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ABSTRACT
DETERMINATION OF MOISTURE CONTENT OF

DRY FOODS IN AN OVERWRAPPED MULTIPACK BY
CALCULATION BASED ON SIMULATION

By
John Scott Wiles

The objective of this study is to investigate the
effect of barrier placement in a packaging system consisting
of a series of small packages sealed within a larger one and to
predict by calculation the rate of moisture uptake by a dry
food product contained in the small packages.

Results show that Tlower product moisture contents
are achieved when superior moisture barrier properties are
built into the inner package rather than the overwrap and the
outcome of calculations based on a system simulation demon-
strates that moisture levels of the product can be predicted
with acceptable accuracy. The results indicate that the
accelerated technique for predicting shelf life is inaccurate

and may lead to improper packaging when prediction of product

moisture content over time is based upon this method of prediction.
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INTRODUCTION

The ultimate quality of any processed food product is
dependent upon a variety of factors including the condition of
the raw materials, methods of processing, pre and post process
handling and environmental influence such as heat, 1ight, humidity
and mechanical conditions.

Obviously, the manufacturer has some control over the
first three factors but the package must bear the burden of
protecting the product from environmental hazards encountered
in distribution. One of the most important functions of the package
when viewed in this context is its ability to act as a barrier,
preventing exchange between the product and the external environment.

In the case of dried food products, the uptake of moisture
by the product is a consideration of major importance to the pro-
cessor due to the intimate relationship between the product moisture
content and susceptibility to spoilage. The primary reason for
removal of water from food systems is the inhibition of microbial
growth which may result in enzymatic degradation of fats and proteins
or, most importantly, may be of a pathogenic nature so as to pose
a threat to public health. However, even if water levels are
reduced to a point where microbial activity is unlikely, there are
other spoilage mechanisms which are not necessarily dangerous to

health but which may adversely affect the food in terms of nutritional
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value, functional properties and attractiveness to the consumer.
Such mechanisms include non-enzymatic browning, hydrolysis of
fats and sugars, oxidation of unsaturated fats and enzymatic
degradation of nutrient and structural components of the food
product. On a simpler scale, moisture exchange through a package
can result in staling of foods in which moisture content is
responsible for the characteristic textures and mouth feel that
we associate with these stale products.

Traditionally, protection against environmental ex-
change was built into the package ultimately reaching the
consumer. It is an intent of this thesis to examine the con-
cept of barrier placement upon the packaging system in terms of
moisture protection. The approach taken here is that it may be
more economical to use a superior barrier material to overwrap
several consumer packages rather than using the better (and more
expensive) barrier in each small package, since the total surface
area of many small packages would be greater than the surface
area of the overwrap. As a practical application, one might
consider the overwrapping of pallets or unitizing multipacks
in an effort to reduce costs. This concept of pallet-level
protection is further supported by the fact that extremes of
temperature and humidity will most 1ikely be encountered when the
product is on the pallet (such as warehousing and shipping)
rather than on the retail shelf or in the consumer's home. Also
the product spends more time on the pallet than it does as a

primary package in the store or home.



In addition to examining the placement of barrier materials,
this experiment also intends to attempt a calculation of moisture
gain based upon a knowledge of the variables of the simulated system
in an effort to predict package performance. Traditional methods
of system simulation have involved the use of actual field testing
of the product/package or the accelerated technique which involves
exposure of the system to conditions of high temperature and
relative humidity. However, the time and expense involved in field
testing and the questionable accuracy of the accelerated test
make them of 1imited value in predicting the performance of a
particular system.

In Tight of these facts, system simulation would be
a valuable tool in packaging system development. This method
not only gives a rapid and relatively inexpensive view of the
performance of a package, but also offers increased flexibility
in design since several alternative systems can simultaneously
be evaluated, thus allowing the selection of the package that is

best suited to the requirements of your operation.



LITERATURE REVIEW

Prediction of the shelf life of a product is important
to a packager since the success of that product requires that
it be presented to the consumer in a safe, nutritious and
attractive form. Also, recent years have seen an increasing demand
by consumer and regulatory agencies for fresh dating many food
items. Viewed in this Tight, knowledge of shelf 1ife is important
in the product marketing effort since the open dating reduces
consumer risk. Shelf 1life data is also of importance to the manu-
facturer for economic reasons too. A product which is inadequately
protected may be subject to chargeback by grocers, recall by
government agencies or loss of consumer confidence. Conversely,
an over protected product is also undesirable since it represents
an increased and unnecessary operating cost. Often the reduction of
single package cost by only a fraction of a cent can result in
significant savings when one considers the tremdendous volume of
packages that may be processed in a year's time.

One of the simplest ways of shelf life evaluation
is the field test method in which the packaged product is actually
sent through the distribution system. Upon completion of this
test, the package's ability to protect the product is evaluated
and needed alterations in the package properties are made. A

major drawback of this method is the high cost of monitoring the



condition of the product and package over widespread areas. Also,
the length of time (up to 2 years in some cases) required to
perform the test and analyze the results is often too great since
short lead times do not allow this amount of time for package
development.

The accelerated technique offers an improvement in
testing in that it is relatively inexpensive and can be performed
in a matter of a few months. Under this method, the package and
its contents are subjected to conditions of high temperature and
relative humidity and a correlation is drawn between the time spent
under these conditions and the time spent under ambient distri-
bution conditions. For example, one might hear a claim that 16
weeks at accelerated conditions is equal to 2 years at normal
conditions. This method is based upon the erroneous assumption
that these excessive conditions of temperature and humidity equally
affect the rate of deteriorative reactions of the product and package.
In reality, however, we can expect the product to undergo isothermal
changes and the package materials to exhibit reduced levels of
performance. This method thus leads to wasteful overpackaging
of the product which can result in unnecessary production costs.
Labuza et al (1972) found that many prodcuts that were packaged
based on these tests were overprotected by a factor of from
10-100 times.

In the past, several investigations have been undertaken
in an effort to predict shelf life on the basis of certain pro-

perties of the food, package material and package construction.



Oswin (1946) developed a simulation for the prediction of shelf -
1ife based upon the absorption of moisture by the food product to
a previously determined 1imit. Felt et al (1946) proposed a more
elaborate calculation in which storage 1ife was predicted on the
basis of package permeation, product formulation and knowledge

of prevailing relative humidity in the locale in which the product
was stored.

Salwin and Slawson (1959) provided a foundation for
future work by formulating a mathematical model for predicting
equilibrium moisture content of individual components of hetero-
geneous mixtures of dried foods in impermeable containers. Iglesias
et al (1979) further developed this concept by constructing a
model which allowed prediction of moisture content of these com-
ponents when packaged in permeable packages.

Most of the early attempts at prediction of shelf 1life
were based upon a dry product's uptake of moisture to some
critical level where loss of functional properties such as crisp-
ness or flowability caused the product to be deemed unacceptable.
While these factors are of considerable importance in product
acceptability, it should be noted that it is a very simplistic
approach to shelf life termination since food products can undergo
spoilage due to several other factors including oxidative,
enzymatic and non-enzymatic reactions which may be more limiting
to shelf 1ife than the arrival at a critical moisture content.

