dryer structure is normally warmed up for at 
least 30 min before drying product, the warm-up time of the heat exchanger has 
no effect on the operation of the dryer. 

Although the heat recovery unit was relatively large, it was easily installed on 
the roof of the building containing the spray dryer. The building containing the 
spray dryer was eventually extended to enclose the heat recovery unit, but this 
would probably not be feasible in a commercial setting. The additional expense 
of this building extension was thus not included in the economic analysis of the 
unit. The inlet and exhaust ducts of the dryer were fairly close together (10 m), 
so the associated ductwork was not extensive nor difficult to install. 
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Economic Feasibility of Heat Recovery System 

An economic analysis of the heat recovery system is summarized in Table 4. 
For this analysis, the energy saved by heat recovery was determined at condi- 
tions similar to those normally used for producing dried skim milk with this 
dryer. The operating conditions of the dryer and other assumptions for the 
economic analysis are listed in Table 5. 

TABLE 4. 
ECONOMIC ANALYSIS OF HEAT RECOVERY UNIT 

Case 
-- - 

Conditions: 
Dryer capacity 
(kg H20 evap/h 1 350 350 568 568 

Cleaning easy hard easy hard 

Initial investment ( $ ) :  
Heat exchanger 40000 40000 40000 40000 
Ductwork, 

installation, etc. 35000 35000 35000 35000 
CIP installation 2000 10000 2000 10000 

Total 77000 85000 77000 85000 

Annual Net Profit: 
Operating costs (S/yr) 

Cleaning 450 3100 450 3100 
Repairs, maintenance 2700 3000 2700 3000 

Total 3150 6100 3150 6100 

Energysavings (S/yr) 21800 21800 35400 35400 

Net profit ($/yr) 18600 15700 32200 29300 

Payback period (yr) 4.13 5.42 2.39 2.90 

Rate of Return ( % )  27.8 21.5 46.0 38.5 

Economic assessments of the heat recovery system were carried out for two 
levels of cleaning difficulty (easy and hard) and for two dryer capacities (350 
and 568 kg H,O/h). The lower capacity value was obtained experimentally for 
the conditions given in Table 5. The higher capacity value was based on the air 
flow rate for which the heat exchanger was designed (20,400 kg dry 
air/h)(Tucker 1988). The experimental capacity was therefore about 38% less 
than the design capacity. This difference is substantially greater than the 
estimated 8% decrease in capacity resulting from the additional pressure drop 
over the heat exchanger. Thus, the heat exchanger was considerably oversized. 
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TABLE 5. 
ASSUMPTIONS FOR ECONOMIC ANALYSIS OF HEAT RECOVERY UNlT 

Operating conditions of dryer: 
Air parameters: 

Inlet temperature 
Outlet temperature 
Ambient temperature 
Ambient humidity 
Flow rate (dry basis) 

Feed parameters: 
Temperature 
Composition 
Flow rate 

56 "C 
pure water 

350 kglh 

Energy savings (for above operating conditions): 
Energy consumption without heat recovery 742 kW 
Energy consumption with heat recovery 577 kW 

Reduction in energy consumption 164 kW 

Cleaning costs (1-3): 
Cleaning difficulty: "easy ": one cleaning cycle per week 

"hard": one cleaning cycle per day 
Each cleaning cycle requires 2650 L hot (544°C) water and $5 of cleaning solution 
Cold (12.8OC) city water costs $0.4151100 ft3 ($0.146/m3); 

disposal of water costs $0.44881100 ft3 ($0.158/m3). 
Water is heated by natural gas with an efficiency of 85%. 
Cost of natural gas is $0.5326/105 Btu ($0.0182/kW). 

Economic assumptions (4): 
Dryer operates 20 hlday, 365 dayslyear (7300 htyr). 
Equipment life of 18 years, straight-line depreciation with no salvage value. 
Annual cost for repairs and maintenance is 3.5% of original investment. 
Net profit increases at an annual rate of 5%. 
Annual insurance premium is 1 % of value of investment. 
Tax rate is zero. 
Workingcapital investment in zero. 
Pay-back period only accounts for the annual net profit and the total initial investment. 
Rate of return is based on discounted cash flow; 

net profit is compounded on the basis of end-of-year income. 

Sources: 'Tucker 1988 
2Madison Water Utility, Madison, WI (1988) 
3Madison Gas & Electric Co.. Madison, WI (1988) 
4Peters and Timrnerhaus 1980 

It was assumed that the amount of energy recovered by the heat exchanger in- 
creased proportionally with the dryer capacity. Actually, the manufacturer of the 
heat exchanger claims that the percent reduction in energy consumption should 
be even greater at the higher capacity, since the heat exchanger was designed for 
a higher flow rate of air (i.e., higher Reynolds number)(Tucker 1988). Ex- 
perimental measurements appear to confirm this hypothesis, as the effectiveness 
of the heat exchanger increased with air flow rate (Donhowe 1988). 



SPRAY DRYER 29 

The payback period of the heat recovery system as installed was estimated as 
4.1-5.4 years, depending on the costs associated with the cleaning of the heat 
exchanger. The system would have been more attractive from an economic sense 
if it had been sized correctly, as the payback period based on an optimum design 
criterion was 2.6-2.9 years. However, the payback periods tend to give 
unrealistic assessments of the process economics of the system, since they do not 
account for the long expected life of the system (18 years), the cost of money, 
depreciation, insurance, etc. 

A better estimate is that given by the rate of return based on discounted cash 
flow (Peters and Tirnrnerhaus 1980). The rate of return for the system as cur- 
rently configured was 2 1-28 %, while that for the optimum design case was 
38246.0%. These values indicate that the heat recovery system represents a 
good long-term investment. 

CONCLUSIONS 

The energy consumption of a small commercial-scale spray dryer was reduced 
by 12-28% by preheating the inlet air to the dryer with energy recovered from 
the exhaust air. The highest reduction in energy consumption occurred at the 
high levels of air flow rate and dryer outlet temperature. However, the energy 
consumption of the dryer was lowest when heat was recovered at the low levels 
of outlet temperature and flow rate. 

The heat recovery system did not present any technical problems. From an 
economic standpoint, the heat recovery system is a good investment for this 
spray dryer if it were operated under conditions normally encountered in in- 
dustry, and would be an even better investment if the heat recovery system had 
been correctly sized. 
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ABSTRACT 

Edible coatings controlling preservative migration from sugace to food bulk 
could control sugace microbial growth which is oBen the main cause of spoilage 
for many food products. In this paper we examine the potassium sorbate 
permeability behavior of chitosan, methyl cellulose and hydroxypropyl methyl 
cellulose based films. To gain an understanding of the permeation process, 
permeability determinations were done at 5, 24, 32 and 40°C. Permeability 
rates followed the Arrhenius activation energy model. A lack of breaking points 
in Arrhenius plots indicated that no morphological changes occur within these 
films in the 5 to 40°C temperature range. Activation energy values were found to 
be independent offilm composition and were affected only by the solvent embed- 
ded in the film. This behavior was confirmed by analysis of the same permeabili- 
ty data using a modified Stokes-Einstein equation. 

Methyl cellulose was the most promising difision barrier with a permeability 
constant of 3.4 and 1.4 x IQ8 (mg/s cm2) (cm)/(mg/cm3) at 24 and 5 "C, respec- 
tively. Electron microscopy was used to examine the morphological 
characteristics of these films and showed they have no visible pores or channels 
at magnifications up to 10,000. 

INTRODUCTION 

The quality and stability of foods is often affected by diffusion phenomena. 
The progress of chemical reactions depends on the reactants having sufficient 
mobility to move to the reaction site (Duckworth 1981; Sirnatos et al. 1981). 
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The control and reduction of moisture, gas or other solutes from the environ- 
ment into the food as well as their exchange between different regions of a 
heterogeneous food can be a main factor in the stability of a food product. In 
some cases it may be desirable to coat foods or food elements with an edible film 
or layer containing a high concentration of a given food additive. Recent work 
conducted by Fennema and coworkers (Karnper and Fennema 1984a,b, 1985; 
Kester and Fennema 1986) has centered on the control of moisture migration 
between regions with different water activities using modified cellulose based 
films. 

A particularly interesting situation is the control of surface microbial growth 
which is often the main cause of spoilage for many refrigerated food products 
(Vitkov 1973, 1974; Gill 1979; Anderson et a1. 1980; Maxcy 1981). For exam- 
ple, fresh broilers in retail outlets have an initial concentration of lo4 to lo5 
microorganisms/cm2 and can be stored only for a few days at 3-5 "C and still 
maintain their freshness (Cunningham 1979; Robach 1979). In the case of in- 
termediate moisture foods (IMF), surface condensations caused by temperature 
fluctuations result in temporary and local increases in surface water activity (aw) 
leading to microbial spoilage (Torres et al. 1985a,b; Torres 1987). 

To cope with surface microbial problems, food processors have used preser- 
vatives as a surface treatment. The use of potassium sorbate dips has been shown 
to reduce the total number of viable bacteria at refrigeration and temperature 
abuse conditions (Robach and Ivey 1978; Cunningham 1979; D'Aubert et al. 
1980; Holley 1981 ; Robach and Sofos 1982; Lueck 1984). However, the shelf- 
life extension achieved by this surface treatment is limited. Eventually, 
microorganisms overcome the sorbate induced bacteriostasis due to diffusion of 
the preservative into the bulk of the food. Diffusion results in preservative con- 
centration reduction on the surface where microbial spoilage is occurring (Greer 
1981; Torres 1987). A tenfold reduction in sorbic acid diffusion rate (D) has 
been obtained by adjusting the a, of a model food system (Guilbert et al. 1985). 
Lowering the a, of the model system from 1.0 to 0.88 using 40% w/w glycerol 
or 16% wlw salt reduced the apparent diffusivity at room temperature from 6.7 
x to 2.0 x cm2/s. At 70% glycerol the a, was 0.64 and D was 5 x 
lo-' m2/s .  

