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FOREWORD 

The amount and physico- chemical state of water of low and intermediate 
moisture foods is one of the prime considerations in textural and flavor 
qualities. 

The work covered in this report had two general objectives: First, to 
provide practical information on the effects of a multitude of variables 
on the eating qualities of precooked freeze - dried beef, including t he 
effects of final plate temperature in the freeze-drier, and the role of 
in-package water activity on mechanical and sensory properties. Second, 
to present basic information on the energy relations encountered in the 
sorption of water by low and intermediate moisture foods -- information 
which is of value to the food engineer in the designing of equipment: and 
in cost analysis of the freeze - drying process. 

The report presents a large volume of data on both of the above 
objectives. Information of practical importance deals with quantitative 
relationships between the sorption of water along the isotherm and 
textural properties of beef as affected by the plate temperature, 
initially and after storage, under different conditions. lnformation of 
engineering or theoretical significance covers the calculations of the 
thermodynamic properties of the meat-water system, analysis of t he 
physical parameters necessary in the construction of a sensitive 
calorimeter for t he measurement of the energy of sorption, and prediction 
of thermodynamic quantities using a single isotherm. In addition to the 
above, information which can be of value to the food technologist and the 
food engineer includes literature discussion and data on (a) percent 
water present in various intermediate moisture foods, (b) changes in food 
qualities (flavor plus texture) along the isotherm, (c) calorimetric 
measurements in foods, (d) sensory texture profiling, (e ) theories of 
water sorption, and (f) construction of mechanical models for evaluation 
of effects of storage on textural properties. 

On the part of the Contractor, the main investigator was 
Dr. D. R. Heldman and his co-investigator Dr. F. W. Bakker-Arkema; 
research associates were Drs. P. 0. Ngoddy, G. A. l{eidy, N. :P . Palnitkar, 
and D. R. Thompson. 

On the part of the Government, the Project Officer was 
Dr. John G. Kapsa lis and the Alternate Project Officer ~o~as 
Nr. John E. 1,./alker, Jr. 
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ABSTRACT 

The thermodynamic and texture properties of low and intermediate moisture 
foods are discussed on the basis of the moisture sorption isotherm. 
Information is presented on the effects of final plate temperature in the 
freeze - drier and of in- package relative humidity on the textural 
properties under different storage conditions . 
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1 . Introduction 

1 .1. Importance of Water Activity i n Foods 

Water, comprising 60-95 percent of the total we ight of food, is by far 
the dominant and the most important compone nt of c ommon foods, which may a ls o contain fat, protein, carbohydrat e, mineral and other groups of s ubstances . Therefore, water is an important fac tor to consider in perishability of foods. The water molecu le and its association with biological s ubstances is stil l a 
subject of controver sy in sp ite of c onsiderable literature avail ab l e on t he 
s ubj ect. Kuprianof f (1958) proposed that moisture associa t ed with bio logical material could exis t as free moisture, chemically bound moi sture and adsorbed moisture . Various workers defined bound wa t e r on the basis of the t echnique used for its measurement. No defini tion o f so-called "bound water" is accept ed universally. The concept of bound water as soc iated with bi ological materials cannot be i gnored since some characteristic and sometimes irrevers ible changes take place whe n water is removed fr om a biological mater ial by f r eezing , by 
evaporation or even by binding chemically. Fennema (1970) gave some guidelines to describe the water associated wi t h biological materials. 

"There is no s uch thing as free water, all water associated with 
food is bound. The r e l ative boundness of water associated with a 
given biological materi a l changes as a continuuM. That is at low 
moisture levels water is l ess mobile in comparison to the wa ter at 
higher moisture l eve l s." 

The ratio of vapor pressure of a food material over t he sa turation vapor pressure of pure water would probably be the simplest and l east me aningful 
definition of wa t e r activity. Numerically water activ i ty is the equilibrium relat ive humidity divi ded by one hundred . 

From the thermodynamic point of view, the water activity (aw) has a different meaning . Water activity of a g i ven materia l means its relative 
chemical potential wi t h r espect to the chemical potentia l of pure water to which a value of 1 is arbitrarily assigned. The followi ng t he rmodynamic 
relation effective ly describes the link between the chemical po t ential of 
water in a biological material (~ w) and the chemical potential of pure water ( ~ w). This link is truly what is called wat e r activity. The term RgT is the product of the universal gas constant (Rg) and the absolute temperature (T) . 

· 1-\., = ~ 0 + R T Ln a (1-1) w g w 
In general the smaller the chemical potential of water in food, t he smaller 
the drivi ng force for chemical r eactions involving water. 

1 . 1 . 1 . Relationship to dehydration processes: It is well known that the latent heat of vaporization increases to a value well above the values 
known for pure water as food is dried to low moisture leve ls . Latent heat 
of vaporization values especially at low moisture l eve ls become very important when designing the equipment to be util ized in the dehydration process . 
Moisture equilibrium isotherms for a given product provide the information 
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needed to compute various e nergy leve l s with which water associates with Lh<: 
product. 

1.1.2. Influe nce on product t ex ture : Due to t he obvious r e l at i om; hi p 
between tex t ure of dry and intermediate moisture foods and moisture cont ent, 
there will be a corresponding relationship to water activity . There have b(:e n 
no consistent research res ults which illustrate the water ac t ivit ies at whic h 
t he t exture of dry or intermediat e moisture foods i s mos t desirable. 

1.1.3. Relationship to sensory evaluation: The hea t of adsorp t i on or 
the amount of heat released as a product adsorbs moistu r e, may be as impor tant 
to product quality a s the l aten t heat of vaporization is to t he design o f a 
dehydration process. The most obvious r e la t ionship between p roduct quality 
and thermodynamic parameters is that described by heat of i mmers i on. This 
particular paramete r bes t desc ribes t he heat rele ased and se nsed by t he 
person consuming a dry or intermediate moisture food product. Although the 
magnitude of this value or parameter is r e latively small, it must be con
sidered in the overall sensory evaluation of dry food product. Di f f icul ties 
in direct calorimatric experimental measureme nt of smal l thermody namic quanti
ties such a s heat of immers i on place increased emphas is on indirect evaluation 
from rroisture equilibrium data. 

1.1.4. Influence on s torage stabi lity: The understanding of wate r 
activity in r e lation with the food materials has been par tly responsible fo r 
the deve lopme nt of intermediate moisture foods. Brockmann(l969) reported 
that the inte rmediate moisture food s are a c lass of heter ogenous groups of 
food s \.Jhich mve their s tabili ty to r ed uced water ac tivity but contai n too 
much water to be r egarded as dry. In gene ral, an intermediat e mois ture food 
can be consumed, without rehydration, and is she l f stable without refrigeration 
or thermal processing. It is He ll known tha t the water activity has a dramatic 
influe nce on the growth of bacterias, yeas t s and molds . Hater activity a nd 
equilibrium moisture values a r e extremely useful in se l ecting the environmental 
conditions necessary to establish or maintain the des ired product properties. 

1.2. The Rol e of Thermodynamics in Moisture Equi l ibria. 

The thermodynamics of moisture sorption in food products inf l uences 
virtually every phas e of manufacturing, handling and consumption. The design 
of the system for mois ture removal will be determined by the products binding 
energy for Hater . The properties of the dry product are directly dependent 
on the particular moisture l e vel which exists. In additi on, the hygroscopic 
characterist i cs and thermodynamics of moisture adsorption wil l dete rmine the 
manner in which rehydration pr oceeds i n the product . 

- The thermodynamics r e lated to moisture sorption provide a macroscopic 
description of the s orption process. Based on available theor y, thermodynamic 
paramete rs can be computed from the accurate moisture equilibrium isotherm 
data. As mentioned earlier latent heats of vaporization are useful i n design
ing dehydration processes and the heats of adsorption are imp ortan t to the 
sensory properties of food s. The r ecent trend towards th e developme nt of 
dry and intermediate foods has created renewed inte r est in t he evaluation 
of thermodynamic parameters r e lated to the moisture phenome na. The re seems 
to be considerable evidence that the storage stabi li t y of dry and inte r mediate 
mois t ure foods may be related in some manne r to thermodynamic parame ters 
although it is difficult to develop an obvious relationship betHeen them. 
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1.3. Calorimetric Investigations. 

Many processes with small heats of reaction are being studied with micro
calorimeters. The magnitude and the variations with time of some reaction 
heats have been s hown to be of considerable importance in processes of the 
food industry . Microcalorimetric measurements are expected to be valuable 
both for the analysis and control of food processes. Because of the 
accuracy requ i red of microcalorimetric measurement a detailed analysis of 
the mstrument is necessary. 

In principle the design and operation of microcalorimeter is s i mp l e. 
The basic parts of the calorimeter include the product under study, one or 
more thermometri c measuring devices, pe rhaps an e l ectric heater, devices for 
mixing and a vessel for confining the reaction. In microcalorimeter the 
environment ambient to the reaction vessel is of utmost importance. Even 
small temperature gradients between the environment and the reaction vessel 
can cause heat transfer rates of the same order of magnitude as the thermal 
effects of the reaction. 

1 .4. The Role of Freeze-dried Foods . 

Freeze-drying is a unique form of food dehyd ration which may have con
sid~rable applicatiori in some foods which cannot be dried by other available 
processes. The process seems to be well adapted to drying of beef and other 
meat products, but ~uality of the product needs to be improved. Both flavor 
and texture quality need to be considered. 

One approach to improvement of freeze-dried food quality is to investi
gate basic mechanisms which occur during the process or during r ehydration 
of the freeze-dried product . After these mechanisms are described and under
stood, the processes can be modified in a manner which will reduce t heir in f luence 
on flavor and texture of the product. 

1.5. Objectives of the Research. 

The research results to be presented and discussed in this repart were 
completed in three rather distinct phases . There were separate objectives 
for each phase of the investigation, but the overall objectivesinvolved the 
use of results from each phase. The objectives include the following: 

1. 

' 
. 2 . 

3 . 

4. 
5. 

6 . 

7. 

To determine the influence of processing temperature of precooked 
freeze-dried beef on the adsorption and desorption moisture 
equilibrium characteristics of the product. 
To ~tilize moisture equilibrium data to evaluate the thermodynamic 
parameters which describe the product. 
To use moisture equilibrium characteristics and thermodynamic parameters 
of freeze-dried beef as a basis for improving moisture . 
To analyze microcalorimetric measurements of foodR. 
To evaluate the texture of precooked freeze-dried beef at various 
water activities by using sensory panels and objective methods. 
To investigate the influence of storage time and temperature on the 
texture of precooked f r eeze- dried beef. 
To investigate relationships between thermodynamic paramete rs of 
precooked freeze-dried beef and rheological parameters of the product. 
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2. Literature Rev i ew 

2.1 . General Remarks 

Water, in many respects, is a unique comp ound. Chemical reactions and 
physica l interactions in which it part ic ipa tes influe nce every gross 
characteristic of a biological material. The mois ture content of a hic > l o~ i ca l product contro l s its mecha nica l (texture, ha rdness, c hewi ness , etc), e n:--: ymic, chemical, physica l and even mic rnbiologica L characteristics. Recentl y Labw~a 
~.E• (197 0 ) stated that at moisture conten t s he lmv those of fresh foods, water still has solvent propert ie s including the ability to dissolve the 
solids and to all ow the diffusion of r eactants . 

Since the objective of thi s report is r e lated to the estimation a nd 
imp or tance of the rmod ynamic energy paramete rs for low and intermediate 
moi s ture foods with regards t o the moisture sorption phenome na, it i s not 
intended to review the vast amount of l i t e rature available on th e s ubject 
of mois ture sorption phenome na. 

For convenience, the literature on the s ubj ect of mois ture sorp tion 
phenomena can be divided into two classes , t he approach o f phys i ca l 
chemis t s and eng ineer s and the approach of food sc i entists. The physica l 
c hemists are primarily interested in investiga ting the underlying pri nc iples 
of moisture sorption phenomena. Thei r approach is to ob ta in a theoretical moisture equilibrium isotherm to accoun t for s orptive behavior of 
biological materials, making us e of sound physicochemical laws governing 
the moisture sorption. Not ent ire l y di fferent from the above mentioned 
theoretical approach, food scientists r e ly large l y on experime ntal work and inves tiga t e the changes in a given food system with respect to moisture 
cont ent which is so close l y related to equilibrium relative humid i ty. In 
general, both the appr oaches focus on the same goa ls, namely , better food a nd the role of water in food quality. 

2.2 . Mois ture Sorpti on Phe nomena 

Moisture equilibrium isothe rms are the most convenien t way t o r epres ent 
the s orption characteristics of a given biologi cal s ubstance. In addition, it proves to be a good starting p oint for further theor etical ana l ys is of 

roisture sorption phenomena. Bio-scientis ts are primarily interested in only 
one adsorbate (water vapor) and numerous adsorbents (biological mate rials) which are characteri zed by great complexity and heterogene ity in physical 
structure, e ach being an assemblage of strongly hydrated high molecu l a r 
\o,~eight compounds most l y be longing to classes called proteins, carbohydrates , 
and lipids. Since the complete quantita t ive representation of components in a given biological material is difficult, the combine d or average behavior 
of l arge numbers of individual components is dealt viti . in r e l a ti on t o \oJater 
activity and the adsorbent-adsorbate complex. Howeve r, it i s obvious that the we i ght of adsorbat e adsorbed on a given adsorbent depends on the 
characteris tics of both adsorbent and adsorbate. 

Adsorption is commonly divided int o two classes, namely, physisorption and chemisorption . Physical adsorption could be relatively r apid 8S compared 
to chemi sorption. Phys ical adsorption i s caused by intramo l ecular fo r ces 
between molecules of water vapor and th e surface of adsorbent (polar s ites 
of adsorbent). In genera l the polar-molecules --the mo l ecul es possessing 
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the folluwing p olar groups: -NH
2

, -NH, -OH , - COOH , etc .- -are considered to be sorptive sites on the adsorbent because the 2positive and the negative charges in the above molecules are not symmetrically distributed. The formation of a physically adsorbed layer may be similar to condensation of a vapor to form liquid. 

Considerable efforts have been devoted to the developme nt of quantitative theories to account for usually sigmoid shaped moisture equilibrium isotherms of biological materials. Labuza (1968) reviewed some of the theories and stated that there are three basic theories to explain the moisture sorption phenomena, (1) the kinetic concept of Langmuir, (2) Polayanis 1 adsorption potential theory, and (3) Zsigmody 1 s capillary condensation theory. · Recently Ngoddy (1969) critically reviewed several moisture sorption theori e s in terms of their applicability, assumptions and limitations. According to his hypothesis, if the physical s tructure of a given biological material is represented mathematically in terms of pore size distribution fu nction and an idealized geometry, its moisture equilibriumlliotherm shape canbe predicted. Ngoddy (1969) applied his theory to several biological material s and was able to sh~ good agreement between experimental and theoretical moisture eq uilibrium isotherms. Adamson (1967) noted that the theoretica lly derived relationships for moisture equilibrium isotherms from different models have been fou nd to yie ld equations which are graphically and eve n algebraically identical. 

The applicability of theoretical equations explaining the moisture sorption phenomena based on some mathematical model system to real food systems is somewhat limited due to their great compl exi ty. Eve n if a give n theoretical equation does predict a moisture equilibrium isotherm, in most cases it fails to explain the relation between food stability and moisture levels. Finally the general drawback of the theoretical prediction equat ion is that it depends on the experimental· determination of a parameter used in its derivation. 

Strasser (1969) reported that the moisture sorption isotherm can be expressed by the following formula: 

Moisture content (M) of food at constant temperature (T) is a function of water activity (a ). Strasser (1969) further remarked that a more sensit i ve indication of the so~ption properties of food might be obtained if isobars were measured at low temperatures. Sorption i sobars can be determined by varying the temperature of a food and keeping the partial vapor pressure of water about t he food constant as expressed by the folllowing formula: 

Another method of expressing moisture content is by using isosters 
as expressed by the following equation: 

P = f(T)M 

Procedures for obtaining water vapor sorption isotherms have been described in detail by Taylor (1961), Karel and Nickerson · (1964) and Hofer 
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and Mohler. (1962). Ngoddy (1969) describe d a more sensitive and accurat(: method of ob taining the moisture equilibrium. This s yst em us es an electrobalance which records the sorptive changes automatically and continuously. 

Biolog ical s ubstances usually exhibit a p r ominent hyst e r es i s ef fect. Thi s indica tes that th e equilibrium mois t ure content for a given rela tive humidity is h igher during desorption than adsorption (Chung a nd Pfost, 196 7). Se ve r al theori es have been advanced to account for the phenomena of hysteresis, based most l y on the pore s tructure of the adsorbe nt, wh ic h is assumed to play a dominant role in hys teres i s . 

2.3 . Water Activity and Food Stability 

One of the bas ic theori es of adsorption of gases or vapors was prop osed by Brunauer, Emmett and Te lle r (1 939). The BET equation l e ads to t he determination of the amount of gas or vapor adsorbed in t he first monomolecu lar layer (M1). Thi s monomo l ecular layer mois t ure value was first r e lated to optimum moisture content of dehydrated food by Salwin (1959). Whe ther a BET monomolecular laye r value does r epresent an op timum moisture leve l is debatable according to Rockland (1969). Howeve r, the exi s tence of an opt i mum mois ture level for dehydrated food i s wel l establis he d (Cuende t et al~ 1954; Huelse n and Bemis, 1955; Martin,l958 ; Mitche ll and Enright, 1957; Roby and Simon , 1959; and Salwin, 1963). Rockland (1957) , Rockland, et a l . (l961) rep orted an optimum moisture content o f walnut kerne l s above and belO\~ \llhich they de teri orate d at a more rapid rate . Deter i orati on reactions occurring below the optimum moisture value were characterized as auto-oxidative, res ulti ng in the deve lopment of typical rancid flavors and odors . Scott (1957) and Webb e t al . (l960) demonstrate d t ha t mic r ob i o logical pro liferation occurred at high equilibrium r elative humidity values . 

With the deve lopment of inte rmed i ate moisture foods in r ec e nt years, food stability acquired a much boarde r meaning than just optimum moisture value commonly e xpressed for dehydrated foods. There is no r e liable theoret ical method to predict the stability r eg ion for a given food system. 

2 . 3 .1 . Rockland' s loc al isotherm concept : Rockland (1969) specified three types of local i sotherms (Figure 2-1). Type L I i s associated with water bound by polar to ionic groups such as carboxyl and amino groups. Type L II may consis t of water hydrogen bonded to hydroxyl and amide groups, and Type L III is characterized by unbound or free water. Optimum stability region, according to Rockland (1969), appears to be associated with L I I - L III region as shown in Figure 2- 1. Some typical physical, chemi cal and biologi cal changes associated with l oca l isothe rm regions L I, L II and L III are shown in Table 2-1. 

Table 2-1 Some product characteristics within l ocal i zed moisture 
sorption isotherms (Rockland, 1969). 

Local Isotherm I Local Isotherm II Local Is otherm III 

Dry 
Hard 
Crisp 

Dry 
Firm 
Flexib l e 

Moist 
Soft 
Flaccid 
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Figure 2 -1. --Hypothetical separation of local isothe rm s 
(Rockland, 1969). 
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(Continuation of Ta bl e 2-1) 

Glazed 
Shrunken 
Stati c Charge 
Darkened 
Rancid Odor 
Rancid Falvor 
Autoxidation 

Microbicidal 

8 

Normal Dry Surface 
Normal Siz e 
Non-adherent 
Normal Col or 
Nonual Odor 
Normal Flavor 
Minimal Chemical 

Changes 
Mi c robiostatic 

Syneresis 
Swollen 
Sti cky 
Browni ng 
Of f Odm:-
Of f Flavor 
gnzymatic Rc~acLi. on 

Microbial Growth 

Rock land used He nderson 1 s (1952) semi-empirical equation of the moisture 
sorpt ion isotherm t o establish his local isotherm concept. I f this concept should hold for intermed iate moi s ture foods, then the chances fo r improved 
shel f stability are increased by s tructuring the food to ob tain L II type 
sorption isothe rm . An unders tanding of water activity thus c ou ld he tied 
\vith food stabi l ity, leading to i nnovation in formulation and processing 
of food products. It i s evident that the available control fa ctors arc 
temperature, vapor pressure and composition of a food . 

TABLE 2-2. -- Some inte rmediate moisture foods (Bone, 1970) . 

Item % Water Item % Wa ter 

Mayonnaise 16 Canne d Biscuits 39 Canned Bacon 16 Swiss Cheese 39 Margat;i ne 16 Chocolate Syrup 39 Butter 16 Waffles 40 Citron Candy 18 Luncheon Meat 40 -Pound Cake 19 Pork Link Saus age 42 Marshmallow 15-35 Cooked Ham 42 Doughnuts 19 Tortillas 42 Honey 20 Canned Sardines 47-57 Ra\v Bacon 20 Cooked Hamburge r 47 Fruit Cake 23 Fresh Coconut 4 7 Dried Fruits 24 Dri ed or Chipped Beef 48 Foundation Cake 25 Apple Pie 48 Table Syrup 25 Sweetened Cranberry 
Biscuits 27 Sauce 48 Sweetened Condens ed Milk 27 Corn Bre ad 49 Jams, Marmalades 28 Egg Yolk 49 Gingerbread 30 Cream Chees e 51 Angel Food Cake 32 Canned Tuna Fish 52 Jellies 35 Apple Butter 53 Canned Orange Juice Corned Beef, Unc ooked 54 

Concentrat e 35 Ra\v Hamburge r 55 White Bread 35 Pancakes 56 Cheddar Chees e 39 Baked Macaroni and 
Cheese 58 

55 
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Food stability is not an absolute term. In fact, food stability could 

be visualized as a fu~~~ion of seve ral interdependent factors such as color, 
texture, flavor, and nutritive ~alue, in addition to moisture content. It 
seems logical, hmvever, to correlate the food stability with water activity, 
although it may be diffl~ult to develop a logical relationship between them. 
Bone (1970) stated tha~ · the control of water activity is the basic control 
factor in the preservation of non-refrigerated intermediate moisture foods 
that have extended shelf life. Table 2-2 illustrates some examples of 
intermediate moisture foods (Bone, 1970). Prevention of microbiological 
grmvth is, of course, a dramatic feature of 'vater activity control. Table 2-3 
indicates the approximate lower limits of water activity at which g r owth 
can occur for various kinds of organisms. 

Table 2-3. Approximate lower limits of a for 
microorganism growth (Bone, 1~70) 

Microorganism 

Bacteria 
Yeast 
Molds 
Halophillic Bacteria 
Xerophillic Fungi 
Osmophillic Yeasts 

2.4. Microcalorimetry 

Lower Limits of a 
w 

0.91 
0.88 
0.80 
0.75 
0.65 
0.60 

Thermal effects accompany many chemical and bi ological phenomena. The 
magnitude of these effects may be of considerable theoretical and practical 
importance. The stability and structure of molecules, the conditions of 
chemical equilibria and the heat exchange in industrial processes can all be 
calculated from a knowledge of these thermal effects. 

Many processes have been studied by calorimetric methods. Heats of 
combustion and other processes that evolve large quantities of thermal 
energy have been extensively investigated. The advent of microcalorimetric 
measurements has extended the range of calorimetric studies. Various examples 
of these microthermal processes have been revie,ved by Swietos lawski (1946). 

Provisions must be made in a microcalorimeter for e ither eliminating 
or measuring the heat transfer between the reaction vessel and its environment. 
It is possible to measure the heat loss by continuously recording the 
temperature difference between the reaction vessel and a jacket surrounding 
the vessel. This technique requires that either the temperatures of the 
reaction vessel and the jacket be uniform or that the temperature difference 
between the two surfaces be taken at a number of locations. The heat loss can 
be eliminated by maint·aining the jacket at the same temperature as the reaction 
vessel. This system . also requires the surface temperatures to be uniform . 
Both of thes e techniques.' require extremely accurate thermal measuring or 
control apparatus in addition to· that required to determine the heat evolved. 

I 

The heat loss can be measured by using twin vessels inside a thermally 
uniform jacket. If both are treated identically but the reaction takes place 
in only one of the vessels, the effect of time variations in the temperature 
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of the jacket can be e l iminated . The difference in therma l gradients lwtw<.:<:n 
each vessel and the jacket is identical to the thermal gradient between a 
reaction vesse l and an absolutely coni::itant environment. It is very difficull 
to maintain a constan t thermal environment for long period s of Lime, hut tiH: 
thermal gradients in a twin vesse l microcalorimeter can be eai::i i ly measurc:d 
\.Jith thermocouples. Calvet and Pratt (1963) have s hown that the tempera t ure: 
of the reaction and reference vessels need not be uniform if a numbe r of 
thermocouple s are judiciously placed around the surface of each vessel. The 
pri ncip l e requirement is that the temperature of the jacket remains uni form. 
Well stirred baths of water or other liquids have frequently been utili%ed 
to maintain the t emperature uniformity condition. A si mpler des i gn and a more 
stable ambient condition are achieved by substituting a solid meta ll ic s ink for 
the wel l stirre d bath. 

At least two microcalorimeters are commercially available. Sunner and 
Wads o (1966) reported on a commercial l y produced Swedish microca l orim<:ter t ha t 
is c apable of measuring the heat of immersion . A Fre nch built microcalori
meter i s being imported and marketed by Imass Corp or a tion. This instrument 
has sufficient sensitivity to measure the heat of immersion but t he i nstr um ent 
is n ot designed for this type of appl ication . 

Even with several microcalorimeters commercially availab le, most 
experimenters \vill probably build the ir own instruments. Wilh oit (1967) 
indicated that the spec ifications of each experime nter differs sufficiently 
to r equi re mod ification of exis ting instrume nts or construc tion of new ones . 
A review of microcalorimeters by Thompson (1970) indicat ed that most 
experimenters are deve loping their own equipme nt. 

Many design parame ters or charac teristics of microcalorimctcrs a r c well 
established. Hmvever, some characteristics and expe rimenta l techniques are 
still se lected arbitrarily. Several authors have discuss ed t he optimum u se 
of temperature sensors. Oth er authors have discussed elect ri c c ircui ts bo t h 
for heater supplies and for r ec ording the electric potential from therm o
e lectric sens ors. A few authors have discussed calibration t echniques and a l so 
methods of finding the reacti on heat from t emperature data. On t he othe r 
hand, the size and shape of the sinks for twin vessel microcalorimeters a ppears 
to be arbitrary. 

It is very difficult t o evaluate the effectiveness of the metallic sinks 
experimentally . Microcalorime ters r equire t emperature meas urement e quipment 
with the highest sensitivities available for measuring the t emperature 
difference between the reaction and comparison vessel. Howeve r, this t emperature 
difference is much large r than the temperature variat i on in a good si nk . Some 
indication of the e ffectiveness of the metallic sink can be obtained by 
increasing the reacti on heat to a l eve l that causes measurable the rmal variation 
within the sink. Unfortu~tely, it i s not easy to r e late the lat te r measurements 
to the effectiveness of the sink forreactions with small heat outputs . Both 
radiative and convective heat transfe r characteristics are functions of the 
thermal gradient. Therefore, the ability of a sink to maintain a uniform 
temperature with reac tions of low heating value is not the same a s its effect i veness 
with r eac ti ons of higher heating value. Furthermore, because of the exac ting 
requirements of similarity between the reaction and comp arison vesse l s and 
their cavities, the cost of testing several physical mode ls is extreme l y high . 



11 

2 . 5. Food Texture 

The exact definition of texture in relation t6 food-stuffs has been 
a subject of · considerable controversy in the literature. Definitions have 
varied so much that Matz (1962) and Elder and Smith (1969) appear justified 
in concluding that texture or rheological prop~rties of foods will have 
different meanings to individuals, depending on the particular industry of 
interest e.g. cereal, dairy or confectionary processing. 

A dictionary definition of texture is ''an identifying quality; the 
disposition or manner of union of the particles of a body or substance" . 
An alternative definition for texture of food is offered by the Institute 
of Food Technologists (Kramer, 1959): 

"The mingled experience deriving from the sensations 
of the skin in the mouth after ingestion of a food 
or beverage. It relates to density, viscosity, surface 
tension and other physical properties of the material 
being sampled". 

However, \\Then referring specifically to meat, Ball et al. (1957) state that 
''texture of cooked meat is the feel of smoothness or fineness of the muscle 
tissue in the mouth". 

The various suggestions for definition of texture found in the 
literature are thoroughly reviewed by Matz (1962) and Szczesniak (1963), 
\\Tho concluded that the two important elements of texture are: 

(1) physical structure of the material (geometry); 
(2) the way the material handles and feels in the 

mouth (surface and mechanical properties). 

Szczesniak (1963) suggested a total of eight mechanical characteristics 
which would completely describe a food; cohesiveness, hardness, adhesiveness, 
viscosity, elasticity, (primary parameters) and brittleness, chewiness, gumminess 
(second'ary parameters). The definitions offered are rather vague and confusing, 
with some overlaping. Two useful parameters however,which have satisfactorily 
described freeze-dried beef texture (Reidy ·and Heldman, 1970); are 

Hardness: the force necessary to attain a given deformation 
on the first bite; and 

Chewiness: the energy req~i~ed to masticate a solid food product to a 
state ready for swallowing. 

Matz (1962) notes that hardness is not considered a fundamental property of 
solids but a composite property dependent on the elastic moduli and elastic 
1 imi t. 

The Szczesniak (1963) texture profile was critically examined by Sherman 
(1969) who questioned both the classification of primary and secondary parameters 
made by Szczesniak and also the significance of the definitions of elasticity, 
chewiness and gumminess. Sherman suggested a modified texture profile by 
classifying analytical characteristics; elasticity, viscosity, adhesion to 
palate as secondary characteristics; and masticatory and non-masticatory 
mechanical properties as tertiary characteristics. The usefulness of such 
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debal:l~ is questionabl e , s in ct~ it ignores t he problem o( relating t(!Xlur<: of a 
particular food to meani ngfu l, eas ily meas ured rheologica l charac L(:risLi cs. 
Both of the profi l es offe red by Sherman and Szczt:sniak easily disti ng11i s h 
het\vcen di ffere nt f oods (e. g . candy, meat and chel!se) but are nol st:nsilivt: 
to texture differences in the same product (e.g . nwat cooked for various 
t ime-temperature combinations, or meat of different moisture contenls). lL is 
generally accepted that a sensory panel can detect t ex ture di ff t: rc:nct: s in t h t: 
same product, and t he a bility of a panel to rank meat on a tt!nder nt!SS sea l <-: 
is a typical examp le. 

However, despi t e t he fact t hat no simp l e satisfactory de finition of 
tex tu re ex i sts it may be accepted that cons umers have a good c oncept of t~xt u re 
on a comparative basis when cons idering spec ifi c ( ood items. 

2.5.1. Texture e valuation £y sensory panel: Szczes ni ak, ~ ~ (1963) 
deve loped a s tandard rating sca l e for texture paramete rs and cor relation betwee n 
objective and the sens ory me thods of texture eva luation. 

A texture profi l e is the se ns ory ana l ysis of the texture comp l ex of 
a food in t erms of its mechani ca l, geomet ric a l, fat and moisture c haracteristics , 
to degree of eac h present and the o rder in \vhich theyappear from first bite 
through compl ete mastica t ion. Szczesniak, ~ ~ (1963) selected foods to 
r epresent individual points on the scale of hardness , br ittle ness , chew iness, 
gumminess and adhes i veness . The samples were evalua t ed by subject i ve (sen so r y 
pane l) and ob jective methods (tex turometer , viscomet e r, etc) and good 
corre lat ion betwe en sub j ective and objective eva luations was illustrated. The 
res u ltant sca l es are the basis of quantitative organo l ep t ic t ex ture eva luatio n 
or. can he cal l ed a compl ete t e x t u re profile . The t exture profi l e e ncompasses 
t he e n tire range o f parame t e r i n tensities e ncountered in food products . 

Me nti on s hould be made of the fact t hat texture of a f ood is that 
ge ne ral c l ass of charac t e ris tics othe r t han aroma, co lor and f l avor , whi ch 
makes up the appearance, mouth fee l and handling prop ert ies o f foods. The 
texture profile method uses t he A.D. Li t tle f l avor profi l e me thod as a model. 
(Brandt, ~ ~; 1963). 