Mizrahi et al (1970a) successfully designed a series of equations






to predict the extent of non-enzymatic browning in freeze-dried
cabbage in permeable packages. This model was further expanded
(1970b) to improve the accuracy of accelerated testing by allowing
extrapolation of product behavior to lower temperatures and humi-
dities based upon knowledge of product reaction kinetics and mass
transfer properties of the package. Karel et al (1971) further
pursued this concept by designing a mathematical model which allowed
accurate correction of package permeability rates as humidity
changed.
Prediction of extent of fat oxidation was investigated
by Quast et al (1972a) in which oxidative deterioration of potato
chips was predicted based on a knowledge of oxygen pressure,
extent of oxidation and equilibrium relative humidity. This model
was then expanded (1972b) to allow simultaneous prediction of
extent of oxidation and moisture gain, since the product's shelf
life can be terminated by either phenomenon. This article also
points out that when packaging a product which undergoes spoilage
by two mechanisms, we ideally desire both reactions to reach their
critical level at the same time. Otherwise, the package provides
overprotection from one reaction in relation to the other, resulting
in uneconomical use of packaging material. Quast and Karel (1973)
have further shown how these models can be used to select a packaging
film based upon relative rates of deterioration due to oxygen
and moisture uptake by potato chips and desired length of shelf Tlife.
A movement in recent years has seen increasing emphasis

placed upon the nutrient content of foods and its importance in



the determination of shelf life. Previous indications of shelf

life termination have been based on the development of adverse
tastes, odors, textures or functional properties of the food.

While these considerations are of great importance, growing concern
has been focused upon using nutrient and vitamin content as a

basis for shelf 1ife determinations. This further complicates shelf
life determinations, yet is one which must be addressed by the
processor since today's consumers are increasingly demanding

proper nutrient quality in addition to good sensory characteristics.
Wanniger (1972) developed a model for predicting ascorbic acid
(vitamin C) levels in a food product based upon temperature,
moisture content and oxygen concentration. Singh et al (1976)
developed a model which accurately predicted ascorbic acid loss

in a liquid food based upon 1light transmission and oxygen permea-
bility properties of the package. Riemer and Karel (1977) also

have constructed a model for prediction of ascorbic acid levels

in dehydrated tomato juice based upon knowledge of the mass
transfer characteristics of the package material and the kinetics
of the degradative reaction as related to water activity, oxygen

concentration and time.



METHOD OF CALCULATION BASED ON SIMULATION

The storage stability of any food product is directly in-
fluenced by the moisture content. Ideally moisture content is reduced
to some level where microbial activity, oxidation and browning reactions
are all at a minimum, thus ensuring maximum shelf life for the product.
One attempt at predicting this level applies the adsorption theory of
Brunauer, Emmet and Teller to food products. The result of this invest-
igation was the finding by Salwin (1959) that the moisture contents
required for maximum stability were in very close agreement with that
amount of water which was found to represent a monomolecular layer of
water absorbed by the food product. This monolayer may be regarded as
a protective film of water that represents a moisture content that is
low enough to prevent microbial activity and browning but is high
enough to protect the food from attack by oxygen. In truth however,
this monolayer is not actually a continuous film of water but instead
represents a condition in which reactive adsorption sites on fat,
protein and carbohydrate fractions of the food are occupied by water
molecules.

It is generally recognized that overall stability of a food
product is more closely associated with the water activity (Aw) than

with total moisture content. Aw can be expressed as follows:

Equation (1) _p_
Aw = Do
Where: p = partial pressure of water in the food
po = saturated vapor pressure of water at the

specified temperature
9
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More simply Aw may be thought of as the relative humidity
exhibited by the food and gives some indication of the degree to which
water is available for participation in various chemical reactions or
for use by microorganisms. In examining food stability it is known
that the Aw of a product will give a better indication of which specific
spoilage mechanism will predominate than does moisture content. Labuza
(1968) and Labuza et al (1970) have reviewed this relationship between
Aw and various types of deterioration including lipid oxidation, non-
enzymatic browning and microbial spoilage.

If it is assumed that the moisture within a packaged product
is in equilibrium with the relative humidity present within the package,
moisture content can be determined since m = f(H), where m = the pro-
duct moisture content and H = the relative humidity (or Aw) within the
package. This correlation between m and H for a specific product at a
specific temperature can be graphically represented by the sorption
isotherm of the product which describes the amount of water held by the
product when it has reached equilibrium with the relative humidity of
its surroundings. Thus, if the product moisture content is known, the
Aw of that product can readily be obtained and vice versa. This rela-
tionship is very important in the food industry since accurate deter-
mination of Aw is difficult, requiring the use of delicate manometric
equipment while moisture content can be easily determined by several
methods. For purposes of calculation of moisture content, if a straight
line can be fitted to the curve of the isotherm the relationship between
m and H can be expressed as follows:

Equation (2)
m = atb-H
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Where: m = equilibrium moisture content
a = y intercept of the line
b = slope of the line
H = equilibrium relative humidity

Labuza (1968) has reviewed the methods available for con-
structing isotherms and various equations for describing isotherms have
been presented by Labuza (1968) with further reviews given by Iglesias
and Chirife (1976), Chirife and Iglesias (1978) and Boquet, Chirife and
Iglesias (1978).

The permeation of water vapor through a polymeric packaging
material can be described by Fick's First Law of Diffusion and Henry's
Law of Solubility and depends upon the concentration gradient that
exists across the film. A well known equation to describe this permea-
tion through a plastic film is given by Felt et al (1945):

Equation (3)
W = R-A-T-(pi-po)

Where: W

the weight of water transferred

R = the permeance of the barrier material, weight
of moisture per area per unit of time per unit
of vapor pressure difference

A = permeable area of the package

T = time

pi= vapor pressure of higher humidity atmosphere
po= vapor pressure of lower humidity atmosphere
For this investigation a similar equation was used having
the form:

Equation (4)
_dQ = -A-E§_ . He_H'
dt P 100 ( 1)
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Where: Q = quantity of water transferred, g
t = time, hrs.
P = permeance of the film, g/cmz'hrs'laatm

A = area of package, cm2

ps = saturated vapor pressure at the temperature of
interest, atm
He = external relative humidity, percent

Hi = internal relative humidity, percent

Equation (4) is useful only in the calculation of moisture
permeation through a single wall and the study requires that moisture
transfer through two walls be calculated. In beginning this experiment,
a series of smaller packages was overwrapped with another material re-
sulting in packages within a package. Due to practical limitations
however, it was impossible to obtain the weight of each individual
package within the larger package. However, since the inner packages
are all nearly identical in terms of fill weight, headspace and surface
area, they can be treated as a single package by multiplying each of
these values by the number of packages within the larger package.

Therefore, there are three relative humidities of interest:

Hi = relative humidity of the innermost package

Hb = relative humidity between the inner and outer
package

He = relative humidity of the external environment

When calculating the moisture gain of the product, the amount
of water which will penetrate the innermost package, A, must be known.
This value can be obtained by the following equation:

Equation (5)



Where:  Qp

o
>
1]

©
(7]
1]

Hb

Hi

At
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the quantity of water that penetrates package
A, g

permeance of the material of package A,
g/cm2. time.Aatm
area of package A, cm?

saturated vapor pressure at the temperature
of interest, atm

relative humidity between the walls of packages
A and B, percent

relative humidity inside package A, percent

the time, hrs.