The diffusion of sorbic acid in zein fdms has also been measured and found to 
be in the order of 3-7 x cm2/s, i.e., about a 300 fold decrease as compared 
to the agar model with a, = 1 .O. The diffusion barrier properties of zein films 
were confirmed in microbial tests using a model food system with aw = 0.88 
coated with zein and Staphylococcus aureus as the challenge microorganisms 
(Torres et al. 1985a; Torres and Karel 1985). The use of edible coatings for this 
and other purposes has been recently reviewed by Guilbert (1986). 
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In this paper we report on the use of methylcellulose, hydroxypmpyl 
methylcellulose, a mixture of both, and chitosan as coatings to retard sorbic acid 
diffusion from food surface into food bulk. Polysaccharides were chosen for 
their ability to form strong, clear films using relatively low price ingredients as 
compared to proteins such as zein. These films were characterized by electron 
microscopy and by measuring K-sorbate permeability in films soaked in water 
and in aqueous glycerol. 

MATERIALS AND METHODS 

Preparation of Films 

Chitosan Films. 0.5 g chitosan (Bioshell Inc., Albany, OR) was dissolved in 
100 mL of a 1.5 % vlv acetic acid aqueous solution using continuous mechanical 
stirring. To avoid chitosan agglomeration, chitosan was slowly added to the 
solution. A clear solution was achieved after three hours of continuous mixing. 
The solution was then filtered through a medium porosity fritted disk Buchner 
type filtration funnel using a slight vacuum. About 25 g solution was poured into 
100 X 15 mm disposable Petri dishes after allowing the solution to rest for 30 
min. A film was formed after 7 h drying in an oven at 45-47 OC. When the film 
had cooled to room temperature the film was removed from the Petri dish and 
immersed in 25 mL 1 N sodium hydroxide for 1 h. Finally the film was washed 
four times with 250 mL distilled water to remove excess reagents and then soak- 
ed in 50% vlv glycerol solution for 15-30 min (CHUG films). In the case of 
permeability determinations in pure water this last step was not necessary 
(CHIIW frlms) . 

Cellulose Ether Films. 5 g of hydroxypropyl methylcellulose (HPMC, 
Methocel F50, Premium, Dow Chemical Co., Midland, MI), methyl cellulose 
(MC, Methocel A 15-LV, Premium) or a 3: 1 mixture of HPMC and MC were 
suspended in 30 mL ethanol. The latter mixture had been reported to provide op- 
timum retention of micronutrients entrapped in fortified rice coatings (Peil et al. 
1982). 

While stirring the suspension with a mechanical agitator 70 mL distilled water 
was then added. After 20 min mixing the solution was allowed to rest for 30 min 
to remove entrapped air. 10 g of solution was then poured into the same Petri 
dishes and dried at room temperature for 2 4 4 8  h. The film was then removed 
from the dish and soaked for 1 h in 50% v/v glycerol solution before measuring 
its thickness. 
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Film Thickness Measurement 

The thickness of the films soaked in aqueous glycerol or water was measured 
using a top mounted Best Test Indicator (EDP No. 45987, Brown and Sharp 
Mfg . Co., N. Kingston, RI). The reported thickness values are the average of at 
least 20 measurements. Films were mounted on the permeability cell irnmediate- 
ly after thickness measurement. 

Permeability Test 

Permeability values were determined using a cell similar to the one described 
by Torres (1987). It consisted of two mechanically agitated chambers separated 
by the film to be tested. The upper chamber contained 50% (vlv) glycerol solu- 
tion or pure water. The lower chamber contained the same solution with 2.5% 
W/V potassium sorbate. The cell was placed in an oven at 40 or 32 "C, left at 
mom temperature (24 "C) or placed in a walk-in refrigerator at 5 "C. All deter- 
minations were done at least in triplicates. 

When mounted on the permeability cell the top side (air drying side) of the 
film faced the high K-sorbate concentration. Aqueous glycerol was used as the 
solvent to reduce a, and to serve as a film plasticizer. Samples were taken from 
the upper chamber and the K-sorbate concentration was measured spec- 
trophotometrically at 255 nrn. 

Films were inspected before and after every test to assure that results were not 
affected by cracks or other types of visually detectable failures. It should be 
noted that the permeability test is not a gentle experimental procedure and that 
the films are subjected to the mechanical abuse of stirrers and compression bet- 
ween the two permeability cell chambers. 

Determination of Permeability Coemcients 

Permeability coefficients (K) were calculated as described by Torres et al. 
(1985a). K-sorbate determinations were used to obtain plots of total amount of 
preservative transferred through the film as a function of time. After a time lag, 
a linear relationship is abstained. The slope of this curve is the steady state rate 
of K-sorbate transfer through the film (Crank 1976; Rogers 1985). 

where: 

K = permeability rate 
F = amount of K-sorbate permeated per unit time 
1 = thickness of the film 
c = concentration in the high K-sorbate concentration chamber 
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These determinations were confirmed by using the following expression 
(Crank 1976; Rogers 1985): 

L = l2I6K (2) 

L is obtained as an intercept on the time axis by extrapolation of the steady 
state rate of K-sorbate transfer through the film. 

, 

Effect of Temperature on Permeability 

The permeability phenomenon is a combination of two types of physical pro- 
cesses. First, there are sorption and desorption processes on both sides of the 
membrane which depend on the solubility of the diffusing molecule in the film 
and the nature of the adhesive forces at the interface (Karel 1975). In addition, 
we have the diffusion of the permeate in the film. In most cases, the latter pro- 
cess is the controlling step and explains why permeability rates follow the Ar- 
rhenius activation energy model (McElhaney et al. 1970; Colton et al. 1971; 
Karel 1975; Rha 1975). 

K = K, exp (-Ea/RT) (3) 

where: 

K, = frequency constant 
Ea = activation energy, Kcallg-mole 
R = universal gas constant 
T = absolute temperature 

Another approach to estimate the effect of temperature on permeability rate is 
by use of the following expression: 

KplT = $ (4) 

where: 

p = solvent viscosity (Perry and Green 1984; Newman 1968) 
T = absolute temperature 
$ = a constant 

This expression is based on the Stokes-Einstein equation for the diffusion of a 
molecule in a medium of known viscosity (Guilbert et al. 1985). This equation 
should be used with caution when the solution viscosity is high. At high viscosity 
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this equation overestimates the effect of temperature on the diffusion constant 
(Perry and Green 1984). This is not the case with water and the aqueous glycerol 
solution at the temperatures used in this study. 

Electron Microscopy Studies 

Electron microscopy was used to evaluate film structure. Of particular interest 
were film uniformity and detection of pores. It was also used to confirm film 
thickness measurements. 

The specimens were mounted on aluminum plancets using Avery Spot-0- 
Glue. The film w$s sectioned with a sharp razor blade and coated with approx- 
imately 100-200A of 60:40 gold-palladium in a Varian VE-10 vacuum 
evaporator at a vacuum of 1 X tom. The microscopic examination was made 
using an AMRAY lOOOA SEM operated at 20KV at the Electron Microscope 
Facility, Oregon State University. Images were recorded on Polaroid type 55 
psitivetnegative 4 X 5 format film. 

Statistical Analysis 

The statistical analysis of data was done on an IBM Personal Computer using 
SASB (Anon. 1985). 

RESULTS AND DISCUSSION 

Film Casting 

All films formed appeared strong and flexible. This observation suggests that 
they might not fail during distribution if used as edible coatings. It should be 
noted that although all toxicological tests on chitosan have been negative it has 
not been petitioned for human consumption to the U.S. Food and Drug Ad- 
ministration. 

As shown in Table 1, the thickness variation for films with the same composi- 
tion was less than 10%. Thickness ranged from 0.02 for chitosan films to 0.12 
rnm for methylcellulose ether films. 

Permeability Determinations 

Permeability determinations were done at a a, = 0.77 (50% vlv aqueous 
glycerol). To examine the effect of higher a, chitosan permeability was also 
determined at aw = 1.00 (pure water). 