2.5.2. Objective evd uation of textur e : The ob j ec tive me thods deve loped by 
food technologi sts to evaluate t exture are nume r ous . Al th ough Me tzner ( 1956) 
has s tated that particle s ize distribution and rheo l ogical tests can be used t o 
describe food t ex ture in a scientific and qua li tative way , prac tical ly eve ry 
mechanical device avai l able i s emp irical. Several reviews appear in th e 
literature ~~hich clas s i fy and describe t exture meas uring instrument ation , 
most notably Pearson (1963) and Schu ltz ( 1957) -meat t e nderness meas urement ; 
Elde r and Smith (1 969) - non-Newtonian and semi -solid foods; Krame r and Tw i gg 
(1959) - fruits and vegetables; Szczesniak (1963) -gene ra l r evi ew; and Bourne 
(1966 ), who c l assified the physi ca l methods of texture eva l uation int o sev en groups . 

The seven c l as s ificat i ons of Bourne (1966) are : 
1. Force meas uring 
2 . Dis t ance meas uring 
3 . Time meas uring 
4. Ene r gy measuring 
5. Ratio me as uring 
6 . Multiple meas uring ins truments; and 
7 . Mu l tiple variabl e i ns truments. 
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In fact, most methods fall into the force measuring category. There is 
considerable overlap bet\veen the instrumentation and, if anything, Bourne!' s 
review only helps to emphasize the empirical approach which exists. 

The rheological property which .is measur-ed to i ndi cate textun! of I iquid 
foods is viscosity - ei ther "true" viscosi ty for Newtonian fl ui ds or- an "appar<!nl 11 

viscosity f o r non-Newtonian fluids. An apparent viscosity is freqtwntl y 
refe rred to as "cons istency" by food technologists . There! are many viscosity 
measuring instruments avai labl e including capi llary vis come te r.-s, til(! Bostwick 
consistometer, the Scott viscomete r, the Brabender visco-amylogr.-aph, Corn 
Industries viscometer , Bloom gelometer, the Brookfield, Fann V-G and Rolov isc o 
viscometers. Nearly all of these methods arc discussed by Elde r- and Smith 
(1969). 

The fact tha t t exture is a useful guide to matur-ity or r-ipeness o f fr-uits 
and vegetables has l e d many peop l e to deve lop methods for mechanically 
evaluating the quality of fruit s . Over forty years ago, Magness and Taylor (1 925 ) 
developed a probe pressure t ester, which is still widely used today . The force 
necessary for the plunger to penetrate a given depth into a fr-uit or vegetable 
is used as an index of maturity. Martin (1937) devel oped a tendcromctcr which 
proved extremely successful in predicting raw pea qua lity. Pea sample s arc 
compressed and sheared when an upper hinged set o f grids engages with a similar 
s tationary bottom set . An instrument which also applies a combi nation of 
compression and shear forces is the Kramer shear press (Krame r ct al., 1951 
and Kramer, 1961), an apparatus which allows the use of a number of different 
test cells, depending on the product be i ng tested. The force recorded t o 
penetrate the product is us ed as an index of quality. Penetrometers, s uch as 
the Bloom gelometer, indicate the consistency of ge l s or soft foods e . g. jel li es , 
cheese, bread. A standard weight is allowed to fa ll onto the produc t and the 
resistance to sinking following impact i s taken as a guide to consistency 
(Szczesniak, 1963). 

Shearing devices are most frequently utilized in the meat industry 
(Pearson, 1963; Lowe , 1949; Szczesniak, 1961-64; Deatherage and Garnatz, 1952; 
Bockian et al., 1958). The most popular instrument is undoubtedly th e Warner
Bratzler s hear (Bratzler, 1932). A cylindrical mea t sample is placed i n a 
triangular hole in the center of a 1/32" thick steel blade . The b l ade i s pulled 
through parallel plates by a gear system powered by a constant speed motor, and 
the necessary forc e i s measured. Pearson (1963) r eported that the correlation 
between sensory evaluation and Warner-Bratzler shear fo r ces was about 0.75 on average, 
and suggests that the disappointing results may be due to the fac t that th e 
shear force fails to account for the time- load effect. Presumably this might 
reflect more accurately the work required in chewing . The Warner-Bratzler shear 
\vas compared with the Kramer s hear press by Burrill et al. (1962) who did 
not find any significant difference between both instruments when used on cooked 
beef. Of interest pe rhaps was the ir finding that the Warner-Bratzler shear nearly 
a lways gave a h igher correlation with sensory evaluation than did the Kramer press . 
Harrington and Pearson (1962) found a high corre l ation between s hear values and 
chew counts on meat, as suggested by Lowe (1949). Miyada and Tappe l (1956) 
described a grinding machine which they sugges ted could predict meat tenderness . 
Hmvever, Bockian et al. (1958) could only find a correlation of the orde r - 0.6 
\vi th taste panel resu lts when working with cooked beef. 
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Proctor et al. (1955) developed a denture tenderometer at Massachusc!Lls 
Institute of Technology in an effor t t o simulat e mastication of food i n t lw 
mouth. The instrument was fitted with a l ower (stationary) set of denta l plat e,:-;, 
while a similar upp er set was fitted to allow both ver tical and latt!ra l movt!mL!nl. 
A force-penetration relationship was recorded as the food sample was comprt!SSed 
and allowed to recover. This sys tem was then modified by Friedman t!l a l. (1963) 
at General Foods Company \<1]10 developed the texturomcter, wlli lc the Gent!ral Foods 
Texture Profile \.;>as simultaneously devel oped (Brandt et al., 1963). Th t! basic 
change from the M.I.T. denture tenderometer was the replacement of th t! dt!nturL!s 
by a plunger and plate. The force-distance diagram which r esulted allowL!d the 
measurement of a number of texture parameters as follows (sec Figun, 2-2) : 

Hardness = L
1 

Adhesiveness A
3 

Cohesive ness A
2

/A
1 

Elasticity = 68.5-B 
Chewiness 1

1 
x (A

2
/A

1
) x (68.5-B) 

Gumminess = 1
1 

x (A
2

/A
1

) 

The constant 68.5 was the same measurement B made on a completely inelastic 
material such as clay. 

An exhaustive study to examine the suitability of the General Foods 
texturometer to de scribe meat texture was carried out fo r the U.S.Army Natick 
Laboratories by General Foods (1965) . The Kramer shear press and Warner-Bra tzler 
shear \.;>ere also used . Foods tested included fres h meat , dehydrated pork, turkey 
and other meats, and pre-cooked freeze-dried beef with emphasis placed on the 
l at t er product. The texturometer was found to be highly s ui table for meas uring 
meat texture and gave good correlations with taste panel evaluations . However, 
it w~s not possible to se l ect a ny one of the three instruments as being superior, 
an~ a ll three inst ruments were able to differentiate between the important 
sample (muscle , animal) and processing (cooking time) va r iables incorporated into 
the des i gn . Although Genera l Foods recommended that their Texturometer and Kramer 
sthear press be used for future research on meat texture, they offered little 
substantiating evidence to justify negl ecting the Warner-Bratzler shear . 

• 
The tenderometer approach was once again modified by Bourne (1968) for 

adaption onto the Instron testing machine, which basically is a constant strain 
rate (vertical motion) apparatus . Borne points out that with the Instron, the 
horiz ontal measurements are exac t measurements of penetration - in contrast 
to the General Foods Texturometer, which has a rotating motion. The following 
texture parameters can be evaluated on the Instron (Figure 2-3): 

Hardness = 1
1 

Elasticity 82 
Cohesiveness A2/Al 

Chewiness Ll X B2 X (Azl A1 ) 

Gumminess 11 X (A2 X Al) 

Figure 2-3 illustrates a typical response on the Instron Testing Machine 
for pre-cooked freeze-dried beef found by Reidy and Heldman (1970), using 
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Figure 2-2 . Typical Texturometer curve (Friedman et al., 
1963). 
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Porce, lbs, 

?'igure 2-3. Typical force-deformatton response for 
pre-cooked free~e-dri~d beP.f fro~ Tnstr0n Testing Machine (Reidy and Heldman, l970 l. 
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Bourne ' s (1968) a pp roac h . Reidy and He ldman (1970) investigated the influenc e! 
o f [L-eeze-dri e d bee[, and fou nd that pr oduct texture, as indicated by hardness 
and chewines s val ues de fin e d above, was least desirable at water activities 
of 0 .4 t o 0 .6 a n d \vith product freeze - dried at a plate temperature of 105°F. 

Previous inves tigations into texture of pre-cooked freeze-dried beef were 
carried ou t by Kap s alis (1967) and U. S. Army Natick Laborator ies (1965). The~ 
objective of the latter resea rch was to examine the s uitability of t he 
Texturometer, Kramer Press and Warner-Bratzlcr Tenderometcr for ml!at texture 
measure me nt, as previously stated , a nd did not e xamine• r·IH• influence of water 
activity on product tex ture as did Kapsali s (1 967) . Kapsalis (196/) used an 
ins trume nt called a Ma s ti c ometer, dcvelopeJ in Sweden, which in fact was a furlher 
modi fica tion of t he Texturometer and gave a response similar to those obtainc_!d 
by the Ins t ron (Figure 2-2 ) and Texturometer (Fi g ure 2-1). Dehydrated foods 
t es t e d included pre-cooked beef and c hicke n, as we ll as sandwiches of cheese, 
c hicken and b ee£. Kapsa lis (1967) found that hardness values increased to a 
maxbnum at an equili brium relat ive humidity of 66% and decreased at relative 
humidities greater than that. Hmvever, since s amples had been stored fo r up to 
five and a h alf months , it is possible that texture changes were emphasized 
due to storage effects. 

2.5.3. Eng ineering properties of food: On the engineering side , agricultural 
products have received considerab le attention in recent years with r egard 
to their mechanical strength and this may be due to the increas ing d e mand for 
mechanical harvesters . Certainly the majorit y of papers publishing data on 
phys ical properties of foods make no mention of tex ture but frequent references 
t.o "harvesti ng machinery", "process ing e quipment" and "damage by bruising" can 
be found . The terminology u sed e.g. "app a rent Youngs Modulus" also suggests 
that the intended application of this data i s mostly in machine deve l opment . 
However, Mohsenin et al. (1963) do suggest that loading and unloading curves of 
fruit s a nd vegetables under compression can revea l certain mechanical properties 
\vhich " should be of importance in . evaluating textural characteristics". They 
f urther demonstrated from the relationsh ip between modulus of elasticity and 
stage of maturation of apples that a greater rate of change and more consistent 
data can be obtained if measurements can be defined in engineering terms. 

Re s earchers apparently soon realized that the mechanical behavior of 
biological systems is complicated, and concluded that s imple mechanical tests which 
are eas ily interpreted would be most meaningful (Finney , 1963). Cons equently 
t he literature i s composed mainly of simple t ens ion and compression tests to 
give some idea o f mech a nica l strength, and creep and relaxation tests to indicate 
be havior with time. Morrmv and Mohsenin (1966) reviewed the experimental methods 
applied to agricul t ural product s to determine parameters . They noted that the 
fu ndamenta l assumption of homogeneity , is otropy and continuity are violated in 
such t es ts but recommended that violations cou ld be disregarded by adopting 
a "b.lack- box " approach i.e. merely examining inputs and outputs. There fore 
" appare n t " rat her t h a n actua l parameters could be us e d. 

Although McClelland and Spielrein (1957) treated plants as simple supported 
beams and concluded that t he bi o logical mat e rials t es ted obeyed the established 
laws o f mec hanica l b e havior, the results of Huff (1967) seem to verify the 
complexity o f biologic al materials. Huff (1967) investigated . the behavior of 
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potato tubers when t es ted in tension a nd computed mean values of fo ur mechani ca l 
propertie s. Es timati ons of t ens il e str ength , strain at failure, failure modulus 
and unit strain engergy at failure varied with the locat i on in t he tuber fro m whi ch 
the spec imens were taken, and with leng th of storage. Properties fu rther varied with 
strain rate, de monstrating viscoela stic behavior. Potato f irmness was also 
measured by Bourne and Mondy (1967) using the Instron Universal Testing Mach in(!. 
Standard cylindrical sample s a nd whole po t atoes were deformed using a metal 
pun ch, a nd the results compared with sensory pane l ra tings. A co r relation 
coeff i cient of 0.8 was found. Earlier interes t in mechanical properti es of po ta toes 
had been shown by Hansen (1952 ) who meas ured the r es istance of potatoes to pressure, 
abrasion and impact l oading. The necessary pressure t o fo rce a piston a certa i n 
dep th into the tuber was indicative of resistance to pressure; t he torque or energy 
r equired for removing the skin indicated abrasion resistance; and a mea s urement 
of the depth of bruised tissue result ing from impac t by a falling stee l ball showed 
how \vell the potato could wi thstand brusing damage . 

The s imple pressure method of Ma gness and Tay l or ( 1925) for dete rmining 
frui t maturity already described may possibly be replaced by a sophisticated 
sonic technique devel oped by Abbot t, e t al (1968) . By vibrating cylindr i cal 
sec tions o f fruits and vege t ables at their natural frequencies internal friction 
coeffi ci ents a nd Young 's Modulus could be determined. Of more in t erest is the i r 
fi nding that as a fruit gradually ripens, the "stiffness coefficient" (measured by 
applying sonic energy t o the \llhole fruit) decr eased. Mohsenin and c;ohlich (1962) 
dete rmined yie ld points for apples by app l ying strains a t various rates of loading. 
They suggested also that the force -deformation r elati onship was a pproximately 
l i n ear. The effect o f diffe rent chemica l so lutions on the apparent Young' s Modu l us 
of apples, pears and potatoes was demonstrated by Some rs (1965) . Some r s rl965 ) also 
did stress r elaxa tion tests and showed how t he time for 20% r e laxation di ffe red 
with the chemical trea tment. Creep and r e l axation tes t s were perf ormed on Mcintosh 
app les by ~arrow a nd Mohsenin (1966) , who simulated t he stress - strain r e sponse to 
that of a simple three element model - an e l as ti c spring and Maxwell e l ement 
arrangement in pa r al l el . Morrow and Mohseni n ( 1966) point out that the e l astic 
relaxation modulus will not equa l the inverse of the e l astic creep compliance 
obtained by instaneous l oad application beca use instantaneo us load ing and 
deformation do not truly take place . 

Other foods which have been investigated for rheological behavi or include 
mars hmallow, carmel and choco late , cottonseed, but te r and grans. Bourne (1967) 
a pplied single compression loading to ma r shmallows . The response obtained could be 
s imulate d by a mode l of several springs of varying he i ghts with diffe r ent val ues of 
Hooke ' s cons tant arranged in par a lle l between two f l at plates . The eff ect of 
che mical composition of caramels and chocolate on mechanical behavior \lias demonstrated 
by ~1orrow ( 1969) . Samples were subjected t o bending and uniaxial compression. The 
res ponse of butte r to static and dynamic t esting was inves t iga t ed by Di ener and 
He l dman (1968). For s tresses belmv the yi e l d point, a model cons i sting of parallel 
viscous and Maxwell e l emen ts in s eries wi th parallel viscous and plastic elements 
s imulated the str ess - strain relationship. Cl ark , et a l (1968) performed cyclic 
s tress and cyclic strain tests on cottonseed and f itted a n equation to the e xperimental 
data . They also derived entiti es called "Loss Coefficient" a nd "Quality Fac t or" 
which had been discuss ed by Lazan (1965) as use fu l properties of non-linear materials. 
Zoerb (1 958) investigate d the ener gy requirements for shearing grains of different 
moi sture content . 

The fie ld of biomechani cs i e . mechanics app lied to biology , has a ls o \vitnessed 
much activity i n recent years . A fa i rly compl e te bibl iography on the fie ld , with 



l 9 

r efc'rt'I1C'l'S c lassiried neeonling Ln s ub.i t'c l mu tter, has been pre s e nte d by i"ung 
( 1968) . Th e emphasis to d a ll' ha s ecntc r c cl aro und simpl e e l o ngation t es ts to co ll t·c t 
clali.l nn yit'ld s ln• sses allCI sln•ss-slrain rc lnti ons h i ps at di ffe r e nt s train ralt· s , 
a s a basis fot· Llw dL'sign of a1· Lific i a l limbs or si news to be us e d f or surgica l 
transp l a n t s. Results indic;tlt' that i n g e nera l , tissut'S exhibit non-lin c·ar 
v is cuel;.tslic be havior . 
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3. Theoretical Considerations 

In an e ffor t t o provide a basis ~or computations, r es ults and dis c ussio n 
to be presented in this report, theoretical developments utilized will he pn!s e nted 
as separate portions . The deve lopments have been ini t iated in a s eparate but nol 
unrelated manne r . ThL' proposed theory of moisture sorption l eads to a n l~W a pproac h 
to mathematical description of equi librium isotherms. The approa c h to pn·di c.: ti on 
of thermodynamic parameters from moisture equilibrium data is uniq ue i n ma ny wa ys. 
The rheological mode l s for desc r ib ing dry and intermcdiatl' moistur e food s is 
necessary to allow interpreta tion of product t e x tu r e in te rms of bas i c product properties. 

3. 1. Theory of Moisture Sorp tion in Foods 

Severa l attempts (Smith, 1947; Henderson, 1952; Young and Nelson , 1967; 
Chung and Pfost, 1967 ; Strohman and Yoe r ge r , 1967) have been made to develop 
a pred i c t ive model for the sorption of vapors by biologi cal a nd pol yme ri c ma t e r ia l s. 
However, in t erms of well e stab lished eva luat ive criteria for sorp tion theo r i es 
(Adamson, 1967), we can sa f e l y say that the r e does not ex i st in the current 
literature a ny generally sa ti sfac t ory mod e l of water so~ption by biological 
materials. The prima r y r eason for this a lmo s t universa l inadequacy is tha t each 
one of the e xi sting sorption models has e manated from e ither one of three fundamenta l 
con cep ts none of which is se lf s ufficient a s an exc lus ive t heory of sorption . The 
basic conc e pts are (a) . Polanyi 's Adsorption Po tential Theory, ( b) The V. inetic 
Co nce pt as exemplif i ed by the B-E-T theory of mu lt imo l ec ular adsorption and its 
numerous modi fica tins; and (c) Zs igmondy' s " Cap illary Condensatio n" thea r y . 

Although these theorie s have not succeeded in their individual capa citi e s 
in producing a generally sa tisfac t or y pr edictive mode l of moi s t ur e sorpti on b y 
biologi ca l ma t e r i a l s, the i apparent compl ementary chara c t e r indica t e s , a s has 
been suggested by K~hn (1964), that the fu nad menta l concepts may be s uccessfull y 
i ntegr ated into a coordinated and s e lf- con t aine d mod e l o f s or p t i on . 

As a br oad statement of the problem, a ge ner alized mod e l bas ed on the 
ass umpt ion t hat each of the above theories corre ct l y des cribes s ome spec i fic 
aspect of the p r obl em is proposed. Specifi ca lly , in this s ection , an attempt has 
been made t o constr uc t an isothe rm equation f o r biological mate rials base d 
primarily on the B-E-T and capi llary condensation theories and somewhat i nd irectly 
on the potentia l theory . 

Thi s integrated theory wi ll be justified if the porous na tur e of a g i ve n 
biological material can be cons ide r ed fundamental to its so~pt ive behavior. I n 
the light o f the best available knowledge in the area of sorption , it is reas onable 
to consider the a dsorption proce ss by biol ogical pr oduc ts as r es ult i ng f rom mono 
and multi-layer phenomena up t o the incide nce of hysteresis, the subsequent iso t he rm 
progre ss into the region of hyster esis is att ri buted to both mul ti-mole cu l ar 
ads orption as well as capillary condensa tion on the porous s olid. 

3 .2. Mathema tical Description of Equilibrium Isothe r ms 

3 .2.1. A physical model of water adsorption by bio-ma t e rials: The physical 
picture advanced here is ill us tra ted in Figure 3-1 which shm>ls an organic tis sue in 
a vaporous a tmosphere of water a a specif i ed pressure and tempe rature . The t i ssue 
is visualized as a random ne twork of small por es, t h e d i amete r of one of the po r es has be e n magnified for illustrative purposes . The pores are interstices betloleen 
i ll-fi tt ing ce llular building blocks which make up the tissue . We ass ume for our pr e sent purpose s that the se int e rcellular passage ways can be treated as c ylinde rs 
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or interconnected spheroidal "ink bottles" (see Figure 3- 2) with rough walls in intersecting with other pores . 

The sorption of water vapor by the tissue can now be thousht of as a process by which the pores are isothermally filled or emptied of water vapor under the influence of surface forces active on the pore walls. While this does not preclude its basic organic or biological nature, the position is taken here that unique modes of behavior such as respiration , and "water active" sites which characterize biological materials in their natural state , exert a tremendous influence on the nature and distribution of surface forces. In consequence, it is logical to assume that the "live processes" find commensurate expression in the energy and entropy configuration R ARRori~tPd with the s c r.rt i vc process. 

As a macroporous body, the pore filling process proceeds due to the operation of two mechanisms: (a) molecular adsorption, and (b) capillary condensation. At any stage in the process, its adsorptive capacity is measured by the adsorptively utilizable volume of the constituent pores. The practical objective of the physical model is now to characterize these pores sufficiently in terms of size, and size distribution to make the computation of the aforementioned volume possible. 

3.2.2. Pore characterization: In its strictest sense, the term "capillary condensation" is applied to the particular adsorption mechanism described by Lord Kelvin. In this mechanism, the equilibrium vapor pressure of a liquid in a cylindrical capillary is reduced below its saturation value by negative hydrostatic pressure arising from tensile components of curved surfaces of tension of the liquid . The reduction in pressure is related to the radius of curvature of the meniscus by the well known Ke lvin equation: 

2 a V 

R Tln (P /P) g 0 (3 - 1) 

I n thi s form , comple te wetting is assumed to occur so that the wetting angle of the sorbate is zero. 

Although equation (3- 1) is basically descriptive of such microscopic phenomena as capillary rise and depression, Zsigmondy (1911) and later Foster ( 1932) applied it to the relationships between adsorption and pre size in microporous adsorbents. Their principal assumption was that the adsorbate exists a s a condensed liquid in the capillaries of the sorbent and has properti es charac t e ristic of the bulk liquid phase . Investigators generally consider that the Kelvin equat i on can be used with reliability for the calculation of pore s i ze a long the desorption path of the isotherm (Flood, 1967, p. 55) . 

Wheeler (1945) proposed an improved theory which took into account the e ffects of multi - layer adsorption. Two new assumptions were made . First it was assumed t hat at any point in the desorption branch of the isotherm, all pore s large r than a certain radius R, are covered with adsorbed multi- layer of thickness t, whereas a ll pores smaller than R are filled by capillary condensation. Secondly, since a ll unfilled pore walls have an adsorbed layer of thickness t, the radius of the meniscus in a filled pore, where it joins a larger pore, is assumed not to be R, but a smaller radius (R- T). This means in effect that under conditions of capillary 
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(a) 

(b) 

Figure 3-2 . Shapes of capillari e s. 

(a) Cylindrical capi llary 

(b) Interconnected spheroidal "Ink Bottles". 
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adsorption, it is not the pon~ of the true physical radius, R, which is import<~rlf, 
but rather, a pore \vhose radius has been effectively diminisllt•d by the thi c..: kn t•ss 
of an adsorbed multi - l ayer . Whee l er thus argued that the Kelvin e!quat ion appli<·d 
not to the act ual pore radius but t o the effec tive• radius of the "inside: a nnul ar 
tube" (see Figure 3-3a) left after multi-layer adsorption ha s taken p lac.:e. Th e 
maximum true por e radius, R, which will be filled by both mo l ecular adsorption 
and capillary condensation at a relative vapor pres sure P/P is thus givt•n by: 

() 

R = t+ r 
k ( 3-2 ) 

Becaus e of its Kelvin component, the Wheeler equation (3-2) i s ap p l i cable! 
only to the desorption branch of the isothe rm. Howe ve r, Cohan (1938) and 
Coelingh (1939), wo~ing indep endently, concluded that a long the adsorption curve , 
the capillary conde nsed liquid assumes a cylindrical instead of a hemis pherical 
meniscus (see Figure (3-Jb), and showed that for this cas e, the Kelvin equation 
is modified to the form: 

r 
c 

a v 
R Tln(P / P) 

g 0 

The Whee ler equation can nmv be generalized to the form: 

R = r + t 

(3 - 3 ) 

(J-4) 

where r = r for adsorption; and r = rk for desorption. With r de f i ned as a 
function ofcthe variabl e P/P , the thickness t , now needs to be simi l arly 
defined in order to compl e te 0 the characterization of R. 

Hals ey (1948) employe d the conce pt of coope rative adsorption to re f i ne 
the B-E-T th eory. This concept implies that adsorbate molecules influence 
each other by horizontal interac tion during the adsorption process . He derived 
the following semi-empirical r e lation for the adsorbed multi-layer th i ckness : 

0 
Qst 

t( A 0
) - I ( ) 

R g T 1 n( P 
0 
I P) ( 3 _ 5 ) 

where Q = i soster ic heat of sorption, 0 empiri cal exponen t. st 

In Figure (3-4), a plo t of the Halsey e quation (3- 5) in t he modi f ied fo rm: 

X 
n = X 

m 

( 
1. 75 

ln(P/PJ 

1-
2 

( 3-5a) 

is supe rpose d on a se t of empirical data for seve ral bio l ogical material s . 
If the scatter of the indiv idua l points of Figure 3-4 is accep t ed as within the 
limits of uncertainty to be expec t ed becaus e of the specific nature biologiclrl 
sys t ems, t hen t is defined by the Halsey equation in the specia lized fo rm: 

3 . 2 (- --,-:1:...:.-'o?.;,S-.-:::-:--
ln (P /P) 

0 

) 

1-
2 

( 3-6 ) 

whe r e for the water molecule, 1 i s taken t o be roughl y equa l t o the molecular 
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Figure 3-4 . Plot of X/X against P/P . 
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beef 22 . 2°C isotherm. 
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diameter, d, for lack of a better approximation. 

Equation(3-6) in a slightly different form was used by Shull (1948); 
Dollimore and Hea l (1964); and Visanathan and Sas tri (1967) for the calcul ation 
of the adsorbed multi - layer. It is adopted here in pre f erence to the B-E-T 
3-parameters equation from which n =X/X is derivabl e , for a number of reasons. 
It is consistent with the concept of mobTle adsorbed film . It has a form 
convenient for usage in a larger context. 

3. 2. 3. The isotherm eq uation: With R fully defined as a function of P/P , 
the equation for the adsorption isotherm is developed as fo ll ows: 0 

The generalized Whee ler equation (3-4) specifies the P/P value at \.,hich 
condensation will occur in a capil l ary of radius, R. Such con8ensation will 
occur on the adsorbed layers of wat.er molecules already covering the concave 
surfaces of a porous system. If such condensation l eads to a signi fi cant reduction 
in the radius of curvature of a concave surface or open ended capillary, conden
sation will continue (by spontaneous phenomena) on this surface as long as the 
radius of curvature continues to reduce. In this discussion, a pore is defined 
as any void region in a porous material which is part ially or comp lete ly fi ll ed 
by the combined consequence of molecu l ar and capil lary adsorbed moisture . Also 
the pore radius will be considered to mean the radius of curvature of a surface 
on which the above describ~d filling-process started t o occur; this radius 
is define d by the generalized \vheeler equation 3-4. 

If a porous system o f organic tis s ue, has a given distribution of pore 
radii, one can say that at a specified vapor pressure, pores of radius 
equal to or less than the value determined by the Whee l e r equation(3-4)will 
be completely fi lled. That i s, if the vo lume of a por e in a porous system 
is expressed by the function: 

(3-7) 

and if the number of pores of radii be t\.,een R and R + dR is given by: 

dN(R) = cp2 (R) dR (3- 8) 

then the volumes of all pores with radii in the domain (R,R + dR) is: 

dvR = vR dN(R) = Cl\ (R) x cp2 (R) dR (3- 9) 

Thus, the sum of the volumes of all pores whose radii are equal to or l e ss than 
R is given by the integral: 

v 
a 

R 

JR [cpl (R) X ~ (R) JdR 
m 

(3- 10) 

where R , the lower limit of integration i s used in recognition of the so
called Wmole~ular sieves' ' effect wh i ch assumes that adsorbed mo lecule s in 
the first approximation, cannot penetrate into pores smaller than the ir own 
diameter. 
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Equation(3-10) is an integral is otherm equation defining the adsorp tive 
vol ume of the porous adsorbent. In order to solve this integra l equati on 
exp licitly, it is necessary to obtain explicit a nalytic functi ons for (a) t he 
po r e geometry, cp (R) and (b) the pore-size distribution, ~ (R). de Boer (1958) 
has shm.,rn that al\.,ride varie ty of geometri c models are poss1ble. However, only 
a.,ro broad classes of these geome tric shapes are consistent with the a ssumptions 
of the prese nt development - these geometric f orms are: 

(i) The Cylindrical type pore mode l fo r which: 

~ (R) = TTL(R) R
2 

where L(R) = variable l ength of pore. 

(3- 11) 

(ii) The Inte rconnected Spheroida l " Ink Bottle", pore model for wh ich: 

~ (R) 
4 
3 (3- 12) 

Whee ler (1945) s uggested and Shull (1 948) demonstrated that pore size 
distributions of porous sorbents may be r ep r esen t e d by simple analytica l 
relationships of: 

(i) The Ma~.,rellian t ype for which: 

cp2 (R) =A :
0 

exp [ - R/R) 
( ii) The Gaus s ian type for which: 

( R) A [ ~2 ( RR _ l ) 2 J cp
2 = exp - f.i 

0 

( 3- 13 ) 

(3 -14) 

Gregg and Sing ( 1967) have f urther sugges t ed the poss i bl e utilization of : 

(i i i ) The Log-Norma l distribution for whi ch: 

cp 2 (R) 
2 2 = A e xp [- S (1 n R/ R - 1) J 

0 
(3-15) 

No closed form solution to equation (3-10) is possible when any one of 
the above analytical functions is us ed to define Cf2(R), the \o!orst of them i s 
mathemati ca ll y intrac table, the best l eads t o unwie ldy end r es ults. In the 
attempt t o ov ercome this difficulty , Fos t e r (1948) and Kuhn ( 1964) have 
recommended: 

(3-16) 

where the symbol Y i s an exponent dependent on the product. Equation (3 -1 3) 
i s essentially of a n exponential character, and for the most simple cases, it 
r educes t o a simple power function in which y can assume constant numerical 
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values , being positive or negative, i ntegra l or fractional . 

A de t a iled computat ion of the pore-size distribution of several biological 
materials was done by Ngoddy ( 1969) us ing a modified Cranston and I nkley ( 1957) 
scheme. The res ul ts s hmv that if the spheroidal "ink bottle" geome tric model 
is assumed, cp2 (R), as defined in e quation (3-8) is we ll described by the powe r 
law equation (3- 13). 

Combining the "ink bottle " pore geometry \vith the power function distribution 
of pore radii in equation (3-10) yie lds: 

v 
a SR 

Equation ( 3-14) integrates 
R 

m 
to: 

where 

and 

v 
a 

s= 4 
3 

n' = 4 + y 

(3-17) 

(3-18) 

(3-19) 

( 3- 2 0) 

Equation _(3-18) i s simp li fied geometric expr ession of the adsorptive ly uti lizab l e 
volume of a porous adsorbent. The exponent n can have pos itive or negative, 
integral or fractional va lues . 

Substitution of the generalized Wheeler equation (3- 4) into equation (3-18) 
a nd using the Cohan equa tion (3- 3) t oge ther with the spe cialized Halsey 
e quation (3-6) yie lds : 

~ ( 1. 75 
~ v fl ' 

[ [ 3 . 2 ) + a 
J v 

a 1l' ln P /P R T ln(P /P ) 0 g o m (3- 2 1) 
k n' 1. 75 2 av - [3 . 2 ( ) + J } ln p / P R T ln (P /P ) 0 g o m 

where P is the vapor pressure corresponding to the adsorbed monolaye r or 
point nW.• of the isotherm. 