Next an expression must be found which describes the amount

of water that will penetrate package B, the outer package. This expre-

sion must also take into account that even though there is passage of

water vapor through package B into the headspace between the packages,

there is a simultaneous
tain amount of water is

describe the net amount

loss of moisture from this headspace as a cer-
passing into package A. This equation must

of water passing into the headspace between the

packages during the time step, At, and can be represented as follows:

Equation (6)

Where: QB

ps =

He

Hb =

= Pp-Ag-P2- (He-Hb) -At- AQa

the quantity of water that penetrates package
B, g

permeance of the material of package B,
g/cm2.time-aatm

area of package B, cm?

saturated vapor pressure at the temperature of
interest, atm

external relative humidity, percent

relative humidity between the walls of pack-
ages A and B, percent
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At the time, hrs.

AQy = the quantity of water that penetrates package

A, g

In equations (5) and (6) the interval of interest is referred
to as At or the time step. During this interval it is assumed that
conditions of equilibrium exist within the packages and so At must be
very small if this assumption is to be correct. This point is of great
importance in the calculation since the new equilibrium relative humid-
ities are used to calculate AQp and AQg for the next time step. If
these relative humidities do not represent equilibrium conditions, then
all subsequent calculations would be incorrect since the humidities
would not be constant during the time step. It is for these reasons
that At must be very small since the accuracy of the calculation in-
creases as At decreases.

Now that the quantities of vapor that pass through the pack-
ages are known, the relative humidities Hi and Hb must be calculated
since these are the only unknowns in equations (5) and (6), assuming
that He is constant. In package A which contains the product, the
total moisture within the package at time = 0 can be expressed by the
following equation:

Equation (7)

Mo = Mp+My
Where: Mo = total moisture in the package at time = 0, g
Mp = total moisture in the product, g
My = total moisture in the headspace, g

Since the initial moisture content of the product is known in
terms of grams of water per hundred grams of dry product matter, the

total product moisture, Mp, can be determined by the following expression:
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Equation (8)

_mD
Mp = 100
Where: m = moisture content of the product, g water/100g

dry matter
D

weight of dry material in the product, g

The weight of water in the headspace, My, can be calculated
by using the ideal gas law as shown in the next equation. (It should
be noted that water is not an ideal gas but for purposes of this cal-
culation it can be considered as one without significant error).

Equation (9)

P.V =n.R.T
Where: P = pressure, atm
V = volume, cm3
n = number of moles
R = the Regnard gas constant, atm-cm3/degrees K
T = temperature, degrees Kelvin

Substitution into this equation will make it more useful for
this calculation since grams of water instead of moles and relative
humidity instead of pressure in atmospheres are required in this case.
The expression of n, number of moles, may be expressed by equation (10):

Equation (10)

&l =

Where: M = weight of water, ¢
18= molecular weight of water, g/mole
Similarly, pressure, P, may be converted from atmospheres to
relative humidity according to equation (11):
Equation (11)
P =B H
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Where: P pressure, atm

saturated vapor pressure at the temperature of
interest, atm

pPs

H = relative humidity, percent
Substituting equation (10) and (11) into equation (9) allows
(9) to be rewritten:
Equation (12)

ps:H v _M o
00 V=18 RT

Where: ps = saturated vapor pressure at the temperature of

interest, atm
H = relative humidity, percent = Hi
V = headspace volume, cm3
M = the weight of water in the headspace, g
18 = molecular weight of water, g/mole
R = the Regnard gas constant, atm-cm3/degrees Kelvin

T

temperature, degrees Kelvin

Equation (12) can then be rearranged to a form more useful to
this calculation.
Equation (13)

= R

Substituting equations (13) and (8) into equation (7) results
in an expression which solves for the sum of the water in the headspace
of the package and that in the product at t = O:
Equation (14)

mD , 18-ps-H-V
Mo = 760 * ~100-R-T

Next, the permeation of water into package A during the first

time step, At, must be determined as shown by equation (15):
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Equation (15)
M(At) = Mo+ Qp

Where: M(At) = the water in package A at the end of the

time step, g

Mo
Qp

the water in package A at t =0, g

the quantity of water that penetrates package
A during the time step At,g

Since M(At), the weight of water in the package, is known and
equilibrium conditions are assumbed to exist between the product and the
headspace due to the small time step, the humidity inside package A and
the new product moisture content must now be determined. To calculate
the humidity, an equation is needed which relates the weight of water
in package A to the humidity in A, such as equation (14). There is a
need for a slight modification of this expression which will allow the
determination of the relative humidity (or Aw) exhibited by the product
instead of its moisture content, m. This conversion of relative humid-
ity to moisture content can easily be made by using equation (2), the
sorption isotherm of the product which relates moisture content and
relative humidity.

In constructing the isotherm, it was found that a straight
line could be fitted to this curve in the area of interest, thus allow-
ing conversion between moisture content and equilibrium relative humid-
ity. Incorporating equation (2) into equation (14), the following

expression is obtained:

Equation (16) (a+bHi(At))D , 18-V-ps-Hi
_ ps-Hi(At)
M(at) = 100 ~ ' R-T-100

Rearranging and solving for the humidity within the package,

Hi, gives a form more convenient for the purposes of this calculation:




18

Equation (17)

Now that Hi( At) inside package A is known, the isotherm
equation (2) can be used to determine the moisture content of the pro-
duct at At. The only step remaining is to calculate the relative
humidity between packages A and B. The weight of water in the head-
space between the package at At may be expressed by the equation:

Equation (18)

the amount of water in the headspace between

Where: MB(lkt)
the packages at the end of the time step, g

MB = the amount of water in the headspace between
the packages at t = 0, ¢

QB = the quantity of water that penetrates package
B during the time step At, g

Equation (13) can now be solved for H using the headspace
volume of package B for "V" and MB(zst) for "M" in the equation.

The entire calculation of moisture content requires the use
of only 3 simple equations (2, 13 and 17). During the time steps, At,
moisture will penetrate the packages, causing changes in the internal
relative humidity conditions of each package. By using very small
time steps and assuming that the product is in equilibrium with the
relative humidity inside package A, the changes in moisture content of
that product can be calculated as can changes in the relative humidities
in both packages A and B. These new (At) relative humidities can in
turn be used to calculate moisture gain for the next time step based

upon the change in partial pressure differences.




EXPERIMENTAL DESIGN

The first requirement of this experiment was to find a dry
product which, due to its hygroscopic nature, required some form of
barrier protection to maintain quality. After examining the sorption
isotherms of several commercially available dry products, a non-fat
dry milk (NFDM) powder and a dry breakfast cereal product were
selected. For the purposes of this test, it was assumed that the
shelf 1ife of the product depended only upon moisture content, al-
though no specific limit was specified since the test is concerned
only with the rate of moisture uptake.

Since certain unique variables and design features were
required for this investigation, it was necessary to construct a pack-
aging system using handmade packages from fi]ms of varying water vapor
transmission characteristics. The test called for one film with
"excellent" water barrier properties, another which exhibited "medium"
properties and a third material which was a "poor" barrier to water
vapor. It was found that the three films which met these conditions
were 1 mil saran (polyvinyldene chloride), 1 mil high-density poly-
ethylene and 1 mil polystyrene respectively. These films were then used
to make a series of small pouches in which the product was sealed and
a series of larger pouches which were used to overwrap a group of the
smaller packages such that all practical combinations of inner and
over-packages were represented (see Figure 1). It should be noted,

however, that a saran/saran and a polystyrene/polystyrene combination
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were not used. It was decided that these two combinations would result
in a system that absorbed water vapor much too slowly in the case of
the saran/saran and much too rapidly in the case of the polystyrene/
polystyrene to be of use in comparison with the other combinations.