Plots of total amount of K-sorbate diffused per unit area of film as a function 
of time at 5,24,32 and 40 "C are summarized in Fig. 1 and 2. These permeabili- 
ty curves followed the expected relationship with time. After a certain time 
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TABLE 1.  
EFFECT OF TEMPERATURE ON THE POTASSIUM SORBATE PERMEABILITY 

THROUGH POLYSACCHARIDE FILMS 

Film 40°c 32OC 24'~ 5OC 

K~ lb lbC K l l b  K 1 lb K 1 3  

x108 xlOll x108 xloll x108 Xl0l1 x108 xloll 

Average 3 - (311 + 34)x10-11, P-.0088 
HPMC 

13.9 98 26gr 10.6 95 275' 8.1 98 3089 
13.8 92 11.1 90 8.5 120 
14.4 110 10.2 100 8.3 95 

Average $ - (305 + 45)xlo-11, P-.0001 
MC 

6.2 99 137p 5.0 113 131p 3.2 95 125p 
6.5 100 5.7 112 3.3 103 
7.5' 104 4.6 90 3.6 120 

Average $ - (134 + 8)x10-11, P-.2228 
HPMC+MC 

10.0 95 1989 8.5 98 2149 5.9 90 2169 
10.5 110 8.1 110 5.6 95 
10.4 100 8.2 104 6.0 85 

Average 3 - (218 + 19)x10-~~, P-.0072 
CHIP 

95.7 28 200p 77.7 28 208p 62.5 26 200p 
83.7 24 75.1 26 63.7 24 

Average $ - (204 + 5)x10-~~, P-.5579 

a Permeability, (mg/s cm2) (cm)/(mg/cm3) 
b Film thickness, pm 
c $ - Kp/T 
d See text for definition of other terms 
p,q,r $ values for individual films with the same letter are not 

signif i&antly different (a-. 05) 

period needed for the establishment of equilibrium conditions, straight lines in- 
dicating a constant permeation rate F were evident. As expected, the rate of 
permeation decreased with temperature. The slope and the thickness of the film 
for every individual run was measured and used with Eq. 1 to calculate in- 
dividual permeability coefficients. The lowest permeability rate values were ob- 
tained for MC. 
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FIG. 1 .  EFFECT OF TEMPERATURE ON K-SORBATE PERMEABILITY 
a. CHI at a,,, n 1.00 
b. CHI at a,,, = 0.77 
c. HPMC at a,,, n 0.77 
d. MC at a,,, n 0.77 
+, 40°C; *, 32°C; 0, 24OC; A, 5°C 

The comparison of Fig. la and lb  shows the dramatic effect of reducing the 
a, from 1.0 to 0.77. The comparison of Fig. lb  with Fig. lc  and Id shows that 
MC and HPMC films were superior to chitosan films. Finally, Fig. 2 shows that 
the mixture of MC and HPMC had a permeability behavior intermediate to that 
for the pure MC and HPMC films. 

Average permeability values for experiments using aqueous glycerol were 
8.6, 8.3, 3.4 and 5.8xlO-'I at 24°C and 3.6, 3.7, 1.4 and 2.4xlO-'I (mgls 
cm2)(cm)/(mg/cm3) at 5 "C for chitosan, HPMC, MC and the HPMC +MC mix- 
ture, respectively (Table 1). As described by Torres (1987, Table 14.2) it is 
possible to roughly estimate the effect of these films on increased surface 
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FIG. 2. EFFECT OF TEMPERATURE ON K-SORBATE PERMEABILITY: 
HPMC + MC at a, E 0.77 
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microbial stability. The surface protection of 0.5 mrn CHI, HPMC, MC and 
HPMC +MC films applied on an IM food can be estimated to last 1.5,1.5,4 and 
2 months at 2.4 "C and 3.5, 3.5, 8.5 and 5 months at 5 "C , respectively. 

As shown in Table 1 (K values), an important parameter to be considered is 
the hydration status of the film which would depend upon the food a,. When 
determinations were done in pure water at 24 and 5 "C the values were an order 
to magnitude higher than in aqueous glycerol. The values were 6.3 and 4 X l o7  
(mgls cm2)(cm)/(mg/cm3) which would reduce the surface protection period 
from 1.5 and 3.5 months to 6 and 9 days at 24 and 5 "C, respectively. These 
estimations should be confirmed using specific food systems and challenging 
microorganisms. These studies would emphasize the importance of the food a,. 

Effect of Temperature on Permeability 

Permeability values measured at 5, 24, 32 and 40 OC (Table 1) were used to 
obtain Arrhenius plots and to determine an activation energy for the overall 
permeation process. The lack of breaking points in the Arrhenius plots (Fig. 3) 
indicates that no morphological changes occur within these films in the 5 to 
40 "C temperature range. A statistical analysis showed that there is no significant 
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FIG. 3. ARRHENIUS PLOTS FOR PERMEABILITY OF K-SORBATE 
THROUGH EDIBLE COATING FILMS 

0- 0 , CHI at high a, 
A * .  - - A , C H I a t l o w a ,  
- a * ,  HPMC at low a, 
+- - -+, HPMC+MC at low a, 
0-- 0 MC at low a, 

TABLE 2. 
ACTIVATION ENERGY (Ea) OF K-SORBATE PERMEATION 

Film Ea, cal/g-mole 

a. solvent - 50% v/v glycerol 
CHI/G 6980 
HPMC 6620 
MC 7710 
HPMC+MC 7270 

Average 7150 + 460 
b. solvent - water 
C H I D  3950 

a See text for definition of terms 
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difference ( a  = .05) between the slopes for CHI, MC, HPMC and HPMC +MC 
films when the permeability was measured using a glycerol solution. The slope 
difference between the chitosan film in water versus all films in aqueous glycerol 
was found to be highly significant. As shown in Table 2, a 45% reduction in ac- 
tivation energy results when the K-sorbate permeation rate was determined using 
water instead of aqueous glycerol. The observation that the permeability values 
follow the Arrhenius model and that the activation energy is affected by the sol- 
vent embedding the film suggests that the diffusion process in the film occurs 
through the aqueous phase. Consequently, the performance of edible coatings 
controlling surface preservative concentration will depend strongly on the 
aqueous phase of the coated food. On the other hand, K,, values are affected by 
the nature of the polysaccharide. This effect will be quantified and analyzed in 
future studies. 

Equation 4 was used to estimate $ values. As expected, $ was only slightly af- 
fected by temperature (Table 1). No significant differences (a  = .05) were 
observed for CHI in water and MC in aqueous glycerol. Most of the significant 
differences for the other filmlsolvent combinations were observed only at 5 "C. 

$ was normalized by dividing the value for a film-temperature combination by 
the average $ for all temperatures for a specific film. As shown in Fig. 4 these 
values show very little dependence with temperature and for practical estimation 
purposes $ can be assumed to be a constant. This observation suggests again that 
the permeability process is controlled by diffusion in the aqueous glycerol phase. 
The Stokes-Einstein equation was derived for diffusion in a liquid medium. 

FIG. 4. NORMALIZED (I. FOR ALL EDIBLE COATING FILMS 
See text for further details. 
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Electron Microscopy Studies 

The morphological characteristics of CHI, MC, HPMC, and HPMC +MC 
films after soaking in aqueous glycerol were observed by electron microscopy. 
As shown in Fig. 5 these films were homogeneous and of uniform thickness. Ex- 
amination of the film surface at the maximum magnification possible without 
film damage, 10,000~ (Fig. 6), showed an absence of pores or other type of 
defects. The same lack of features were observed in examinations of film cross 
sections. This means that if pores or channels exist they should be less than 0.1 
w. 

CONCLUSIONS 

This study confirms that it is possible to develop coatings that will enhance 
surface microbial stability. Based on the observation that the diffusion process 
occurs through the solvent phase, future papers will examine the effect on 
potassium sorbate permeation by reducing the hydrophilicity of polysaccharide 
based coatings. 
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ABSTRACT 

Muscle pigment modifications during freezing andfrozen storage of beef wrap- 
ped in high bolyethylene) and low (EVA/SARAN/EVA) gaseous permeability 
films were analyzed. Myo (Mb), oxy (MbOJ and metmyoglobin (MetMb) con- 
centrations were determined using reflectance spectrophotometry. Results in- 
dicated that in polyethylene wrapped samples myoglobin oxygenation took place 
during freezing and the only reaction observed throughout frozen storage was 
MetMb production from Mb02. Autoxidution was interpreted as a $rst order 
kinetic reaction. Storage temperature effect on kinetic and equilibrium constants 
was analyzed; reaction enthalpy and fctivation energy were calculated. Mb02 
and MetMb production during beef oxygenation was represented as a con- 
secutive first order reaction system determining previous vacuum storage time 
and temperature influence on oxygenation capacity. Vacuum packaging offrozen 
beef increased color stability maintaining MetMb concentration levels lower 
than those corresponding to just froZen samples wrapped in polyethylene. 

INTRODUCTION 

Freezing, frozen storage and thawing produce undesirable changes on surface 
color of beef muscles packaged in high gaseous permeability films. Color of raw 
beef is mainly determined by the relative surface concentrations of purple 
myoglobin (Mb), bright red oxymyoglobin (Mb02) and brown metmyoglobin 
(MetMb). The major factor leading to discoloration of beef is the accumulation 
of metmyoglobin at the surface, this process is affected by several factors in- 
cluding muscle type (O'Keefe and Hood 1980) partial pressure of oxygen (Led- 
ward 1970), storage temperature (Hood 1980), microbial population (Lanier et 
al. 1977) oxygen consumption rate and activity of the enzymatic reducing 
systems present in muscles (MacDougall 1982). Zachariah and Saterlee (1973) 
showed that storage temperature, incident light, pH and buffer strength affected 
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the autoxidation rate of MbOz solutions at freezing temperatures. Ledward and 
MacFarlane (1971) working in frozen beef reported that MetMb production was 
accelerated by freeze-thawing treatments. Lentz (1979) and MacDougall (1982) 
informed that the major color problem encountered with frozen beef was 
photooxidation of the pigment and that the rate of fading was influenced by the 
illumination level, storage temperature, packaging methods and muscle type. 

According to Dalhoff and Jul(1965), quality of frozen foods must be analyzed 
considering not only time, temperature, tolerance factors (TTT), but also pro- 
duct, process and packaging (PPP) concepts. 

Packaging of beef muscles with low permeability films offers not only the ad- 
vantage of decreasing oxidative rancidity but also to delay surface discoloration 
(Jul 1984). Hood (1983) reported that high vacuum packaging gives the best 
results with respect surface color. High vacuum also improves both the ap- 
pearance of fat, which otherwise may be discolored by meat fluids and the color 
of meat on final exposure (Seideman et al. 1976; Taylor 1985). 

Information about rate constants for MbOz and MetMb production in frozen 
beef tissues is scarce; Brown and Dolev (1963) and Zachariah and Saterleee 
(1973) analyzed storage temperature, buffer strength and pH effect on kinetic 
constant for the autoxidation of MbOz solutions and noticed the acceleration of 
this reaction upon freezing. 