Equation (3-21) is a n i sothe rm equation r e l a ting the specific adsorbed 
volume of the adsorbent, V , with r e lative vapor pressure . It shmvs strange 
deviations from experienceain t hat it gives zero adsorption, V = 0, at P = P , 
and negative values of V at pressure , P< P . This means thataisothe rms m a m 
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calculated \.;rith equation (3-21) must start not at P/P = 0, but at a low relatiVl' vapor pressure P /P > 0. This irregu larity stems frgm the fact that the cho ice 
of the lower lim~\ 8f integration, R , in equation (3-10) while conforming with the specifications of the "molecularmsieves" effect, overlooks the contribution 
to V due to the partial filling of the first mono- laye r in the vapor pressure rang~ 0 ::; P ::; P . Yet, the choice of R is substantiated in the now accepted agrument (Wheeler~ 1945) that the Kelvin ~r Cohan radius is inapplicable in the low pressure range 0 ::; P < P . In order to correct for this irregularity, 
a shift of the reference a xes ~f the isotherm plot was performed , thereby 
r educing equation (3-21) to the form: 

z 3.2 ( 

v 
a 

" ' ' ...2_( z Tl - An ) 
n' 

1. 75 ~ v ) + (} 

ln xl R T ln 
g 

k 
2 

(1.75) CTV A= 3 . 2 + R T ln ~ ln ~ g 

(P + P )/(P + P ) o m m 

(P + p ) p 
o m m 

(3-22) 

(3-23) 

'Xl 

(3-24) 

( 3-2 5) 

(3-26) 

Equation (3-22) is a volumetri c isotherm equation defining the specific adsorbed vol ume due to molecular and capillary phe nomena within the intermicellular capillaries of the tissue . It is reducible to its gravimetric equivalent by a process which converts the specific adsorbed volume to specific adsorbed mass. This can be accomplished by introducing the appropriate density term into equation (3-22) t o obtain the terminal relation : 

M a = p 
l_ 
n' 

' ' (Z'l"'- )..n) (3-27) 

where, in vie\.;r of the demonstrated variable compressibility of the adsorbed 
water "film" (Katz, 1933); Stamm and Seborg, 1935; and Stamm, 1938) , cis an undefined function which i s dependent on the magnitude of the intermolecular forces, the surface-impressed press ure and possibly the isotherm t emperature. Polanyi's Adsorption Potential theory describes the adsorbed multi-layer as resembling the atmosphere of a planet with the highest compression at the surface of the solid and the density falling off outwards. Babbitt ( 1942) 
insists that any theory of adsorption must account for this adsorption compression. Stamm and Seborg (1935) demonstrated that actual adsorption compression values can be obtained, and that adsorption compress i on extends to the fiber saturation point. A density function for the adsorbed water film r ef l ec ting these points of view was derived by Ngoddy (1969) . The function is of the s emitheoretical form: 
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where t he determinitive f unction , IJ , is defined for a c l ass of biological 
materia l s of inte rest p and Q0 t are the saturation values of sorba t e density 

d . 'I f 0 
· s '1 an LSosterLc 1eat o- sorpt1on respec t1ve y. 

3.3 Simulation of Heat Sinks in Microcalorimetry 

This study attempted to numerical ly mod e l a cross section of a cylindri ca l 
Individ ual cylindrical cavities for the reaction and comparison cells we r e 
included. The effecti veness of the sink was determined by comp uting the relative 
error i n the t emperature meas urements. That is the t e mpe rature measurements 
from t he simulated real system were compared with measurements from a reaction 
vessel enc losed in an absolutely constant envi r onment. With this mod e l it is 
possible to compare the effec tiveness of vari ous sink designs. 

3.3. 1. Se l ection of a numerical method: A numer of numeri ca l me thods 
have been suggested for the so lution of the transient heat conduc tion equation. 
These methods are classified as either implicit or exp li c it methods . Several 
implic it method s were considered but rejected because of the large amount of 
computer time required for t he ir solution and the diffi culty of programming 
them in three dime nsions. Al though a t'w-d imens i onal model was t o be deve loped 
it was considered advi sable to se l ect a numerical technique and a grid system 
that could be easily generalized t o include the third dimension should this be 
found to be necessary. 

Three exp licit methods were cons i der ed for the model. The fon-1ard diffe r e nce 
t echnique was cons idered because it i s the most commo nly use d exp licit me thod . 
The stability of t he fon.,ard difference t echnique is dependent on the size of the 
time a nd space increments. This t echnique could not be employe d in the mode l 
of the heat si nk because the space i nc r ement must be varied to account f or the 
unusual configurations. This would cause i ns t ability for any reasonable time 
step. 

In 1957 Saul' ev s uggested q new expli cit technique. Allada and Quon (1966) 
compared an extension of the t echnique s ugges t ed by Saul' ev with some other 
numeri ca l methods. Their method, the a lternating-direction-explicit- procedure, 
or ADEP, was much faster than any of the impl icit techniques . They conc luded 
that the ADEP appears to combine the computationa l ease of exp li cit with the 
stability of implicit methods. 

Baraka t and Cl ark (1966) compared another ex t ension of a Saul'ev method 
with various numerica l t echniques. The ex t e nsion reported by these a uthors 
utilizes the same molecule equation as the Allada-Quo extension, but solves 
the equation t\.,ice a t each node for each time step. First , the equation is 
solved for each node beginning at one corner of the object be ing the rmally mode l e d 
a nd progressing t o the opposite corner . Second, the e qua tion is resolved 
proceeding through the array of nodes in the opposite direction. Barakat and 
Clark c l aimed that a more accurate model ,.,as ob t ained by averaging these two 
s olutions for each time step . Their technique required twice the computer time 
of the t echnique proposed by Allada a nd Quon. Barakat a nd Clark also employed 
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the von ' Neumann method for stability analysis which is described by Richtmyer 
(1957) to shm-r that either of the extensions of the Saul 1 L~v method arc unconditionally 
stable. 

The Saul ' ev technique \-ras se lee ted for the numeri ca I mode 1 of the hca t 
sink. The model \-ras written so that e ither the Allnda-Quon or the Barakat and 
Clark extensions could be applied. 

3.3.2 . The grid system: The irregular boundary of the heat sink made 
the selection of a coordinate system difficult. The selection was based on three 
criteria. The primary interes t is in the temperaturc•s around the cavities. 
Therefore, the system must ac curate ly model the heat sink in these areas. The 
ease of programming the boundary conditions in a general way was also important. 
The purpose of the model is to test a number of diffe rent sink de signs . Thus, 
the grid system should be such that the computer can determine the boundary 
conditions for each node of the system. Finally, it is difficult t o guarantee 
that a computer program actually performs the operation intended. The probability 
of errors existing in the program can be grea'·]y reduced in the final program 
is developed from an initial crude but simple model. If the origina l model is 
sufficiently simple the e rrors in it can be r emoved with r easonable certa inty. 
If the ensuing modification arc of modes t magnitude, it is poss ible to maintain 
a lm-r probability of errors occurring in the program. 

For the first crude model a cartesian network was constructed on the cross 
section of a me tallic sink, Figure (3-5). A cell, the smallest area e nclosed 
by the line s in the network, was considered to lie entire l y in the sink or 
entirely outside the sink depending on whetber more of its area lay jnside or 
outside of the boundary of the sink. The dashed line in Figure (3-5) illustrates 
the resulting simulated boundary. The t emperature nodes used in the heat transfer 
calculations were considered t o be located at the centroid of each ce ll. A 
convective boundary condition \-ras assumed both to the cavity and to the outside 
of the sink. Since none of the nodes were located on the boundary, t he temperature 
at the wall was not known. Therefore , it was necessary to \-rrite t\-ro simultaneous 
equations, one for the convective boundary condition and one for conduction 
from the \-rall of the sink to the nearest node . These two equations were then 
solved to give a multiplicative constant of heat transfer between the node and 
the ambient given by: 

such that 

where: 

A 
0 
h 

is the 
is the 
is the 

hA 
hD + k 

q ( T- T .. ) [cal/sec] 
00 1' J 

2 boundary area, em 

[em ] 

distance from the node to the surface, em . 
2 conductive heat transfer coefficient, cal/°C-cm 

(3 -29) 

(3-30) 
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k is the thermal conduct ivity of the sink, cal/°C-cm-sec 
q is the rate of heat transfer, cal/sec 
T 

00 
is the ambient temperature, °C. 

T., . is. the temperature of the node in the cell of interest. These equations 
were a~ptopriately employed in the Saul'ev model. 

The model of the sink was refined to improve the approximation at the 
boundary. In the refined model the size and shape of each cell lying on the 
boundary of the sink was modifj ~ n . For programming purposes each cell was 
recognized as having one of six poss ible relationships with respect to the boundary 
of the sink. In Figure (3-5) the integers 1 through 4 have been assigned to 
cells representing each of the six types. Notice that any given type may be 
located in any quadrant of the external or internal boundaries of the sink. Thus 
once the thermal relationships for a cell are known in one quadrant they can 
be immediately inferred for another quadrant merely by judiciously changing 
the numbering of the sides of the cell. 

For the mathematical model the boundary of the sink was replaced in each 
cel l by a straight line. The straight line intersected the border of the cell 
at the same location as did the boundary of the sink. The numerical value of 
the cell's volume, the areas for heat transfer to other cells, and to the ambient, 
and the distance from the temperature node in this cell to the adjacent temperature 
nodes and to the boundary were all adjusted. The temperature node for each 
cell that was intersected by the boundary was assumed to lie at the centroid 
of the remainder of the cell. The derivation of the mathematica l relationship 
for these adjus tments and the resulting computer model are listed in the 
appendix of the thesis by Thompson (1970). 

Adjustments must also be made to the distance and area for heat transfer 
of cel ls adjacent to the ones intersected by the boundaries. Infinal form the 
computer program would accept information on the thermal characteristics, the 
heat transfer values, the radii of the sink and chambers, the location of the 
chambe rs and the f unction describing the heat produced by the reaction. The 
mode l would then determine the necessary boundary conditions, computes the 
temperatures of the reaction and comparison cells and finds the temperature 
distribution in the sink for each time step. The model also computes the 
temperature of a reaction vessel in an absolutely constant thermal environment 
and prints out the relative error at given time intervals. 

3.3.3. Tests of the mode l: The accuracy of the model was t es ted with 
several techniques. The computation of the boundary conditions by the model 
was checked \11ith ha nd calculations on the various cell types. The application 
of the Saul ' ev method and the stability of the techniques were checked by 
printing out the entire array of t emperatures for each time step. It was 
thus possible to see if the technique was being correctly applied to every 
node . 

The ability of the model to accurately predict transient thermal behavior 
in the sink \11as also observed. The size of the cavi.ty and the reaction heat were 
both reduced to zero. The initial temperature of the sink was then set to a 
numerical value of one and the ambient temperature was established at zero. 
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The transient temperature was predicted by the model at various locations 
agreed ~o~ ith the curves published by Boelter et al. (1942). 

Although Saul ' ev technique has been shown by Barakat and Cl ark (1966) 
to by unconditi onally stable la~ge osci llations were observed. For large 
time steps and small cell s i zes the coeffici ent in front of the temperature 
of the node of interest at the p~evious time becomes negative. Physically 
this is a viol ation of the second l aw of thermodynami cs and can cause damped 
osci l lations . I n a rectangular object this condition wi ll rarely occur. 
However , in the irregular shaped heat sink some boundaries cel ls are ex tremely 
small. Large time steps caused these cells to introduce l arge oscillations 
which spread through the entire model. 

1\o~o adjustments ~o~ere made to decrease the probability of the occurrence 
of these oscillations. The size of the boundary cells was limited to a triangular 
cell with side l e ngths at least 1% of a regular cell's dimensions. Also the 
heat transfer from the ambient was ah.;rays employed at the future time. Eve n 
with these adjustments it ~o~as s tfl 1 necessary to limit the size of the time 
step . The maximum time step that did not produce oscillations was found 
experimentally to be: 

t. t = 
( t::,x) 2 

s 10 0: 
( 3- 31) 

where 
6ts is the time step, sec. 
6x is the distance between nodes, 2cm. 
0: is the thermal diffusivity, em /sec. 

The maximum cel l size tha t could be employed without introducing errors 
due to the boundary a pprox imation was investigated. It was fo und that the 
distan ce beao~een nodes should not be gr ea t e r than 1/4 of a cha mber diameter. 
Increas ing t he distance beao~een the nodes from 20 t o 40% of a chamber diame t er 
caused the predic t ed relative err or to increase 15%. Decr easing the distance 
between nodes below 25% of a chamber diameter did not change the predicted 
relative e rror. 

The Allada-Quon t echnique was com~red with the Barakat-Clark method . 
The results obtained from each were nearly the same; the r efore , the Allada-Quon 
procedure was adopted t o reduce the necessary compute r time. 

3 . 4. The rmodyna mi cs of Moisture Sorption in Foods 

Adams on (1967) stated that it is not necessary phenomenologically to 
state whether the process is adsorption, absorp tion or solution; the same 
thermodynami c relations could be appl i ed for all the cases . In gene r a l, the 
thermodyna mi c processes t o be considered are of two general wpes: i ntegra l 
and differential. 

1. Integra l Processes. For adsorben t (Z
1

) a nd adsorbate (Z
2

) the fo llmoli ng 
general equation can be written: · 

ns zl (adsorbent at T°K) + nw z2 (adsorbate liquid a t pressure p and 

t empe rature T°K) 
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z
1 

and n 
\ol 

z ) 
2 (3-32) 

This proce ss represents the adsorption of n moles of water (Z2 ) initially 
in liquid, upon ns moles of z

1
(adsorbent). w 

2. Differential processes. 
zl n' /n constant) 

\-1 s 

z
1 

(adsorbed on 
(3-33) 

Equation (3-33) represents an adsorption of n mo l es of liquid adsorbate , on the infinitely large amount of z
1 

(adsorbent)wwhich already hold n' mole s of 
\-1 adsorbent. The mole ratio n 'w/n

8 
increases only infinitesimally. 

3.4. 1. Thermodynamics of adsorbate. The major portion of the thermo
dynamic treatment of the moisture sorption phenomena has been devoted to adsorbate (\~later vapor). In most cases partial free energy, enthalpy and entropy values are reported as cal/g water or cal/g mole of water. 

Calculation of partial heats of sorption 1\ H\
11 by using the Clausius-Clapeyron equation . (Kapsalis, 

Ln P = 
MW 

w 

I:, HT 

R 
g 

is conveniently carried out 
196 7). 

K (3-34) 

where p partial vapor pressure of water at temperature T, 

T absolute temperature 

Rg Universal gas constant 

K constant of integration 

MW molecular weight of \-later w 

In practice, the isosteric values ofequilibrium vapor pressure (P) on a log scale are plotted against 1/T on a linear scale. The slope 
ZSHT 

of any isoster is given by 
2.303 

obtained from the R (MW ) 
g w ----slope of an isoster is the sum of the enthalpy~sorption A.~ and the latent heat of vaporization or condensation (L). The tH enthalpy o~ sorption is also 

w 
the differential heat of wetting and is obtained by subtracting latent heat of 
vaporization (L) from the t,HT value. 

Davis and McLaren (1948) and Dole and McLaren (1947) gave the following relation to calculate the integral heat change: 

Ln dn (3 - 35) 
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where x2 is relative vapor pressure (P/Po) at the hi gher t emperature (T2 ) 
\vhich produces the same number of moles of water sorption as at lower temper
ature (T1 ) f or which X1 applies and fiw is the moles of water per 100 g of dry s ubstance, 

Partial molar free ene rgy for water vapor (adsorbate ) is calculated by 
using the following r e lation (Kapsalis, 1967): 

6 c,v = 
dG = R T Ln X dn g 

R T Ln g 
p 

Po (3-36) 

The i ntegral free energy change for water vapor acc ompanying the sorption process was calculated by using the following equati on : 

11 
= - R T j 

g 0 
n d Ln 
w 

p 
(3-37) Po 

where n is the number of moles of water sorbed per 100 g of dry substances. The int~gration of the right hand side of the above equati on is commonly carried out by parts as follows: 

('" 

1

n d Ln p = r· l p d ( p ) oJ w (Po) o n,., Po Po <3- 38) 

In t h is process P/ Po is considered as an ind ependent variable. In practice , p 
a plo t of nw Po vs P/Po is made and the total area under the c urve multipl ied 
by RT gives the integral free ener gy 6Gw . 

Calculation of corresponding entropy changes for water vapor (ads orbat e ) is carried out by us~ng the f~llowing relations: 

( 6H,., t, G ) 
w 

6 s = 
\IT T (3-39) 

( NIW 6 G ) w 
68 w T ( 3-40) 

3.4.2. Thermodynamics .of adsorbent . Adamson (1967) pointed out that the bulk of thermodynamic treatment of sorption phenomena was focused primarily on the contribution of adsorbate and very little emphasis was placed on adsorbe nt . The Gibbs-Duhem equation (1875) permits the calculations of the ene rgy contribution of adsorbent from the knowledge of its composition. 

Gibbs - Duhem equation. -- Houghen et al. (1962) stated that 
the Gibbs - Duhem equations are rigorous thermodynamic relations that 
are valid for conditions at constant temperature and pressure . They 
are of particular value in minimiz ing the number of experimental data 
necessary to evaluate the properties of a system and for detection of inconsistent and erroneous measurements. 
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The general form of the Gibbs-Duhem equation can be written as for a 
constant temperature and pressure: 

+ dl-l:2 0 

'~here n1 and n
2 

are moles of substances 1 and 2, 1-1 and1J2 are chemical poten
tials or partial properties. The standard states or reference states are 
substances described by IJ0 l and IJ0

2 . 

Thus 
IJ0 + R T Ln a 

1 g 1 
(3-42) 

( 3-43) 

wh e re a 1 and a 2 are the activities of substances 1 and 2. 

The derivation of the Gibbs-Duhem equation is given in several textb ooks 
of chemical thermodynamics (Roughen et al., 1962, page 974). Stitt (1958) 
reported that the thermodynamic quantities pertaining to the sorption proces s 
can be obtained from the temperature dep~ndence of sorption isotherms. At 
equilibrium the Gibbs chemical potential (partial Gibbs free energy) for 
water must have the same value throughout the system and furthermore this 
quantity must be the same in the solid material as in the vapor phase. 
Copeland and Young (1961) and Wu and Copeland (1 96 1) studied the adsorption 
isotherms for Baso

4
-H 0 system. The the rmodynamic analysis o f the Baso4-H

20 
system by the above atthors r evealed that the heats of sorption va l ues 
computed utiliz ing the Gibbs-Duhem equation were in good ag r eement wi t h the 
similar values obtained by calorimetry on the Baso

4
-H

2
o system . Cope land 

and Young (1961) reported that the magnitude of surface forces during sorp tion 
of water on Baso

4 
-H2o sys tern usually i s very small and can be ignored. There 

seem to be s imilarities between water sorption in the Baso
4

-H
2
o syst em and the 

sorption of water vapor on various foods. In accordance wLth t he above obser
vations, it was fe lt that the contribution due t o sur face forces during water 
vapor sorp tion of food products need not be included in t his inves tigation. 

With reference to liquid wate r as a standard state , the change in the 
partial Gibbs function per g of water for a transfer of an in f in itesimal 
quantity from pure liquid (vapor pressure P) to equilibrate solid with vap or 
pressure P is given by: 

Rg T p 
6 Gw MW Ln Po (3-44) 

which is similar to e~uation (3-36). 

The corresponding free energy change per g of solids (dry material as 
standard state) ·can be found by application of the Gibbs-Duhem equation: 

N d ( b,G ) + N d ( AGS) = 0 w w S· (3- 45 ) 

p N 
b,G J w = - d ( 6 G ) s 

N 0 w s (3-46) 
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where N is the weight fraction of \~a ter. \~ 

N is the corresponding weight fraction of solids s 
N + Ns = 1. w 

a lso 

The overall change in Gibbs function for the entire process of dry sorbent combining with water to form 1 g of material at equilibrium pressure P i s give n by 

!:!,G = N !:!,G + N I:!,G 
'~ w s s 

(3-47) 

The~ the change in partial heat function per g of water for the 
'" sorption on an infinitesimal quantity from pure liquid to equilibrated material of specific moisture content is obtained by using the equilibrium moisture sorption data at various temperatures. The Clausius -C lapeyr on equation can be rewritten in the f ollowing for~ 

p MWw 6H.y 
[ d ~; Po J M = - R ~ ( 3-48) 

g 

which is also given as equation (3-34). 

The enthalpy due to solids portions 
the Gibbs-Duhem equation: 

N d (!:!,H ) + N d (6Hs) = 0 w w s 

6 H = -
s 

(6H ) is once again obtained by using s 

(3-49) 

(3-50) 

and the total enthalpy contribution of making 1 gm of product by mixing N of w water and N of solids is given by: s 

N 6H + N 6H w w s s (3- 51) 

The entropy function can be calculated by using 
6 G 7§r 

T (3-52) 

3.5. Indirect Prediction of Heats of Immersion in Foods 

3.5.1. Ef fective molecular weight of solid in biological substances. Thermodynamic treatment of moisture sorption on biological products would besimplified and more meaningful if the effective molecular weight of solids (EMW ) in the biological substances was known. Stitt(l958) first observed the ~eed of knowing the effective molecular weight of solids and indicated that if this value was known, then it would be possible to express the thermodynamic parameters on a molar bas is. 
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It is well known from the thermodynamics that the free energy changes, 
enthalpy changes and entropy changes are best discussed when a process is 
described as follows: 

aA + bB ~ cC + dD ------.. (3-53) 

where a moles of substance A and b moles of substance B react to form c 
moles of C and d moles of D. 

Such a description for a biological process would be very difficu l t 
because of the complex nature of the biological product. If is assumed that 
the solids in a given biological material form one phase of the system while 
the other phase is water under equilibrium conditions. By extending this 
analogy, an effective mole fraction which would be representative of the 
solids portion of the biological substance can be defined. It should be 
noted, however, that an effective molecular '-1eight of solids in a biological 
substance has no relation with the molecular weight as used in chemical terms . 

The purpose of knowing the effective molecular weight of solids in 
biological substances is to develop a procedure with a sound thermodynamic 
basis to predict the thermodynamic parameters of low and intermediate mois

·ture food utilizing moisture equilibrium data in a single temperature and to 
compare the results obtained by this procedure with the known method . 

3 .5.2. Possible methods of estimating the effective molecular weight. 
Freezing point depression, ·boiling point elevation and osmotic press ure 
measurements are some of the common methods used in the estimation of 
molecular weight of pure substances. If such data is availabl e for biological 
products, it could be used for the estimation of the effective molecular weight 
of solids. This approach could be s·omewhat risky because much emphas i s is 
placed on a singl e point whose experimental accuracy could be questionable. 

The use of differential thermal analysis should be discounted since a 
food system changes significantly as the t~mperature is changed . 

Hohner and Heldman (1 970) used an interesting approach to determine 
the effective mole fraction in their studies with freez ing rates of food 
systems by computer simulation. They developed the effective molar solute 
concentration by knowing the apparent specific heat and temperature relation
ship in the frozen product. This approach is probably more sound, since the 
computation involves the use of available data of apparent specific heats 
at various temperatures. They reported .that the· value of the effective molar 
concentration of solutes for cod fish was 0.0009 and for lean sirloin beef 
was 0.0007. 

The validity of this approach will depend upon the extent to which the 
solution may be ideal at the composition corresponding to equilibrium rela
tive humidities .higher than 90 percent. Raou.lt 's Law is defined as 

P = xw Po (3-54) 

and states that the vapor pressure of food (P) is proportional to mole 
fraction (X ) and the saturation vapor pressure (P0 ). Labuza (1968) stated 
that about ~0-90 percent of the water in food exerts a vapor pressure equal 
to that of pure water (a <1). At higher equilibrium re l ative humidities, 
therefore, it may be assTimed that Raoult's Law is valid. 
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3.5.3. Evaluation of thermodynamic parameters. There are several 
methods available to be used in the evaluation of thermodynamic parameters 
from moisture equilibrium data. In addition to direct use of the Clausius 
Clapeyron equation, the Othmer procedure (1940) can be used if mois ture 
equilibrium data is availa ble at no less than two t emperatures . The Brunauer , 
Emmett and Teller (BET) equation (1939) has been used widely to evaluate 
monomolecular moisture contents and allows the computation of latent hea t 
values at that specific moisture content from equilibrium data at one t emper
ature. In addition to the indicated limitat ions, thes e methods do not account 
for non-idealities existing in food products and do require careful u re to 
obtain consistant results. 

The Clausius-Clapeyron method is the most widely used method for the 
computation of total enthalpy (6HT). The Clausius-Clapeyron equation was 
pres ented as equation (4-3). It may be recalle d that t he total e nthalpy of 
sorption (6HT), when applied to adsorption data represents the sum of the 
heat of adsorp t i on and latent heat of condensation. If the procedure is 
applied to desorption data, the heat of sorption value would be the sum of 
latent heat of vaporization for pure wate r plus he at of desorption at any 
moisture content l evel. The Clausius-Clapeyron equation has been utilized 
by Kapsalis (1967) to determine the partial molal heat o f sorpti on for various 
dry foods including freez e-dried beef. As would be expec ted, the heat of 
sorption increased dramatically as the moisture content was r educed to low 
l evels. 

An alternate approach to determination of late nt hea t values was pro
posed by Othmer (1940), who utilized the Clausius-Clapeyron equa t ion to 
derive the following expression: 

p 
Log _ 2_ = L 

Pl L' 
P' 

2 -p-,-
1 

(3-55) 

where L and L' r epresent latent heat of vaporization for theproduct and the 
latent heat of vaporization for pure wate r respec tive l y. Obviously equilib
rium dat e is required for at l east two temperatures. Preferably, the equilib
rium data would be available at more than two different l eve ls. Rodriguez
Arias (1956), Heldman, et al. (1965) and Strohman and Yoerger (1967) have 
applied the Othmer method to computation of latent heats of vaporization for 
various biological substances. In all of these applications the method has 
been applied to desorption data in an effort to evaluate the late nt heats of 
vaporization necessary for design of dehydration equipment. 

The method of Brunauer, Emmett and Te ller (1939) utilized the f ollowing 
equation: 

p 1 + c - 1 p (3-56) 
M(P0 - P) ---M1 c M1 c Po 

where M1 and c are the constants evaluated from the BET analysis. In most 
applications to food products, the constant M1 has been computed and is 
referred to as the moisture content of the product when a mon.omo lecular layer 
o f moisture is adsorbed on surfaces of the material. Salwin (1959) utilized 
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this monomolec ul ar l ayer va lw~ to dt~fi.JW a minimum mo i s t un• conl<!llt f or tl11 : 
stability o[ a food prod uct in stcn·age. Tlw twcond cO IJ S t :lnt ( c ) i s d <!fi111:d 
hy t he fo ll owing exp r ess ion : 

c = l~xp 

(E l - L) 

R T 
g 

0- '>7 ) 

\vlwrc E1 represents t lw heaL of so r p tion for tlw moist u r<: in tiH : monomolr:cll 
l ar layer and L is t lw l atenl lwa t o[ vapori2atio11 oc co nd <!I JsaLion for a 
free \.Jat e l· s u rf a ce. ll i s i nlt~resting to no t e thal LlH! <: 1w rgy constant of 
tlw BET eq uat ion a s de fim:d hy eq uation (3- 37 ) h:1s 110l bt:<! ll ul i lizr!d to 
compute thL~ h e ats or sorp ti on fo r f ood produ c t s . 

3. 5 . 4. P r opost~d mel hod . Th L! ap proach to lw pn!St! lllt:d i n t hi s inv<:sl i
gation i s considerably difft~ rent tha n t lw approac h u til i 2cd by prev i ous muLhods 
ft1r comput atio n o[ thennodynamic pal-<UIIl~Lers in food pn>ducls . Thl! arproacll 
\vi.ll ut i lize basic t hermody nam i c expn~ss ion s a nd wil l assunH.! initially tha t 
a dry food or intL~rnwdia te moist u re (ood product can lw trua l t:d as a two -
phase S)'Stem . The two phases are the liquid phast~ and t it <! so l i d phase of Lht: 
p roduc t. Utili2ing t h is as sump tion, any dry o r intL:rmed i a l L! moisture ( ood 
prod uct wil l exist d ue to th e mi xing of tw o phases. Thi s su- cal l ed mixing 
p rocess l e nd s its e lf t o descr iptio n by Lwo thermodynamic cxpn~ssions. Thu 
first of t h ese expressi ons is the free e nergy of mixing as fol l ows : 

(J-58) 1:::. G = X R T Ln a + X I~ T Ln a 
m \oJ g '" s g s 

Equat i on (3-58) is expressed in terms o f mol e fraction o f water (Xw), molu 
f raction of so lids (Xs), activity of water (aw) and activity of so lids (as). 
Th e second expression is t he e ntrop y of mixing exrressed a s : 

AS 
m 

X R Ln X - X - X R Ln X w g w w s g s 
(3-59) 

which def i nes the en tropy va l ue in t erms of t he mole fracti on of the two 
p hases in the system. Utilizing these two expressions and exper i mental 
e qu i libri um mois t ure data , the necessary thermo- dynam i c parame t ers and other 
p arameters describing t he food system can be computed. 

Equations (3- 58 ) and (3-59 ) deserve somewh at mor e discuss i on at this 
poin t . First of a ll , it must be pointed ou t t h at equation (3 - 58) is a rigor 
o us t h ermodyna mic equatio n and i s app licable to both ideal and non-i dea l 
systems, wh i l e e quation (3-59 ) is app l icable to a class o f non-idea l solu
tions which Hildebrand and Scott ( 195 0) called "regular solutions . " For 
idea l so luti ons the enthal py o f mi xing is ze r o , whi l e fo r r egular so l ut i ons 
the e ntha l py of mixing is r e la tive l y small. The concept of mixing as applied 
t o an adsorption process may be somewhat more difficult to explai n. Since 
mixing of two p h ases r es ul ts i n a f r ee e nergy change and an increase in 
entropy, the assumption at t hi s point is that the adsorption process (the 
mix ing of liquid a nd so l i ds) resu lts in the same type of f r ee e ne r gy chan ge 
and e n tropy increase within a food system . 
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An example of equations (3-58) and (3-59) reveal s that evaluation of 
free energy change or entropy increase can only be accomplished if the mole 
fraction values for water and solids are known. In general, mol e fraction 
can be defined in the following manner: 

X = 
1 (3-60) 

which defines the mole fraction value in terms of the weights and the molecu
lar weights of each component . In a given food system, as defined in this 
investigation, all parts of equation (3-60) would be know n except the molecu
lar weight of the solid phase of the system. This molecular weight value 
must be considered an effective molecular weight (EMW) rather than one which 
would be defined in a chemical manner . As described eariier, Raoult's Law 
(equation 3-54) can be used in a region of high equilibrium relative humidity 
(>90 percent). Using equation (3-54), al l the quantities in equations (3-58) 
and (3-59) can be de fined except the activity of so l ids (a ). The desired 
water activity and correspond ing equilibrium moisture cont~nt values can 
be selected from the equilibrium moisture isotherms. The remaining quantity, 
the solids activity (a ), i's not readily available in order to compute the 
changes in free energysdefined in equation (3-58). 

Since the solutions or food systems considered in this investigation 
are not ideal, procedures which wi ll account for this non- i deality must be 
considered . In thermodynamics, the procedure normally utilized to account 
fo r non-id eality is to introduce an activity coefficient defined for solids 
in the following manner: 

a 
s (3- 61) 

where the activity coefficient (Y ) accounts for the non-ideality in the 
system. An act i vity coefficient 3f one would ind icate that the wate r activity 
and mole fraction are equal . Unfortunately, equation (3-61) a l one will not 
allow computation of solids activity in the food system. An additional 
equation must be introduced in order to accomplish this objective . 