For convenience, the films saran, polyethylene and polysty-
rene will hereafter be referred to as S, PE and PS, respectively, and

combinations expressed as overwrap/inner package.

Overwrap Material
S PE PS

S| No Yes Yes

Inner Package

Material PE | Yes Yes Yes

PS | Yes Yes No

Figure 1
Overwrap/Inner Package Combinations
Used To Obtain Experimental Data

Originally, the experiment was to be based on an actual
miniature version of a pallet in which many small packages were to be
overwrapped and then opened at predetermined intervals. This approach
proved impractical due to the limited space available in the labora-
tory and the need to destroy a pallet at each weighing. To overcome
this difficulty, a non-destructive method was developed in which each
of the inner and overwrap packages were weighed accurately and then
filled. The nonfat dry milk was filled volumetrically while the cereal
product was filled by count. Net product weight was then determined by
subtracting the weight of each of the packages from the total weight

of one overwrapped unit.
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Under this system the individual small packages within the overwrap are
treated as one large package for purposes of calculation.

After filling and sealing, the overwrapped packages were sus-
pended from wire hangers in racks as shown in Figure 2 so as to prevent
any contact with other packages or parts of the racks which would in

effect reduce their surface area.

_~Wire Hanger

\§\\\ /—Outer Package

J ::::::>-Inner Packages
A\ \
NN

Figure 2
Method of Suspending Packages
for Weight Gain Studies

£

r T

In determining moisture content by calculation, certain para-
meters of the packaging system must be known including sorption iso-
therm of the product, initial moisture content of the product, area of
packages, permeability constant of each packaging material, package
fill weight and headspace volumes. Following is a description of how
each of these values was determined.

Initial Moisture Content

One of the most common analytical determinations performed
upon any food product is that of moisture analysis. Literature reports
a number of methods for arriving at the moisture content, some of which
are chemical in nature while others rely upon physical properties. For

this experiment, the vacuum oven method was selected due to its wide




22

acceptance and use in the food industry. Four samples of each product,
each containing approximately 2 grams, were placed in a vacuum oven at
100°C for 5 hours, with the weight loss reported as the weight of water.
A11 moisture contents are expressed on a dry basis of grams water/100
grams dry product. It should be noted that initial moisture content of
each product was redetermined prior to each portion of the experiment
due to the fact that all tests were not run simultaneously. Results
are reported in Table 1.

Construction of Sorption Isotherms

The sorption isotherm of any food product may be most simply
expressed as a plot of the equilibrium moisture content as a function
of the relative humidity of the environment surrounding the food at one
specific temperature. There are two basic methods available to obtain
the information needed to construct this plot and a summary of these
procedures has been presented by Taylor (1961).

The first approach involves drying the food to remove all
moisture then adding back water until a predetermined moisture content
is reached. The vapor pressure exhibited by the food at this moisture
content is then determined by manometric equipment. However, the dif-
ficulty in adjusting moisture content to the precise level of interest
and the delicate procedures required to assure that only the vapor
pressure of water is measured make this method impractical.

The second method involves placing the food in a sealed con-
tainer containing a saturated salt solution which gives a specific
relative humidity. The food (of known initial weight) is then weighed
periodically until there is no change due to water gain or loss, and

the moisture content at equilibrium is then calculated. Numerous
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Table 1

Initial Product Moisture Contents!

Moisture content for isotherms
(g moisture/100g dry matter)

Moisture content for test @ 750F/50%RH
(g moisture/100g dry matter)

Moisture content for test @ 1009F/85%RH
(g moisture/100g dry matter)

Cereal

1.96

1.78

1.80

NFDM
3.01

2.87

2.97

IMean determination of four samples.

Table 2

Salt Solutions and Relative Humidities at 759F and 100°F

Salt Solutions 750F
LiCl 11.1
K2CoH,0H 22.9
MgC1, 32.8
K2C03 43.8
Mg (NO3), 53.1

NaNO2 64.5

Relative Humidity, %

100°F

11.8
22.0
32.8
43.5
52.0
63.3
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Table 3

Equilibrium Moisture Content vs. Relative Humidity at 100°F]

Equilibrium Moisture Content
(g moisture/100g dry matter)

Relative Humidity, % Cereal NFDM
11.8 2.39 3.27
22.0 2.90 3.98
32.8 3.37 5.08
43.5 4.20 6.40
52.0 4.74 6.87
63.3 6.63 8.78

IMean determination of four samples.

Table 4 1
Equilibrium Moisture Content vs. Relative Humidity at 75°F

Equilibrium Moisture Content
(g moisture/100g dry matter)

Relative Humidity, % Cereal NFDM
11.1 2.36 3.01
22.9 3.33 3.88
32.8 4.31 5.40
43.8 4.97 7.27
53.1 5.79 8.68
64.5 7.57 10.56

]Mean determination of four samples.
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sources are available describing the relative humidities of various
saturated salt solutions. Since the equipment for this method was
readily available, it was chosen for the determination of the sorption
isotherms.

Samples of approximately 2 grams were placed in small
aluminum weighing dishes and placed in a sealed bucket containing a
saturated salt solution. The samples were then weighed periodically
until each showed a constant weight at which time their moisture con-
tent was calculated and expressed as grams of water/100 grams dry pro-
duct. Product isotherms were constructed at 75°F and 100°F using the
salt solutions and respective relative humidities shown in Table 2.

Construction of Packages

The pouches used in this experiment were constructed from
roll stock of saran, polyethylene and polystyrene. In order to assure
uniform size, a paperboard template of proper size was used for each
package size to assure uniformity of surface area. The film was then
heat sealed by the impulse method, the package trimmed of excess
material, labeled and accurately weighed. The pouches were periodi-
cally inspected under polarized light to evaluate uniformity of seal
quality; however, all pouches could not be examined due to the large
number involved. Packages were sealed after filling in the same manner.
Surface area of the packages was obtained by measuring the filled,
sealed pouch along the sealed edges. A random sampling of ten pouches
of each size used showed acceptable (¥5%) dimensional uniformity was
obtained using this method.

Package Fill Weight

The fi1l weight of each overwrapped unit was obtained by
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subtracting the weight of the empty packages from the weight of the
filled packages.

Package Headspace Volume

Calculation of headspace volume of flexible packages is
extremely difficult due to the lack of three stable dimensions upon
which to base the calculation. It should also be noted that even if
headspace could be accurately calculated, the flexible nature of the
package will cause changes in the headspace volume as the film bends
and the product shifts within the package.

For the purposes of this investigation, the headspace volume
of the packages was estimated based upon the dimensions of the filled
packages. An attempt was made to determine headspace using COp gas
dilution in which the CO2 concentration of the headspace is determined
by gas liquid chromatography. In this procedure, an initial measure-
ment is made of C02 in the headspace. Next, a known volume of CO2 is
injected into the headspace and allowed to equilibrate with the gases
in the headspace after which time another sample is taken and the CO2
concentration is again measured. Headspace volume can then be deter-

mined using the following equation:

(V5 x 100)
o
Where: V = headspace volume, cm3
Vp = volume of CO, added, cm3
0o = % COp after injection and equilibration
0] = % CO, before injection and equilibration

However, due to film permeability and the flexibility of the

packages, this method did not allow accurate or repeatable results.
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Another technique based upon Archimedes Principle, the Com-
bined Gas Law and Boyles Law was also tried. This procedure requires the
determination of the weight of the package in water and the pressure at
which the package has no weight when it is immersed in water. Once
these values are determined, the following equation can be used:
P> w

5 -7, G

headspace volume, cm3

Where: V
P1 = room barometric pressure, mm Hg

P2 = pressure at which package weight = 0, mm Hg
w = weight of package in water at Pl’ gm

density of water = q/cm3

pH20

However, due to the small size of the packages and the small
headspaces involved in this system, it was found that this technique was
also unsuitable.