The objectives of the present work we& (1) To study storage temperature and 
time effects on pigment relative surface concentrations of frozen beef packaged 
in different oxygen permeability films; (2) To analyze Mb oxygenation in 
vacuum packaged frozen beef samples and (3) To develop kinetic models ap- 
propriate to represent pigment behavior during oxygenation and oxidation pro- 
cesses. 

MATERIALS AND METHODS 

samples 

Beef samples were obtained from gluteus medium bovine muscles (eye of 
rump) removed from commercial steers classified as NT according to the Argen- 
tine National Meat Board Classification (carcass weight 240 kg) with 48 h post 
mortem at 4OC from a local slaughter house. Muscle pH was within 5.5-5.9 
(measured with an INGOLD LOT 450 M4 insertion electrode). 

Samples of beef of 3.2 x 2.3 cm section and 2 cm thickness were cut main- 
taining muscle fibers parallel to the surface to be analyzed. 
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Packaging 

Samples were tight wrapped using two types of films of different gaseous 
permeability: low-density polyethylene (thickness = 60 pm, oxygen permeabili- 
ty = 6.4 m3/m2 Pa day at 23 "C) and EVA-SARAN-EVA (EISIE) coextrud- 
ed film (thickness = 60 pm, oxygen permeability = 3.7 lV1° m3/mz Pa day at 
25 "C and relative humidity (RH) = 75%. Trade name: Super Cryovac, Darex 
SAIC, Buenos Aires, Argentina). SARAN is polyvinyl and polyvinylidene 
chloride copolymer and EVA is ethyl vinyl acetate. Cutting and packaging times 
were kept as short as possible to prevent conversion of Mb. Packaging was done 
with a Minidual Mw 4980 machine equipment (Schkolnick SAIC, Buenos Aires) 
with a single chamber at 0.6 kPa and thermal sealing. The degree of vacuum in- 
side the packages was measured by the method of Seideman et al. (1976). 
Packaged samples were placed in an anaerobic jar (Oxoid; Hampshire, England) 
which was gradually evacuated, pressure at which the film detached from the 
sample was determined by manometric reading. The average pressure of the in- 
ternal atmosphere in the packages was 5.3 kPa. 

Freezing and Thawing 

Wrapped samples were frozen using a contact plate freezer; methanol from a 
Lauda UK-5ODW cryostat with a temperature control of f 0.1 "C was circulated 
through each plate. Lateral insulation was provided using expanded polyestirene 
5 cm thick in order to obtain an unidirectional heat flux. Thermal histories were 
monitored with copperconstantan thermocouples inserted in the border and the 
center of the samples and connected to a Data Logger model 2240-C (John Fluke 
M. Fg. Co., Mountlake Terrace, WA). Variations of the freezing rates were ob- 
tained interposing acrylic slabs of different thickness between the samples and 
the plate freezer. 

Freezing rate was expressed in terms of: 
(1) the ratio in cmlh between the minimum distance from the surface to the 

thermal center and the time elapsed between the surface reaching O°C and the 
thermal center reaching 10 "C colder than the initial ice formation at the thermal 
center (IIF 1972). For beef, initial freezing point is - 1.1 OC. 

(2) the local characteristic freezing time t,c defined as the period in which the 
temperature changes from - 1 OC to - 7 "C. 

Equivalent expressions were used for thawing rates, inverting initial and final 
temperature levels. 

Freezing and Thawing Rate Effect on Muscle Pigments Relative Surface 
Concentrations 

The analysis of freezing and thawing rates effect on muscle pigment relative 
surface concentrations was performed on polyethylene wrapped samples. Two 
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different freezing rates were assayed: 43.4 and 0.3 cm/h combined with the 
following thawing rates: 34.0 crnh (1 h in a waterbath at 25 "C) and 1.1 c m h  
(12 h at 4 "C in still air chamber). Characteristic freezing and thawing times (t7= 
and t7d, respectively) evaluated at the samples surface and corresponding to the 
assayed conditions were: t,, = 1 and 37 min; t7d = 1 and 36 min. These freezing 
rates were selected because they represent average conditions in meat pieces of 
different sizes industrially processed (IIR 1972); thermal surface conditions 
were simulted since they govern meat color. As regards thawing rates, they cor- 
responded to typical meat border situations of defrosting in refrigerated room at 
4 "C and in cold water bath. 

Storage 

Pigment evolution during frozen storage was studied using beef samples from 
11 animals, packaged in polyethylene and E/S/E, frozen at a determined rate 
(43.4 cm/h) up to a final temperature of -25 "C and stored in freezers with no 
air circulation at -5 "C , - 10 "C, - 13 "C , and -20 "C in darkness to avoid 
photooxidation (MacDougall 1982) for periods between 150 and 400 days. 
Storage times for polyethylene packaged samples were selected taking into ac- 
count practical storage life data informed by Van Arsdel (1969) and Jul (1984). 

Samples packaged in polyethylene were hanged in such a way that all exposed 
areas were in contact with air to permit oxygenation. Pigments modifications 
during aerobic storage were analyzed on polyethylene wrapped samples. 
Previous vacuum storage time (tps) and temperature effect on oxygenation 
capacity (blooming) was studied in samples packaged in EISIE, which were 
removed from the film and exposed to air for 30 to 40 min at different storage 
periods;'during blooming variations in Mb, MbO, and MetMb levels were 
recorded. 

Analytical Techniques 

Mb, MbO, and MetMb relative surface concentrations were determined on 
samples thawed at 1.1 crnh (12 h at 4 "C). Relative surface concentrations of 
pigments were measured with a VARIAN SUPERSCAN 3 spectrophotometer 
equipped with integrating sphere reflectance attachment. Reflectance spectra 
were recorded between 400 and 800 nm, using barium sulfate coating as 
reference standard. 

Meat samples were placed on special sample holders, with muscle fibers 
parallel to the surface to be analyzed, and were covered with an optical glass (the 
absorbance of which was considered in further calculations) in such a way that 
no occluded air remained. Samples thickness (2 cm) was chosen to satisfy the re- 
quirements of the R, measurement, R, is the reflectance of a layer so thick 
that an increase on thickness does not change this value (Bevilacqua and Zaritzb 
1986). 
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Equations derived from the Kubelka Munk theory (Wendlandt and Hecht 
1966; Korturn 1969) were used to calculte the relative surface concentrations of 
Mb, MbO, and MetMb. For the purpose of Kubelka Munk analysis, meat can be 
considered to be a light scattering matrix of cellular material, myofibrillar pro- 
teins, connective tissue and light absorbing pigments (Machugall 1970). The 
intensity of reflected light and therefore its color and appearance is governed by 
the interrelationship of the light scattering components in the system. The red 
pigments are absorbers of light and the uncolored structure and myofibrillar pro- 
teins both scatter and absorb. 

By solving the Kubelka Munk function for specific wavelengths: 525 nm 
(isobestic point for all three derivatives), 572 nm (isobestic for MbO, and Mb), 
473 nm (isobestic for MbO, and MetMb) and 580 nm (characteristic wavelength 
of MbO, absorption spectrum) and by determining the relationship between the 
absorption and scattering coefficients corresponding to each of the pigments at 
the different wavelengths used, Bevilacqua and Zaritzky (1986) obtained expres- 
sions, which allowed to determine the relative surface concentrations of the mus- 
cle pigments in the present study. 

Statistical Analysis 

Freezing and thawing rates effect on pigment surface concentration was 
analyzed using a 2 x 2 factorial design with 10 replicates; existence of signifi- 
cant differences between treatments (P < 0.05) was established. 

To study the influence of the frozen storage time and temperature on Mb, 
MbO, and MetMb evolution a complete block design was followed considering 
each muscle as one block. Integral method of kinetic analysis was performed on 
pigment surface concentration versus time data. Parameters were estimated by 
nonlinear regression using Marquardt's (Draper and Smith 1981) and Quasi- 
Newton minimization methods (Wilkinson 1986) with a computer program; 
curves were compared statistically by a modification of the Neter and Wasser- 
man method (1974), and the presence of significant differences (PC 0.05) bet- 
ween treatments was established. 

RESULTS AND DISCUSSION 

Freezing and Thawing Rate Effect on Surface Color 

Relative surface concentrations of muscle pigments for freeze-thawed samples 
were compared (Fig. 1) with data corresponding to unfrozen beef refrigerated at 
4°C for 24 h. 

These results indicated that freeze-thawing treatments increases MetMb pro- 
duction rate; a similar conclusion was postulated by Brown and Dolev (1963) 
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FIG. 1.  COMPARISON BETWEEN 
PIGMENTS RELATIVE CONCENTRA- 

TIONS OF FROZEN-THAWED AND 
UNFROZEN REFRIGERATED 

SAMPLES (4 "C, 24 h) PACKAGED 
IN POLYETHYLENE 

Each value is the mean of 10 replicates. 
Standard errors are within 10% and 20%. 

working with MbOz solutions. Fennema (1975) informed that acceleration of 
reactions during freezing was not uncommon and could be explained on the basis 
of concentration of reactants in the unfrozen phase during freezing capable in 
some cases to overbalance temperature depressing effect. Hood (1983) reported 
that electrolyte concentration and presence of free transition metal ions con- 
tributed to the discoloration of frozen beef. 