In a two-component system (solids and water), it is possib l e to ascer
tain the thermodynamic changes in one component from the thermodynamic 
changes of the second component by using the convenient form of the Gibbs
Duhem equation (3-41) as follows: 

X d Ln 
w 

( 3-62) 

Using equation (3-61) and (3-62) the activity coefficient of solids can be 
determined by graphical integration. Since the dry solids in a given food 
system is considered a standard state, the activity of sol ids at this point 
is considered equal to one. This explanation will become more evident as 
an actual examp l e is illustrated. By knowing the activity coefficient of 
solids, activity of solids can be calculated using equation (3-61). The 
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free e ne rgy of m1x1ng (£\G ) c an be computed using <!quat i on (3- 58) . The 
procedure outlined up to 

1
£hi s point allows cva luati on of free e nergy chang<: 

and an increase in entropy f or the mixing o( two pha~ws. Eva luation of Lhl:S<: 
two thermodynamic paraml~tcrs allows the evaluation of a third p;rrame tc: r, 
enthalpy of mixing (XH ) , a::; follows: 

m 

6 H 
m 

t::,C + Tf'JS m m 

Equation (3-63) represents the molar change in enthalpy of mixing of two 
phases in the system. There are several factors which must be emphasiz ed 
\vhen examining equation (3-63 ). The first conct.~rns thu acceptability of 
this expression to describe the enthalpy change which occurs during ads orp
tion or desorption of moisture in a food system . Thl! acceptability of this 
approach seems very likely but can only be proven by comparing result s with 
known acceptable methods. The second fac t or i s r e l ated to a distinct 
advantage of equation (3-63). Close examination of equations (3- 58 ) to 
(3-63) indicates t hat equilibrium data are required at only one tempc:raturc: 
for evaluation of late nt heats of s orption results. Most procedures r<:quin: 
at least three separate equilibrium moisture is otherms a t t hree diffe rent 
temperatures . The success of ut ilizing this procedure cou l d r ed uce the 
requirements for conducting of equilibri um moisture isotherm experiments to 
no more than one temperature. 

3 . 6 Rheology of Foods 

The rheological behavior of a system describes the manne r in which the 
system w~ll exhibi t flow and/or deformation r esponses as a r es ult of applied 
forces . Sometimes it is r e l a tively simp l e to predict t h is r esponse if t he 
me chanical properties of the system arc known. Due to the complex and 
heteroge neous nature of biological systems, however, it has been difficult 
to measure mechanical properties which will adequately describe the r e l ation
ship between stress and strain . Cons equently, a somewhat empirical ap proach 
has been used. Various combinations of ideal materials have been found to 
yie ld constitutive equations which, in effect, will express the influence 
of external disturbances on the behavior of a material due to i ts constitu
tion. Freque ntly the limitations of pe r fec t ma terials have presented the 
formulation of satisfactory cons tit utive equations and in s uch instances i t 
has been necessary to propose relationships based purely on expe rime nta l 
results. 

The refore two approaches were used in seeking a model to adequate l y 
describe rheological behavior of pre-cooked freez e -dried beef at various 
wate r activities: 

(a) combining s imple e l ements of ideal materials, which l ed to Mode l 1; and 
(b) prop osing an empirical constitutive equat i on a long guide l i nes sug

gested in the literature and on the basis of previous experi e nc e with 
the produc t, which l e d to Model 2. 
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To determine the values of the constants in both mode ls, t hree different 

engi neering tests were used , a relaxation test which recorded stress as a 
funct ion of time ; a creep test which measured strain changes with time; and 
a cyc l ic test in which strain was changed in a cyclic manne r at a constant 
rate and the corresponding st r ess recorded. Any one of th e three tests 
could be used to crqss-chcck predicted results using t he constants as evalu
ated by a different test. In addition, the response from the cyclic test 
allmved the two texture parameters, hardness and c hewiness , t o be evaluated . 

The theory underlying the above three tests, and the method for ca l cu
lating the constants in both Model 1 and Model 2 is described in the follow
ing sections. 

The fundamental issue of inte rest is to determi ne the e ngineering para
tneters in Models 1 and 2, and use these parameters to predict hardness and 
chewiness values for pre-cooked freeze-dried beef . At that point, the common 
interests of the e ngineer and the food technologist in the physical character
istics of a food product will have been integrated. 

3 . 6.1. Ideal mate rials. De formation of a material may be e lastic or 
inelastic (Mohsenin, 1968) . Perfect e lasticity is defined by Eirich (1958) 
as deformation which is independent of loading history, thus forming a cons e r
vative system in which all energy absorbed during defortnation is reversible. 
However, most materials and particularly foods are not perfectly e lastic and 
do not recover comp l ete l y to their original shape prior to loading. Mohsenin 
(1968) suggests a property · of biological ma terials he calls "degree of 
elasticity", defined as ''the ratio of e lastic deformation to the sum of 
e lastic and plastic defortnation when a mate rial is loaded to a certain l oad 
and them unloaded to ze ro load". 

In-elastic deformation can be div ided into two categories , viscoelastic 
and viscoplastic. Viscoelastic behavior is characterized by a stress response 
dependent not only on the applied strain but also the rate at which strain 
is applied. The material may be composed of e lastic and viscous elements 
which in combination display viscoelastic properties. A perfectly viscous 
material i s defined by Prager (1956) as one which meets two requirements: 
(a) the deformation is dependent on the loading history and (b) the stress 
is proportional to the rate of deformation. 

Simi l arly, a viscoplastic system consists of viscous and plastic 
materials. Again according to Prager (1956) the plastic material is similar 
to the viscous material in that defortnation is dependent on the loading path, 
but di ffe rent in that stress is independent of the rate of defortnation . 
Malve rn (1967) further states that the name perfectly-plastic is used for 
materials which do not show work-hardening properties beyond a yield point . 
Such materials may deform elastically upto a certain yield-stress point, 
beyond which the mate rial will continue to deform without further additional 
stress. 

The three classical ideal bodies representing elasticity, viscosity 
and plasticity are the Hookean body, Newtonian fluid and St. Ve nant body, 
respective l y. These bodies serve as standards for ana~yzing stress-strain 
functions of real systems . 
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Hook's law stat es that s tre ss is direc tly prop ort i onal t o s train, i.e ., 

0 = Jt:e. ('j-64) 

\.Jhere E is Hook' s cons tant or modulus o( e las tici t y. l11 a Nt!wt oni a n fl uid , 
stress is directly proportional t o st r ain rate, i.e., 

() = ·q ~; 

and the constant n is called viscos ity. 
shows tha t afte r a certain time pe riod (t) 
when stress is r emoved, but will remain at 
(t ) . 

(:.1 - 65) 

Intt\grat Lon o f t~quation (3-65) 
strain wi 11 noL rt!L urn Lo Zl!ro 
t he va lu l! correspond i ng Lo Lim< ~ 

A St. Venant body is like ned t o a bl oc k rt!sting on a su rfacl! , wi lh a 
friction facto r between the block and s urface preventing any muvt~m<~nt [ rom 
taking pl ace . The block will no t mo ve until an applied stress ("yi e l d stnu.;s ") 
equals or sligh tly exceeds t he static friction, but will then conlinul! Lo 
move indefinite l y und er this s tres s un til some external fac tor r es tr icts or 
prevents furth er movement. 

3.6 . 2 . Rh eo logical mode l s; mode l 1 . Using tlw three ideal bod i t:s as 
building blocks, numerous combinati ons can be arranged di ffere n t l y to yield 
an a lmost infinite variety of mode l s. Such mode l s can, and have been us ed 
to satisfactorily represent macroscopic behavi or of foods (F i nney, ~ ~·, 

(1964); Die ne r and He ldman (1 968 ) ; Mohsenin e t al., (1963 ) , Bourne (196 7); 
Morrmo~ (1 965 ); Shama and Sherman (1966 ) . - -

Some mode l s are illustrated on Figure (3- 6 ). The Hoo kean body i s 
represen ted by a s pring e l ement and the New t onian f luid by a viscous dashpot. 

Depending not only on t he numbe r of e leme n ts used but also the manner 
of arrangement, mat hematical equa tions may be fo rmulated to describe the 
mod e l. For example, conside r the two simp l es t and most popular models : 
(a) a spring and dashpot in paralle l, called a Kevin sol id and (b ) a se r ies 
arrangement, r e ferred to as a Maxwe ll fluid. 

Le t the subscripts 1, 2, m r e fer to t he spr i ng, dashp otand mode l: 

01 E e
1 

L2 n €2 

(a) a = 01 + 02 m 

E: 8 1 = 82 m 

E: E:l =~ m 

om E = n E: . . E:m m (3-66) 
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u = E E I 

Fig 3. 6 Simple viscoelastic models 
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A similar approach yields e quations for a ny ol lwr modc : l s c.:IH>S <: n . Til< : 
most f requ e n tly us e d models an~ tlw :3- parame t<:r Holid, 1-param!: l<: r fltdd, 
4-para mctcr Holid, 4-par.nmetc r fluid. Be havi or t hus lwconH:s a func l i on of 
the particular arrangement and the rt: lat:i vt: va ltH:s of l lw v is c!H: lasli c para
meters. 

Evidently l:h e advantage of s u c h modt: l s i s tlwL by insp<:c li o n i L i s 
p ossible to judge ho\Y a mat e rial will behave bul t hi s is only f uasibl <: wilh 
a r easonable number of e l ements, i.e., 3 or 4, beyond 1vhich l lw varl<:Ly o f 
comb inations becomes a lmost limitless. A further, and mor u ser ious limila
tion, is the a ssumption that linea r vi scoc l as Lie behavior occurs , and most 
biolog i c al products p robably do not act in thi s manner. 

A mod e l fr e qu e n t ly recommend e d t o simu l a te rhe olog ical behavior of [oods 
i s th e 4-parameter fluid (s ee Figure 3-6). Pr e liminary rolaxati o n t e sts 
confirmed tha t this mod e l describe d the be h avio r of pre-c o oked frec:ze -dr i.t:d 
beef b e tte r than any other three or four 0 l ~ment viscoe last ic model, and it 
was d ecide d to propos e this arrangeme nt, a Ke l v in so l id a nd Maxwe ll fluid 
in series, as Model 1 . Th e mod e l has th e advantage of acc ount ing f or both 
solid and fluid r espons e to applied s tre sses, a factor expec t e d to become 
apparent especially at the higher water activity l e vels of the beef samp l~ s. 

The math ematical e quation for thi s arrangeme nt is: 

Model 1 
a+ Pl a + p2 0 = ql E: + q2 .. 

(3-67) 

whe re (E
3

/E
1 

+ n 
3
; Y1t + 1) 

pl = 
(E3 / T11 ) ( 3 -68) 

n 
" 1 P2 3 

(3-69) 
El E3 

ql n 1 (3-70) 

q2 
1ll TJ 

(3-71) 
E3 

All four c onstants E
1

, E3, 1'1 TJ may b e calculated from any on e o f 1, 
the three mechanical t es ts -- r e laxation, cre ep, cyclic. 
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3.6.3. Formulation of constitutive equations: model 2 . The fundamental 
problem facing researchers in rheology is the formulation of an equation of 
state 

a = f( t:, t:, t, T, V, C.) 
~ 

(3.72) 

that is, the relation between stress and strain, strain rate, time, temper 
ature and physical composition variables (Frish and Simha, 1956). In equation 
(3-72) T represents absolute temperature, V volume and C. particle concentra-

~ tion. 

Bowen (1967) suggests, as a first step, a gene ral set of equat ions 
which could describe physical properties of all materials. By imposing 
restrictions of elastic, plastic and viscous mate rials on the gene r a l equa
tions, he formed more specific equations, e .g., 

a= a[T (t), g(t), F(t), F( t) J (3-73) 

Clark (1968) interprets (3-73) to state that stress at time (t) is dependent 
on the t .emperature, temperature gradient, de formatio n gradient and the rate of 
change of the deformation gradient. 

Further guide lines t~wards formulating constitutive equations can 
possibly be taken from dimensional analysis, which has been found very usefu l 
in establishing working formulas in f luid flow and heat and mass transfer. 
The basic concept of the method is that any mathematical equation which 
correctly expr esses a physical phenomenon must be dimensionally homogeneous, 
i.e., the equation is valid, independent of the system of uni ts used to 
measure the quantities involved . Charm (1963) attempted to use the dimen
sional analysis approach in food t exture studies and proposed an exp r ession 
relating the energy (P) required to masticate a food, to Young ' s modulus (E), 
a shear modulus (G), shear (S ) and tensile stress (S ), and the dimensions 
of the food sample (L). ' Ther~ is no evidence that an§ attempt was made to 
verify the equation s ugges t ed, 

_P_ = f ( G St 
LNE - •-E E 

ss ' __ , 
E 11 ) ( 3-7 4) 

N represents chews per minute and 11 is Poisson ' s ratio, a dimensionless 
parameter. 

Fung (1968) presented non-linear equations used in biomechanics . He 
proposed one equation of the form 

a = C k(l -e+% €2 J] eat: (3 - 75) 
where C and a were constants. Haut and Little (1969) demonstrated that 
equa tion (3-75) could be used to describe rheological response of canine 
ligaments extremely well. Clark (1968) suggested an equation for cottonseed 
of the form 

(3-76) 

which satisfactorily predicted s tress on the product under cycl i c loading. 
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Adopting a general approach therefore, a second model was postulated on the assumption that food behaves in a non-linear viscoelastic manner and response to stress is a function of deformation or strain, strain rate, time, temperature, processing variables and compositional characteristics of t he food, i.e., moisture, fat, sugar and protein contents , matur i t y; past history and physiological traits . This ve ry general functional relationship could be simplified under the circumstances of this ntudy which used samp les of precooked freeze-dried beef from only one muscle of one animal, was cooked at one temperature, freeze-dried at one plate temperature and tested mechanically at only one environmental tempe rature. Further, since moisture was the component 'vhose content Has varied over the equilibrium relative humidit y range from 15 percent to 92 percent, it was assumed that rheological properties would be primarily a function of Hate r activity. Thus a relationship of the form 

0 f( €, E:, t, a ) 
H (3-77i 

Has assumed. Finally, at any one Hater activity a model exhibiting non-linear behavior was postulated, and proposed as an alternative model: 
- t / /.. ' 

Model 2 a= A E: + BE:e 
t ~ n = 0 , 2 , 4 . . . ; ~; -- 0 

+ C J dE: , n = 1, 3 , 5 .... ; s < 0 
t 

n 

(3-~· 8) 

The parameters A, B and >.. ' may be evaluated from the r e laxation test, l e a ving the constant C to be de termined fr om either the creep or cyclic test . Alte rnate l y, either the creep or cyc lic test may be utilized to eva luate all four parameters. 

The subscript n will denote whether strain i s be ing increased, kept constant, or decreased. Normally, n == 0 such as for relaxation or creep, but for loading in a manner such as the cyclic t est, n ~ 0, 2 ---- will de not e the loading stages and n = 1, 3 wi ll denote the unloading stages. This fourth term t herefore in (3-78) will have a positive contribution to stress as strain increases, but negative as strain decreases. 

3 . 6.4. Relaxation t est. Under relaxation testing conditions, a st rain €
0 is app lied suddenly and kept constant, i.e.: 

E: e: H(t) 
0 (3-79) 

where H(t) i s a step function defined as 
0 - (X) < t < 0 

H ( t) = [ 1 0 < t < (X) 

(3-80) .. E: E: == 0 

Constant strain € H(t) for time gr eate r than zero is illustrated on Fig. 3-8. 0 

Model 1 

o + p
1 a+ p2 a 

(3-81) 
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The solution for this reduced homogeneous equat ion is given by Flugge 
(196 7) as 

A. ' 
1 

A. ' 
2 

Mode l 2 

a = t=: 
0 

-A.' t 
1 + c 2e 

1 
[pl + vp 2 - J 2r2 4p2 l 

(ql - A' 1 q2) 

,J/ 
1 

4 p2 

( -q 
1 

+ A. ' 2 q2) 

v 2 
pl - 4P2 

- t / A
1 

a = Ae: + B e:e + c 

- t / A. ' 
= € (A + B e ) 

0 

( 3- 82) 

-A.' t 
2 J 

(3-83) 

(3-84) 

(3-85) 

(3-86) 

t 

s d € 

t n ( 3- 87) 

A typical relaxation stress-time r e lationship f or bi ologi cal materia l s 
is shown on Fig. 3-7. 

From experimental curves, the values of C1, C , A. i and A in eq uation 
(3-82 ) may be estimated and by means of equations t3-83a) - (~.84d) and (3. 68 ) -(3.71) the values of El, E3 , nl, TJ in Model 1 calculated. Thus equation 
(3-67) describing Mode l 1, can be used to predict creep and cyclic behavior f or pre-cooked freeze -dried bee f and cons eque ntly the texture parameters of hardness and chewiness. 

Only three of the constants - A, B and A - in Model 2 can be found from relaxation experiments since the term containing d E: equals zero under constant strain conditions . The refore the fourth constant C mus t be evaluated from 
one of the other tests used - creep or cyc lic. 

A computer program using a non-linear estimation me thod for finding the best estimate of the constants in both models was available, and i s brie fly 
described at the end of this chapter. 

3 . 6.5. Creep test. Deformation is recorded as a function of tilne due to a suddenly applied stress, a
0 

H(t) which is kept constant. 
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n, Cr eep 

Stress r-------------------··- --·-···-····-·· .. . 

Strain 
€ 

(1 

r;, Relaxation 

------------------.... _~-. .._._ .. _ 

~--------------····---··-·--··-·-··-···- ...... • ··-·· .. 
Time, t 

Figure 3-7. Typical o- t relationship f or creep 
and r e l axation. 

e. Relaxatio n 

Creep 

1-----------------------····--··- .. ·-···· ... 
Fi gure 3-8. Typical e- t relationship for creep and re l axation. 
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a= a 
0 

H( t) ( 3- 88) 

= 0 -co < t < 0 ·t 
0 < t 0 <co 

0 

- 0 a a - (3-89) 

Stress and strain functions with time for the creep t es t may be seen on 
Figures 3-7 and 3-8. 

Mode l 1 

so that e:t at a ny time ( t) can be eas ily sol ved: 

0 + c 
e:t 

0 € 0 = - t / A. ' 
A + Be + c 

where e: is given by equation (3-95) be l ow: 
0 

(3-94) 

(3-95) 
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In similar fashion to that outlined for the relaxation tests, the cn:c•p 
experimental data can be used to find c1 , c

4
. q1 and q

2 
in equation (3-91)

which lead to the de t e rmination of E, E
3 

::1_ and rt
3 

in Model 1- and to find 
A, B, A and C for Model 2 from e quatlons (3-94 and (3-95) . 

3.6.6. Cyclic test. In cyclic tests, deformation takes place at constant 
rates (see Figure 3-9) i . e. 

E: + c 0 
0 

< t < tl; t2 < t < t3 ('J-96). 

E: = - c tl < t < t2 t3 < t < t4 0 
(J- ':!7) 

Model 1. 

a+ p 0 + 
1 p2 0 = ql E: + q2 € 

qlCo 0 < t < tl , t2 < t < t3 
t (3-98) 

- qlCo tl < t <t2 ; t3 <t < t4 

a) 0 < t < tl 
Writing the model in finite differe nce form, using constant time steps 

!Jt , 
a( n) - o~ n-12 [o(n} - 2 O~ n-12 + 0 ~n -2) 

o(n) + pl [ 6t ] + p2 
6t

2 ]= qlCo 

(3 - 99) 

p
1 

o( n-1) 2p2 o( n-1) _ p2 O(n-2) J 
qlCo +i. + 

6t2 /:).t !J t2 
(3- 100) 

o(n) 

i. 1 
pl p2 

+-
!Jt2 6t 

Initial conditions, o(o) = o( -1) o. 

b) tl < t < t2 

Solution is similar to equation (3-100) except for - c : 
0 

o( n) = 

p
1 

o( n-1) 

[-qlCo+l /:).t + --!Jt~2r---

2p2 o(n-1) p
2 

a (n-2) 

-6~t2.,..--J 

1 + (3-101) 

Initial conditions: 
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a(o) 
from (a) above 

()k (-1) 

Equation (3-100) in (a) gives the solution for this part of the cylce. 

Initial conditions: 
a(o ) = 0 

0*(-1) 

d) t3 < t < t4 

Solu tion is the same as (3-101) in (b) above. 

Initial conditions: 

o(o) = at
3

; from (c) above. 

cJk (-1) = 2 a - c 
t3 t3- t 

(3-102) 

Tl-).e second initial condition i. e . a (-1) for parts (b) , (c) and (d) 
is an approximation. Choice of the actua l stress at any of the times (t

1
-t t), 

(t
2 

- 6t), (t
3 

- 6t) ]as the second initial condit i on \</Ou ld lead to an unstab l e 
solution. The predicted stresses after times t

1 
and t

3 
would con tinue to 

increas·e, even though strain is being decreas ed. Such behavior is physica ll y 
impossible. 

Therefore , if the values of E1 , E
3

, " l a nd r
3 

are previously shmm 
from e ither the relaxation or creep exper1ment~ 1t is possible to pr edict 
the str ess- time r e lationship for cyclic loading cond itions, \<1hich in fact 
also gives the t exture profile on the Instron machine as use d to objec tively 
measure beef texture. 

Model 2. 

a=A~BE:e 

-t/)...1 t 
+ c r 

t 
n 

d € (3-103) 

Referring to equations (3-96) and (3-97) a nd integrating the fourth 
t erm in Model 2, the solution for the cyclic test can be \Hitten as fol1o1<1S: 

e) 0 < t < t
1 

a 

c t 
0 

€( A + Be- t I )... ' + C) 

(3-104) 

(3-105) 
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f) tl < t < t 
2 

E: = c tl c ( t tl) 
0 0 

(3-106) 

0 E ( A + Be 
- t/ f... ' + C) cc tl -

0 
(3-107) 

g) t2 < t < t3 

E: =E: + c 
~2 0 

( t - t2) ('3-108) 

a= (A + Be 
- t/ A I 

+ C) c f. - €t 
2 

(J-109) 

h) t3 < t < t4 

€ € c 
t3 0 

( t - t ) 
3 

('J -110) 

E: (A + Be 
- t / f... ' + C) c a= - 1\ 

3 
(3-l]ll 

Equations (3-104) through (3-111) will allow stress to be predicted as 
a function of strain and time provided A, B, )...and C have been found from 
relaxation or creep tests. The above equations will also permit the optimum 
values of A, B, f... and C to be found from cyclic experimental data, using the 
non-linear estimation method described below, 

3.6.7. Non-linear estimation of parameters; GAUSHAUS program. The 
GAUSHAUS computer program (Meeter , 1964) for parameter estimation in non-
linear models is one of several methods available (Hohner, 1970) and \vas used 
here mainly because of the supplementary statistics mad e available which 
gives the user valuable information as to the accuracy of the es timates. 
Basically, it is necessary to supply to the program first estimates of the 
required parameters, the theoretical model for calculating predicted results , 
and the experimental data. A comparison is made between the theore tical 
predictions from the model and the experimental data, a nd GAUSHAUS then continues 
to improve the parameter estimates until relative changes in the sums of 
squares between theoretical and experimental results have been minimiz ed . 

Output from the GAUSHAUS routine includes: 
(a) optimum parameter estimates, with 95 per cent confidence limits. 
(b) final predicted values of the model, also with 95 pe r cent confidence 

limits. · 
(c) sums of squares between theoretical and experimental values. 
(d) correlation matrix of the parameters being estimated. 
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4. Experimental Considera~ions 

A broad range of instrumentation and equipment types have been us ed i n 
this investigation in an effort to accomplish the obj ectives of the research. 
The two primary areas of reseaLch included , (a) evaluation of equilibrium 
moisture characteristics and (b) evaluation of produc t texture. Several dif
ferent types of instrumentation and procedu Les were utilized in these areas. 

4.1. Equilibrium Moisture Content Determination 

The equilibr ium moistuLe contents of freeze-dried beef powder were deter
mine d from weight change measurements after the product had come to equilibrium 
with a known vapor pressure under vacuum. An equilibrium isotherm during 
moisture adsorption was generated after an initial removal of all produce 
moisture under vacuum to establish the zeLo percent mois ture reference. After 
establishing the reference, the vapor pressure was i ncreased and the second 
point on t he isotherm was determined after the product was at equilibrium at 
tha t vapor pressure. This procedure was repeated at s everal successive l y 
higher vapor pressures t o genera t e the ent i re adsorption isotherm. 

After attaining equilibrium at t he highest vapor pressure ( 95% RH), the 
vapor pressure was decreased to successive l y l ower values, allowing time for 
the product to equilibrate at each point. This approach resulted i n the gener 
a tion of a desorption isotherm on the same product as was used f or the adsorp
tion isotherm. 

The basic component of the system used for equi l ibrium moisture content 
determinations was an electrobal ance. This ba l a nce was placed in a 5-in. 
diame ter gl ass container with l-in. diame ter hangdown t ubes as illustrated in 
Figures 4·-1 and 4-2 . A vacuum of less than 20 microns was maintained in this 
container . The balance and r e lated instrumentation converted the samp l e weight 
change due to moisture adsorption or desorption into an elec trical signal which 
is amp l if i ed in a 2-stage servo amp lifi e r. ThiA amp lified signal was used to 
drive a strip-chart recorder which r e cords t he weight change of th~ product 
cont inuously. 

The g l ass chamber containing the e l ec trobalance was connected to a 13 mm 
inside diameter glass tube which was connected to a mechanical-diffusion type 
vacuum pump. A vapor trap was introduced imme diate l y upstream from the vacuum 
pump at the l ocation illustrated in Fi gure 4-2. This trap acted as a baffle to 
molecules of pumping fluid backstreaming from the diffusion pump and r educed 
the partial pressure of condensable vapors coming from the ent~re system. 

The main vacuum line was connected to three vacuum gages whi ch al l ow measure
ment of vacuum over the entire operating r ange. The gages inc luded the fo l lowing: 
(a) a mercury U-tube manometer us ed for meas urement over the 5 t o 760 torr range, 
(b) a McLeod gage des i gned for use in the 0.1 to 5 torr range and (c) a second 

McLeod gage designe d for measurement in the lo-3 to 0 . 5 torr range. Each gage 
was connected through a separat e stopcock so t hat measurements with any one of 
the three could be obtained at any time. 

A third connection directly to t he main vacuum line l ead to the vapor source. 
The vapor source was in a 3-in . diamete r g lass tube, which had a detachable 
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lower portion for ~hanging the vapor aource so luti on . The upper portion of till' 
vapor source tube vas connected direct ly to the ptoduct hangdown tuhe of th<: 
electrobalance. The glass tube making this connect ion was 1/2-in. diameter and 
contained a stopcock for maintaining conditions around the product while chang 
ing solution at the vapor source. The vapor source was a wa ter surfac<• at 
various temperatures. Through the use of a series of water temperaturc:s, til<: 
desired vapor pressure conditions were established in t he system. 

The entire system described with the exception of the se rvo-amplifi er and 
the strip chart recorder was enc losed in a 5 by 4 hy 9 ft . cub ical which could 
be adjusted to any desired temperature in the range from 35 t.o 120°F . Watc:r 
reservoirs were placed around the tubes containing the water vapor sourc<: and 
product to stabilize tho temperature to the mean temperature: of the cubical. 
Thermocouples placed in t hos e locations indicated the desired U:mperaturus W(:rc: 
maintained to within+ 0.5°F . 

4.2. Isothermal Differentia l Scanning Calorimeter 

Figure 4-3 shows the schematics of instrumentation uti liz1:d for removal of water vapor and detec ti on of the resultant heat l oss. It consists o[ DTA consol e 
(DuPont-900 DTA), a cal orimeter ce ll (Du~ont-No. 900350), a vacuum pump and a 
time base recorder (Sargent-Mode l SR). 

The isothermal program mode was used and the deviations from the isotlH!rmal 
conditions were r ecorded on the DTA consol e recorder . The 32°F temperature icc 
water in a the rmas flask was used as a refere nce. 

The external time base recorded indicated the difference between t he c up and 
the samp l e temperature. The char t speed was 1 in./min. and the a t tenuation was 
varied with the recorder range selector . 

The vacuum pump was set to pull a vacuum of l ess than 7 mm of Hg on the 
calorimetric ce ll within 15 seconds. 

The samples were preconditioned to the require d equi libr ium r e lative humidity and temperature by an Aminco air conditioning apparatus (Fi gure 4-4) . The 
moisture content of equilibrated sample was de termined by oven method . Samples 
of about 3 -20 mg were packed into cups as uniformly as possible f or f urther 
DTA measurements. 

4 . 3. Instron Testing Mach ine 

The mechanical measurement of texture was carried out with the Instron 
Universal Testing Machine, floor model TT-BM, 2500 Kg capacity, with metric 
standard crosshead speed of 0 . 05 to 50 . 0 em/min. 

This machine has found many applications in the fields of texture evalua
tion and measurement of mechanical properties of agricultural products, 
(C. J. Morrow and N. W. Mohsenin (1966), G. F . Somers (1 965), M. C. Bourne , 
J. C. Moyer and D. B. Hand (1966) , M. C. Bourne (1966, 1965, 1967a, b, 1968)) . 
The uses of the machine and a descrip tion are give n by Bourne, ~ a l, (1966). 
The use of the Instron to simu late the General Foods Texture Profile is des
cribed by Bourne (1968). 
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l. Air cnnditioning (Arninco) uni.t . 
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Apparatus used for equilibration of pre - cooked freeze-dried beef cubes . 
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A "loading cycling" test, which consists of complete compression-decom
pression cycles through a fixed stroke length, is ·only one of the many tests 
which are possible on the Instron. This type of test was suggested by Bourne (1968) as similar to the G. F. Texturometer curve, and was adapted as the 
objective method for texture measurement in this investigation. 

The crosshead speed chosen was 2 em/min. while a chart speed of 10 em/min. \.Jas selected. Length of stroke was fixed at 4.5 mm. to correspond with a total compressive strain of 35%-40% of the samples . The diame ter of t he pressure probe, chosen after several pre l iminary trials, was 11/32 in. (Figure 4-5) . A typical curve r esponse is illustrated in Figure 4-6 . Two primary parameters 
were of interest; hardness and chewiness. These can be calculated as follows (refer to Figure 4-6): 

hardness = L
1 

; 

A2 
chewiness = L1 x ~ x B

2
. 

1 

The number of samples tested on the Instron instrument varied from 8 or 10 during early parts of the study to 15 or 20 for the remaining part. In all parts of the investigation the compression of the cube was perpendicular to fiber orientation. 

4.4. Influence of Storage Conditions on Texture 

A slightly different approach to product texture measurement was used in the second part of the study. To apply more of a shearing effect when pene
trating the sample, a smaller probe of 3/16 inch diameter was selected. 

Length of stroke was fixed at 2 . 5 mm. to correspond with a total compress ive strain of about 20%. The crosshead speed chosen was 5 em/min. 

4.5. Relationship Bet\.Jeen Engineering and Texture Parameters 

An Instron Universal Testing Machine, table mode l TM, 200 kilograms capacity with standard crosshead speeds of 0.2 to SO inches/minute was us ed to study cyclic behavior of pre-cooked freeze dried beef. 

Three deformation rates were used, 0.5, 1.0 and 2.0 i nch/minute; as in the other tests described below, five samples from different muscle locations we r e used. Data was collected on each sample from only two cycles since this response provided the necessary information for evaluating the texture parameters required. 

4.6. Other Methods for Measurement of Product Properties. 

4.6.l.Relaxation tests. The table model Instron Machine was used for relaxation testing as well as for cyclic testing previously described . 

The cross head was set to deform the 0.4 inch cubes through 0.06 inch, or the equivalent of 0.15 strain. Ideally, a relaxation test involves instantane ous deformation. The crosshead speed used was 20 in./min., which applied the required deformation in 0.18 seconds. Any faster speed would have resulted in the crosshead slightly over-running the set stop-point and thus excessive ly deforming the samples. 
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Figure 4-5. Probe used with Instron Testing Machine 
for compression - decompression tests. 
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Since short ti .. behavior waa of prime intereat, the change i~~ress 
(force divided by the cross- sectional area of th~ aample, 0.16 in. ) over a time 
of 100 seconds was recorded . Mean behavior was evaluated by calculating the 
mean stress at every 1.2 second interval• up to 24 seconds, and at each 6 
second interval thereafter. 

4.6.2 Creep Teats . A creep test is the opposite to a relaxation test in 
that a sudden load il applied to the sample and held constant for a set period of 
time. The deformation or strain on the sample is recorded as a function of time. 

The apparatus used for creep testing is illustrated schematically on Figure 4- 7 . 
First, the balance weight was positioned along the threaded arm (E) such that the part 
of the arm (C) to the left of the knife-edge (F) was exactly balanced. The pin (~) 
was raised upwards by the switch (A) so that it acted as a support for (C). The known 
weight (M) was then suspended from a point midHay between the knife-edge (F) and 
the point of load application (H), The known weight used was 1 lb . , and the 
effective force at (H) determined by calibration with a load cell, was 0.48 lb. The 
sample was inserted between (H) and a supporting stand (K) which could be raised 
or lowered by rotation of the threaded gear (D). A small glass plate (L) was placed 
on top of the sample to insure distribution of the applied load. The center point of 
the glass plate was placed to coincide with the center of the top surface area 
of the sample and the load application point . 