For the purposes of this investigation, the headspace volume
of the packages was estimated based upon the dimensions of the filled
and sealed packages without adversely affecting the outcome of the
calculation. As can be seen in the equations used to calculate the
relative humidities between the two packages (13) and within the inner-
most package (17)

Equation (13)

Y = M-100-R-T
18-ps-V

Equation (17)

M-2abDb

. 100
HI(At) = 55, 18Vps
100 © R-T-100
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the headspace value, V, is a very small part of the overall calcula-
tion. Also, in both cases the numerical value of V is very small
relative to the value of the other variables in the equations. For
example, in Equation (17) the value of the quantity "R-T-100" is over
2 million. This equation also shows that as the product dry weight (D)
increases relative to the headspace, the less critical the headspace
value becomes. This is especially true in the case of a dry product
since the product would act as a sink for any moisture in the head-
space.

In order to verify these assumptions that headspace values
will have Tlittle effect upon the calculated relative humidities, a
program was run in which the estimated headspace values were doubled
and halved, then put into the calculation so that all possible combina-
tions were represented. It was found that the relative humidities
calculated with the altered headspace values were identical to each
other to three significant places.

Water Vapor Transmission Rate

The water vapor transmission rate for the 3 film samples was
determined by ASTM Method E-96, which describes the testing of flat
film samples. Values for all samples were determined at 759F at 50%RH
and 100°F at 85%RH.

Experimental Test Conditions

In conducting the experimental portion of this investigation,
two temperature/relative humidity conditions were used for each pro-
duct. An environment of 100°F at 85%RH was maintained in a walk-in
chamber while a controlled laboratory atmosphere of 750F at 50%RH was

used for the other condition. Samples of packages representing each
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film combination for each product were weighed to determine initial
weight before being subjected to the controlled environments. The
samples at 75°F/50%RH were then weighed every 3 days to determine weight
gain while those at 1000F/85%RH were checked each day due to an in-

creased rate of moisture gain.

Determination of Experimental Moisture Content vs. Time

Since the experimental data gathering is designed only to
record package weight gain vs. time, this change in weight must be
converted to change in moisture content, based upon a knowledge of the
initial moisture content (dry basis) of the product and the weight of
the filled package and empty package at t=o. The weight of dry material
in any given sample of a product of known initial moisture content may

be given by the formula

W
T m
100
Where: W = product weight, g
mi = initial moisture content of the product, a
water/100g dry product
D = weight of dry matter, g

Thus, if the weight of the dry matter in the package is known,
the new moisture content, m(t+at), can be calculated using the following

expression:
+ ) -
m(t+at) = Wit AB 2 X 100

Where: m(t+at) = the moisture content at (t+at), g water/
100g dry product
the product weight at (t+t), g

the weight of dry matter in the product, g

W(t+at)
D
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Determination of Water Vapor Permeance of Films

Water vapor permeance for the films used in this study is
based upon water vapor transmission rates (WVTR) obtained by ASTM
Method E-96 which describes the testing of flat film samples by the
dish method and reports in units of g wa?err. This value is then
corrected to account for the partial pressure difference, in atmos-
pheres, that exists across the film based upon knowledge of the témper-
ature and relative humidity of the test conditions. This partial pres-
sure difference can be calculated using the following formula:

ap = ps (He-Hi)

Where: ap = partial pressure difference, atmospheres

ps = saturated vapor pressure at temperature of
interest, atmospheres

He = external relative humidity, percent

Hi = internal relative humidity, percent

The permeance of the film can then be expressed as follows:

P = sz‘hY"Ap

Where: P permeance of the film used in the study

g = weight of water vapor transferred, grams
cm= area of the sample, square centimeters

hr

time, hours

ap = partial pressure difference, atmospheres

Determination of Slope and Intercept

The equation describing the sorption isotherm of the products
is of great importance in this calculation, since it allows the deter-
mination of the moisture content of the product if the relative humid-

ity within the package is known. A straight line having the equation



34

Table 6
Water Vapor Transmission Rates of Films

WVTR (g/cm? * hr.)

Film 750F /50%RH 1000F /85%RH
Saran 1.279 X 1076 1.374 X 10-5
Polyethylene 8.648 X 1076 7.198 X 107°
Polystyrene 9.586 X 1072 4.138 X 1074

Table 7

Water Vapor Permeance of Films

cm2 : hi. * aatm
Film 750F /50%RH 1000F /85%RH
Saran 8.753 X 107> 2.498 X 107
Polyethylene 5.915 X 1074 1.309 X 1073
3

Polystyrene 6.556 X 1073 7.527 X 10°
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form

m = a+bH

may be fitted to the isotherm by several methods. For this investiga-

tion, it was found that the isotherms for both products could be fitted

by a straight line in the area of interest with good agreement.

are shown in Table 8.

Table 8

Least Square Regression of
Slope and Intercept of Isotherm Parameters

Results

Product Temperature,°F Slope Intercept
Non-Fat Dry Milk 75 0.146 0.90
Non-Fat Dry Milk 100 0.104 1.78
Cereal 75 0.095 1.13

Cereal 100 0.076 1.14







RESULTS AND DISCUSSION

In examining the results of this experiment it seems that the
placement of barrier materials affects the level of moisture protection
afforded by a given packaging system of an overwrapped set of smaller
pouches. The results in Tables 11-14 show that for any combination of
films, the best moisture barrier properties (that is Tower moisture
content at the end of the investigation) occur when the more impermea-
ble film composes the inner pouch with the poorer barrier as the over-
wrap. For example, a PS/PE combination gave superior performance in
comparison to the PE/PS system for both products at both conditions.
Similar results can be seen for other combinations.

This result can be explained by the humidity differences that
exist in the package system and their significance in determining mois-
ture transfer as described by Equations 4 and 5. As we can see from
Figure 5 there are three humidities of interest in this particular

packaging system. For purposes of illustration, let us assume that

Package A ——
Humidity B

Package B-—-\\\N External Humidity
Humidity A
Figure 5

Packaging and Humidity Variables of the
Packaging System

36
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Package A contains a perfectly dry (0%RH) product and that the External
Humidity is greater than or equal to Humidity B so that certain partial
pressure differences exist. The External Relative Humidity is assumed
constant. Therefore, when Package A is made of a highly permeable
material and Package B is of a very low permeability, we expect that
there will be a transfer of moisture into Package A due to the partial
pressure differences of Humidity A and B. This condition results in an
increase in Humidity A (and the product moisture content) and a decrease
in Humidity B relative to their initial values. This decrease in Humid-
ity B consequently results in an increase in the partial pressure dif-
ference between the External Humidity and Humidity B. If we use a very
small time step and assume equilibrium at the end of each step, we would
then expect that this difference would result in the transfer of mois-
ture across Package B which would in turn increase Humidity B. This
would then re-establish a partial pressure difference between Humidity

A and B which would again result in the passage of moisture across
Package A. Recalling in the illustration that Package A is a poor
barrier to water vapor and Package B is a good barrier, it can be seen
that for any given time step sequence a rapid transfer of moisture would
be observed across Package A due to the partial pressure difference
between Humidities A and B. This would consequently result in a reduc-
tion in Humidity B and the establishment of new partial pressure dif-
ference between the External Humidity and Humidity B. Therefore, with
this combination of films we expect any water vapor passing through
Package B to quickly find its way into Package A via the sequence of
events described above.