Statistical analysis showed that within the freezing and thawing rates range us- 
ed in this work, variations in these parameters did not significantly affect (P> 
0.05) relative surface concentration of muscle pigment of samples packaged in 
high permeability films. Similar results were reported by Jul(1984), this author 
informed that beef does not seem to be affected by variations in freezing rate bet- 
ween 0.2 cm/h (frozen slowly in still air) to 5 cmlh (quick frozen). A high freez- 
ing rate cause the meat to be slightly lighter in color (Zaritzky et al. 1983) but 
this effect can be attributed to the small crystals, formed by fast freezing that 
scatter more light than large crystals formed by slow freezing and hence fast 
frozen meat is opaque and pale and slow frozen is translucent and dark. 
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Pigment Interconversion Kinetic 

Fox (1966) reported that interconversion of muscle pigments followed a 
dynamic color cycle in which oxygen is associating and dissociating continuous- 
ly. 

Integration of the differential equations obtained applying a first order kinetic 
led to the following general expression (Aris 1965) 

with i = 1, 2 and 3 for Mb, MbOz and MetMb respectively, 

being x, + xz + x3 = 1 (2) 

4, and are the amplitudes, L1 and L2 the time constants, Ai, the 

ing second order equation: 
4 equilibrium concentration of the i component. L1 and L2 are roots of the fo low- 

where Q = k, (1 + 1/K,) + k3 ( 1 + l/Kz) + k5 (1 + 1/K3) (4) 

and M = k3k5 (1 + 1/K3 + l/K2K3) + klk5 (1 + l/K1 + 1/K1K3) + klk3 (1 + 
l/Kz + 1/KlK2) (5) 

with K 1 =  k,/kz; Kz=k3/k,,; K3=k5/ks 

Influence of Aeorbic Storage Time and Temperature on Pigment Surface 
Concentrations 

Figures 2a, b, c and d represent pigment level modifications during storage in 
polyethylene film (aerobic conditions) at -5 OC, - 10 OC, - 13 OC and -20 OC, 
respectively. Results showed that xMb remained practically constant during 
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frozen storage and that equilibrium conditions for Mb02 and MetMb were 
reached after 80 - 100 days of frozen storage. 

Experimental data were satisfactorily fitted by the following expressions: 

Amplitudes, time constants and equilibrium concentration were calculated us- 
ing nonlinear regression analysis (Draper and Smith 198 1 ; Wilkinson 1986). 
Time constants and equilbrium concentrations values with their respective errors 
are shown in Table 1. 

Results showed that Mb oxygenation took place during the freeze-thawing 
process since MbO, initial surface concentration corresponded to the highest 
value and xMb remained constant during the storage period, this would indicate 
that Mb does not participate in MetMb accumulation reaction. Thus, during 
aerobic frozen storage the following reversible reaction for pigment interconver- 
sion can be proposed: I< 3 

Hb02 '-et'-b 

k4 
Considering a first order kinetic the integration of the differential equation led 

to : 

where xMetMbo corresponded to MetMb surface concentration at the beginning 
of frozen storage; Eq. (8) is similar to Eq. (7) considering: 

K = k3/k4 being 1-Alq = xMetMbo + xMbOm (12) 

K represented the equilibrium conditions and k, can be related to the en- 
zymatic reducing system present in muscle. Table 2 shows kinetic constants (k3, 
k,) calculated from Eq. (9) and (1 1) and equilbrium constant (K). 
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TABLE 1. 
TIME CONSTANTS (DAYS-1) AND EQUILIBRIUM 

CONCENTRATIONS OF MUSCLE PIGMENTS 
DURING FROZEN STORAGE OF 

POLYETHYLENE PACKAGED SAMPLES 

A,,g = xMbq; ,A$ = xMbOzq; A, = xMetMbq 
Standard deviations are given in pare&esis. 

TABLE 2. 
KINETIC AND EQUILIBRIUM CONSTANTS 
FOR METMYOGLOBIN ACCUMULATION 

DURING STORAGE OF FROZEN BEEF 
IN AEROBIC CONDITIONS 
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Reaction enthalpy for oxidation was calculated using Van't Hoff Equation LW 
= 27.142 kJ/mol. This result indicated that MetMb production was an endother- 
mic reaction, thus a decrease of storage temperature produced an enhancement 
of MbOz stability through a reduction of autoxidation rate (k3) without affecting 
the activity of the enzymatic reducing system &). The energy of activation for 
MetMb production was calculated assuming an Arrhenius-type temperature 
dependence of k3, E, = 26.532 kJ/mol. Chu et al. (1987) working with restruc- 
tured beef steaks frozen up to -34 "C and stored at -2 "C postulated that the 
rapid increase in MetMb formation rate over the first month of storage was pro- 
bably due to ice crystal formation and cell disruption; such changes permit 
catalysts of oxidative reactions to come into contact with Mb and lipids. Energy 
of activation values for Mb02 oxidation obtained in the present study (E, = 
26.532kJ/mol) and the one informed by Martino and Zaritzky (1988) correspon- 
ding to the ice recristalization process in beef tissues (E2 = 42.370 kJ/mol) are 
not comparable, from these results some doubts arise upon the validity of this 
theory. 

Kinetic constant behavior with storage temperature obtained in the present 
study does not agree with the informed by Brown and Dolev (1963) and 
Zachariah and Satterlee (1973). These authors reported that autoxidation rates of 
bovine MbO, solutions frozen up to temperatures between -5 OC and -25 "C 
subsequently stored showed a slight maximum at - 11 'C to - 12 "C. Results 
from a study performed in our laboratory about freezing final temperature effect 
on pigment surface concentration indicated that in a temperature range of -5 OC 
to - 15 "C a significant increase in MetMb levels was produced that could be ex- 
plained considering that within this range the largest variations in reactants con- 
centration in the unfrozen phase were observed (Fennema 1975). Thus, dif- 
ferences in rate constant temperature dependence between reports from Brown 
and Dolev (1963) and Zachariah and Saterlee (1973) and the obtained in this 
work can be attributed to the different final freezing temperatures utilized. 

As far as surface color is concerned there are different criteria regarding shelf- 
life of beef. Van den Oord and Wesdorp (1971) stated that meat becomes unac- 
ceptable for most consumers at xMetMb = 0.5. Hood and Riordan (1973) show- 
ed that when xMetMb is 0.2 the retail sale ratio of discolored to bright red meat 
was about 1 :2. Considering xMetMb = 0.5 as limit of acceptablity , Lanari and 
Zaritzky (1988) reported that for refrigerated beef this value was attained in 30 
and 15 days at O°C and 4 OC, respectively. In frozen beef these periods were: 14 
days at -5 OC and - 10 OC, 16 days at - 13 "C and 32 days at -20 "C because 
due to the freezing process initial values of MetMb were very high (xMetMb = 
0.3). 

From these results it can be codkluded that freezing and frozen storage of beef 
samples wrapped in high permeability films produces discoloration, reaching in 
short times levels of MetMb higher than the acceptable values. 
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Effect of Previous Vacuum Frozen Storage on Meat Blooming 

Figure 3a and b showed pigment evolution during oxygenation at 25°C of 
thawed samples (1.1 cmlh; 12 h at 4 OC) previously vacuum wrapped in E/S/E, 
frozen and stored during 180 days at -5 OC and -20 OC , respectively. Similar 
curves were obtained at - 10 "C and - 13 T for different tps values (tps = 
previous vacuum storage time). Oxygenation curves were statistically compared 
according to Neter and Wasserman (1974) to determine the degree of 
significance of the tps effect. 

20 40 60 
Time (minl 

FIG. 3. PIGMENT MODIFICATIONS DURING 
BLOOMING OF ElSlE WRAPPBD SAMPLES 

Previous vacuum storage time (tps) = 180 days; number of 
animals N = 11. Storage temperature: (a) -5 OC, (b) -20°C. 
Solid lines represents pigment concentrations predicted by the 

kinetic model. 
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When a meat sample is exposed to air, pigment interconversion can be inter- 
preted with the following reaction scheme: # k ' 3 

C - ~b -- MbOz MetMb 

with equilibrium constants: k ' 2 k ' 4 

K', is related with the oxygenation capacity of the meat sample, K', with the 
stability of MbO, complex and with the activity of the enzymic reducing 
system present in meat. Assuming first order kinetics the following mass 
balances were obtained: 

Where xMb + xMb0, + xMetMb = 1 (17) 

Integration of the differential equations lead to a general expression similar to 
Eq.(l), where t represents oxygenation time. Experimental data were satisfac- 
torily fitted by this expression, parameter values were calculated using Quasi- 
Newton method (Wilkinson 1986) in a computer program. Time constants and 
equilibrium concentrations with their respective standard deviations for the dif- 
ferent temperatures and tps assayed are shown in Table 3. 

MetMb equilibrium surface concentrations were not significantly affected by 
tps and storage temperature, these values were similar to those corresponding to 
just frozen samples wrapped in high permeability films; for storage temperatures 
of -13 "C and -20°C and tps lower than 210 days, MbO, final levels after 
blooming were comparable to MbO, relative surface concentration values of just 
frozen polyethylene packed samples. 

Kinetic constants were calculated from the following expressions derived from 
Eq. (3) to (5) considering k'5 and k'6 = 0. 

Table 4 shows kinetic and equilibrium constants values for the oxygenation 
process. The increase of tps at each temperature ( - 5 "C, - 13 "C and -20 "C) 
caused a decrease of the oxygenation capacity (K',) through the diminution of 
k', and k'4. This was reflected in a reduction of xMb0,eq. At similar tps values 
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TABLE 3. 
TIME CONSTANTS AND EQUILIBRIUM CONCENTRATIONS 
OF MUSCLE PIGMENT FOR THE OXYGENATION PROCESS 

AIq = x v q ;  A,, = xMbO?i A,, = xMetMb, 
tps = prevlous vacuum storage lme In days. 
Standard deviations are given in parenthesis. 
L,, L2 in days-' 
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TABLE 4. 
KINETIC AND EQUILIBRIUM CONSTANTS FOR PIGMENT 

INTERCONVERSION DURING OXYGENATON 

T<eC) t p s  k ' i  k'2 11'3 k'4 K i K i 

tps = previous vacuum storage time in days. Kinetic constants in (min1) 

a decrease in storage temperature produced a higher Mb02 stability. This was 
particularly notorius at tps longer than 30 days; at tps = 180 days Mb02 levels at 
-5 "C were significantly lower (PC 0.05) than those corresponding to - 13 OC 
and -20 "C. For storage temperature and time of -20 "C and 250 days. MbOkq 
were slightly higher than those at - 13 "C. 