The displacement rod of the linea•variable displacement transducer (LVDT) 
was contacted by the adjustable screw (G) and set in a position which gave a reading 
of zero on the transducer-amplifier indicator (D ytronic 200D). At this stage the 
recording pen on the X-Y recorder (Moseley 7035A) was adjusted to the origin of the 
X- Y axes. 

Creep testing was accomplished by releasing the switch (a) and allowing 
the supporting pin (B) to fall. Ueformation of the sample was recorded through the 
LVDT by the X- Y recorder over a time perioQ of 100 seconds . 

4 . 7 Production Preparation . 

4.7 . 1. Product description. The Longissimus dorsi muscle (low fat lean meat) 
was procured from Michigan State University food stores. This meat sample was 
utilized for the subsequent tests. 

4.7 . 2. Cooking procedures. The product was cooked at an oven temperature of 
325°F until the center of the roast attained the temperature of 160°F. A sensing 
element monitored the center temperature and automatically shut off the oven at the 
preset temperature of 160°F, simultaneously informing the operator that the 
cooking was complete . 

4 . 7.3 . Freeze-drying. The cooked meat was wrapped in a heavy duty aluminum foil, 
and frozen by storing at -20°F for 24-48 hours. 

Freeze drying was carried out in freeze-dryer (virtis-Rep, Model 42) with a plate 
temperature setting of 105°F or 145°F as desired. Product temperature was measured 
by utilizing thermocouple junctions placed at the center of the product and a 
continuous· recording potentiometer (Leeds- Northrup, Speedom~x W Model). 
When the product temperature reached plate temperature , drying \olas 
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assumed to be complete. The s amples were subseqUt~ ntly slon.~d in a d<!siccaLor 
at -20°F and utiliz ed for testing purposes . 

4 .7 .4. Precooked freeze dried beef powder pn~paration. Tht: f r<!<:%<! dr i<!d 
produc t \-Jas ground in a Fritz-Patrick mill using a U. 063 in scree n . Tlw rowd er 
was placed in a sealed bottle which were ston!d in a u< !H iccal o r al -20° F . 
Portions of the ;.-roduc t to be useu for equi librium moi sl u r<! dt!LenninaLions wc:n: 
e quilibrated to the tempe rature of the experiment prior t o Lil e L<:sl . 

4.7.5. Cubes for texture L~valuation. After f t'<!t:zing ( buL pri o r to dry ing ) 
the cooked roast was sealed in a heavy dut y aluminum foil anu labeled l L, LL, 2R, 
e tc., to ide ntify the l ocation in the muscle from wh ich Lil e pa rti cu lar roast 
was cut. The number 1 t hrough number 5 indicated Llw posit ions from tlw fronl 
to the rear of the muscle, t·t~SpL~ ctive ly , whit t! L and R d<! no tc~d t he l ef t or righl 
side. 

A high s peed band smv (Toledo, Model 5200-0-002) was used to cul lil t: frozen 
beef into 1/211 cubes. Cubes we n! cut so t ha l the filwr dircclion was as nearly 
perpendicular to a particular fac<! as possib l e, to <!ns urc: LilaL samp l <:s wen: 
simi l ar in phys ica l characterist i cs. 

After several preliMinary tests it was evide nt that a wi de variali on 
e xiste d between results from samples similarly equili brated , anu it was fe ll 
that this could largely be attributed to non-homogeneities withirt the samples 
and to some i rregularities in dimens ions be tween samples . To over come Llwsc 
probl ems, a small timber jig was assembled. By ho lding a cubed samp l e in t he 
jig , \~hich \vas clamped to the miter gage head on the tab l e of a craftsman 18" 
band saw (Craftsman, Mod e l 11 2, 23580), it was possib l e to cut of f obvi ous non
homogene i ties lying near i::he s urface of t he cubes and simu ltaneously r educe the 
c ubes in si?.e to a uniform dimension of 0 . 4 inch . The r es ul ts reported r efe r to 
e xperiments using 0.4 inch cubes. 

4.7.6 . Moisture content o f the product . The moist ure contents of the 
f reeze dried bee f powder and beef cube (Par ts I and II) was dete rmined i n a 
h eated air oven procedure desc ribed by Tri e bold and Aurend (1 963 ). An oven 
temperature of 80°C for 16 hr. was used to determine the product moisture con
tent. The soxhlet extract ion procedure was us ed to detennine the fat content 
of th e dehydrated product. 

4. 7.7. Beef component preparation. A portion of longissimus dorsi muscl e 
was used for this purpose. Physically separable fat and connective tissue was 
removed fr om the sample. The samp l e was ground t wine through l em p late and once 
through 2 nun plate . The meat gr inde r head and p l ates were chil l ed to minimize 
the pro tein de naturation . 

Raw bee f was fractionated into actomyosin, wate r so luble compone nt 
(sarcoplasmic fraction), c onnec tive tissue (collagen) and wa te r i nso luble 
component . All the fractionat ion procedures were carried at 3°C un l ess other
wise stated. The fractionation procedures are desc ribed in de tai l by Palnitkar 
and He ldman (1970). 

4 .7. 8. Conditioning product for t exture eva luati on. The cubes f rom cor
responding sec tions on both sides of t he muscle we r e group ed togethe r ( i . e ., 
lR with lL, 2R with 21, e t c ), and from each of these five lots one samp l e \~as 
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randomly selected fo r mechani cal testing. Thus for every t est , five repli
cations were run, as illustra t ed on Figure 4-8. 

An Aminco Aire air-conditioning unit, capable of circulating air with con
trolled temperature and relative humidi ty (R . H.), was again used to equilibrate 
the beef samples. Samples were placed in the insulated chamber (2 on Fi gu r e 4-4) 
and equilibrated to moisture conte nts corr espond i ng t o 30 , 50 , 70 , and 92% R.H. 
at a temperature of 80°F. Room temperature was 80°F, and room R. H. was 15%. 
The Aminco unit was incapable of circulating air at 15% R.H., so the samples at 
this low R.H. were allowed to equilibrate at room conditions. 

Moisture content of the beef cubes equ i librated at 80°F, 15% R. H. was 
determined to by 3.1% (d ry bas is) us ing a ho t air mechanical convec tion oven 
at 100°C for 18 hours. The dry weight corres ponding to t his moi sture content 
was t hen used to calculate the moisture con tent at the higher relative humiditi es. 
The equilibrium condition was dete rmine d by we igh i ng the sample cubes at 10-
minute inte rvals until three successive readings indica t ed that a constant wei gh t 
had been achieved. For the var ious tes ts carr i ed out, the cubed beef sampl es 
wer-e removed fr om t he chamber of the Aminco Aire unit, one at a t i me. The 
resulting equilibri um moisture c ontents at 15, 30, 50, 70 , and 92% R.H. were 
approximately 3 , 6, 10, 16 and 30% (dry basis ) r espective l y . 

4.7.9. Establishment of cond it ions for s t or age evaluation. For storage 
studies only two temperatures were inves tigated -- 39 °F and 100°F. At each of 
these temperatures , four equilibrium relative humiditie s were studied --
0%, 25%, 50%, and 75%. As in the first study the Aminco Ai re uni t was utilized 
fo r conditioning the samp l es at the t hree highest equ ilibri um relative humiditi es . 

After conditi oning samples of precooked free ze dri ed beef we r e st ored i n 
seal ed containers at 39°F and l00°F for a period of 6 mon ths. After every one 
month 15 c ube samples were tested for hardness and chewiness meas ureme n t by t he 
objective methods described earli e r. 

4 .8. Sensory Evaluation of Product 

Two parameters , name l y "hardness " and " chewiness " were se l ected for i nvesti
ga t ion . In addition the judges were asked to evaluate t he heat evol ved while 
che\..ring t he samp l e. The "hardness '' and " chewiness" provide the best overall 
desc r i ption of t he pr oduct texture . The "hardness " p arame t e r provides an ind i
cation of produc t r esponse during mastication. Both hardness and chewiness 
parameters were measured by sensory panel. 

Judges were selected on the basis of previous e xperience and their willing 
ness to serve as a membe r of the panel. The pane l cons isted of nine members , 
al l s tudents; six f r om t he Food Science Department and three fr om the Agricul
t ural Engineering Department . 

The firs t phase of training i nvo l ved basically the understanding of sensor y de[jnitions of " hardness" and ' ' chewiness", acquaintance with standard rati ng 
scal e and the correct method of evaluating sensory parameters . Tab l e 4 -1 and 
Tab l e 4-2 were used to evaluate hardness and chewiness r espec tive ly. During the training period , t he sensory pane l was conducted twice weekly. Every panel was 
fo llowed by discussion among t he judges. Once eve r y month , performance of t he 
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· (front) (rear) 

POSITION l 2 3 4 5 

RH 
% 

15 X X X X X n=5 

30 X X X X X 

50 X X X X X 

70 X X X X X 
. . ... -. ·- . 

92 X X X X X 

n=S 

? i ssure 4-8 . ~xperimenta l d e sign f or s tati s tica l a na l ys i s . 
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panel and individual judges was evaluated and discussed. The standard chewi
ness scale was modified slightly to incorporate additional standards and sub
stitute some products which were more readily available. 

In general, the judges indicated that the hardness scale was satisfactory. 
This was also confirmed by asking the judges to rank the products on the hardness 
scale according to degree of hardness . It was observed that the judges we re 
able to rank the product~ according to the hardness scale . 

The ave rage number of chews and range for different r eference points 
obtained during tra.i ni.ug povi c)d are given in Table 4-3. The results indicatet.l 
thal the average numbP.r of cl1ews reported for a particular sample varied with 
the judges . Fot' e xample, the ave rage numbe r of c hews for the tootsie r oll was 
49 - 80.2. Even though considerable difference existed between t he che wing 
abi l ity between judges, each individual judge was relative l y consistent. 

After the completion of the training period the panels were conducted once 
per week. It should be mentioned that the modern sensot'y panel r ooms l ocated 
in the new Food Scie nce Building were used. The air conditioned pane l r ooms 
can accommodate 20 people at one sitting . The samples were served from ad j oin
ing sample prepat"ation rooms. 

Three to four conditi oned freeze dried beef c ubes were served t o the panel 
in duplicate. The samples were randomized on a paper plate. The instruction 
sheet (Table 4-4) and score sheet (Table 4-5) we r e provided t o the judges with 
the sample. The reference products utilized during the training peri od were 
provided to the judges if any judge wished to confirm h is memory . 
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Table 4-1. 

HARDNESS SCORE SHEET 

Name -------------------------------- Date;__ ___ _ 

Technique for Evaluating Uardness (READ CAREFULLY) 

1. For solids, place food between t he molar teeth and bite dmm evenly, 

evaluat ing the force required to compress the food. 

2. For semi-solids , measure hardness by compress ing the f ood against 

palate with the t ongue . 

3. For olives, remove pimiento stuffing and compress slightly with the 

fingers. 

4 . For point 5 (olives ) and point 6 (peanuts ) bite crosswise. 

5. Use the given s tandards for comparison purposes while evalua t ing 

unknown samples (if necessary). 

Scal e Product I II III 
Value 

1 Cream Cheese 

2 Egg White 

3 Frankfurter 

4 Cheese 

5 Olives 

6 Peanuts 

7 Carrots 

8 Almonds 

9 Rock Candy 

Comments: 
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Table 4- 2 

CHEWINESS SCORE SHEET 

Date ---------------------------------------- -------------------
Technique for Evaluating Chewiness (READ CAREFULLY) 

I 

L. Determine ~ force required to penetrate a gum drop in one-half of a 

second. 

2. Place a standard in mouth and masticate at one chew per second at an 

applied force equal to that required to penetrate a gum drop in one-half 

of a second. 

3. Count the number of chews required before the product is ready for 

swallowing. Repeat the procedure three times and determine the average 

number of chews. 

4. Grade the unknown product according to average number of chews on the 

seven point Chewiness Scale. 

Scale Ave. No. Product Ave. No. of I II III 
Value of chews chews (product) 

1 (10.3) Rye Bread 

2 (17 .1) Frankfurter 

3 (25 . 0) Gum Drops 

4 (31.8) Steak 

5 (33 .6) Black Crow Candy 

6 (37. 3) Nut Chews 

7 (56. 7) Tootsie Rolls 

Comments: 
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Table 4- 3 Summa~y of results for chewiness parameter obtained during 
sensory pane l training period. 

Product Mean Number Range in Number 
of chews of chews 

Rye Bread 11.2 8. 9 - 15 

Frankfurter 18 14 - 25.5 

Gum Drops 22.8 18 - 31 

Fudge 33. 4 23 - 48. 3 

Black Crow Candy 37 .. 3 30.3 - 48.9 

Caramel 44 .8 28 - 59.2 

Tootsie Roll 66 49 - 80.2 
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Table 4-4 

SENSORY PANEL 

Score Sheet Guide 

I. Hardness Evaluation for Freeze~dried Beef 

A, Orient specimen so that product fibers are perpendicular to 

direction of· bite. 

B. Place specimen between molar teeth and bite down evenly to 

evaluate force required to compress. 

C. Compare .force required to standards in order to assign scale 

value. 

D. Remember that hardness scale value is based on the very first 

response obtained from the specimen. 

E. Assign a scale value to the nearest 0.25 point (7, 7.25, 7.5 , 7.75, 8) 

and record . 

II. Chewiness Evaluation for Freeze- dried Beef 

A. Orient specimen in mouth the same as for hardness test. 

B. Apply a force equal to that required to penetrate a gum drop in 

one- half second. 

C. Chew the specimen at a rate of one chew per second with same force 

in each chew until the specimen is ready to swallow. 

D. Be sure the specimen is as close to the condition at the 

time of swallowing as standards were at this point. 

E. Record lli number of~· 

III. Heat Evolved During Chewiness Evaluation 

A. During the chewiness evaluation, try to sense an increase in tempera-

ture in the mouth (on tongue or palate), 

B. Use the four- point scale on the score sheet to indicate your 

evaluation, 
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Table 4-5 

TEXTURE SCORE SHEET 

NAME~--------------------------------
DATE ______________________ __ 

Hardness Unknown 

I II I II IV v 
1. Cream Cheese 

2. Egg White 

3. Frankfurter 

4. Cheese 

5. Olives 

6. Peanut s 

7 . Carrots 

8. Almonds 

9. Rock Candy 

Chewiness (Record number of chews and sca l e number ) 

1. 

2. 

3. 

4. 

s. 

6. 

7. 

Heat evolved 

1. None 

2. 

3. 

4. Evident 



77 

5. Results and Discuss.ion 

5.1. Equilibrium Moisture Isotherms 

Adsorption and desorption isotherms were obtained for precooke d freeze
dried beef powder for the following isotherm t empera tures: 40°F, 50°F, 72°F 
and 100°F. Figures 5-l and 5-2 represent the adsorption and desorption 
moisture equilibrium iso.therms for beef powder freeze-dried at 105°F plate 
temperature, \vhi le Figures 5-3 and 5-4 i llus tratc corresponding isotherms 
for beef pmvder freeze dried at 145 °F plate temperature. Tab lcs A-1 to A-4 
shmv the adsorption and desorption data in a tabular form. The moisture! 
content of precooked freeze-dried beef i s expressed on non-fat dry matter 
basis (NFDM). The product freeze-fried with a plate temperature of 105°F 
has consistently higher sorptive capacity then 145°F product. 

The equilibrium moisture isothe rms for precooked freez e-dried beef show 
sigmoid shape as expected for most of the biological maU!ri als. The desorp
tion curves show a general flatt ening tendency ncar saturation vapor pres sure 
suggesting a type IV classification of Brunauer. The adsorption curves are 
strictly a sigmoid type II. Figures 5-5 and 5-6 show t hat as the temperalurt! 
of the isotherm measurement was inc reased, the amount of wat(!r vapor absortwd 
by the material was decreas ed . 

Figures 5-7 and 5-8 shmv the pronounced hysteresis behavior of th e 
sample . These figures also indicat e that the size of the hyste re s i s l oop 
may be dependent upon the plate temperature utilized in fre eze drying the 
produc t. In addition, Figures 5-7 and 5-8 revea l a cons i derable depend ence 
of sorptive capacity on the freeze drying t empera ture. 

The moisture equilibrium isotherms for raw beef components (actomyosi n, 
connective tissue, water soluble component, sarcoplasmic fraction and water 
insoluble component ) were measured at 50°F and 70°F. Typi ca l moisture ad
sorption isotherms for three basic components of bee f are presented in Figure 
5-9. In general, moisture adsorption at low water activities appears to be 
limited for a ll three components . Water ac tivi ties gr eater than 0.6 were 
required before ac tomyosin exhibi~ significant adsorption . 

It should be mentioned that the actomyosin isothe rm was determined at 
72°F, at which actomyosin (being heat labil e ) may have partia lly denatured. 
The shape of the actomyosin isotherm was significantly different than the 
commonly known sigmoid shape d isotherms for foods (Figu r e 5-9), especially 
the steepness occurring at a > 0.7. This indicates a possibility of water 
so luble component present in a~tomyos in preparation. Since KCl was used in 
the actomyosin preparation, t'races of KCl l eft over in actomyosin may have 
caused this characteristic steepness at higher water activity values (a > 0. 7) 

w 
The sarcoplasmic fraction adsorbed smal l amounts of moisture at low water 

activities (0.4) but the amount increased rapidly between 0.4 and 0.8. The 
moisture adsorption isotherm for connective tissue was the mor e typical 
sigmoid shape and moisture adsorption increased in a relative ly uniform manne r 
a t all water activities. · However, the amount of moisture adsorbed by the con
nective tissue at the higher water activities (>0.9) was l ess than that ab
sorbed by either actomyosin or sarcoplasmic fraction. 
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ADSORPTION ISOTHERMS 

ACTOMYOSIN 

CONNECTIVE TISSUE 
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f 

.6 .7 

ACTIVITY 

I 
I 
j 

Figure S-9 Moisture adsorption isotherms of major beef prvtein 
components at 70°F. 
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The influence of temperature on moisture adsorption isotherms is 
illustrated in Figure 5-10 for connective tissue at 52 and 70°F. The in
fluence is as expected with the water activity decreasing from 0.77 to 0.65 
at a moisture content of 0.1 g water per g solids as temperature was de
creased from 70 to 52°F . 

A comparison of the moisture adsorption isotherms for raw and precooked 
freeze-dried beef and th~ sarcoplasmic graction is presented in Figure 5-11. 
There are no significant differences in the amounts of moisture adsorbed by~ . 
the raw and precooked freeze-dried products at any water activity selected, 
although the precooked product has ·a very typical sigmoid isotherm shape. 
Similarities between the isotherms for the sarcoplasmic fract ion and the 
product (raw or precooked) exist only at water activities above 0.6. 
Reference to Figure 5-9 indicates that similarity between the connect ive 
tissue and raw-freeze-dried beef isotherms exists in the lower water activity 
range. 

An examination of the moisture desorption isotherms for the sarcoplasmic 
fraction at 52 and 70°F (Figure 5-12) reveals a very abnormal shape. The 
influence of temperature is as expected, but the isotherm shapes indicate 
that large amounts of moisture are held by the component until the water 
activities are below 0. 5. . The results presented for the sarcoplasmic frac
tion are typical of the actomyosin and connective tissue fractions, also; 
revealing a very significant hysteresis effect. 

The abnormal moisture desorption isotherm shape was not limited to the 
beef components as illustrated in Figure 5-13. Although the desorption iso
therm for the precooked prod.uct exhibited a rather typical sigmoid shape, 
the desorption isotherm for the raw-freeze-dried product was very similar to 
isotherms· obtained for product components. Again, r e latively large amounts 
of moisture are held until the water activities are less than 0 . 5. These 
results tend to reveal the rather significant influence of heat on the 
moisture holding characteristics of beef components. There was no obvious 
difference in the moisture adsorption characteristics of raw and precooked 
beef, but significantly decreased capacity ·to hold moisture during desorpt ion 
is observed for the precooked beef. 

5.2. Verification of Isotherm Equati~n 

5.2.1. Relationship to theory of moisture sorption. For the purposes 
of illustration, two sets of isotherms calculated with the volumetric equation 
3-22 are presented in Figure 5-14. The specific adsorbed volume, V is plotted 
in its reduced form by dividing each calculated isotherm point by t6e corre
sponding calculated adsorbed volume at P = 0.98 ~· This reduction of all 
isotherm heights to 1 or 100% allows for a better comparison of characteristic 
forms of adsorption curves and facilitates the eventual matching of theoreti
cal with experimental isotherms. The adsorbed volume at P/P = 0.98 is chosen 
as a relatively well defined point. In contrast, considerabYe d'oubf still 
exists among investigators (see for example Bangham and Sever, 1925) as to 
whether equilibrium is ever truly achieved at saturation . In consequence, 
the adsorbed volume at 100% relative humidity is not well defined. In these 
plots, the volumetric isotherm expression is chosen in preference to its 
gravimetric equivalent because it lends itself well for consideration on a 
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Figure 5-lOinfluence of tempera ture 1 _on tte moisture ad sorption i sothe rms of connective t~ssue. 
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Figure 5-13 Comparison of moisture des·orption isotherms of raw a nd precooked 
beef. 
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general basis. The isotherm temperature us ed for the calculation of Figure 5- 14 i s 50°F. Two sets of theore tical curves are· prese nted to illustrate 
the effect of the Pm value on the isotherm shape. 

The curves are obviously very characteristic, showing (a) well defi ne d 
initial ''knees'' at mode rately positive values of 11 (the knees are c l early 
better defined at lower values of Pm, see Figures 5-14a and 5-14b), (b) certain linear parts,and (c) distinc t ive individual starting angles of the isotherms. All regular t ypes of isotherms of the Brunauer classification are obtained 
merely by the variation of 11 • This finding not only appears to vindicate the leading premis e of the generalized theory that the three basic concepts in adsorption are complementary, but also strengthens considerably, the significance of a pure ly power law distribution concept of pore-size. 

5.2.2. The characteristic parameters of pore-s tructure -- n'and E;. As 
the primary shape criterion for t he sets of theoretical isotherms presented in Figure 5-14, 11' may be viewed as the characteristic value representing the quantitative behavior of a porous sorbent at any r e lative vapor press ure. In the range 11'< 1 , the theoretical isotherms are clearly of the Langmuir-type. Sigmoid type II isotherms are defined in the r ange - 1 5: 11' ~ 1; while n ' 
values in the range, n' > + 1, define type III isotherms. Since it is well r e cognized that the isothe rms of most biological mate rials are sigmoid, it would seem logical that the main focus of the present inves tigation should 
be restricted to the intermediate range, - 5: 11' 5: + 1. 

In equations (3.19) and (3. 20), the parame t er s sand 11' are defined respec tively, as functions of the pore-s i ze distribution parame t e rs, K1 andy From a detailed consideration of pore-size distributions in biological 
materials, Ngoddy (1969) has shown that t he parameter s, K

1 
and y , are both 

product and temperature dependent. Accordin8ly, the structura l paramet ers , S and n ', are uniquely defined not only for each sorbent system but also for 
each isotherm temperature. The t emperature depe ndence of thes e paramet ers, demonstrate that considerable the rmo-induced changes do take place in the 
sorbent pore structure during the adsorption process. 

5.2.3. Prediction of adsorption isotherms. For our present purpos es, 
the structural parameters, S and n' , are empirically defined. To det e rmine n' for a specific product and t emperature , the empirical isotherm in its r educed volumetric form is superposed on a set of theoretical isothe rms such as shown in Figure 5- 14. The best matching 11' and P values are thus selected. Bas ed 
on these values of 11' and P , the function m , m 

z11 - A 
[ n' J 

is defined for each relative vapor pressure . Combining the approximate density term, R_[based on Equation (3.28 ) 1 with the above function, the best fitting 
average~ value,-s, is defined. It is now possible to define for ea ch P/P 

0 value, the first approximation of the specific adsorbed mass defined by: 

n' 11' 
pl ·~ [ z - A J 

n' 
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The discrepancy bet\veen this approximate value a nd i ts (!mpirical count erparl is minimized by the careful correction of the densily lc!rm. This gives rise to a new set of densi ty values, designated asP 
2

. 

In Tables 5-l to 5-4, the relevant parameters for raw freeZ(!-dri(!d bul!f slices (50°F and 104°F) and precooked freeze-dried beef powder (50°F a nd 100°F) are shown. The quantity, 
v' v' z [ --..,..---'-----

11' J 
in each table represents the best prediction possible [or thl' product and t emp erature under consideration. Predicted isotherms based on these tables are represented in Figures 5-15 and 5-16. The plots together \vith the standard e rror of es timates shown on each table are Hell within the limits of vari ability to be expected on account of the hi ghly specific character of Liological materials. 

Because our present method of de t e rmining isosteric heat va lues by employing the Clausius-Clapeyron equation and the slopes of the so- ca ll e d sorp ti on i sosteres , has wel l recognized inherent errors (Brunaucr, 1945; Chapte r 8, Ross and Oliver, 1964), the corrected de nsity term, P2, i s justified. I t is also clear tha t p
2

, not only satisfies the essentia l implications of the adsorption potent1al theory, but also reflects the correct t emperature dependence of the fuosteric heat of sorption. 

From Tables 5-l to 5-4, n ' and ~. a r e both s een to increase with rising isotherm temperature. This trend indicates a progress ion f rom s ma ller t o larger pores as the isotherm t emperature ris es. While a pure l y t emperatureinduced change in the sorbent pore structure may not seem ve r y probable, Harrune rle (1968) has shown that the so-called hydro- expansi on i n hi e-materia ls is considerably tempe rature dependent. If the 1l ' and; paramete rs for several biological materials are defined ove r a wide enough tempera ture range, the temperature dependence of these parameters can be fo rmali zed ei ther on a general or specific basis, as a logical extension of the pres e nt work. 

It is apparent from the Tables 5-l to 5-4 that the paramete r, P , as used in this&udy is quite different from the actual pressure correspondiWg to the mono-layer capacity. Part of this discrepancy can be traced back to the transformation of coordinate axes which became necessary in the original formulation. It appears that in the attempt to systematize the plots of the derived isotherm equation, the actual physical significance of P has been sacrificed. m 
5.3. Heat Sinks for Microcalor i met ers 

The computer program was utilized to test the e ffec t of eleven design parame ters of the metallic heat sinks for microcal orime t~rs. The parameters investigated include: the kind of metal in the sink, the heat transfer coefficient from the ambient to the sink, the external t emp erature control, the diameter of the sink, the distance between the center of the chamber and the center of the sink, the diameter of the chambers, the heat capacity of the twin reaction vessels, the amount of hea t generated by the reaction, the l e ng th of the r eaction, the overall heat transfer coefficient between the reaction vessel and the sink, and also the Calvet measurement configuration was compared 
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THhle. 5-1. Ca 1 c ul .tt.ion of t lwon•tj cal i S l1llte nu. 

Product ::? raw frceze-driPd I)(' t• I sli(' e.5' 

([)ata taken from SHravncos, I 'Jb :l ) 

lsothe rm t empe rature ·: 50 °F. 

T') I T') I 

[z ~~ J 
T') I Tt' 

H s 11' 
- z -'A 

l! 
pl 

= Oo01 sp2 [ ---;:r-J 
P/P (f!:xptl.) o1047 p "" OolO p2 

0 m Error 

o1 .030 1. 360 " o214 1.382 .030 oOOO 

0 2 .060 1o360 II o390 1o382 . 055 +.OOS 

0 3 o080 1.316 " • 556 1.382 0080 . ooo 

o4 . lOG 1. 316 0 724 1. 351 o101 -.001 

.5 o120 1. 316 .906 1o 294 ol21 - . OQl 

.6 ol42 1.164 l.llO 1.241 .143 -. 001 

0 7 . 170 1ol64 1. 370 1. 204 .172 -. 002 

o8 .200 lo164 1. 710 1o132 0202 -.002 

0 9 o250 1.126 2o280 1.064 0253 -.003 

.95 o310 1o062 2.860 1.050 .313 -.003 

o98 .375 1.00 II 3o630 1.00 . 38 -.005 

Standard Error Estimate x ±0.0027 
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.• . 
Table 5-2. Calculation of theore ti ca 1 i !JOthf'rtll, 

Product a raw free&e•dried h~ef S li C(>R 

(Saravacos, 1965) 

Isotherm temperature • 104~F 

M 
T\ I T\' • 

i (z -~ J (Theoretical ) 

M,_ 
. ,. ,. T)' 

• , • • 04 .. .~p [!...:!..J 
P/P

0 
(Exptl.) pl p •• 10 p2 

2 ,. 
.1'36 • Error 

.1 .027 1.36 " .126 1.600 .027 .000 

.2 .oso 1.36 " .230 1.600 .049 +.001 

. • 3 .065 1.316 .329 1.520 .066 -.001 

.4 .080 1.316 .430 1.380 .080 .000 

.5 .090 1.316 • 539 1.270 .092 -.002 

.6 .100 1.164 .666 1.145 .103 -.003 

.7 .uo 1.164 :au 1.145 .127 -.007 

.8 .155 1.164 1.030 1.145 .160 -.005 

.9 .zu 1.126 1.400 1.145 .217 -.002 

.95 .250 . 1.062 1. 770 1.076 . 258 -. 008 

.98 ,300 1.000 " 2.280 1.000 .310 -.010 

Standard Error Estimate ·• %0.0048 

. ' 
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5-3 . Calculation of theor<'ti.cal i so th f' r m, 

J>rodu e t ;;: pre-cookc>d frc'CZ<•-driPd bl:!(,!t pnwder 

I so therm tf'mperature 

M 
a 

(Exptl.) p1 

. 070 1. 360 

. 095 1. 360 

.110 1.316 

.122 1.316 

.135 1. 316 

.155 1.164 

.191 1.164 

• 260 1. 164 

.380 1.126 

. 450 1. 062 

.483 1.00 

• 
,454 

II 

II 

II 

" 
II 

II 

II 

II 

" 
II 

II 

f]' f] ' 

r.L:l-J . Tl' 

Tl' .. 0.1 
p .. 0.01 

m 

.0957 

. 1450 

. 1870 

.2290 

.2750 

.326() 

.3900 

.4790 

.6350 

.7990 

1.0400 

1.612 

1. 451 

1.302 

1.160 

1.160 

1.160 

1.160 

1.160 

1.160 

1.160 

1 . 023 

.070 

.095 

.110 

.132 

.144 

.171 

.205 

. 252 

.334 

.420 

.483 

Error 

.000 

.000 

.000 

-. Ql 0 

-. 009 

~.016 

-.014 

- .008 

+.056 

+.!)30 

. 000 

Standard Erro r Es timate = ±.0064 
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'lahle S-4 . Calculation of theorE>ti c<~ l ls athe rm 

PIP 

, I 

• 2 

. 3 

,4 

• 5 

,f, 

• 7 

.8 

0 

. 9 

.95 

.98 

Product "' prE--cooked frePze-dried beef JH>wdf!r 

Isotherm temp(·rarure .. 100° 1-' 

M 
a 

(Exptl.) pl 

.020C) l. 360 

.0309 1.360 

,0391 1.316 

,0500 1. 316 

.0591 1.316 

,0791 1.164 

. 1020 . l. 164 

.1410 1.164 

.2000 1.126 

.2410 

.2860 

1.062 

1.000 

c' 
.) 