In examining the opposite case when Package A is composed of
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the superior barrier and Package B of the inferior material, several
points become evident which explain why less moisture is transferred

to the product. Again, it will be assumed that Package A contains a
perfectly dry product and that neither Humidity B nor the External
Relative Humidity is zero. The sequence of moisture transfer and
humidity changes are basically the same; however, the relative rates

at which they occur are different than those described earlier. Be-
cause Package A is a better barrier in this case, there is much less
moisture transferred to the product. Because of this, Humidity B is
reduced very slowly so that the partial pressure difference between B
and the External Humidity is very small. This results in a reduced
rate of moisture transfer across Package B (as described by Equation 5)
and a subsequently reduced rate of overall water vapor transferred into
the package.

Table 9 shows these results as calculated for the simulation
in the case of the PS/S system which represents a good barrier material
overwrapped by a poor one. As can be seen, the humidity between the
packages (Humidity B) has changed very little from its initial value of
50%, and the value of the relative humidity within the package has gone
only to a level of 21.54%. Conversely, in the case of a poor barrier
overwrapped by a good one (as represented in Table 9 by the S/PS
system), it can be seen that the humidity between the packages has
dropped rapidly after the first 3 day interval and then rises slowly
but always maintains a larger humidity. (Humidity A) rises more rapidly
and to a higher level than in the PS/S system, thus accounting for the
higher moisture levels found when the superior barrier material forms

the overwrap.
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In the case of industrial applications of the concept of
barrier placement in pallet loads and unit packs, economics and condi-
tions unique to the system in question may dictate a change in the
location of barrier films. In this investigation, the ratio of the sur-
face area of the inner package:overwrap was approximately .60:1 in the
case of the dried milk and .85:1 in the case of the cereal product.
However, with commercial applications, the total surface area of the
smaller packages would be greater than the area of the overwrap. Con-
sider as an example a hypothetical system consisting of a cylindrical
package 8 cm in diameter and 10 cm in height with a surface area of
351 cm2. If arranged 4x4x1 on a pallet, these sixteen cylinders would
have a total surface area of 5616 cm?, but the surface area of the
material needed to overwrap these containers is only 3328 cmz, or an
inner package:overwrap area ratio of approximately 1.7:1. As more
layers to be overwrapped are added (e.g. a 4x4x3 configuration), the
ratio will increase since the area of the inner packages will increase
at a faster rate than the area of the overwrap. Therefore, even though
slightly increased levels of moisture permeation are experienced when
overwrapping a relatively poor barrier with a good one, these ratios
and the relative cost of the two films may result in a total system
savings which might justify some reduction in shelf 1ife due to moisture
uptake.

In comparing the experimental and calculated values for mois-
ture content vs. time (Tables 11-14), it can be seen that the calculated
results are in good agreement with those determined experimentally.

The difference between these values for each product and condition at

the end of the test period can be found in Table 10. To further
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verify the accuracy of the calculation, a product/package combination
was selected at random from those used in the study and two separate
calculation programs were run. One of these considered all possible
parameter errors which would have a maximizing effect upon moisture
content and another in which all minimizing errors were considered.
Table 15 shows these parameters and their estimated variation from
actual values used in the calculation.

As can be seen from the results found in Table 16 and
Fig. 22 , the values obtained for final moisture content were well
within the possible range of values when the effects of maximizing and
minimizing errors were considered. It was also found that the calcu-
lated values were in all cases slightly greater than the experimental
ones, indicating that some factor of error is present in the data used
in the calculation. The calculated results also show agreement with
experimental results which indicate that superior moisture protection
is afforded when the better of two barrier materials is in the inner
package.

One purpose of this study was to investigate the validity of
the accelerated (high temperature, high humidity) test for packaged
products which is commonly used in industry. The basis of this test is
to determine some ratio relating a product's shelf life at accelerated
conditions to shelf life at ambient conditions, perhaps stating that 16
weeks at accelerated conditions equals 100 weeks at normal room condi-
tions. This 16:100 ratio is then used as a basis for predicting the
shelf life of packaged products traveling through the distribution
system. The error of this method lies in the fact that this ratio is

not constant but changes as the product gains moisture. In comparing
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Table 15
Estimated Range of Variability of Values
Affecting the Calculation of Moisture Content

Estimated Range

Variable Factor of Variability
Permeance of Films +10%
Intercept of Isotherm Slope t15%
Slope of Isotherm +15%
Area of Packages +10%
Headspace of Packages +20%
Fill Weight of Packages +15%
Internal Humidity of Inner Package +15%

Initial Product Moisture Content +10%
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Table 16

Comparison of Experimental and Calculated Moisture Contents Using
Maximizing and Minimizing Errors in Calculation Parameters
for Saran/Polystyrene System

Time, days Min. Exp. Calc. Max.
3 1.79 1.95 1.96 2.17
6 1.94 2.13 2.13 2.35
9 2.09 2.27 2.29 2.53

12 2.23 2.41 2.45 2.70
15 2.36 2.50 2.60 2.86
18 2.49 2.65 2.74 3.01
21 2.61 2.75 2.87 3.16
24 2.73 2.86 3.00 3.31
27 2.84 2.99 3.13 3.44
31 2.94 3.08 3.25 3.57
33 3.04 3.18 3.36 3.70
36 3.14 3.31 3.47 3.82
39 3.23 3.41 3.57 3.94

42 3.31 3.50 3.67 4.05
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the S/PS film combination of the dry cereal product at room conditions
with those at accelerated levels (Table 17), one can see this change in
ratio as the product moisture content increases. The table shows that
the time required for product moisture content to reach 2.6% is 2 days
under accelerated conditions while the time required to reach this same
moisture level at room conditions is 18 days or at (Room)/t(Acc.) ratio
of 9.0. This ratio remains at 9.0 while moisture increases to 3% but
as the product attains a moisture content of 3.5%, the ratio increases
to 10.5. Table 17 also illustrates that the ratio will change depending
upon the package. If the PE/PE sample for the nonfat dry milk is
examined, it can be seen that not only do the ratios differ within the
combination but that they also differ from the ratios of the S/PS sam-
ple. The table further illustrates that the ratio is also influenced
by product since the ratios of t(Room)/t(Acc.) for a S/PS film combina-
tion are different for the cereal and the milk powder. Although those
differences seem obvious, they are often unaccounted for in industry
where a given ratio of t(Room)/t(Acc.) may be indiscriminately used on
all product/package combinations.