These results showed that pigment surface concentration of frozen beef packed 
in low permeability films is maintained within acceptable values for more than 
250 days at -20°C and - 13 "C. Color is the most important feature of frozen 
meat appearance. Therefore, use of vacuum wrapping could be a viable alter- 
native in terms of cost, convenience and long term stability for marketing fresh 
meat in the frozen state. 
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CONCLUSIONS 

The behavior of muscle pigments during oxygenation and oxidation processes 
of frozen beef samples was analyzed at different storage temperature samples 
packaged in high and low permeability films. Experimental results correspon- 
ding to relative pigment surface concentrations were adequately interpreted by 
kinetic models. 

Within the freezing and thawing rates range used in the present study, varia- 
tions in these parameters did not affect pigment surface concentration of samples 
packaged in high permeability films. 

Freezing and frozen storage of beef samples wrapped in polyethylene produc- 
ed a considerable enhancement of MetMb production, acceptability time values 
obtained for each storage temperature were lower than those corresponding to 
refrigerated beef stored at 0 "C and 4 "C. 

Storage of vacuum-packaged frozen samples increased color stability; MbO, 
equilibrium surface concentration after blooming remained practically constant 
for more than 200 days at - 13 "C and -20 "C. MetMb final levels were in all 
cases below the limit value of 0.5. 

From these results it can be concluded that marketing vacuum packaged fresh 
meat in the frozen state is convenient since a considerable enlargement of color 
stability can be obtained offering great potential advantages in terms of cost and 
quality improvement. 
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ABSTRACT 

Temperature and moisture content predictions of two models of simultaneous 
heat and moisture transfer (SHMT) in foods with and without the assumption of 
volume change were compared. In the first model, themphysical and transport 
parameters were kept constant. In the second model, these were taken as 
variable jimctions of temperature and moisture content. Comparison of the 
results of both models with and without shrinkage assumption showed that there 
can be significant differences in predicted moisture and temperature gradients, 
and average moisture contents and temperatures. Biot numbers for heat and 
mass transfer, and the extent of overall shrinkage with moisture loss are impor- 
tant factors affecting these differences. The predictions of the second model were 
compared to experimental drying data with shrinkage. The variable-grid finite 
difference method can be used successfully to solve model equations involving 
volume changes. 

INTRODUCTION 

Simultaneous heat and moisture transfer (SHMT) is used extensively in food 
processing operations such as drying, smoking, baking, frying, and cooking. In 
these operations, foods undergo volume change either by shrinkage due to 
moisture loss, or by expansion due to gas generation. Volume change of foods 
during processing is well documented. Suzuki et al. (1976) investigated the 
shrinkage of root vegetables during dehydration. They suggested different rela- 
tions between surface area changes and moisture content. Hwang and Hayakawa 
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(1980) measured the volume change in cookies undergoing baking. They cor- 
related densities to temperature and moisture content. Balaban (1984) and 
Balaban and Pigott (1986) showed that there was considerable volume shrinkage 
due to moisture loss during drying of fish. 

Volume change is important because it causes stresses, and may result in 
cracks and deformations. Earle and Ceaglske (1949) identified shrinkage as the 
most likely cause of surface cracking in macaroni. Rao and Webb (1976) in- 
vestigated the factors influencing stress cracks in frankfurters during cooking. 
Haghighi and Segerlind (1978) simulated the stress cracking of soybeans. Lewis 
et al. (1979) analyzed drying induced stresses in porous bodies and advanced an 
elastoviscoplastic model. 

Jason (1958) in his pioneering work on mass transfer in fish, mentioned the 
problems associated with shrinkage. His main concern was the experimental 
determination of the effective diffusion coefficient in a shrinking material, 
where the calculations were based on the original dimensions. He quoted Dan- 
ckwerts solution to the shrinkage problem, where the equations of diffusion were 
applied to shrinking systems by allowing the coordinate system to shrink with 
the nonaqueous material of the specimen. In this coordinate system, pseudo 
dimensions were introduced. They were related to the dry weight of the 
material. This may be applied to isothermal systems, but in SHMT other 
parameters such as thermal conductivity must also be "adjusted". In addition, 
changing the diffusion coefficient in a shrinking system to artificially keep 
dimensions constant will not allow for the estimation of stresses generated. 
Crank and Park (1968) also mention the need to correct for the diffusion coeffi- 
cient if the volume of the material changes. They suggested a thermodynamic 
correction of the diffusion coefficient in swelling polymer systems. However, it 
may be more realistic to allow for changes in the dimensions, and not to ar- 
tificially "adjust" physical properties. 

Mathematical models are useful tools in the design and analysis of SHMT. 
There are many models in the literature that predict the distribution of moisture 
content and temperature of foods undergoing SHMT for different shapes, dif- 
ferent compositions, and at different environmental conditions. (Mensah et al. 
1971; Young and Whitaker 1971; Brooker et al. 1974; Misra and Young, 1980; 
Balaban 1984). In some of the models, the assumption of negligible shrinkage is 
made for mathematical convenience. The behavior of a SHMT model as affected 
by shrinkage needs to be investigated. 

The objective of the present study is to compare the temperature and moisture 
content predictions of two mathematical models of SHMT, with and without the 
no-shrinkage assumption. The validity of the no-shrinkage assumption is 
evaluated in light of the differences in these predictions. Important parameters 
causing these differences are determined. The predictions of the second model 
are compared with experimental data. 
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MATERIALS AND METHODS 

Two mathematical models of SHMT were evaluated to compare their predic- 
tions of moisture and temperature gradients, with and without the assumption of 
shrinkage. All symbols are defined in the Notation section. 

Model 1 

The first model was deliberately chosen as a simplified case of SHMT. Since 
the purpose was to evaluate the effect of only volume change on SHMT model 
behavior, the following assumptions were made: (1) Physical and transport pro- 
perties of material are constant. (2) Water transport is in liquid phase only. (3) 
There is no evaporation within the material. (4) The material is a continuous in- 
finite slab. 

It is realized that these assumptions do not reflect realistic conditions for 
SHMT operations. However, only the effect of shrinkage on the model results is 
studied, and the validity of the model is not the concern at this point. Introduc- 
tion of more variables would mask the effect of shrinkage. The above assump- 
tions also simplify the solution of model equations considerably. 

The model equations are: 

Mass Balance: 

Heat Balance: 

Boundary Conditions: 

At x = 0 (center): t >  0 

a~ a~ 
. ~ = 0  and a , = O  

At x = L (surface): t > 0 

Mass transfer boundary condition: 

6 u  
h m ( u p b  -PairUair )= -Def fpb  



Heat transfer boundary condition: 

Since it was assumed that initially the temperature and moisture content were 
uniform, the initial conditions were: 

a t t = O  T = T o  and u = u o  

The equations (1-6) were nondimensionalized, resulting in the equations: 

a w  a 2  u . - - = Lu- for mass transfer, 
a F ~ h  ay 

a e a 2  8 

BF,h= ay2 
for heat transfer, (8) 

For boundarv conditions : 
aw a e 

At Y = 0 (center) = 0 and = 0 

At Y = L (surface) : 

The above system of partial differential equations (PDE) are reduced to or- 
dinary differential equations (ODE) in time by applying the finite difference 
method to space derivatives. The half-thickness is divided into N nodes. The 
central finite difference equations are modified slightly to handle varying and 
unequal distances between nodes. This is called the Variable Grid Central Finite 
Difference (VGCFD) method (Appendix)(Balaban and Pigott 1987). With this 
method it is possible to analyze uneven and time dependent dimensional 
changes. The resulting set of 2 N ODE in time are solved by the implicit Crank- 
Nicholson method. The values of the temperatures and moisture contents at each 
mode are calculated at a given time. Additionally, VGCFD method allows for 
the shrinkagelexpansion of the nodes with time, if the volume change of the 
material is known as a function of moisture content. After each time step, each 
node distance is adjusted according to the average moisture content for that slice. 
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The method provides a time and position dependent volume change. For 
simplicity, a linear decrease of dimension with moisture content was assumed, 
as seen in the f1 values in Table 1. The f1 value is the extent of shrinkage: it is 
zero at the initial moisture, and approaches maximum shrinkage as moisture 
content decreases. The linear assumption is valid in the initial stages of drying. If 
the experimentally determined correlation of shrinkage vs. moisture content is 
not linear, this would easily be incorporated into the model, and not affect the 
method in any way. The calculation was repeated with different maximum 
shrinkage levels of 70%, 50% and 30% of original. 

The behavior of the first model with no volume change is also investigated. 
The equations are the same except that distances between nodes are now equal 
and constant. The same method of solution applies, except this time there is no 
need to adjust the node distances after each time step. 

Trial runs were performed to make sure that the time step size did not affect 
the results. To this end, the step size was decreased 10 times, and results were 
compared. The difference was negligible. Therefore, the larger step size was us- 
ed to save computation time. 