II 

II 

II 

II 

!)~" Tf 
l~J 

T)' 

T'' 0.2 
p .. 0.1 
m 

,0089 

.0165 

.0240 

,0)19 

. 0407 

.0512 

.0648 

.0844 

.1210 

. 1620 

. 2260 

l. 844 

1. 5)2 

1. 2')2 

1.248 

1.248 

1.248 

1. 248 

1. 248 

1. 248 

I. :.48 

1. 000 

Standard Error Estimate • ±,0064 

. 020 

,031 

,039 

,049 

, 06) 

.0 79 

.100 

.132 

. 190 

. 2)4 

. 2H4 

l:.rror 

t . ()()9 

. 000 

+.000 

+.001 

- . 004 

.000 

+.002 

-+ . 009 

+.01 

- . 0 I l 

+.00~ 
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with the configuration t hat has been proposed by .Berger ~ al. (1968 ). In 
the Berger instrument both the r eaction a nd r eference vess les a r e loc ated in 
a common oval cavity in the heat sink and only t he tempera ture d ifference 
bet\.;reen the two vessels is measured. (A compute r program is avai labl e to 
adjust the data of the Berger instrument for heat lossJ 

The model \vas initially solved and then each of the parame t e rs were 
individually varied the .the mode l was resolved. Because of the large number 
of parameters very few of the inter-rela tionships were inves tigated. The 
study was restricted to the two-dimensional mod e l of t he sink . In effec t, the 
model simulated a sink and t win reaction vessels o f i n f inite length. In a 
r eal sink that totally enc l oses the twin vessels the r e lative er r or should 
be slightly les s than was predicted by the mode l. The magnitude of this error 
was not investigated. The initial or standard conditions are li s t ed at t he 
bottom of Table 5-5, which s ummar izes the results of the i nves ti gation. The 
assumed functional form of the reaction heat i s shown in Figure 5-17. The 
significance of the relative error depends on t he measurement t o be made with 
the instrument. For very precise measurements an error of 0 .1% could be sig
nificant. Howeve r, for hea t of immer s ion and fo r a ny measur ement s on biologi
cal mate rials the same err or can usually be neg l ec t ed. Therefore , for these 
meas urements the s t andard aluminum sink is adequate . 

Calve t and Pratt (1963 ) reported emp loying a silve r sink with one o f 
his microcalorimeters . The results in Tab le 5-5 show that a copper s ink would 
provide approxima t e ly the same accuracy . The radiation heat transfe r between 
the copper sink and the r eac ti on vessels wou ld be higher than with the silver, 
but if this was a serious disadvantage the copper could be p l ated wi th chro
mium or gold. 

The ' heat transfer coe fficie nts can have an impor tant i nf l ue nce on the 
r e lative error. The e ffec t of increasing the external heat transfer co
efficient by a factor of 800 was only about one -tenth as large as the effec t 
of increasing the internal heat transfer coefficients by a fac tor of f our. 
However, if the external temperature was no t uniform then the magnitud e o f 
the external heat transfer coefficient \vas very impor tan t. 

Changes in the physical siz e caused only small variations in the 
relative error; increasing the diameter of the cavities by one centime t e r, 
decreasing the distance be tween the cavities by t wo centime t e r s or decreas ing 
the diame t e r of the sink by four centimeters changed the relat ive error by 
only 0.03 percent . 

Variations in the phys ical size of the sink had only a small effect 
on the relative error in the two dimensional model. Changes in the t hird 
dimension, there fore, are not expec ted to be important e ither. This provides 
some justi fication for studying only the two dimensional problem also it 
indicated that the e laborat e sinks reporte d by Calvet and Prat t (1 963) are 
very little better than the simple cylindrical block employed by Berger~ al. 
(1968). 

Changes in the heat capacity of the reaction vess e l, the amount of 
heat produced or the l ength of the reaction did not alt er t h e relative error 
significantly. 
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tA0 LE5 -5 .The max1mum relative nrroru i ntroduced by the non-ideAl sink. 

--.--.. ·--- ·----------------------------------------· 
Parameter Varied Predicted Max1mum 

Per Cent f;r rrJ 1· 

.. ----------~-------------------------

st~nJ~rd conditions• 

Copper hcdt si nk 

ExtP rnal heat transfer coefficient increased to 
O.OlJ6 c al.;•c-cm2-aec. 

f.xternal he.st tranater coefficient increased to 
0 . 1 ca l. /°C-cm2- sec. 

Sliver heat sink with external heat transfer 
coPff1cient of 0 . 0136 cal./°C-cm2-sec. 

Copper heat sink with external heat transfer 
coefficient of 0.0136 cal . ;•c-cm2-sec. 

v.-.ry external temperature 0.1• c across the 1ink 

Copper sink with external te~perature varied 0.1• C 
and external heat transfer coefficient of 
0 .0136 c a1. / °C-cm2 - eec. 

Copper s1nk with temperature variation and 
external heat ~ran1fer coefficient of 
0.1 c a1. /" C-cm -sec . 

u1ameter of sink reduced to 16 em. 

u1stance to cavity center reduced to J em. 

Diameter of cavity increa•ed to 6 em. 

S1 ze of reaction vessel reduced auch that 
he at capacity ia 6 ca1 .; •c. 

lieaL of reaction reduced by a factor of 10 

Rea c tion rate reduced by a factor of 10 

Internal heat tran•fe5 coefficient 1ncreased 
to 0.001 cal. / "C-cm -~ec. 

Berger Measurement technique 

0. 104 

0.054 

0.058 

0.092 

0.067 

0.050 

0 .054 

0.126 o r 0 . 0112 

0. 9) 8 

) . 56 

0. 131 

0. 077 

0.136 

0.103 

0.105 

0.099 

o. 417 

10 

"The standard conditions were: an aluminum sink 20 em in diAmeter with 
cav1t ies :, em in diameter and located 4 em off center. The heat transfer 
c ocff!Clentl to the ambient and cups were 1.36 x lo-4 and 2.71 x lo-4 
-.: a·l. / •c- cm2-sec., respect1vely. The heAt capacity of each veiiCill was 
15 ca1. ; •c. Five cal. of heat was added during a period of 90 sec. The 
ambient was a uniform 0°. The Calvet measurement technique was simulated. 
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Thl} laq~L~ n~ Ltt ivt~ error s hown in Tab I t ~ 5-5 for LIH ~ l~erg<~r m<~as urc ! ll tl! lll 
lt~chn iqtw does not n~flt~ct on tlw accuracy of th i s itlBlruttt<~nl. lt do c!S lltl !illl that data co llt~cted [ rom sim ilar inst ntmt!nl:s musl h<· co r r< !CL< !d for il< ·iJ L Lrans-
1\~ r. Tlw tl wrmocoupll\ arrangt!ttH!nt in the Bt!rgt! r ins lnttll<!tll i s <!aB i t! r Lo con 
s truct than tlw Calvet arrangcmtml:; h owt!Vt\r , it: i s n<' l'< ~ ssary Lo a ppl y c orr. c!c Lions t o the data c nllectt\d fr om tlw Bt~rgt\r ins l rulll<!lll but nol Lo dat a from t ilL! C;.tlvct . 

It is unlike l y t hat the sink simulate d in thi s :;Ludy would be Llle one ! ll L\ L\de d [o t· a ny particular microcalorimeter design. Tlwrt!fon· , lilt! r es ul Ls i.ll"l! or limit t! d va ltw by t lwmsc lves. Howt!Vt! r , tlw y do prov i dt! (!V i.dC !Jl ct! Llt<ll any sink dt!Sign s hould be c hecke d f or its ef ft!ct i ve ness bt!forc th e mi c ro
ca l orimcll! l" is built. Fa ulty des i g n c a n l e ad t o largt• l!rro r s o r t o <!XC <!BSiV<! const ruct ion costs. On the othe r hand, thi s modtd has s h ow n Lhat LJ we l l d <!s ignL!d si nk c an r e duce the assoc iatt!d e r r ors to a n•~ gligi hl l! l l!Vt!l withou t complicating the dL!Sign. 

5.4 . Ind irect Prediction o( Heats of Imme r s i o n in Food s 

TlwrmoJynamic treatment of moi s t urt! sorp t i on o f biol ogical products tvotild bl! simplified a nd mort! meaningfu l if t he .:.! f fec tivc ruu l ec ular WC!i ght of so l ids (EMW ) i n th e bi o l ogica l s ubstances was knmvn . Among t he poss i.blec methods o f ~s t ima ting the effect ive molecula r weight a r e the co ll iga t ive p rope rties such as freez ing point dep r ess i on, boiling point elevat ion a nd osmotic press ure measurements, are common l y used f o r pure s ubst ances. In 
th i s inves tigati on the Raou lt's l aw was used at hi gher relat i ve humi d iti C!S to compute the e ffective molecular we i gh t of solids. The compu tation of the ef f ec tive mol ec u l ar weight and other th e rmodynamic qualities is illustrate d as f o llows. 

5.4.1. Computa t i on procedure. Th e followin g exampl e will illust rate the proc e dure s used to comput e t o tal h eats of s o rp tion (t HT ) by the prop osed meth od . The examp l e will utili ze equi l ibrium mo isture adsorptio n data 
(Fig ure 5- 3) for precooked freez e -drie d b ee f at 72 °F (p late t emperature 145°F) . 

1. Computation of effec tive molecu l ar weight (EMW ) 
a. From the e quilibrium moisture isotherms, t~e moisture conten t at 

t he wate r activi t y of 0.95 is e q ual to 37.5 g wat e r / 100 g NFDM . 
b . Using Raoult ' s Law (equati on 3.54) 

X 
p 

= 0. 95 w p 
0 

c . Using e quation (S-8) for mol e f r act i on 

3 7. 5 
.95 18 

37 .5 + 100 
18 EMW 

s 

Solving above, EMW 05 7 . 98 for X 0 . 95. s w 



105 

2 . Computation of mole fraction of water (X ) and mole fraction of 
solids (X ) for a series of water act ivi~ies . s 

By knowing the ef fective mol ecular weight of so lids (950) and a 
given composition (a = 0.5, M = 8.5 g watc r/100 g NFDM) and us ing 
equation (5 -8 ): w 

and 

X w 

X 
s 

8 . 5 
= 18 

8.5+100 
18 950 

100 
950 

8.5+100 
18 950 

0.818 

0.182 

3 . Computation of activity coefficient for water (Y ). w 
The activity coefficient of water is expres sed in terms of ac tivity 

of wate r (a ) and mole fraction of water (X ) similar to equa tion 
(5-9) as fo~lows: w 

a 
w = 0.5 = 0.611 

X . 818 w 

Values of y at each moisture l evel are presented in Table 5-6. w 

4. Activity coefficient of solids (y ) 
s 

The calculation of activity coefficient of solids invo l ves the 
integration of the Gibbs-Duhem equation (5-10). The integration of 
equation (5-10) was carried out by CDC 3600 digit al computer. 
Figure 5- 18 illustrates the method of integration. Results presented 
in Table 5-7 show the thermodynamic parameters obtained f or the 
moisture equil i bri um isothe rm of precooked freeze-dried beef (plate 
temperature 145°F). In order to find the lower limit of integration 
of equation (5-9), the standard state of beef solids was considered 
as dry bee f solids (low moisture content). Therefor e the activity 
of precooked freez e-dried beef with moisture content of 2.7 g water/ 
100 g NFDM corresponding toR_= 0.05 was considered to be equal to Po 
one. Equation (5- 9) was utilized to calculate the activity coeffi-
cient of solids (Y ). For the moisture content of 2 .1 g water / 100 g 
NFDM, Xs = 0.474 ~Table 5-7); therefore the activity coefficient 
of solids at the standard state is: 

1 xw 
ys = -0-.-4-7-4- = 2.109, where X:= 1.108 

s 

Above values fix the lower limit of integration and the constant 
of integration in equation (5-10) as follows: 



Table 5-6. -- Adsorption equilibrium moisture isotherm data for precooked freez e-dried beef 
(plate temperature 145°F ) and some thermodynamic quantities. 

p -X 
M 

. 
X X 

w 
Lnrw Po w s X '"{w s 

0.050 2.100 0. 526 0 .474 -1. 108 0 . 095 -2. 353 

0 . 100 3.200 0.628 0.372 -1. 689 0. 159 - 1. 838 

0. 150 4.300 0.694 0.306 -2. 269 0.216 -1. 532 

0. 200 5.200 0.733 0. 267 -2. 7 44 0.273 -1. 2 99 

0.300 6.400 0.772 0.228 - 3. 37 8 0 . 389 -0. 945 

0.400 7.100 0.789 0. 211 - 3. 747 0 . 507 -0 . 680 

0.500 8.500 0.818 0. 182 -4.486 0. 611 -0. 492 

0.600 10.900 0.852 0. 148 -5 . 7 53 0 . 704 -0. 351 

0.700 14.200 0.882 0. 118 -7. 494 0 . 793 -0. 231 

0.800 18.400 0.907 0. 093 -9 .711 0.882 
I 

-0. 12 5 

I I 0. 900 '27.400 0. 8:~5 O. Oti5 I - 14.461 I 0. P6~ I -0 .038 I I 

I 
: I 

0. 050 j__ - lll. S42 
i I 

0 . 050 :~ ~- 700 0.950 

I 
1. 000 I 0.000 ' .I I I - I 

0 

"' 
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Figure 5-18 --Evaluation of activity coefficient fo r solids ( ~8) of 
precooked freeze -dried beef (plate tempera turc 105°F 
by graphical integration. 
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Table 5- 7 --Some thermodynamic parameters of precooked freeze -dried beef (plate temperature 
14-5°F ) . 

us -6H 
- - -P/P0 M a Js -uG UG us -Lw UH s m m m m m m w 

. 05 2.1 1. 000 2 . 106 923.701 1. 37 5 517.595 2 . 008 . 003 1. 12 6 53.6 

. 1 3.2 0. 381 1. 026 1058. 510 1. 312 671.011 2.903 .004 1. 841 57.5 

. 15 4. 3 0. 171 . 560 1088.829 1. 224 72 7 .321 3. 593 .004 2 . 401 55 . 8 

.2 5.2 0.083 . 312 1081.050 1. 153 740. 512 4 . 050 . 004 2.775 53.4 

.3 6.4 0.024 . 106 1043 . 888 1. 068 728 . 455 4. 521 . 005 3. 156 49.3 

. 4 7 . 1 0. 009 .041 1011.024 1. 023 708.881 4. 717 . 005 3.308 46 . 6 

.5 8.5 .003 . 019 938.351 0.994 644.774 4 . 994 . 005 3 . 512 41. 3 

.6 10 . 9 .001 .009 828.3 98 0.83 3 582 . 372 5.310 . 005 3 . 73 3 I 34. 2 

.7 I 14. 2 .0009 . 004 
I 

710. 537 0.720 497 .8 55 5.563 . 006 3.8991 ?- -
- i . ::> 

. 8 18.4 .0006 . 002 598 .547 0 . 617 416 .3 17 5 . 700 .006 3. 967 1 21. 6 

. f~ 27.4 .0004 . 001 443 . 902 0.47 6 303 . 3 16 5.601 . 006 13.875 : 14 . 1 

. 0002 I I I i I . 95 :1 ;). 7 .0008 % . n"l '"- ,., ,, -~ ro \ oo6 · ·• 6- · 10 . 3 I 
' ' J . . ,) . .) ' I - ,) ~) . I ' ) ~. I I . i .) . I 0 ; 

I --- __ j __ __ - ... i 

...... 
0 
co 
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X 
w 

X 
ln y J xs w 

Ln + Ln 2.106 s X tv 
1.108 s 

The \values at each moisture leve l are tabulated in Table 5-7. 
For example, at a = 0.5 the Ys = 0.019 and \II 

a 
s 

(0.182)(.019) .003 

(equation 5-9) 

5 . Computation of 6G , 6H and 6 S m m m 

6. 

7. 

From previous computations, al l parameters in equations (S-6), 
(5-7) and (5-11) are known. 

a. Molar free energy of mixing (6G ) is calculated by using e~uation (5-6): m 

(1.98726)(295.35) [0 .818 Ln (0.5) 6G 
m 0.182 Ln (.003)] 

-938.351 cal/g mole of mixture 

b. Using equation (5-7), the molar entropy of mixing was computed: 

6 S -(1.98726) [0.181 Ln (.818) + .182 Ln (.182)~ m 

= 0.994 cal/g mole of mixture/ °K 

c. Using equation (5-11), the molar en thalpy of mixing was computed: 

6 H -938 .351 + 295.35 (0.994) m 

= 644.744 cal/g mole of mixture 

Computation of 6G , m .6H and 
m 

.68 
m 

The thermodynamic quantit i es expressed on molar basis are converted 
to mass basis by utilizing the quantity (X . MW + X . EMW ) as a convers ion factor. w w s s 

-938.351 
(0.818)(18) + (.182)(950) 

4.944 cal/g product 

Similarly 6 S = .005 cal/g product /°K and 
product were obtaTned. 

Computation of 6H and 
\y 

H 
m 

3.512 cal/g 

a. The moisture content value was used to express the heat of adsorp
tion values in terms of water as follows: 

CiH 
m 

0. 085 

3.512 = .085 = 41.3 cal/g water 
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b. The total enthalpy of adsorption is comput<!d hy adding Uw lat<~n l 
heat of condensation to the 

6 
H val'ue: 

w 

6 HT = 41.3 + 583.6 624.9 gal/g water 

The results obtained in this portion nf th<~ investigation wi 11 bt~ pr<~
sented as total enthalpy· (-- ) (cal/g \vat e r) versus moisture contunt in most 6 HT 
cases. The total enthalpy value( b, H ) represents the sum of t. Hw and thr~ lat <~nt h eat of vaporization or condensation~ 

~4.2: The Clausius-Clapeyron method and the Othmer proceduru. Figuru 5-19 
shows the ( @ ) values for moisture adsorption for precooked freuzu-dri ud beuf (plate temperature 105°F) as determined by using the Clausius -Cl apey r on mc~thod 
and the Othmer me thod (1940). As expected, the 6 H decreased from ahout 1250 to 600 cal/g water as the moisture content increase a from 2.5 to 30 percunt 
( g water/ 100 g NFDM). At lower moisture levels, values were significantly higher 
and approac hed the latent heat of vaporization for pure water as the moisture content was increased. Figure 5-19 also reveals c l ose ag r eement butwuen total 
enthalpy of adsorption values ( 6 HT) detennined by the Galus ius-Clapeyron method and values determined by the Othme r method . This is as expected and can be attributed to the fact that Othmer (1940) developed the equat ion (5-3) from the Clausius-Clapeyron equation (4-3) . 

5.4.3. Comparison of the proposed method with the known method. Adsorp
tion isothe rm data for raw freeze-dried beef (Saravacos and Stinchfield, 1965) 
was used to ~pute 6HT values by various methods. Figure 5-20 presents, in 
addition to 6 HT values by the Clausius-Clapeyron method and the Othmer method, 
the values of 6 HT by the proposed method for rmv freeze-dried~ef . The L HT 
values by the propos ed me thod were significantly lower than the 6 HT va l ues 
obtained by both the Clausius - Clapeyron method and the Othmer method. Above 
25 percent moisture content all the three methods yielded similar values of LHT. 
The total enthalpy values by the proposed method were computed utili z ing an 
effective molecular weight of raw bee f solids of 1075 which was obtained by 
Raoult ' s law at the wat er activity of 0.95. It must be pointed out that the 
~HT values obtained by the proposed method we re c omput ed using isotherm data 

at a sing l e temperature (68°F), while the Cl ausius-Clap eyron method and the 
Othmer method required the us e of isothe rm data at seve ral temperatures. Use 
of the Brunauer, Emmett, and Teller (BET) (1938) method allO\vS evaluat i on of 
monomolecular moisture contents (M

1
) and an ene rgy constant (c). Fi gure 5-20 

indicates the monomolecular moisture value ~<las 6. 94 g \vater/ 100 g NFDM and 
the corresponding 6 H was 659.21 cal/g water. It is interesting to note that T 
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freez e -dried beef moisture equilibrium isothe rms. 
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method, the Clausius -Clapeyron m e thod and the pr·opos<~ d 
m e thod at 68°F for r aw freeze -drie d beef moisture 
adsorption data (Saravacos and Stinchfie ld, 1965). 
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at the monomolecular moisture value, both the Clausius-Clapeyron and the Othme r 

method predicted significantly higher values of 

the the BET method which were in close agreement. 

6 HT than the proposed me thad 

The . observed agreement between the 6HT values obtained by the proposed 

tne BET methods is more evident in Table 5-8. Total heats of sorption values 

obtained by the four methods were tabulated in Table 5-8 for precooked fr eeze

fried bee f, low heat non-fat dry milk and the raw freeze - dried beef. Once again, 

6HT values obtained by the Clausius-Clapeyron and the Othmer methods are sig

nificantly higher than the BET and the proposed method values . 

5.4 .4 . Features of the proposed method. As indicated earlier in this 

section, the proposed method computes the 6H values using the equilibrium 
moisture isotherm data at one temperature. T~e values computed by the proposed 
method are expressed as cal/g mole of mixture which can be converte~ t0 cal/g 

of product while the 6HT values obtained from the Clausius-Clapeyron method 
and the Othmer method are customarily expressed as cal/g mole water of cal/g 
water. 

Figure 5-21 illustrates the significant change in shape of the curve when 

the 6H values were plotted on a mixture, solids and water basis. Figure 5- 21 
was plo~ted using moisture adsorption isotherm data for precooked freeze-dried 
beef at 72°F (plate temperature 109°F). First is should be pointed out that 

6 H can be converted to 6 HT by adding 583.6 cal/ g water (latent heat of 
vap~rization at 72°F) . Close examination of results in Figure 5-21 leads to 

several interesting observations. 6H expressed as cal/g water decreased from 
58 cal/g water to 10 cal/g water as th~ moisture content was increased from 3 
percent to 44.5 percent. The heat of sorption expressed as cal/g product, 

however, results in an opposite relation; f:, H (cal/ g product) increased with 
w 

the moisture content. Considerable similarity existed between 6 H ', expressed 
s 

as cal/g solid and cal /g product. 

Figure 5-22 presents the heats of sorption values expressed as cal/g 
product, for precooked freeze-dried beef (plate temperature 109°F) adsorption 
isotherms at 50°F, 72°F and 100°F. Figure 5-23 shows the similar results for 
precooked freeze - dried beef (plate temperature 145°F). In general, the heat 
of sorption increased with decrease in temperature. The plate temperature 
used in freeze-drying the product did not affect the magnitude of the heats 
of sorption values. However, as the freeze - drying temperature was increased, 
the heats of sorption values decreased somewhat. The relationship of those 
heats of sorption values with the heat evolved as sensed by a person when product 
is consumed will be discussed later. One significant observation from Figures 

5-21, 5-22 and 5-23 would be the correlation between 6 H values, expressed as 
w 



114 
. . 

Table 5-8 --Comparison of total ~ ~ nthalpy values by various methods 
(tot:tl ent11alpy values at·e e~pressed as cal/g water). 

'T'i=mm I ·a Othm e r Proposed 
~--M_1 __ 4--_B_E_-.T _ __._ __ c_._-_c _ __.__M_ e_th_o_d_..____M_e_th_o_d_ 

a. Precooked Freeze -dried Beef 

10.63 

7.50 

4.5n 

671 

663 . 

641 

983 

1173 

12 !)7 

922 

1160 

1197 

-------'----· .. . - ··- ·--....... __ '---- ·--- · ---------4----
b. Raw Freeze -dried B ee f (Saravacos and Stinchfield, 1965) 

68 6F 

6.87 

6 .9 4 

6.41 

5 . 47" 

4 . 50 

659 

659 

655 

658 

650 

791 

7 82 

798 

828 

862 

830 

825 

835 

853 

875 

c. Low Heat Non -fat · Milk (Heldma n e t al. , 1965) 

10. 06 676 889 

7.f> l 679 922 

7.02 678 938 

6.73 680 1021 

aClausius -Clapeyr6n m e thod 

b . 
From a dsorptio n data at 72 °F 

833 

849 

864 

922 

(E MW = 775) 
s 

cFrom adsorption data at 68°F (EMW = 1075) 
s 

d From desorption da ta at 60 °F. (EMW = 725) 
s 

636c 

632 

635 

640 

64e 

627 d 

632 

633 

634 

~- ~' ... ·~· 

1 

~- . 

' .. 
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Figure 5-21 --Heat of adsorption values (6Hw) per g of product, per g of 
solids and per g of water for precooked freeze -dried beef 
adsorption isotherms (plate temperature 105oF ) . 
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Figure 5-22 ·- Heat of a dsorption values (L~Hm) ca l/ g pr·oduct 
by the proposed method for precook ed freezt> 
dried beef adsorption isotherms (plate temper~-
ture 105 °F ) . 
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ca l / g product, with the cal orimetric heats of inuners i on. Th ompson (1 %9) and 
Morrison and Hanlan (1957) indicated that the ca lor imetric values for heat s o( 
immersion for the precooked freeze-dried beef are approximutefy 1 cal/g prod1Jc l . 
This emphasizes the validity of the proposed mt~thod. I t could be argut:d tha t 
the prop osed me thod,due to its significant agreement with the BET valu(:S and 
the possible agreement with calorimetric heat of inune rsion values , is a bc:tte r 
es timate of hea ts of sorption and hence the latent lwats of vapori:c::ation. This 
also would mean that the more common methods o f measuring the latents of 
vaporization and heats of sorption are predicting A H va l ues which are too l .l \y high. Additional calorimetric investigations are neeaed to prov id e c l ari f i c a-
tion of the situation. 

At this point it may be worthwhi l e to c l osely examine th e assumption o f 
the proposed method and t he Clausius-C l apeyron method. Probab l y the most 
objectionable ass umption of the proposed method would be the use o f Raoult ' s 
law for t he evaluation of the effective molecular we i gh t of the solids in a 
given food. An outstanding advantage of the proposed method, however, would 
be the use of non-ideality concept for food products. Reference t o the develop 
ment presented indicat es that by se t ting act i vity of so l ids nqual to one (dry 
solids as standard state ) and the computation of act ivity coefficients fo r 
solids from the Gibbs-Duhem equation, non-ideality of f ood systems is accounted 
for . The use of Raoult's law for computation of effective mo l ecular we i ght 
of solids can be jus tified s ince the pa rtial hea t of mixing o r heat of immer
sion values wer e in the range of 1-5 ca l ories fo r most food p r oducts . In 
addition, the close agreement of () HT va lues by the propos ed me t hod and the BE T 
method provides additional evidence. The Clausius-Clapeyr on method and the 
Othmer method assume t hat the liquid water in a given food system i s in equi li b
rium with its vapo r at the tempe rature of the isotherm. Thi s a3 sump t i on may 
b e questionable due to the fact that food systems norma lly have wat e r soluble 
com~1onents present whi ch tend to lowe r the vapor press ure of t he syst em. In 
addition, the vapor pressure exerted by the liquid water in the given f ood 
sys tern could be lower than the one exerted by the pure \vat e r at t he same 
temperature. The integrated form of the Calus ius-Clapeyron equati on assumes 
that the 6 HT is constant over t he range of t emperature studi ed. This assumption 
is somewhat questionable on the basis · that the enthalpy change with r espec t to 
t emperat ure for food systems may be si gnific ant. Fina lly, the Claus ius 
Clapeyron equation is applicable to on l y a r e ve rsible process , while the 
hysteresis commonly associated with biological produc ts suggests that t he 
sorption process for biological products is not stric tly r eve r s ible . 

In case calorimetric investigations indicate tha t the Clausius-Clapeyr on 
method gives the more correc t (6H) predicti ons , the difference from the pro
posed .me thod must be attributed toTlow e ffect ive molec ular we i gh ts used i n the 
computa tion. Figure 5-24 illustrates the influence of t he effec tive molecular 
weight (EMW ) on the he ats of sorption-----;;- , express ed as cal/g \vater for s 6 .. w 
precooked freeze-dried beef isotherm at 72°F. As the value of EMW Has in-s 
creased, the 6 H values i ncre ased for a given moisture conte nt . It ap pears 
from this dis cus~ion that the heats of sorption values obtained by using the 
proposed method are in good agreement with the calorime tric meas uremen t values 
(about 1-6 ca l /g product). This would also mean that the Raoult ' s l aH assumption 
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to compute the effective mol ecula r weight (EMW ) is a rc~asonab l u assumption . s . 

Add itional investigations should reveal a more acceptable method of pre
di c ting these EMW values. . s 

__ 5 .4. 5 . Applications of the proposed meth od. The to tal enthalpy values 
( 6 HT) for precooked freeze -dried bee f a nd raw beef were comp u U:d by t he pro
posea method from the moistur e equilibrium data and plott ed versus moisture 
con tent (g water/1 00 g NFDM) as shown in Figure 5-25. The higher va luc~s of 
(\ HT were ob tained for t he precooked fr eeze -dried beef (72°F adsorption iso
therm). Values from raw f r eeze-dried beef f or adsorpt i on data 68 °F gave con
s iderab ly l ower values. Based on these observations , pn~hcat treatments may 
tend to increase the heats of adsorption. 

Table 5-8 illustrates t hu effect of temperature of sorption isothe rm on 
f-. HT va l ues by the proposed me thod . I\ HT values for the r aw frceze-dr i c.:d beef 
(Saravacos a nd Stinchfield, 1965 ) and l ow heat non-fat d r y milk (Heldman ct ~., 
1965 ) seem to have inc r e as ed s li gh t l y with the increase i n sorp tion temperature . 
Whil~ th ~ ('y, HT. values for the pr~cooked ~ ree~e-d :ie~ beef have de~rcascd with 
the ~ncreas ed ~n temperat ure, tins behav~or ~ s d1ff~cult to expl a~n. It may 
be r ecalled that t he tota l enthalpy va l uc•s ( 6 HT) represent a s um of the heat 
of sorp t ion ( 6 H ) and t he latent heat of vapor ization. The l atent heat of w 
vaporization values are 10 to 100 fold higher than t he A H va l ues, depending 

w - -on moisture con tent . In adJition , the hea ts of sorption values ( H ) do not 
change signi f i cant l y from product to pr oduct when ca l cu lated by us in~ the 
proposed method. 

Figures 5-22 a nd 5- 23 a l so illustr ate the inf l uence of t emperature on 
values of the same product , pr ecooked freeze -dr i ed beef , at two d i ffe ren t 
plate temperatures of freeze drying . As mentioned pr evi ously , when the tempera-
ture of t he isotherm meas urement was incr eased, t he /1 H values decreas ed 

\v 
slightly. With t he increase in plate t emperature of freeze-drying, the t.1 H 
value was decreased . Th ere i s a s i gnificant effec t of temperature on the sWape 
of the isotherm; at 10\ve r isotherm temperature nor mal l y the product adsorb.> 
more moisture. 

In Figure 5-26 heats of sorption values ( t. H ) expressed as cal/g \vater 
are plotted versus the moisture content (g water/~OOg NFDM) u til izing the 
adsorption a nd desorption data at 72°F for precooked freeze-dried beef (p late 
t emperature l05°F) . Figure 5-26 revealed, first, as expect ed, the 6 H va lue 
decreased as the moisture content was increased fo r both adsorp tion an~ de 
sorpti on. Second l y , the values of t he heats of desorption we r e sligh t l y h i gher 
t han the corresponding val ues of heats of adsorp tion. This is similar to the 
common observation that the deso:rpt ion equi librium moisture values are higher 
than the cor r espond i ng adsorption equilibrium mo i sture values . The higher 
val ues of heats of desorption than the correspond ing values of heats of ad 
sorption may be due to molecular s hr i nkage occurring during desorpt i on (Chung 
and Pfos t , 1967) . 
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l~i gu1·, ! 5-27 pt·l!I:Wills tlw tot al t!lllhalpy o[ adsor.pli.on 
f,·,!,! z ,•-dt· i,!d ht ! ( ~ r. th,• w;tLt!r insoluhlt! eompotwnt 'o[ IH!t![, 
Stlluidt! ('llllljltllll.'lll oi' ht!l!l" (i'aln.ilkar and llt!fdman, 1970), 

( (\ 11.1_.) [or raw 
and LIH! wat<!r 
Tilt! contr.ibulion Lo 

tutal t!Jtlhillp y or adsurplion 611,, by tlw walc!r i.nso luhl t! compont!nl of hc!C !f was 
ltigltt!l. Lhat lltal t>f LIH! Willl!r s ofuhlt! COlllfH>n<!nl (Sarcoplasmic frac tion) of 

h,!,~l . 'l'ltt! f\ ll,, valut!s \vt!l"l! computl!d us.in)!, t·hc propoSl!d mc!thod for tlH! ad-
sorpt illll i.solltt~rm data at. 72°F for raw frct! Z t~- Jrit!d bc!ef, watc!r soluble! cornporwnt 
and Will.t!t· insuluhlt! compotwnl . Tltt!St! r es ults would indical<! LhaL '·'· hi ght!r 

Jll"tlJHll"t iun ol· Lh L! total lwa t of adHorption (I, HT for frcezc!-drit!d hc!ef i s from 
lilt! \v;t l,~r .insoluble compmwnt. 