Errors Affecting Experimental Results

In conducting this investigation, certain errors are intro-
duced which may result in a discrepancy between the actual values and
those obtained experimentally. One possible source of error lies in
the determination of the initial moisture content of the product. This
value is of great importance since it forms the basis for the construc-
tion of the sorption isotherms and the calculation of moisture content
vs. time. Therefore, any error in this determination can result in mis-

calculation of any subsequent computation calculations of moisture con-
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Table 17

Comparison of Ratio of Time at Room Conditions vs.
Time at Accelerated Conditions

)

Moisture Time of Time of . ,t Room
Product Film Content % Acc.Cond.(days) Room Cond.(days) Ratio(Ffcc,
Cereal S/PS 2.6 2 18 9.0
Cereal S/PS 3.0 3 27 9.0
Cereal S/PS 3.5 4 42 10.5
NFDM S/PS 3.5 2 15 7.5
NFDM S/PS 3.8 3 24 8.0
NFDM S/PS 4.2 36 9.0
NFDM PE/PE 4.1 2 18 9.0
NFDM PE/PE 4.5 3 22 7.3
NFDM PE/PE 5.3 4 33 8.3
Cereal PS/S 2.3 1 15 15
Cereal  PS/S 2.5 2 24 12
Cereal PS/S 2.8 3 33 11
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tent. When drying food products using the vacuum oven technique, there
is a possibility that some volatile components may be lost from the
sample and reported as weight loss due to moisture. Similarly, carbo-
hydrate fractions of the products may be subject to heat induced car-
melization and charring which can also result in erroneous values for
initial moisture levels.

A further possibility for initial moisture error is due to the
fact that some of the small inner pouches were filled, sealed and stored
for up to 24 hours in closed buckets containing desiccant in order that
all could be put in the proper overwrap pouch and'subjected to testing
conditions at the same time.

The construction of the sorption isotherms for the products at
the two temperature conditions used in the test is also a source of
error. Recommendations for the preparation of various salt solutions
were carefully followed and sufficient time was allowed for the product
to reach equilibrium with its respective humidity environment as directed.
The main source of error arises from the fact that temperature fluctua-
tions of as little as 2OF can result in a 5% change in relative humidity.

It should also be mentioned that in many cases, literature
sources do not agree upon a humidity exhibited by a given salt solution
at a specific temperature. There is also the possibility that a humidity
gradient existed in the buckets since no means of circulating the air in
the containers was available. Periodic weighing of the samples required
opening and closing the buckets which may have caused disruption of
equilibrium conditions which could result in the actual humidity levels
being different than those assumed for use in the construction of the

isotherm.
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Finally, normal bumping and scuffing of the pouches incurred
in handling and weighing may have resulted in undetectable damage which
would in turn lead to increased weight gain, although all packages fin-
ishing the test were assumed to be "perfect" (that is, no leakers).

Errors Affecting Calculated Results

Perhaps the greatest possibility for error in the calculation
of moisture content vs. time is that resulting from inaccuracies of the
sorption isotherms of the products. Errors in initial moisture content
and actual humidities exhibited by the salt solutions can greatly affect
the construction of the isotherm. Since the equation of the line de-
scribing this curve (Equation 2) is used to calculate moisture content
from internal relative humidity, an error in the isotherm will in turn
result in an incorrect calculated moisture content. Errors in initial
moisture content of the product will also affect the determination of
the internal relative humidity of the package which is also required in
Equation 2 for the calculation of moisture levels at each time step.

Another area in which discrepancies are possible is in the
fitting of a straight line to the isotherms of each product and the sub-
sequent determination of the slope and intercept of that line. In cer-
tain cases, the "best" fittina line may be inadequate for accurately
describing the line. This was the case when trying to find a slope and
intercept value for the nonfat dry milk isotherm at 75°F (Fig. 3). As
can be seen, the 1line has a point of inflection at approximately 25%
relative humidity, after which the slope increases and the intercept
decreases relative to those values below 25%. In an example such as
this, there may not be a single straight line which accurately describes

the curve.
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The permeance of the three films used in the test are another
possible point of error since they are based upon water vapor trans-
mission rates of the materials as determined by ASTM E-96, which
describes the dish method for evaluating the moisture barrier properties
of flat film samples. However, the permeability of the material when
it is in the finished package form may be different due to the presence
of seals and folds in the material, handling damage and other unavoid-
able mechanical abuse. It should also be noted that film thickness can
vary up to +10% of the stated thickness which can lead to further errors
in permeability calculations as can the presence of pinholes left by the
manufacturer.

The area of the packages also introduces some error into the
calculation of moisture content. As stated earlier, all packages were
handmade and although reasonable precautions were taken to ensure uni-
formity, there is certainly some variance of the actual surface area of
each individual package and the values stated in the calculation which
are based on an average. Package headspace is also a point of possible
error since this parameter was estimated based upon knowledge of the
package dimensions. However, it was determined by doubling and halving
the headspace values used that these parameters had little effect upon
the outcome of the calculation.

In terms of experimental testing conditions, it was assumed
that external temperatures and humidities to which the packages were
subjected were constant when in reality normal minor fluctuations
occurred as indicated by recording equipment. There is also a possi-
bility that initial internal package relative humidity may be in error

since this value was determined by calculation using the slope and
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intercept parameters of the isotherm and the initial product moisture
content, the values of which contain certain error possibilities which
were discussed above.

Another source of error in the calculation is in the value
obtained for the dry weight of the product within the pouches, a value
whose accuracy is in turn dependent upon the accuracy of the initial
product moisture content and the fill weight of the packaged product.
The packages were filled volumetrically in the case of the milk powder
and by count in the case of the cereal. Since variations in density
and size respectively can affect the net fill weight, some variations
from the average stated value are to be expected.

We must also consider as a potential source of error the
assumption that the product is in equilibrium with the moisture in the
headspace at the end of the time step. This state of equilibrium can
depend upon a number of factors including the headspace, product fill
weight, hygroscopic nature of the product as well as the length of the
time step.

As described in Equations 4 and 5, the amount of water which
penetrates a film is directly related to time, At. Therefore, the
shorter the time step, t, the smaller the quantity of water which pene-
trates the package and the greater the Tikelihood that this water has
equilibrated with the headspace. Conversely, a longer time step would
result in more water penetrating the package and a reduced possibility
of equilibrium.

In selecting a time step for calculation of moisture content,
we desire one that is short enough to be accurate yet long enough to

be practical. For this study a value of 0.01 hour (36 sec.) was chosen
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since larger values resulted in negative values for AQg as described

by Equation 5 and it was decided that the hygroscopic nature of the
products and the relatively small headspaces made a smaller value unnec-
essary. A smaller time step of .001 hour was also tried but was found
to give moisture contents which differed from those obtained with the
0.01 time step only in the third decimal place. Therefore, the 0.01
hour step was found to be acceptable for this investigation. It should
be noted that one can only assume equilibrium between product and head-
space based upon selection of the time step since there is no practical

way to verify this condition.



SUMMARY

The results of this investigation show that the placement of
barrier materials has an influence on the level of moisture protection
given by a system comprising a series of small packages sealed within
a larger one. Specifically, it was determined that lower final mois-
ture contents were reached when the better moisture barrier film forms
the inner package.

In attempting to predict moisture content by calculation
based on simulation, the calculated results are in agreement with values
obtained experimentally when considering possible errors which may have
influenced the results of the calculation. Future studies in this area
might include the use of dried food products packaged by the manufac-
turer to ensure uniformity of package surface area, headspace, fill
weight and seal quality, thereby eliminating many of the errors inherent
in a hand made system such as the one used in this study. These pack-
ages could then be used in a large scale test involving a system that
more closely approximates the size of an actual pallet or unit pack of
the product. It is also suggested that the system be subjected to
variations in temperature and humidity so as to simulate the environ-
mental fluctuations that may be encountered in a warehousing situation.
Future investigation might also examine high or intermediate moisture
foods in flexible packages to determine the ability to predict moisture
loss by calculation.