Model 2 

The SHMT model described by Balaban and Pigott (1987) was used. In this 
model, thermal conductivity, heat capacity, diffusion coefficient and surface 
water activity are experimentally determined functions of moisture content and 
temperature. Also, the data on dimensional shrinkage as a function of moisture 
loss was determined experimentally (Balaban and Pigott 1986). 

Mathematical model 

Mass balance: 

Heat balance: 

Initial conditions: 

At time= 0 :  u =  uoandT = To 
Boundary conditions: a~ aT  

At x = L/2 (center) ,T = 0 and = 0 

At x = 0 (surface) : (14) 
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TABLE 1. 
PARAMETERS USED FOR MODEL 1 

SET 1 

-- 

SET 2 SET 3 

I 

Bim 1 5.5 1 5.5 1 55 

Bih ( 62 1 31 6.2 

Cpb: J/kg K 2721.42 
2 D,, m /sec 1 6.45 lo4 1 6.45 lo4 1 6.45 lo4 

fl for 70 % shrinkage 0.7057 - 0.904 u 

fl for 50 % shrinkage 0.5065 - 0.649 u 

fl for 30 % shrinkage 0.3039 - 0.389 u 

FOh end ( 0.98 1 0.98 

Foh increment 1.0 lo5 

hm : m/sec 1 7 lo4 1 7 lo4 
2 hT: w/m K 1 500.62 1 250.62 

kT : w/m K 0.412 

Lo : m 5.1 

N 10 

To: K 298 

Tair: K 320 

uo : kg H20/kg total 0.78 

uair: k~ H20/kg air 8.94 lo3 

A : J/kg 2.436 lo6 

pb: kg/m3 1100 

P ~ r  : kg/m 
3 1.16 
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And : 

Parameters used during calculations. In the above equations, the values of 
k ~ ,  Deff, Cpb, ~ b ,  a, were determined experimentally (Balaban 1984). 

Surface Mass Transfer Coeflcient @A. Bennett and Myers (1962) give the 
following relation for hm for a flat plate with turbulent air flow parallel to the 
surface: 

The value of c at the surface is taken from the isotherm relation, assuming that 
the liquid and vapor water are in equilibrium. 

Surface Heat Transfer Coeflcient @T). Charm (1971) gave the following rela- 
tion for the heat transfer coefficient of air flowing parallel to a flat plate: 

7hennal Conductivity (Icy). The dependence of the thermal conductivity to 
both moisture content and temperature was determined experimentally (Balaban 
1984): 

Heat Capacity (Cpb). The dependence of the heat capacity to both moisture 
content and temperature was determined experimentally (Balaban 1984): 

Water Activity (a,,,) or Equilibrium Relative Humidity RH,. The dependence 
of the a, to both moisture content and temperature was determined experimen- 
tally (Balaban 1984). It was assumed that at the surface, the vapor pressure of 
water can be calculated from a, by using: 



M. BALABAN 

The empirical relation developed experimentally for a, for Ocean Perch is: 

The expression relating Psat of water to temperature is given by Brooker (1967): 

6834 2 psat = exp { 53.53 - - 5.169 log Tabs 
abs 

Dimion CoefJicienr of Water (De$). Jason (1958) reported that the diffusivity 
of fish during drying is constant with moisture down to a critical moisture con- 
tent. Below this moisture, the diffusion coefficient decreased to one-fifth of its 
initial value. Therefore, a diffusion coefficient with a stepchange with moisture 
content was used in this study. The critical moisture was found to be u = 0.33 
experimentally (Balaban 1984). The following values were taken from Jason 
(1958): - 

DeE = Klo =P( &--I 
abs 

where: -5 2 
E/R = 3620 OK and Kl0 = 2.7 10 m 1s 

Dimensional Changes of Fish Slab During Drying. The experimental data of 
Balaban (1984) were used. 

Non dimensionalization of Equations. The model equations were non 
dimensionalized as follows: 

Method of Solution. The resulting system of nonlinear PDE in time and one 
space dimension were solved numerically by again applying the VGCFD 
method, reducing the PDE into a set of ODE in time. The Runge-Kutta-Gill 
method (Finlayson, 1980) was chosen to solve these equations. At each time step 
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during the solution, the values of ui and 8i were calculated at each node, and 
each node distance is decreased according to the new average moisture content 
for that section. This provides a time and position dependent volume change. 
The experimental drying conditions were: air temperature = 29.5 "C, air veloci- 
ty = 0.6 mlsec, and air relative humidity = 35%. 

RESULTS 

The values of parameters used in the first model are given in Table 1. These 
values were chosen arbitrarily to represent average SHMT conditions in food 
processing. Figure 1 represents the comparison of predicted moisture gradients 
by model 1 at different times between a nonshrinking material and the same 
material with 70% maximum shrinkage, by using the parameters in Set 1, in 
Table 1. It can be seen that the moisture levels become significantly different as 
drying progresses. This is because internal moisture has less distance to diffuse 
through and reach the surface for shrinking materials. Therefore, moisture loss 
is faster. The shape of moisture gradients is also affected by shrinkage. It should 
be noted that the same figure also depicts the total shrinkage of the sample at dif- 
ferent times. For example, at 60 min (empty triangles) the material shrunk to 
80% of its original size. The individual shrinkage of each section is also visible. 

Figure 2 represents the comparison of temperature gradients at different times 
for the same set of parameters. Again, there is a significant difference between 
nodal temperatures for shrinkage and nonshrinkage assumptions. Also, the 
shape of temperature gradients is different. 

Figure 3 represents the average moisture content versus time for different 
maximum shrinkage levels for the parameters in Set 1, Table 1. For all max- 
imum shrinkage levels considered, the differences become more pronounced as 
drying time increases. The same discussion applies to Fig. 4, average 
temperature versus time for different shrinkage levels. 

In set 2, Table 1, the surface heat transfer coefficient and thus the Biot number 
for heat transfer (Bih) are halved, to see the effect of Bib on results. It is shown 
in Fig. 5 that there are differences in average moisture levels between different 
maximum shrinkage values, and that the differences become significant as dry- 
ing time increases. Also, comparing Fig. 3 and 5, it can be concluded that for 
this simple model, Bib does not affect moisture levels significantly. 

In Fig. 6, the same general trend for average temperature versus time is 
observed. As shrinkage levels are increased, the temperature values deviate 
from the no-shrinkage values, and the differences are significant for longer dry- 
ing times. It should be noted that the model predicts the initial cooling period of 
the material. Since heat transfer coefficient is halved, the heat received by the 
material is initially less than the heat of evaporation necessary for the surface 
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Moisture gradients at different drying times 
70 % maximum shrinkage and no-shrinkage. 

0 0.2 0.4 0.6 0.8 1 
Non-dimensional thickness 

FIG. 1. MODEL. 1. COMPARISON OF MOISTURE GRADIENTS AT DIFFERENT TIMES 
FOR 70% MAXIMUM SHRINKAGE AND NO-SHRINKAGE CASES 

Bim = 5.5, Bih = 62. ": 10 min, A: 60 rnin, 0: 300 min ----: no shrinkage, : 70% shrinkage. 

Temperature gradients at different drying times 
70 % maximum shrinkage and no-shrinkage 

FIG. 2. MODEL. 1. COMPARISON OF TEMPERATURE GRADIENTS AT DIFFERENT 
TIMES FOR 70% MAXIMUM SHRINKAGE AND NO-SHRINKAGE CASES 

Bim = 5.5, Bih = 62. O :  10 min, A: 60 min, 0: 300 min ----: no shrinkage, : 70% shrinkage. 
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Average moisture at different shrinkages 
Bh- 5.5, BC, = 62 

1 1  1 
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0 40 80 120 160 200 240 280 
Drying time (mind 

FIG. 3. MODEL. 1 .  COMPARISON OF AVERAGE MOISTURE VALUES VERSUS 
TIME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 5.5, Bih = 62. : 70% shrinkage, ---: 50% shrinkage, 
----- : 30% shrinkage, - . - .: no shrinkage. 

Average temperatures at different shrinkages 
Bi = 5.5, Bi- 62 
m 

1 

0 
0 50 100 150 200 250 300 

Drying time (mins) 

- 

- 

- no shrinkage 

- 

I 

FIG. 4. MODEL. 1. COMPARISON OF AVERAGE TEMPERATURE VALUES VERSUS 
TIME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 5.5, Bih = 62. : 70% shrinkage, ---: 50% shrinkage, 
----- : 30% shrinkage, A . A .: no shrinkage. 
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Average moisture at different shrinkages 
Bi = 5.5, Bh= 31 

m 

Drying time (mins) 

FIG. 5. MODEL. 1. COMPARISON OF AVERAGE MOISTURE VALUES VERSUS 
TIME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 5.5, Bih = 31. : 70% shrinkage, ---: 50% shrinkage, 
----- : 30% shrinkage, - . - .: no shrinkage. 

FIG. 

Average temperature at different shrinkages 
Bi/ 5.5, Bib' 3 1 

1 

- 

- 

- 

- 

- 
no shrinkage 

I I I I I -0.2 
0 50 100 150 200 250 300 

Drying time (mins) 

6. MODEL. 1 .  COMPARISON OF AVERAGE TEMPERATURE VALUES VERSUS 
TLME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 5.5, Bih = 3 1. : 70% shrinkage, - - -: 50% shrinkage, 

----- : 30% shrinkage, - . - .: no shrinkage. 
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moisture flux to evaporate, and temperature drops. Later, moisture flux 
decreases, and temperatures start to rise. 