F.i gun~ 5- :w i l.lus t rates tlw total e nthalpy of adsorp lion ( t_. H,.) for raw 
lrt~t~:<:t!- dr.i,!d ht!f\ f, actomyosin, c(lllagen and water solub l e compont!n~ o[ h e!<; [ 
(Palnitkat· and Heldmnn, 1970). 'l'lw contribution to the total enthalpy o[ 

ads,H·pt inn hy co llagen was ltiglwr Lhan that of the wat.:c!r. so luble components 
and llll! ;tctomynsin. Collagen rt!pr.L!St!nts a portio n of wate r inso lublu porti on 
,q· t·;nv h,! ,~ f and may explain Lite larger contribution of both wate r inso luble! 
nlmpotll'nt and collagen in the total enthalpy value of raw bee f. Somewhat 
lti glwt· values or heats o f sorption for water insoluble components than the 
\v<ltL!r solublL~ components may b e~ due to the [act that l ess e nergy is required 
to remov,~ v.ratL~r from solution than solids . 

5 . 5 . Thermodynamic Paramete r s . 

Straight line plots of the BET 2-parametcr equation in the relative vapor 
pressure range , 0.05 to~ P/Po ~ 0.3 were made. The monolayer capacity (Vm) 
toge ther with the ene rgy constants (c) are tabulated in Table 5-9. Figure 5-29 
illustrates the e ffect of isotherm temp e rature on Vm, the effect of plate tem
pe rature on Vm during adsorption and desorption and the differences in Vm 
during adsorption and desorption. 

The results obtained by utilizing the Harkins - Jura e quation are summarized 
in Table 5-10. A considerable divergence is apparent between the Vm values 
obtained by the two methods. However, thes e differences appear within the 
limits (see for example Kapsalis, et al., 1964) . In general, the desorption 
isotherm for the 145°F plate temperat~a product showed anomalous behavior 
Hhich is expected from the strongly unique f orm of the raw data obtained. 

Close observation of Tables 5~9 and 5-10 reveal that the monomolecular 
moisture value obtained by using the Harkins-Jura equation were slightly 
h igher than the similar values computed by using BET equation for precooked 
freeze -dr.ied beef (plate temperature 105 9 F), for both adsorption and desorption 
moisture equilibrium isotherms. Tha precooked beef freeze dried at 145°F 
plate temperature showed an opposite behAvior, the BET monolayer values were 
h i gher than that of the Harkins-Jura monglayer value for adsorption isotherms 
while desorption isotherms exhibited an opposite effect. The moisture equi 
l i brium isotherm temperature did not show a consistant influence of mono
molecular layer moisture values . 

5. 6 . Product Texture 

The results obtained by sensory panel and by the objective method (Instron) 
were utilized in measuring the texture characteristics of precooked freeze 
dried beef. The data was obtained for six different equilibrium relative 
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TABLE S-9: RET parameters for precooked free~e-dried beef. 

Plate temperature 

Adsorption Desorption 

Temp . "F Vm c Vm c 

40 0 148 9.88 .101 152 0 0 
so . 1063 13.44 . 1034 64.47 
72 .0750 11.59 . 06 'i7 40. <J •-:J 

100 0.0459 6.6 0.0582 :38 0 18 

Plate temperature 

Adsorption Desorption 

Temp. °F Vm c Vm c 

40 .0806 9 . 65 .0910 25.6 
50 . 0733 11.37 .0833 26.67 
72 .0629 9.08 .0845 16.9 

100 .0500 6 0 15 .0750 266 0 7 



TABLE 5-10. Harkins 

Adsorption 

Temp. °F 

40 
50 
72 

100 

40 
50 
72 

100 

A 

. 0274 

.01731 

.01014 

.004332 

Adsorption 

.00661 

.00732 

.005851 

.002399 
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Jura parameters for precooked freeze-dried beef. 

Plate t empe rature 

1: A2 

.166 

.1315 

. 1006 

. 06581 

Plate temperature 

.0813 

.0856 

.0765 

. 0489 

1 
105 °F (Vm A 2) 

Desorption 

1 
A A2 

.0266 .1 63 
.02144 . 1464 
.00938 . 09685 
. 00714 . 08449 

Des orption 

A 

.0135 
.01244 
.01301 
.0363 

~ A 

.116 

.111 5 

. 1095 

. 1621 
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humidities and four different conditioning tempe ratures for product freez e
dried at t\vO different plate temperatures. 

5.6.1. Sensory panel results. The results in Figure 5-30 illustrates 
the influence of equilibrium relative humidity and plate temperature on pre
cooked freeze-dried beef hardness at 39°F as de t ected by the sensory panel. 
Data at additional temperatures (52°F, 70°F and 100°F) are presented in the 
appendix (Figures A-1, A-2 and A-3). There appears to be a predominate trend 
toward higher hardness v·alues when the product was equilibrated in the 60 to 
80% relative humidity range . There is one obvious exception at the 52°F and 
39°F c~nditioning temperature where a lower value was obtained and there is no 
exp lanation. An analys is of variance on the means of data obtained at 70°F 
and 100°F supports the statement that equilibrium relative humidity does have 
a significant influence on hardness at the 5% level (see Table 5- 11) . 

The chewiness data at 39°F (Figure 5-31) indicate that a maximum in this 
in this value may exist at around 80% equilibrium relative humidity, also. 
Additional data at 52, 70 and 100°F is presented in the appendix (Figures A-4, 
A-5 and A-6). Although this observation is not obvious at the 70°F condition
ing temperature, a prevalent trend at all t emperatures is the lower chewiness 
values at the 100% E.R.H. than at 60 or 80% E.R.H. In most cases, the 
chewiness values tend to increase as the equilibrium relative humidity is 
increased from 0 toward 60 or 80% E.R.H. A statistical analysis of mean 
chewiness values indicated that the influence of equilibrium relative humidity 
was significant at the 5% l evel, also. 

Figure 5-30 illustrates the inf luence of plate t emperature on sensory 
hardness values , a lso. There appears to be no consistent r e lationship at any 
equilibrium r e lative humidi ty except near 0% where product dried at the 105°F 
plate temperature had the highes t hardness value. This consistent rela tionship 
is not evident at any other equilibrium r e l ative humidity. 

The influence of plate t emperature on the chewiness parameter is illustrated 
in Figure 5-31. Product dri ed at the 105°F plate temperature gave somewhat 
higher chewiness values more consistently than revealed by hardness data. At 
the 52°F conditioning temperature, chewiness values for 105°F plate tempera-
ture product were cons ide rably higher at all equilibrium relative humidities 
except at and near 100°F . 

The influence of conditioning t emperature on hardness is presented in 
Figure 5-32. The hardness values presented for a 145°F plat e temperature does 
not reveal a consis t ent trend in data. There may be some tendency for the 52°F 
conditioning t emperature to produce product with higher hardness when consider
ing 105°F data (Table A- 5) . The product obtained from a 52°F cond itioning 
temperature has consistently higher chewiness values for 105°F plate tempera
t ure (Table A-10) . This trend is not consistent, however, since product from 
100°F conditioning has considerably higher hardness values than product from 
70°F conditioning temperature at the higher equilibrium relative humidities. 

5.6.2. Objective (Instron) measurements, The hardness of precooke d freeze 
dried beef as indicated by force measurements by the Instron Tes ting Machine 
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Table5-II Analysis of variance data for mean hardness values obtained 
by sensory panel for two conditioning temperatures-Jc two plate 
temperatures and 6 relative humidity conditions. 

--- F 
Source DF ss l1S Calculated 

Total 23 4 . 5711 

Eqtli libr ium Relative humidity (ERH) 5 2.n54 .5451 6.0293** 

Conditioning Temp (C.T.) 1 0.1601 .1601 1.7710 

Plate Temp (P. T.) 1 0 .. 0988 .0988 1.0929 

ERH x C.T . 5 0.5138 .1027 1.1360 

EF.H x P.T. 5 0.5977 .1194 1. 3207 

C.T. x P.T. 1 0.0241 .0241 .2E65 

F:c ror. (ERH X C.T. X P.T.) 5 0 .l~518 .0904 

* Conditioning temperatures: 70°F 100°F 

Plate Temperatures 105°F 
0 

ll:.S F 

Equilibrium Relative humi~ity o, 20' 40, 60, 80 and 100 

** significant at 95% level of confidence. 

5% 1% 

5.05 10.97 
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PLATE TEMPERATURE 
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Fi gure 5-30. Sensory panel hardness of precooked freeze-dried 
beef at two different plate t e mperatures and 
conditioned at 39°F , 
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Figure 5-31. Sensory pane l chewiness of precooked freeze - dried 
beef at two differ e nt plate t empe ratures a nd co nditioned 
at 30°F. 
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PLATE TEMPERATURE= 145°F 
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Figure 5-32. Sensory pane l hardness of pr e-cooked beef freeze-dried 
at two differe nt p l ate t emperatures and conditi oned 
at 145 °F . 
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are presented in Figure 5.33. Additional data for t(~mperaturcs at 52, 70, and 
100 °1-' are presented in appendix (io'igure A-7, A-8 and A-9). The results reveal 
that the hardness index decreased consistently as the equilibrium re lative 
humidity increased. There was some indication at all [our conditioning temp eratures 
39, 52, 70 and 100 °F) that the hardness index may be relatively constan t until 
an equilibrium r e lative humidity o[ 60 to 70'/., is reached. Above thi s level, 
the hardness value decreases significantly. This particular observation i s most 
obvious at the 100 °F conditioning temperature. 

A trend toward l ower chcwiness values measured by the lnstron Testing Machine 
::tt the higher equilibrium relative humidities is evident in Fi gure 5 . '34 and in 
appendix (Figure A-10 , A-1 1 , and A-12). The very obvious exception is product 
with 145 °F plate t e mperature at the 70°F conditioning temperature . The results 
obtained at the 100°F conditioning t empera ture reveal a relationshi p very similar 
to hardness data at the same conditioning temperature . Tn all situations except 
one, the 60 to 70% equi librium relative humidity t ends to be the point above 
which c hcwiness values begin to decrease rapidly. 

Any influence of plate temperature on the hardness index measured by the 
lnstron is not obvious. The hardness of 105°F plate temperature product is 
higher somewhat more frequently when examining these r esults in Tables A-6, A-7 , 
A-8 and A-9 . The same statement cannot be made abou t the influence of plate 
t emperature on chewiness values. 

It is nearly impossible to visualize any influence of conditioning temperature 
on chewiness as measur ed by the Instron Testing Machine as illustrated in 
Figure 5 . 35. Although some consistent trends may exist at a given equilibrium 
relative humidity, these trends may be reversed at diffe rent conditions . 

5 .6.3. Heat evo l ved during sensory evaluation. As indicated on Table A-10 
members ·of the sensory panel were r equested to eva luate tlteheat e volved during 
mastication of the dry beef cubes. The eva luation was on a four-point basis from 
none (1) to evident (4) and will be called a heat evolu tion index . 

The results obtained from the sensory evaluation of heat evolution are 
presented in Figure 5.36 and in appendix Figur es A-13 and A-14). At all three 
t emperatures (52°, 70° and 100 °F), a decrease in the heat evolved with increasing 
equilibrium r e lative humidity is evident. The magnitude of the decrease is from 
slightly above the midpoint in the available r ange for the dry sample t o no 
detected heat evolved for the rehdyrated sample . 

There does not appear to be a consistent influence of plate temperature in 
the freeze-drier on heat evolved during mastication of the resulting product. 
The product dried wi th a pillte temperature of 145°F was gi ven the hi ghest heat 
evolution index most frequently , but the results seem too inconsi stent to draw 
a conclusion . 

The influence of conditioning temperature on heat evo lved is not obvious 
as illustrated in Figures 5.37 and 5.38. There does seem to be some t endency 
for the heat evolution index to be lower at 52°F. Examination of Table A-16 
indicates that values obtained for a 39°F conditioning t emperature are significantly 
lower at all equilibrium relative humidities above approximate ly 40%. 
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Figure 5 ~33, Instron hardness ind~~ of precooked free ze
dried bee f at two pl~te ~emperatures and 
condit ioned at 39°F , · 
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Figure 5 - 34. Instron chewiness index of precooked freeze- dri ed 
beef at two plate temperatures and conditioned at 
39°F 1 
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. CONOITJONING TEMPERATURE 
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Figure 5-35. Influence of conditioning temp e rature on Instro n 
chewiness index of pre-cooked bee f freeze-dried 
at 105°F , 



X 
lLI 
0 z 

138 

3 
CONDITIONING TEMPERATURE· 100° F 

o~--~---+----~--~---+----~--~---+----~--~~--
0 20-Yo 40°/o 60°/o 80°/o 100 -Yo 

EQUILIBRIUM RELATIVE HUMIDITY 

Fi gure 5-36 . Influe nce of plate temperature on heat e vo l ved 
from pre-cooked freeze-dried beef as detected 
by sensory panel for lOOoF conditioning temperature. 
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5.6.4. Correlation between sensory panel and objective mcas urcm<~n t. Th<• 
mea n v<.~lues of hardness and chewiness indices from t he sensory panel were 
correlated with the same mean values for the ob j ective n~asuremen t . The results 
revealed a correlation coefficient of 0.1533 for the hardness values and a 
coefficient of 0 . 0507. for chm-liness values. Both of these coefficients must be 
considered poor and tend to emphasize the unexplained variations which exist 
in the data. 

There are s ,everal factors which must contribute to the poor corre lation 
obtained. The first and probably the most important factor was the product. 
Beef, as well as any food product, is nonhomogeneous and anisotropic. After 
preparation of the cube specimens us ed throughout this i nvestigation, it was 
obvious from visual observation that significant di ffe rences existed within a 
given c ube and from one cube to another. An attempt was made to overcome these 
variation through the measurement of relatively large number of specimens ( 15-20) 
by the objective method. The same approach was not possible with the sensory pane l 
sincL' each member received a different specimen, so that product variations would 
contribute to variations by both methods but more so to the sensory panel measure
ments. 

The second factor \vould relate only to hardness measurement by the sensory 
pane l. For this particular parameter, the range of values set up by the Texture 
Profile method is not adequate for freeze-dried beef . As is evident from results, 
all specimens were placed in the 3 to 5 range, which did not al l ow for adequate 
differentiation bettveen the different factors being inves ti gated. 

5 . 7 . Texture Characteristics of Precooked Freeze-dried Beef 

One of t he objectives of this investigation was to determine the optimum 
characteristics for a food product to be consumed at dry or intermediate moisture 
contents. The inf luence of several factors on the texture of pre-cooked freeze
dried beef have been evaluated . These factors inc lude: a) equilibrium relative 
humidity, b) plate t empera ture du ring freeze-drying , and c) conditioning t emperature 
b efore evaluation. The texture parame ters (hardness a nd chewiness) have been 
evaluated by sensory and obj ective (Instron) t echni.ques . 

5.7 . 1 . I nf l uence of eguil ibrum relative humidity on texture . Both the 
sensory panel and Instron data indicate that hardness and chewiness decreased 
after reaching an equilibrium relative humidity of approximately 60 to 80%. 
Examination of t he mean sensory pane l values indi cated that the hardness and 
c hewiness tends to increase until the 60 to 80% r a nge is reached. A s t atis tica l 
analysis of hardness and chewiness data obtained from Instron measurements p roduced 
the curves presented in Figures 5.39 and 5 . 40. By ass uming a second order 
relationship between texture (hardness or chewiness) and equilibrium relative 
humidity, the appropriate coe ffi cie nts for the model equations (See Tables 5-12 

· and 5-13) were determined utilizing a ll avai l able da ta. These results reveal 
that the i nflue nce of equilibrium relative humidity was maximum at 40% and did not 
influence hardness or chewiness at 80%. 

All data obtained and analyzed s upports information presented by Kapsalis 
(1967) indicating that hardness of pre- cooked freeze-dried beef increases as 
moisture content increases t o equilibrium l evels above that of the dry product. 
The Kapsal i s ( 1967) report indicated that the hardness was still increas ing when 
the product was at a equil ibrium relative humidity of 66%. Hmvever , the Kapsa l is 
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Table 5-12 

Hardness model : 

y 

11 - 2.778 .± 1.705 

pl 0.1826 ± 0.0661 

p2 = -0. 1826 ± 0.0661 

c2 = o.070l ± o.0964 

c3 = 0.1578 ± o .OS94 

c1 = - 0.2279 + o.0961 
~ -

(PC) 12 = 0. 0029 ± 0.0960 

(PC) 13 = 0.4195 ± 0 . 0894 

(PC) 14 = -0.4224 ± 0 . 0931 

(PC) 22 = - 0.0029 ± 0.0960 

(PC) 23 = ~0 .4195 ± 0.0894 

(PC) 24 = +0 .4224 ± 0.0931 

bl = 0.0395± 0 .0068 

b2 = - 0.0005 ± 0.00006 

pl 

p2 

c2 

c3 

c4 

...... plate effect at 

·-+plate effect at 

_, condition temp 

-condition temp 

-condition temp 

l05°F 

145°F 

(52°F) 

(70°F) 

( 100°F) 

effect 

effect 

effect 

. I 

I 

I 



Table 5-13 

Chewiness model: 

~ : 9.948 ± 4. 788 

pl = 0 .8301 ± 0.1940 

p2 = - 0.8301 ± 0.1940 

c2 = o.so74 ± o.2831 

c3 = o.3688 ± o~262q 
c4 = - 0.8762 ± o.275 

(PC) 12 = -Q.5101 ± 0.2819 

(PC) 13 = +1.2319 ± 0.2624 

(PC) 14 = - 0 . 7218 ± 0.276 

(PC) 22 = +0.5101 ± 0.2819 

(PC) 23 = - 1.2319 ± 0.2624 

(PC) 24 = +0.7218 ± 0.276 

bl = 0.1053 ± 0 .0200 

b2 = -o.0013 ± 0.0002 

143 
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(196 7) det t a w<1s obtained for product \vhi ch had be<.~ n stored for 5~ mon tlls whi I< ~ 
tilL' data in the present inv<.~s tigati on wen~ obtained imnwdiately after cond i
tioning. As Kaps<1 l is (1967) points ou t, any c h a!1gt~s in t exture should b<.! 
emphasized by l ength of stor age . 

5.7.2. Influence o f pl a t e temperature on texture. Examina tion o[ mean 
hardness and chewiness values ob taine d from sensory a nd Instron measurements 
does no t pe rmit t he statement o[ <1 definite concl usion regarding the influe nce 
of plate t~~mp e raturc . The majority o f the ha_r dness and c hewiness data obta i ned 
from t he sens ory pane l indicated tha t the 105°F plate tempera ture produced pre
cooked f r eeze-dried beef with a higher hardness index and highe r c hewiness va l ue . 
This is supported by an analysis of variance of Ins tron data fo r hard ness and 
chcwiness presented i n Tab l es 5- 14 and 5-15, which ind ica t ed that pla t e tempe r a 
ture has a s ignifi cant influence on both paramete rs at the 1'7, l evel. The 
influence i s illus trated in Figures 5 . 4 1 and 5 . 42 where it is evident th a t t he 
105°F plate tempera tu re product had a positive i n fluence on the chewiness index 
a nd on the hardness index at al l conditioni ng t emp eratures exc ep t 100°F . 

The differences in texture due to pl ate t emperature used during freeze
drying mu st be attributed to the influence of hea t on product components . This 
same influe nce is e1pparent whe n exami ning equil i brium mois ture c on t en t data . 
The reason fo r th is type of influence is not obvious since the equilibrium 
moisture contents on 105°F pl a te t emperature product wer e highe r and t he same 
product had highe r hardness and chewiness values. 

5 .7 . 3 . Influence of conditioning t emp er ature on tex tu r e . The influe nce 
of conditioning t emper ature on hardness and chewiness of pre-cooked f r eeze -dried 
beef i s probably the l eas t obvious wh en examining mean values of each parame t er . 
There was some indication f rom panel d a ta that hi ghe r hardn ess and chewiness 
values were obtained on produc t conditi oned at 52°F . 

An analys is of variance of the Instron da ta (Tables 5- 14 and 5-15) r evealed 
that the inf luence of condi tioning tempe r a ture on hardness was s i gni f i can t a t 
the 5% l e vel while the inf luen ce on c hewiness was s i gnificant at the 1% leve l. 
In addition, it i s obvious from Figures 5.41 and 5.42 t hat the influence of 
conditioning t emperatur e is dependent on pla t e t empera ture. For the 105°F plate 
t empera ture , the hardness and chewiness values tvere highest a t 70°F. For the 
145°F plate temperature product, both parameters were l owest at 70°F. The r e 
a ppears to be no explanation for the ty pe of interact i on be tween condi t ion 
t emperature and plate temperature revealed. 

It should be pointed out that the coeff i cients (b1 and b2) in Tab les 5 - 14 
and 5- 15 are those which desc ribe the influe nce of equilibrium relative humi di ty . 
As indicated, these coeffi c i ents are s ignificant at the 1% level, a lso. In 
a ddit ion , a co r re l a tion coeffici ent of 0 . 7 was computed for the relationship 
between ha rdness and chewiness as measured by the Instr on procedure. 

5.8 . Re lationship Between Predic t ed Hea t s of Immersion and Sensory Results. 

A traine d tas t e pane l consisting of eight members was asked t o evalua te 
t he hea t e volved during mastication o f beef cubes of a four-point scal e from 
none (1) to evident (4 ). Tab l e A- ll illustr ates the samp l e scor e sheet used 
i n the sensory evaluation. The precooked freeze-drie d beef cubes were equil
ibrated to a given conditioning temper ature and re l ative humidity. Four 
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Tab1e 5- 14 Analysis of Variance on Hardness Index from lnstron Data 

Source d. f. ss MS F- ratio 

Plate temperature (.P) 1 16.699 16.699 7 • 632*,'<' 

Conditioning t emper ature (C) 2 14 ~ 173 7.086 3. 239•'<' 

Interaction, PXC 2 63.606 31.803 14.535** 

b . [(R.H.)] 1 74.018 74.018 33 .829-fc* 
l 

[(R .H.) 2 ] b2 l 154.439 154.43 9 70 .585•'~'* 

Error 508 lll1.492 2.188 

** significant at 0.01 level 

* significant at 0.05 level 
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Table 5-15 Analysis of Variance on Chewiness Index from Instron Data 

Source d.f. ss HS F-rntio 

Plate temperature 1 345.202 345. 202 18. 312 3•:C* 

Conditioning temperature 2 190 .989 95.494 5.0658** 
Interaction, 2 421.069 210.535 11.1684** 

bl [ (R . H.)J 1 525.035 525 . 035 27. 8521-lt,'( 
b2 [ (R.H . ) 2] 1 852.188 852.188 45 .2069·<'<* 

Error 508 9576 . 231 18 o851 

**significant at 0.01 level 
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conditioning temperatures and five relative humidity conditions were employed 
in equilibrating the beef cubes. The panel membe~s reported the heat evolved 
during n1astication of a preconditioned beef c ube as heat evolution index. 
Table (5 - 16) shows t he heat evolu tion index values ob tai ned from the sennory 
evaluati on. 

As me ntioned previously, the heats of sorp t ion values ( @ ) were bbtained 
by using t he proposed method and the moisture adsorption isothe~m data at three 
different isotherm tempe~atures for precooked f r eeze-dried bee f . Fi gures 5-22 
and 5-23, illustrate the heats of sorption values for precooked freez e-dried 
beef powde r freeze-dried at l05°F and 145°F respect ively. 

Figure ~-43) represents the general tre nd of the heat of sorption as 
determined by the proposed method and the heat evolved as s ensed by taste panel 
members. It appears that the heat of sorp tion and the heat evolved as sensed 
by a person are indirectly related. The heat of sorption increas ed with the 
moisture conte nt up to about 25 percent moisture level and then decreased 
slightly, while the heat evol ved as sensed by the panel members dec r eased with 
an increase in moisture content . 

Table (5-16) indicates that the heat evolved as sensed by the judges de 
c reased with the increase in equil ib rium relative humidity or wate r activity 
for a ll the three conditioning tempe ratures. The pane l members ass igned slight
ly higher value of heat evolved to a dry product (low moisture level) than a 
wet product . Ta ble (5-16) did not show the consistent influence of plate tem
perature (105 °F and 145°F ) used in the freeze-drying of the beef cubes on the 
heat e volved during mastication of t he product. However, the heats of sor ption 
values (cal /g product) ca lculated by utilizing the proposed method i ndicated 
that t he values are s light ly i n fluenced by the plate temperature used in 
freeze-drying. 

Careful examinat ion of Figure (5-43 ) r eveal ed t hat the panel members 
sense the heat evolved while masticating the beef cubes in a peculiar manner. 
In order to illustrate this, the heats of immersion values (heats of sorption ) 
obtained by the pr oposed method were plotted as differe nce in the maximum heat 
of immersion (~-1hich occurred a t some intermediate moisture value) and the heats 
of immersion values atvarious moisture levels versus the equilibrium relative 
humidity. In addition to the differences in the heats of immersion, the heat 
evolved as sensed by the panel members was also plotted against the equilibr ium 
relative humidi ty in the same Figure (5 -44). 

Figure (5-44 ) indicated that there seems to be a similar r ela tion 
between t he heats of imme rsion values expressed as diffe rences and the manner 
in which the judges sensed the heat evolved during mastication of beef cubes . 
It seems t hat the panel members sensed t he heat evolved as diffe rence in taking 
preconditioned beef c ube from its init ial conditions (temperature and ~-1ater 
activity) to some optimum condition existing in their mouth be fore swallowing 
the samp l e. This results in the pane l members r eporting higher amoun ts of heat 
evolved for a dry bee f cube and somewhat lower values of heat evolved for the 
wet beef c ubes . It should be pointed out that the judges experienced diffi
cul ties in judging the sma ll differences in heat evolved dur ing mastication of 
the beef cubes. Also, the heats of sorption values were bas ed on t he powder 
form of the product and were expressed as cal/g product while the heat evolved 
as sensed by the panel members was based on t he beef samp l e in the form of 
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Table 5-16 Heat Evolution Index Values obtained from Sensory Panel. 

-<>% -20% --.-40% -60% ...... 80% 100% 
-

(Plate Temperature = 105°F) 

2.7 2.1 1.1 1.0 1.0 1.0 

2.9 2.4 1.8 1.1.~ 1.0 1.1 

2.55 2.21 2.10 2. 1 1.5 1.10 

2.4 2.21 2 .2 2 . 3 1.38 1.0 

0 (Plate Temperature = 145 F) 

2.65 2.0 1.1 1.0 1.0 1.3 

2.36 2.58 2 .1 1.2 1.0 1.0 

2.9 2.5 2.417 2.2 2.3 1.0 

2.8 2.68 2.35 2.2 1.8 1.0 
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temperature l05°F ). 
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cub es , the we ight of which was dependent upon the conditioning t emperature and 
rel a tive humidity at whic h i t was equilibrated. 

5.9. Influence of Storage on Product Texture 

The texture of the free ze -dried beef c ubes was measured at 1-month 
intervals during storage at two temperatures (39°F and 100°F) and four wat e r 
activiti es (0, 0.25, 0 . 5 , 0 . 75) . In addition, samples f rom two different 
plate t emperatures (105°F and 145°F) during f r eeze -drying were utilized. The 
texture was expre ssed in terms of two parame ters; hardness and chewines s . 
The mean of 15 replicate values i s presented for e ach situation in Table A.l2 
for hardness and Table A.l3 fo r chewiness . 

5.9.1. Influence of pl a t e temperature. The influence of storage time on 
t exture seemed to be most evident at the 100 °F and 0.75 water act i vi ty s t orage 
condition. The influence of plate tempe rature on hardness and chewines s i s 
revealed in Figures 5.45 and 5.46 , respectively. In both cases, the product 
freeze-dried with 105°F plate temperature seemed to have higher hardness and 
chewiness values after one and t~w months of storage. After 4 and 5 months , 
the hardness and chewiness values were higher for the 145°F plate tempe rature 
product . There is no obvious exp lanation for these r e lationships or for the 
rather si gnifi can t decrease in both texture parameters occurring aft e r s ix 
months of storage . Thi s change was most evident fo r the 105°F plate temp eratu re 
product . 

5.9.2. Influence of storage temperature . The influence of storage t emper
ature on t exture of bee f fre eze -dried at 145 °F plate t emperature and stored at 
wate r activity of 0.75 i s illustrated in Figures 5.47 and 5 . 48 . High t emp e ra
ture storage (100°F) seems to have a detrimental inf luence on both hardness 
and chewiness s inc e the parameter values are higher at the 100°F storage temper 
ature throughout the storage pe riod. The chewiness paramete r seems to be much 
more sensitive to the differences caused by storage temperature . There appears 
to be a slight increase in hardness with storage at 100 °F up to 5 mo nths , while 
storage at 39°F seems to maintain the hardness parameter at a r e latively con
stant value. The increas e in the chewiness parameter at 100°F is much more 
obvious although the value is as high after 2 months of storage as at 5 months . 
Exce pt for an increase in chewi ness at 4 months, the va l ues are r e lative ly 
constant at 39°F storage. The decrease in all t ex ture values at 6 months of 
s torage has no apparent exp l anati on. 

5.9.3. Influence of wate r activity. The r e l a t i onship be t ween storage 
time and wate r activity seems relatively obvious in Figures 5 . 49 and 5 . 50. 
During the init i al 2 to 3 months of storage a t 100°F, the bee f freeze -dried at 
105°F seems t o be relatively stable in that ha rdness and chewiness values do 
not change at any of the wate r activities inve stigated. Beginning with the 
third month, however, both hardness and chewiness values increase for product 
stored a t water activities of 0 .5 and 0 . 75 . This increase results in maximum 
value s for hardness and chewiness at 5 months of storage while product stored 
at water activities of 0 and 0 . 25 does not c hange in texture . 

5.9.4. Statistical analysis . The results of an analysis of variance 
conducted on both hardnes s and chewiness da ta i s presented in Table 5.17 . The 
values in the table indicate the significance l evel at which .variations existed 
in the variables cons idered . In general, those r esults indicate that t he 
inf luence of mos t variables consid er ed i ncreased with s t orage time . 
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Figure 5-45. Influence of storage on hardness of freeze-dried bee f 
at 100 °F with wate r activity of 0 .75. 
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Figure 5 .48. Influence o f s t orage tempera ture on chewiness during storage 
o f freeze- dried bee f with water activity of 0.75. 
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Table 5. 17. Statist i cal significance of various processing and 
storage parameters on texture· of freeze-dried beef. 

Month of Storage 
Variabl 0 .D. 1 2 3 4 5 6 Ove ra 11 

Pla te temp. 0. 720 0.021 0.00 1 
bHardness) 

0. 02 0.061 0.0 19 0.065 <.:0. 0005 
Sto ra ge temp. 0.224 0.018 0.011 0. 636 0.857 < 0. 0005 <() . 0005 ..-() . 0005 
Water activity 0.294 0.29 3 0.022 0.468 0. 728 0.102 0 .049 0 .1 69 
Rep licates 0.252 0.976 0.165 0.503 0.898 0.408 0.064 

( Che\lli ness) 

P1a t c temp. 0.072 0.003 0.297 0.295 0. 767 0.365 0.162 0.0 03 
Storage temp. 0.223 <(). 0005 0.183 0.098 0.033 0.002 <() .0005 <0.0005 
Water act ivity 0 . 017 <() . 0005 0.001 0.013 0 . 003 <0 . 0005 0.001 <0 . 0005 
Replicates 0.060 0.758 0.749 0.880 0.966 0. 170 0 .384 
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The influe nce of plate temperature on hardness appears to become signifi
cant beginning at 1 month of storage and continue~ through 5 months. Aft er 
six months of storage, the significance l eve l was the same as variability 
among replicates. In general, the same relationships existed between plate 
temperature and t he che\~iness parameter. The overal l significance l evels 
indicate a very definite influence of plate temperature on product hardness 
and a somm~hat less significant influence on the che\viness parameter. 

The statistical a nalysis indicates that t he s torage temperature may not 
have a signif :ic:a nt influc~llCC on product hard ness un ti L reaching a storage time 
of 5 months. In the cas e of t he chewiness parameter, the s ignificance l eve ls 
are s ufficiently lmv at <'ll L times beginning \vit:h l mnnth of storage support ing 
previous observations that t he chewiness parame ter may be more sensitive to 
variations in the product texture . An analysis of a ll data independent of 
storage time i ndicates that storage temperature has a definite influence on 
product hardness a nd chewiness . 