This study has also determined that the accelerated method of
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shelf 1life evaluation was not accurate for the system used here. Re-
sults indicate that the ratio relating time at room conditions to time
at accelerated conditions was not as constant as it should be if the
basis of the accelerated test is valid. It was also determined that

this ratio also varies depending upon the product and package used.



BIBLIOGRAPHY

Board, P.W. and David, E.G. 1975. Principles of Food Packaging. Food
Technol. In Australia 27(11):497.

Bouquet, R., Chirife, J. and Iglesias, H.A. 1978. Equations for Fitting
Water Sorption Isotherms of Foods, II. Evaluation of Various
Two Parameter Models. J. Food Technol. 13:319.

Chirife, J. and Iglesias, H.A. 1978. Equations for Fitting Water Sorp-
tion Isotherms of Foods: Part I-A Review. J. Food Technol.
13:159.

Clifford, W.H., Gyeszly, S.W. and Manathunya, V. 1977. Accelerated
Tests vs. Calculations Based on Product/Package Properties.
Package Development and Systems 19(5):29.

Duckworth, R.B. 1976. The Roles of Water in Foods. Chemistry and
Industry 18:10-39.

Felt, C.E., Buechele, A.C., Borchardt, L.F., Koehn, R.C., Collatz, F.A.
and Hildebrand, F.C. 1945. Determination of Shelf Life of
Packaged Cereals. Cereal Chem. 22:261.

Hall, C.W. 1973. Permeability of Plastics. Mod. Pkg. 46(11):53.

Iglesias, H.A. and Chirife, J. 1976. A Model for Describing the Water
Sorption Behavior of Foods. J. Food Sci. 41(5):984.

Iglesias, H.A., Viollaz, P. and Chirife, J. 1979. Technical Note: A
Technique for Predicting Moisture Transfer in Mixtures of
Packaged Dehydrated Foods. J. Food Technol. 14:89.

Karel, M., Proctor, B.E. and Wiseman, G. 1959. Factors Affecting Water
Va?o; Transfer Through Packaging Films. Food Technol.
13(1):69.

Karel, M., Mizrahi, S. and Labuza, T.P. 1971. Computer Prediction of
Food Storage. Mod. Pkg. 44(8):54.

Labuza, T.P. 1968. Sorption Phenomena of Foods. Food Technol.
22(3):263.

Labuza, T.P. 1970. Water Content and Stability of Low Moisture and
Intermediate Moisture Foods. Food Technol. 24(5):543.

Labuza, T.P. 1973. Effects of Dehydration and Storage. Food Technol.
27:21.

74




75

Labuza, T.P., Mizrahi, S. and Karel, M. Mathematical Models for Optimi-
zation of Flexible Film Packaging of Foods for Storage. 1972.
Trans. Am. Soc. Ag. Engrs. 15,150.

Loncin, M., Bimbenet, J. and Lenges, J. 1968. Influence of Water
Activity on the Spoilage of Foods. J. Food Technol. 3:131.

Mizrahi, S., Labuza, T.P. and Karel, M. 1970a. Computer Aided Predic-
tions of Extent of Browning in Dehydrated Cabbage. J. Food
Sci. 35:799.

Mizrahi, S., Labuza, T.P. and Karel, M. 1970b. Feasibility of Accel-
erated Tests for Browning in Dehydrated Cabbage. J. Food
Sci. 35:804.

Mizrahi, S. and Karel, M. 1977a. Accelerated Stability Tests of Mois-
ture Sensitive Products in Permeable Packages by Programming
Rate of Moisture Content Increase. J. Food Sci. 42(4):958.

Mizrahi, S. and Karel, M. 1977b. Accelerated Stability Tests of Mois-
ture Sensitive Products in Permeable Packages at High Rates
of Moisture Gain and Elevated Temperatures. J. Food Sci.
42(6):1575.

Mizrahi, S. and Karel, M. 1978. Evaluation of Kinetic Model for Reac-
tions in Moisture Sensitive Products Using Dynamic Storage
Conditions. J. Food Sci. 43(3):750.

Oswin, C.R. 1946. The Kinetics of Package Life. Mod. Pkg. 20(11):59.

Quast, D.G., Karel, M. and Rand, W.M. 1972a. Development of a Mathema-
tical Model for Oxidation of Potato Chips as a Function of
Oxygen Pressure, Extent of Oxidation and Equilibrium Relative
Humidity. J. Food Sci. 37:673.

Quast, D.G. and Karel, M. 1972b. Computer Simulation of Storage Life
of Foods Undergoing Spoilage by Two Interacting Mechanisms.
J. Food Sci. 37:679.

Quast, D.G. and Karel, M. Simulating Shelf Life. 1973. Mod. Pkg.
46(3):50.

Rockland, L.B. 1969. Water Activity and Storage Stability. Food
Technol. 23(10:1241.

Richardson, K.C. 1976. Shelf Life of Packaged Foods. CSIRO Food
Research Quarterly 36:1.

Riemer, J. and Karel, M. 1977. Shelf Life Studies of Vitamin C During
Food Storage: Prediction of L-Ascorbic Acid Retention in
Dehydrated Tomato Juice. In "Journal of Food Processing and
Preservation I," pp. 293, Food & Nutrition Press, Inc.,
Westport, Conn.




76

Salwin, H. 1959. Defining Minimum Moisture Contents for Dehydrated
Foods. Food Technol. 13(10):594.

Salwin, H. and Slawson, V. 1959. Moisture Transfer in Combinations of
Dehydrated Foods. Food Technol. 13:715.

Saguy, I., Mizrahi, S., Villota, R. and Karel, M. 1978. Accelerated
Method for Determining the Kinetic Model of Ascorbic Acid
Loss During Dehydration. J. Food Sci. 43(6):1861.

"Shelf Life of Foods," J. Food Sci., 39(4):861.

Simon, I.B., Labuza, T.P. and Karel, M. 1971. Computer Aided Predictions
of Food Storage Stability: Oxidative Deterioration of a
Shrimp Product. J. Food Sci. 36:280.

Singh, R.P., Heldman, D.R. and Kirk, J.R. 1976. Computer Simulation of
Quality Degradation in Liquid Foods During Storage. Trans.
Am. Soc. Ag. Engrs. 4,407.

Taylor, A.A. 1961. Determination of Moisture Equilibria in Dehydrated
Foods. Food Technol. 15:536.

Technical Bulletin No. 5: Creating and Maintaining Humidities by Salt
Solutions. Prepared by Hygrodynamics, Inc., Silver Spring,
MD. 20910, pp 1-10.

Troller, J.A. and Christian, J.H.B. 1978. Water Activity in Food.
Academic Press, N.Y. pp 1-11, 103-116, 192-204.

Vapor Pressure of Water Below 1009C, CRC Handbook of Chemistry and
Physics, ed., by Robt. C. Weast, Cleveland, OH, Chemical
Rubber Co., 1970, pp. 143.

Wanninger, L.A., Jr. 1972. Mathematical Model Predicts Stability of
Ascorbic Acid in Food Products. Food Technol. 26(6):42.