The effect of a change in effective moisture diffusion coefficient (and 
therefore Biot number for mass transfer) is also analyzed. In set 3, Table 1, the 
diffusion coefficient is decreased by an order-of-magnitude. This increases the 
Bim by an orderaf-magnitude. Figure 7 represents the comparison of moisture 
gradients at different times for these data, between 70% shrinkage and no- 
shrinkage cases. Significant difference in both moisture levels and in moisture 
gradient shapes are apparent. Since surface transfer is fast, the system is diffu- 
sion controlled. Surface moisture content reaches near-equilibrium value quick- 
ly. The mass transfer then depends on how fast internal moisture diffuses to the 
surface. In the shrinkage case, the diffusion distance decreases, therefore initial 
moisture reaches the surface faster, and overall moisture approaches equilibrium 
faster. 

In Fig. 8, temperature gradients at different times for shrinkage and no- 
shrinkage are compared. Since Bib is quite low, and surface moisture flow is 
small after a short time, it is expected that temperature gradients will not be 
steep. This means that heat transfer to the material at the surface is quickly con- 
ducted inside. Therefore, shrinkage should not have a significant effect on 
temperature levels. This is observed in Fig. 8. 

Figure 9 represents the effect of different maximum shrinkage levels on 
average moisture versus time for data set 3 in Table 1. Since masss transfer is 
slow, the differences become significant only after long drying times. 

Figure 10 confirms that there are no significant differences in average 
temperature versus time at different shrinkage levels for the above data set. 

It should be noted that the Biot numbers presented are based on the initial 
dimensions. Since the transport parameters are assumed to be constant, as the 
material shrinks Biot numbers also decrease proportionally. In a more realistic 
case where transport parameters also change, the change in Biot numbers will be 
more complicated. 

For the second model, the plot of the experimental and calculated values of the 
change in average final u value with and without shrinkage assumption versus 
time is shown in Fig. 11. It is apparent that there is a close correlation between 
experimental and calculated values when the shrinkage is considered. The model 
without shrinkage assumption predicts higher moisture contents at any given 
time. This is expected since nonshrinking dimensions result in longer diffusion 
path, and slower drying. The prediction of the moisture gradients in the slab as a 
function of drying time for shrinkage and nonshrinkage assumptions can be seen 
in Fig. 12. Since it is difficult to experimentally determine the moisture distribu- 
tion within a sample with nondestructive methods, the predictions of the models 
could not be verified experimentally. 
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Moisture gradients at different drying times 
70 % maximum shrinkage and no-shrinkage. 

Bi = 55. Bi = 6.2 

Non-dimensional thickness 

FIG. 7. MODEL. 1 .  COMPARISON OF MOISTURE GRADIENTS AT DIFFERENT DRYING 
TIMES FOR 70% MAXIMUM SHRINKAGE AND NO-SHRINKAGE CASES 

Bim = 55, Bih = 6.2. ": 40 min, A: 360 min,: 840 rnin, * and +: 1200 min. -----: no shrinkage, 
: 7 0 %  shrinkage. 

Temperature gradient at different drying times 
70 % maximum shrinkage and no-shrinkage. 

Non-dimensional thickness 
FIG. 8. MODEL. 1.  COMPARISON OF TEMPERATURE GRADIENTS AT DIFFERENT DRY- 

ING TIMES FOR 70% MAXIMUM SHRINKAGE AND NO-SHRINKAGE CASES 
Bim = 55, Bih = 6.2. ": 40 min, A: 360 min,: 840 min, * and +: 1200 min. -----: no shrinkage, 

: 7 0 %  shrinkage. 
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Average temperature at different shrinkages 
Bi - 55, Bh- 6.2 

m 
0.8 

-0.6 
0 400 800 1,200 

Drying time (mins) 

FIG. 9. MODEL. 1 .  COMPARISON OF AVERAGE MOISTURE VALUES VERSUS 
TIME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 55, Bih = 6.2. : 70% shrinkage, -- -: 50% shrinkage, 
----- : 30% shrinkage, - . - .: no shrinkage. 

Average moisture at different shrinkages 
B k  55, Bii- 6.2 

1 

0 
0 200 600 1.000 1,400 

Drying time (mins) 

- 

- no shrinkage 

I 1 I 

FIG. 10. MODEL. 1 .  COMPARISON OF AVERAGE MOISTURE VALUES VERSUS 
TIME FOR DIFFERENT MAXIMUM SHRINKAGE VALUES 

Bim = 55, Bih = 6.2. -: 70% shrinkage. ---: 50% shrinkage, 

----- : 30% shrinkage, - . - .: no shrinkage. 
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COMPARISON OF VOLUMETRIC WATER FRACTION : 
EXPERIMENTAL, SHRINKAGE, AND NO-SHRINKAGE. 

0 
0 120 240 360 480 600 720 

DRYING TIME (MINS) 
FIG. 11. MODEL. 2. COMPARISON OF EXPERIMENTAL, AND CALCULATED (WITH AND 

WITHOUT SHRINKAGE) PERCENT CHANGES IN VOLUMETRIC WATER FRACTION 
WITH DRYING TIME*: experimental, A: calculated, with shrinkage, -: calculated, no shrinkage. 

a SHRINKAGE 
0 NO-SHRINKAGE 

MOISTURE GRADIENTS AT DIFFERENT TIMES 
SHRINKAGE VS. NO SHRINKAGE ASSUMPTION 

- 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

NON-DIMENSIONAL HALF THICKNESS 

FIG. 12. MODEL 2. PREDICTED MOISTURE GRADIENTS AT DIFFERENT DRYING TIMES 
O: 1 h, 0: 8 h, A: 13h. 
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Comparison of predicted average temperature 
Shrinkage vs. no-shrinkage 

30 

Drying time (hours) 

FIG. 13. MODEL 2. COMPARISON OF PREDICTED AVERAGE TEMPERATURES 
A: no shrinkage, : "with shrinkage. 

The drying model also predicted the temperature distribution of the slab at dif- 
ferent drying times. However, due to the small thickness of the samples (less 
than 0.5 cm), it was not possible to determine the temperature distribution ex- 
perimentally. The predicted values of models with and without shrinkage are 
shown in Fig. 13. 

CONCLUSION 

The assumption of no shrinkage in SHMT models may cause significant dif- 
ferences between actual values of temperature and moisture gradients and results 
predicted by the model. The factors affecting the magnitude of this difference in- 
clude the maximum level of shrinkage, heat and mass transfer coefficients at the 
surface, and values of other transport parameters such as diffusion coefficient 
and thermal conductivity. An easy method to incorporate shrinkage into the 
model is to use variable-grid central finite difference method. 
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NOTATION 

- ,I 0 

A1 - u a  r-uo dimensionless 

U a i  r 
A 2 =  u a i  r-uo dimensionless 

A =- Pair dimensionless 
pb 

hm ( u  a i r -  ' l o )  Lo  P b  

A4=  kT ( dimensionless T a i r  - *o ) 

aw : Water activity, dimensionless 

hm L o  
Bim = Biot number for mass transfer, dimensionless 

D e f f  
- 

Bih = k Biot number for heat transfer, dimensionless 
T 

c Concentration of water at the surface, kg/m 3 

: Concentration of water in the air, kg/m 3 
'air 

C ~ b  
: Bulk heat capacity of material, J/kg OK 

2 
Deff : Effective mass diffusion coefficient of water, m /sec 

fl : Known function of shrinkage with u,dimensionless 
k, t 
1 

= Fourier number for heat transfer, dimensionless 
CP pb (lo) 

G : Mass velocity of air, kg/sec-m 2 

hm : Convective surface mass transfer coefficient, m/sec 

h~ : Convective heat transfer coefficient, w/m2-'~ 
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'l-r : Thermal conductivity, w/m-OK 

D e  f f 
Lu = 

Q 
Luikov number, dimensionless 

L : Half-thickness at time t, m 

N : Number of finite difference nodes 

Pv : Partial pressure of water, KPa 

'sat : Vapor pressure of water, KPa 

Re : Reynolds number, dimensionless 

t : Time, sec 
T : Temperature, OC 

To : Initial temperature, OC 

Tair : Air temperature, OC 

Tabs : Absolute temperature, OK 

u : wet basis moisture content, kg water/ kg total (model 1) 

uo : Initial wet basis moisture content, kg water/ kg total (model 1) 

'air : wet basis moisture content of air, kg water/ kg total (model 1) 

u : Volume fraction of water in fish, dimensionless (model 2) 

: Initial volume fraction of water, dimensionless (model 2) 

vo : Velocity of air, m/sec 

x : Space dimension in the direction of thickness, m 

'=t : Nondimensional space variable 

I 
a =  2 . Thermal diffusivity, m /sec 

'p P b  
A : Heat of evaporation of water, J/kg 

Pb : Bdk density of material, kg/m3 

: Density of air, kg/m 3 
Pair 

4 : Density of liquid, kg/m 3 
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(T - To) 
8 =  - Nondimensional temperature 

Fair To) 

(u - uO> w=w Nondimensional moisture content (model 1) 

APPENDIX 

Application of variabl-d central finite difference to partial derivatives : 

Position Yi-2 
I 

yi-l i -112 
I 

'i Yi+ 1 12 Yi+l 
I ,-:-I 

Yi+2 
I I I I- 

Distance AYi, Ayi-l AY Ayi+l 

The values of the dependent variables 8 and w are evaluated at the nodes Yi. 

The equations are: 

For second order derivatives : 
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ERRATA 

Morgan, R.G., Steffe, J.F., and R.Y. Ofoli. 1989. A generalized viscosity 
model for extrusion of protein doughs. J. Food Process Engineering 11 : 55-78. 

1. Add to Table I ,  pg. 67: 

*Ed Activation energy for protein denaturation 

2. Add to Table 3, pg. 71: 

AEd (Kcal/gmole) 27.7 Within range commonly 
reported for proteins 
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