The influe nce of water ac tivity on produc t hardness seems somewhat 
questionable. The confidence levels are r e latively c los(~ to correspond i ng 
levels for varia tions between rep licate samples. This s ituation does not 
ex i st when ana l yzing the relationships between water activity and th e chcwi
ness parameter. Confidence level s obtained at storage times of one month or 
more are very low i ndicating a very definite influcnc<~ of water activity on 
chewiness of t he product. Analysis of a ll product samp les confirms these 
observations, although the l ack of observable i nf luence on hardness may be 
related t o the lack of sensitivity in the measurement of that par ti c ular para
meter. 

5 .10. Relationships bet\veen Thermodynamic Parameters and Product Texture. 

The thermodynamic parameters (differential fre e energy, e nth alpy and 
entropy ) were computed from the moi sture equilibrium data . Tab l es 5 .18 and 
5 . 19 illustrate the thermodynamic properties of precooked fr eeze-dri ed beef 
for plate temperatures of 105°F and 145°F, respectively. The property values 
are pres e nted for water activities of 0, 0.25, 0. 50 and 0.75. 

In gene ral, t h e differential free e nergy ( AG ) , differentia l entha l py 
\v 

(tJ\., ) and differential entropy ~) decreas ed as thP water ac t ivity of the 
precooked fre eze - dried beef i nc rea~ed. The only exc q> Li on to t his re l ation
s hip '~as at t he 100°F conditioni ng temperature with lltS °F plate temperature 
product where the e n tha l py and e nt ropy values were maximum at 0. 5 water 
ac tivity. 

In order to estab l ish the re l ationship be t ween product texture a nd 
t hermodynamic parameters, the product che\~iness parameter was plo tted versus 
differential e ntropy ~) as illustrated i n Figures 5.51 a nd 5 . 52 . The 
c hewiness parame t e r was ~e lected s ince previous ana l ys i s had indicated Lhat it 
was a more sensitive parameter to changes than hardness. The diffe r ential 
e ntropy seems to be an appropriate thermodynamic parameter to utilize since 
variations with water activity are the same as for other thermodynamic 
parameters. 
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Tab l t' 5- 18 

Thermodynamic properties of precooked freeze-dried hecf 

(plate tompera ture 105 °F) 

Temperature 39°F 
·k >'< 

w.a. - t,G - l\H 
\oJ w 

o.o co 

0.25 42.47 310. 72 
0 . 50 21.24 120 . 25 
0. 75 8.32 99.63 

Temperature 100 °F 

\oJ . a. 

0. 0 
0.25 
0 . 50 
0.75 

__ .. k ...,., 

t:,G 
w t-H w 

co 

47.57 496.30 
23.79 640.5 

9 . 87 430.4 

·1< 1\G - ca l/ g wate r 
w 

AH - ca l/g water 
\ oJ 

f'.S - cal/g wate r / °C 
\v 

-------

·-k··k 

-AS 
w 

0. 97 
0 . 36 
0.33 

.. k-1< 

6S 
\oJ 

1.44 
1. 98 
1. 35 
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Table 5-19 . Thermodynamic properties of precooked freeze - dried beef 

(plate temperature 145°F) 

Temperature 39°F 

)'( "/( )b'( 

--
\17. a. - 6G \17 - i\H w t:,S w 

0.0 00 

0 . 25 42.47 299.12 0.92 
o.so 21. 2L~ .LLl . OO 0.33 
0.75 8 . 82 6Y . l2 0.22 

Temperature l00°F 
)'( ·k ··k"'l'r --\17. a. - (}G - t,H - 6S 

w \17 w 

0.0 CXl 316·. 82 0.87 
0.25 47 . 57 130.71 0.34 
0.50 23.79 86.82 0 . 25 
0 175 

·I 
9.87 

* 6 G - cal/g \17ater \17 

6 H - cal/g water 
w 

)'()'( --
A Sw - cal/g water/ °C 
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The r es ults in Figure 5.51 illustrate the r e lationship obtained at 39°F. 
In general , it would appear that chewiness changes' very 1i tt l e with increasing 
differential e ntropy. Although three different storage times arc presented, 
it would be very difficult to draH a conclusion related to change of texture 
at 39°F '"i th change in thermodynamic parame ters. 

At the 100°F storage temperature (Figure 5.53) , a more obvious relat ion
ship exists. An initial obse rvation reveal s that all resu l ts indicat e that 
chewiness i~ decreasing with inc reasing di fferentia l e ntr opy . This i s as 
expected s ince hi ghe r ent ropy values were obtained at higher water 
activities, which corresponded to lower chewiness values. It seems 
l ogical that higher entropy s hould have more desirable text ure since l ower 
e ntropy i mplies a tight struc ture expected for less desira ble texture. 

In addi L.i on to the ge neral r e l ationship b<!twe Pn pr od uc t chewiness and 
differential entropy, there appears to be a changing relat ionship with i n
creased storage time. At the beginning of s torage , the chewiness decreases 
only s lightly with increasing e ntropy. As storage time increases to 2 a nd 4 
months, the dec r ease in t exture with increases in the t hermodynam ic parame tl•J: 

becomes more evide nt . Thos e r esults would indicate that ex t ended storage aL 

high temperature (100 °F ) r es ults in more significant changes in product t ex
ture as r e lated to the thermodynamic parameters. 

5.11. Relations hip Between Engineering Parame ters and Product Texture . 

5.11.1. Impact tests. The mean energy absorption values at various 
equil i brium r e lative humidities (E.R.H . ) are prese nted i n Table 5-20 and 
illustrate d on Figure 5.53 . 

TABLE 5-20 Mean energy absorbed in impact t es t. 

E. R. H. % 

Energy Absorbed, 
ft.- lb . 

15 

0 . 152 

30 

0.216 

50 70 

0.236 0 . 215 

92 

0.187 

The results reveal relative ly little effect of water activity on the capability 
of the cube samples to absorb ener gy. An analysis of variance als o failed to 
detect a s i gnificant effect of water activity. 

The quantity of energy absorbed increased to a maximum at a wate r activity 
of 0.5, and decreased at wa te r activitie s grea t e r than that. Although the 
maximum value of energy absorbed \oJas 50% gr eater than t he mi nimum value it is 
difficult to justify drawing any conclusions regarding a definite rel ationship 
b etween equilibrium relative humidity and energy absorbed. For example , a 
quadratic type of function would seem adequate for describing th e curve on 
Figure 5.53, but this could not be supported by statistical analysis . Fur t he r, 
it may be worthwhile to note that the one value of 0 . 54 ft.-lb. at 15% E.R.H. 
is an isolate d instance and probably due to inhomogene ities in that part icu l a r 
samp le . It has the effect of decreasing the value for energy absorbed at 
a = 0.15 to a l eve l which is probably not typical. This one value could a l so 
b~ the cause for finding differences in energy absorbed due to the l ocation in 
the muscle from which the sample was taken, a conc lus ion that can bare ly be 

· drawn at the 95% confidence l evel. 
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It is evident from Figure 5.54 that ene r gy absorbed cannot be taken as a 
good guide for predicting water activity, and congequently t exture parameters. 
TheB e results tend to illustrate that energy a bsorbed is i nsens itive to changes 
in the hardness index. It may be concluded the r e fore t hat the i mpact tes t 
does not appear to offer information which could lead to predicting texture 
indices . 

5 . 11.2. Accuracy of vis coe lastic mode ls. Three di fferen t approaches 
were adopted for estimat{ng the parameters in both models . Accuracy of the 
models was checked not only by the experimental data of t he t est used for 
parameter est i mation but aLso by independent t ests . The concept underlyi ng 
t h is approach i s illustrated on Figure 5.55. 

Figure 5.55 illustrates t hat the r e laxat ion test data a ll owed all four 
paramete rs E ~ , E3 , n 1 , n

3 
to be es timated f or Model 1 , which was then used to 

predict cycl~c and creep !unctions. Similarly, the cyc l ic tests were us ed Lo 

es timate A, B, f... and C in Mode l 2(b), and the equation for tha t model subs e 
quently predicted both creep and relaxation responses. The third app r oach 
used both the r e l axat ion and cyclic tests to de termine t he coefficients in 
Model 2(a). The creep test r esults were emp loyed for comparison purp oses 
between Mode ls 1, 2(a) and 2(b). 

As will be discuss ed be l ow , except for the failure o f Model 1 to predict 
the cyclic r esponse, the models appear to give satisfactory predictions . Since 
all of the parame ters in Mod e l 1, and three of the four in Mode l 2(a) were 
evaluated from r e laxation t ests , these mode ls should give c l ose agreement with 
the experimental relaxation . data. Once the equa tion for a model gives a 
solution whose function is similar to the experimental patt e rn, then it only 
remains to calculate the optimum values of t he constants in the model which 
give best. agreement with experimental results. This op timi zat ion procedure 
was accomplished by using the GAUSHAUS non-line ar estimation method . 

Figures 5.56, 5.57, 5 .58 , 5.59 and 5.60 illustrat e a comparison between 
the models and experimental data for the r e laxation t ests . The differe nces 
which may exist be tween Model 1 and Model 2 as time approaches infini ty may 
not be obvious . Refere nce to equations ( 16) and ( 17 ) wi ll show that stress 
(a ) for Mode l 1 reduces to zero after an infinite time , whereas, in Mode l 2, 
the stress will approach a constant value: o( t=ro) = A £

0 
Within the time 

p eriods considered in t he present experiments hmv ever, l ar ge differences 
between both models were not apparent. 

The relaxation function suggested by the model whose parameters were 
es timated without using relaxation data, i. e ., Model 2(b) , agrees exceptionally 
wel l with experimental r es ults at equilibrium relative humidities of 70% and 
92% . For the lower water ac tivities the predicted stresses are higher than 
the experimental values for about the first five seconds, and app roximate l y 
25% too low for times greater than that. One possibl e· explanation for this 
lack of agreement may be r e late d to the fact that the parameters in Model 2(b) 
were determined from the cyclic t es ts, which gave results somewhat inconsistent 
f rom what the relaxation data indicate. For example, a strain of 0.15 i s 
applied instantaneously to the sample in a r e l axation test bu t in a cyclic 
test the application is gr adual, e.g ., ove r 7.2 seconds when the deformat ion 
rate is 0.5 inch/min. Some stress should have "relaxed" during this time period . 
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Therefore the cyclic stress when strain reaches 0.15 should be lower than the 
relaxation stress for the same strain at time , t = 0. But the experimental 
results at the lower water activities showed that the maximum stress for a cyc lic 
test was greater than the maximum stress for a relaxation test. 

The very high relaxation stre~ses predicted by Model 2(b) for times less 
than five seconds substantiate the above explanation. Indeed, this same 
apparently inconsistent behavior eliminates the possibility that Model 1, with 
parameters estimated from the relaxation experiments, cou ld accurately product 
cyclic stress behavior. 

Such discrepancies between initial stress, a , during relaxation l oading 
and maximum stress, ~ , under cyclic load appligation can perhaps be attri
buted to at least foura~ossibilities : (a) differences in the samples tested; 
(b) the effect of sudden loading in a relaxation test, (c) a possible work
hardening effect during gradual compression in cyclic t es ts, or (d) changes in 
the product at different water activities. 

Random errors due to sample differences i3 a strong possibility for the 
relaxation results, since only five replications were run at each equilibr ium 
relative humidity. However, fift een cyclic t es ts at each water activity 
should have been sufficient to account for product diffe rences. Further, the 
trends. for both types of experime ntal results are the same -- it is the 
relative magnitude of the stress values which is surprising. 

It i s conceivabl e that the sample structure would be more susceptibl e to 
fracture or yielding under sudden impacting than under more gradual force 
application. Also, at lower moisture contents the product structure seemed 
more brittle than at higher moisture levels. The fact that Model 2(b) pre 
dicts r elaxation much better at higher moisture contents, when presumably 
the product is less brittle, would support the c onte nti on that manne r of 
loading combined wi th changes in the product struc t ure at increased moisture 
l evel s is the most acceptable explanation for the apparent incons istancies . 

The fourth possible reason mentioned was a work-hard ening ef fect. This 
behavior is exhibited by many engineering materials and it could also be true 
of l ow moisture foods , i. e ., the product bec omes more resistan t to compression 
as deformation is increased. 

The use of the r e l axation data to estimate parameters would l ead to 
predictions of cyc l ic stresses which would be too low, as all ready discusse d. 
However, the failure of Model 1 to predict cyc lic r esponse with any degree of 
accuracy must lead to the conc lusion that a simple linear viscoe lastic mode l is 
inadequate to describe the general stress-strain relationship fo r precooked 
freeze-dried beef. Nevertheless, such models may be very suitabl e for 
specific t es ts such as creep or r e laxations. 

For example , the four element model proposed gives the best fit of all the 
three models to relaxation curves, a nd also gives suitable predic tions for creep 
at 0.15, 0.30 and 0.50 water activities (Figures 5.61, 5 .62 and 5.63). At 
th e higher water activities, creep predictions indicate that all four coef
ficients, E1 , E3 , Til andT\ 3 , are too low (Figures 5-63 , 5- 64. Specifically, 
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increasing the values the n
1 

and E1 wou ld decrease the rate of change of 
strain, and also the magnitude of strain . These changes would also have the 
effect of increasing the predicted cyclic stress to a value nearer the 
experimental value. Unfortunately, such changes would lead to i naccurate 
predictions of the relaxation function. 

Model 2(b ) , whose coefficients were calculated from cyclic t es t data, 
describes cyc lic behavior excel l ently. It can also satisfactorily predict 
creep strain at all wate r activities (Figures 5 . 61, 5.62 , ~ . 63 , 5.64 and 5 .65). 
The fact that relaxation stresses predicted are too high for times below five 
seconds, and too low for times greater than that, is due to the exponent ial 
term (Be-t/A.') ,being determined to sa tisfy cyclic results. The inconsistencies 
between cyclic and relaxation data discussed above me ant tha t this term, for 
times near t = 0, would make too high a contribution to predicted relaxation 
stress. Nevertheless, even allowing for this inaccuracy, t he predicted r e laxa
tion stresses are reasonable es timates of the expe rime ntal r esu lts . 

The combination of cyclic and relaxation data utilized to determine t he 
constant parameters in Model 2(a) overcomes the irregularities in resul ts be
tween both t ests. Only one ~art of Model 2 is applicable under relaxation - t/li.' conditions : 

At; + B e:;e 

and this can be satisfactorily fitted to the experimental data for the r el a
tively short time periods being cons idered. Using this part of the model to 
predict cyclic respons e (i.e., omitting the termcJtd 8 ) , it was found 

t 
that for the loading parts of the cycle (O <t < t n anrl t <t < t

3
) 

predicted stresses were too low, whereas the oppJsite was the case during 
unloading ; Thus the term c r td € plays an important role, since it increases 

·' tn 
the predicte d stress for loading conditions, but decreases it when strain -
and therefore stress -- is being dec r e as ed. The r es ult is very good pr edic
tions, as i llustrated on Fi gures 5.66, 5.67, 5.68, 5.69 and 5 . 70. In 
addition, when comparing the predictions by models with results of c r eep 
experiments, the predictions by Model 2(a) were in closer agreement than 
eithe r Mod e l 1 or Model 2(b) . The app r oach used to evaluate the parameters of 
Model 2(a) would therefor e seem to give the most acceptable general model. 

To avoid confusion, the cyclic c urves r esulting f rom the solution of 
Mode l 1 have not been included in Figures 5 . 66, 5 .67, 5.68, 5 . 69 and 5.70. 
The maximum theoretical stresses we r e only one-fourth to one-third the values 
of the experimental stresses, as illustrated by the r esu lts presented in 
Table 5. 21. 

5. 11.3. Influence of water activity on mode l parameters. Two different 
methods were used for calculating mean parameters . One app roach used for t he 
parameters estimated from r e laxation data involved the determination of a 
mean re laxation res ponse at each water activity. From the mean curve thus 
obtained, optimum mean parameter values were estimated us ing the GAUSHAUS 
non-linear est imation procedure. Parameter estimates were also made from each 
individual curve . The coefficients estimated in this manner included E1 , E3, 
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Table 5-21. Mean experimental and predicted values for texture 
parameters, hardness and chewiness. 

Hardness Chewiness 

0.15 Model 1 5.1 . 4. 7 
Model · 2 (a) 18.5 19.4 
Model 2 (b) 22.5 19 .6 
Experimental 21.3 18.7 

0' 30 Model 1 4 . 2 3.8 
Model 2 (a) 17.3 15.6 
Model 2 (b) 16.3 13 . 6 
Experimental 15.6 13 .1 

0.50 Mode l 1 5.5 5.3 
Model 2 (a) 13 . 7 12.0 
Model 2 (b) 16.5 13 . 4 
Experiment al 15.8 13 . 8 

0. 70 Model 1 4.0 3.9 
Mode l 2 (a) 9.8 8 . 3 
Mode l 2 (b) 12.8 11.7 
Experimental 10. 9 9 .1 

0. 92 Model 1 1.2 1.0 
Mode l 2 (a) 3. 1 2.6 
Model 2 (b) 3 . 1 2.8 

. Experimental 3 .4 2.9 
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~land f3 in Model 1, and A, Band A' in Model 2(a). 

The second approach merely estimated the ~rithmetic mean of fi fteen 
values for each parame ter at every water activity, using experimental 
cyclic results. In addition to C in Model 2(a), all four parameter means 
in Model 2(b) were calculated by this method. 

Analysis of variance t es ts revealed that water activity levels had a 
significant effect, at the 99% confidence level, on eve r y parameter e xcept 
A' in Model 2(b) . This conclusion could be anticipated from the large 
decrease in parameter values at the higher equilibrium r elative humiditie s , 
particularly at 92%. 

Mean parameter values fo r the various models are presented in Tables 
5.22, 5 . 23 and 5.24. The general trend is one of decreasing parameter 
values with increasing moisture content. At the lower water activities 
relatively little change is evident, but any statistically significant 
differences between means indicAte that the parameter value at the lower 
equi librium relative humidity is higher than the corresponding par ameter 
value at the next highest a . w 

The main inconsistent difference of stati stical significance was C 
at 0.30 in Model 2(a). The explanation for the low value in this instance 
is that A, Band A1 had been previously computed from the r e laxation tests. 
An examination of and comparison between the relaxation and cyclic test 
results at 0.30 and 0.50 wate r act ivi t i es wil l show that the r e l axation 
r esponse for 0.50 is 10% to 15% lower than that a t 0.30. Statistical 
ana l ysis confirmed signi fican t differences between both of these responses . 
Yet the cyclic results a t these water activiti es were quite similar. 

Use of A, Band ~calculated from the relaxation experiment to 
determine C in Mode l 2(a) f rom cyc lic data meant t hat the r e l axation 
differences must be compensated for when fitt i ng the model to the cyclic 
resu l ts . Accordingly, s ince B at 0.30 estimat ed f r om relaxation was much 
higher than B at 0.50, the corresponding values for C estimated f rom cycl ic 
results s hould differ in the opposite direction. Again, this was the case 
and was supported by statistical ana l ys i s. Dunnett's supplementary test 
confirmed the simi larity between cyclic results at 0.30 and 0.50 water 
activity, there being no significant difference between Model 2(b) 
constants at these two levels. 

It should be emphasized that r e lations hips be tween model parameters 
and water act i vity cannot be compared direct l y with r es ults in Kapsalis 
(1967) or Reidy and Heldman (1970) as discussed earlier. Both reports 
indicated that hardness of precooked freeze-dried beef increased 
slightly with water activity l evel up to 0 . 5-0 . 6 . At highe r water 
activities, the va l ues decreased significantly. The l a t ter trend is 
de finit ely confirmed by a l l results which also suggest that further re
search concentrated at water activities of 0.5-1 . 0 is warranted, to more 
precise ly define the magnitude of change occurring in hardness of the 
product at differen t in t ervals in this water activity range . Similarly, 
further res earch should be conducted to confi r m t exture changes which 
occur in the aw range of 0.0- 0 . 5. Kapsalis (1967) and Reidy and Heldman 
(1970) did not illustrate that stati stically significant differences 
existed between individual means at the lower equilibrium relative 
humidi ties, but based their conclusi ons on the tre nd of the means. The 
increase in toughness fo und by Kapsalis (1967) was very small 
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TABLE 5-22. Model 1: Parameter values estimated from mean 
relaxation data. 

a 0.15 0.30 0.50 0.70 0.92 
w 

El 112.6 109.1 94.2 81.3 25.0 

E3 402.6 351.0 249.3 132.3 13 . 2 

1'\ 64760 55474 . 55052 6375 2494 

13 1819.6 2023.2 672.9 412.1 37.8 

TABLE 5- 23 Model 2 (a): Mean ~arameter valuesi 
, 

A I Bl X I 

estimated from relaxation dataj 
c from cyclic test data. 

a 0.15 0.30 0.50 0.70 0.92 
Vl 

A 79.2 73.9 63.5 38.3 9 . 7 

B 28.5 31.0 27.0 38.9 13.3 

X 10.63 ll. 36 4.85 4.09 4. 53 

c 37.5 16.9 30.0 23.2 6.9 

TABLE 5-24 Model 2 (b): Mean ~arame ter values estimated from c;tc1ic 
test data . 

a 0.15 0.30 0 .50 0 . 70 0.92 
w 

A 72.8 55.0 53.9 41.0 13.2 

B 164.0 91.0 107.9 87.0 10.8 

X 2.52 3.53 2.69 2.65 3. 72 

c 34.0 22.9 25.6 20 . 0 4.9 



180 

from one level to another, whe r eas the results of Reidy and Heldman (1970) show considerable variation among samples at any one water activity. It would appear therefore that the results included in this report nei the r confirm or contradict previous work at lower water activities . They might more appropriately lead to the conclusion that tex ture of precooked freeze-dried b eef is affected very little by increasing equilibrium r e lative humidity up to 50% but decreases signif icantly for higher water activities. 

The smaller stresses required to deform the samples at higher moisture contents could be due to the adsorbed moisture being less tightly bound . Being relatively loose, this mois ture might bring about a lubricating effect on the product components when subjected to externally applied stresses. Kapsalis' (1967) suggestion that cross-linking, which occurs to a greater extent above 20% R.H., has a toughening effect on meat could possibly explain the relatively stable values of hardness and chewiness found at 30% and 50% R.H. 

It is interesting to note from Figure 5.71 that the changes which occur in hardness of the product as equilibrium relative humidity increases, are almost inversely related to the isotherm especially at a greater than 0.50. This would suggest that textural changes in the product ~ay be closely r e lated to water binding properties. As previously suggested however, further r esearch is required to e stablish precisely the textural changes occurring at mois ture contents below the monomolecular l ayer leve l, i. e. , corresponding to 20%-25% equilibrium relative humidity. 

5.11.4. Use of the mod e ls to predict texture parameter. As previously discussed, Model 1 failed to predict stress-strain behavi or for cyclic loading conditions and consequently was inadequate for predic ting texture. The poor comparison between actual and predicted texture indices is evident from Figures 5-72 and 5.73. 

However, an accurate li near relationshi p appears to exist between chewiness and hardness: 
C = (0.59)H + 3.61 

where C represents chewiness and H hardness. Therefore is a correlation exists between any model paramete r value and hardness, it would be possible to arrive at reasonable estimates for both texture parameters. 

For example, use of t he free spring element (El) in Mode l 1, to predict hardness gives values of 16. 9 , 16 .4, 14.1, 12.2 and 3.8 compared to 21.3, 15.6, 15.8, 10.9 and 3.4, respectively (Figure 5.74). None of the other parameters (E3 ,n 1 ,n 3 ) in Model 1 show a consistent relationship with either chewiness or hardness . The val ues of ~ change in a relatively similar manner to hardness values betwee n 15% and 50% E.R.H. but at higher relative humidities the large decr ease in magnitude i s not consistent with c hanges in texture . 

Mode l 2 satisfactorily predicts cyclic r esponse and the r efore the texture profile from which h ardness and che.winess are es timated. Any of the other t exture parameters suggested by Szezesniak, et al. (1963) can a lso be found from the profil ~ predicted by Mode l 2. The bette;-p;;dictions of Model 2(b) c ompared to 2(a) (Figures 5.72 and 5 . 73) can be attributed to the fact that all of the model constants in 2(b) were evaluated from cyclic data. The fact that this model -- 2(b) -- can also give satisfactory predictions for three different 
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tests, yet utilizes only one of them for parameter estimation, makes it 
particularly attractive. 

The parameter A in Model 2(a) could possibly be ·used to give an approxi
mation of hardness since the re lative ratios at various wate r activities are 
similar to hardness ratios. The value predicted for hardness at 30% E.R.H. 
would be too high, again on account of the poor agreement between _the relaxa
tion and cyclic- behavior frequent ly referred to. None of · the other parame ters 
in Model 2 (a), 'used individually, could be used to indicate texture. 

To predict textural parameters using Model 1 and Model 2 it is necessary 
to consider the total equations (3-67) and (3-78) and not merely any one or 
two terms. The magnitude· of some terms, however, have more influence on hard
ness and chewiness than others. In Model 1, a relatively weak free spring, 
i. e . , a low value for E1 , will result in very l ow hardness values becaus e most 
of the strain will occur in this e lement. Little energy will be absorbed and 
therefore the stress response for the second compression cycle will be very 
similar to that for the first cycle. 

Should the free spring be strong, however, the strain will occur in ei ther 
the dashpot or the Kelvin part of the model, depending on the relative strength 
of these elements. For examp l e, if -the viscosity value, 1\ of the dashpot is 
low, then more deformation wil l occur through this element. Since the dashpot 
absorbs energy, the stress in the second and subsequent compression cycles will 
be much l ower than for the first cycle, and consequently the chewiness i nd ex 
will be lower than if the model had a stronge r free dashpot. 

In Model 2, both A and Care the parame t e rs mos t influencing hardness. 
The term (B 8 e - t/A.') will large ly determine the quantity of energy absorbed. · 
The magnitude of (--{) will determine how fast the energy in this whole t erm is 
absorbed, and therefore will serious l y affect chewiness values . 

It should be emphasized however, that no single paramete r is either model 
can in~ependently predict either the hardness or chewiness indices. 
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6. Conclusions 

Based on the analysis and discussion of results obtained in this 
investigation of the thermodynamic and rheological properties of freeze
dried beef, the following statements can be presented: 

1. Equilibrium moisture content isotherms for freeze-dried beef are 
typical of i sotherms for biological materi a l s in terms of shape , 
influence of t emperature and hysteresis. 

2. The use of a 105°F plate temperature during freeze-drying pr o
duces a higher equilibrium moisture content and lower water 
activity during moisture adsorption than a 145°F plate temper
ature. 

3. The connective tissue and sarcop l asmic fraction components of 
beef protein contribute significantly to isotherm shape at lower 
water activities. 

4. The precooking process produces a significant influence on the 
shape of desorption isotherms for fr eeze-dried beef . 

5. A generalized theory of moisture adsorption in biologic al 
materials allows accurate pre diction of moisture equilibrium 
isotherms for freeze-dried bee f. 

6. The use of a numeric al model of a calorimeter allows t he eva lu
ation of relative errors in measurement of heats of immersion 
and other thermodynamic parame ters for dry foods. 

7. The use of basic thermodynamic parameters for prediction of 
thermodynamic heats results in predictions which are low when 
compared to experimental results. The concept of effective mo l ec
ular weight can be introduced to facilitate the prediction. 

8. Texture paramete rs of freeze-dried beef (hardness and chewiness) 
were maximum at water activities of 0.4 to 0.6 before storage 
while the influence of platen temperature and conditioning temper 
ature is not obvious. 

9. Predictions based on thermodynamic analysis and expe rimente.l re
sults from sensory panel indicated that heat evolved during 
moisture adsorption by the product decreases with increasing 
water activity. 

10. Higher storage tempera ture (100°F) produces large r texture param
eters (hardness and chewiness) in freeze-dried bee f with an 
increase in storage time while low temperature storage (39°F) 
maintains the texture parameters near initial values. 

11 . The influence of storage on the freeze-dried beef texture pa ram
eters is most obvious at higher water activities (0.5 and 0.75) 
and high tempe rature storage (100°F). At low water activities 
(0 and 0.25), the texture parameter r emained low, even at 100°F 
storage temperature. 

12. Relationships between freeze-dried beef texture and t he rmod ynamic 
parameters are evident only at 100°F storage temperature where 
increasing differential entropy results in l ower texture param
eter values. 
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13 . A four element viscoelastic model provides a good descripti on of 
freeze-dried beef properties over the entire range of water 
ac ti vi ties . 

14. A four element semi-empirical viscoe lastic model can be used to 
describe the cyclic r esponse necessary to predict texture pa ram
eters of freeze-dried beef. 

15 . In general, all results on freeze-dried beef t exture indicat e 
that parameters are r e latively constant between wate r ac tivities 
of 0 and 0.7, while all parameters dec rease s ignificantly above 
water act ivity of 0.7 . 

16 . Based on the equilibrium moisture iso therms , t he 105 °F platen 
produces the more des irable freeze-dri ed beef since the product 
has higher moisture content at a given wate r act ivi ty t han pr oduct 
dried with 145°F plate temperature. This inf luence is not signif
icant enough t o de t eet in texture inves tiga'tions. 

17. Storage temperature for freeze-dried beef shou ld be as low as 
possible since product t exture is not influenced by six months 
of storage at 39°F even at water activi ties as high as 0. 75. 

18. 

. 19. 

Storage time fo r f r eeze -dried bee f shou ld be limited t o 3 mon t hs 
at 100 °F at wa t e r activities of 0.5 and 0. 75 . Beyond 3 mon t hs 
at the se conditions, the product t exture i s not stable . 

The most appropriate pr ocess ing and storage condi ti ons fo r f r eeze
dried would include 105°F platen tempera ture wi th 39°F storage at 
water activitie s of 0. 75 or higher . These conditions s hou ld pro
vide the most stable product t exture fo r storage periods up t o 
6 months . 
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Figure A-2 . Sensory panel hardness o f pre-cook e d beef freeze-
dried at two diffe rent plate t e mp e ratures and conditioned at 
70°F. 
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Figure A-3. Sensory panel chewiness o f pre-cooked beef freeze
dried at two different plate temperaturesand 
conditioned at lOQ•F. 
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Figure A-5. Sensor) pane l chewiness of pre-cooke d bee f freeze-dried 
at two diffe rent pla t e t emperat ures and conditioned at 70°F. 
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Figure A-6. Sensory panel hardness of pre-cooked beef freeze-
dried at two different plate temperatures and cond itioned at 
l00 °F . 
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Figure A-7. Instron hardness inde x uf pre-c ooked beef fr~eze-dri ed 
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Figure A-8 . Instron hardness index of pre-cooked beef freeze
dried at two plate temperatures and conditioned 
a 70°F . 
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Figure A-9. Instron hardness index of pre-cooked beef freeze-
dried at two plate t~mperatures and conditioned at 100°F. 
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Figure A-ll. Instron chewiness index of pre- cooked beef freeze-dri ed at 
two plate temperatures and conditio ned at 70°F. 
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Figure A-13. Influence of plate temperature on heat evolved from 
pre-cooked freeze-d ri ed beef as detected hy sensory 
panel for 52"F conditioning temperature. 
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Figure A-14. Influence of plate temperature on heat evolved from 
pre-cooked freeze-dried beef as detected by sensory 
panel for 70°F conditioning temperature. 
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Table A- 1 Equilibrium Moisture Content of Pre- cooked Freeze-Dried Ground Beef. 

plate temperature ~ 105°F 

sample size = 100-150 milligrams 

A D SORPTION 

in (N .F. D.) 

P/Po 40°F 50°F 72 °F 100°F --
0.0000 0.000 0.000 o.ooo 0.000 

0.005 0.007 0.003 0.002 0.001 

0.010 0.013 0.011 0.0033 0.0011 

0.020 0.025 0.019 0. 0110 0.0022 

o. 030. 0.035 0 . 027 0.0160 0.0055 

o. 050 0.055 0.041 0 .0280 0.011 

0.100 0.100 0.077 0.049 0.022 

0.150 0 . 120 0 . 093 0.059 0.027 

0.200 0.130· 0.106 0.066 0.033 

0.300 0.139 .0.121 0.082 0.044 

0.400 0.154 0.137 0.093 0.055 
0.580 0.160 .112 0 . 07 
0.600 0.230 0.181 0 . 138 0.088 
0.700 0.23 0.18 0 . 12 
0.800 0.391 0.286 0.253 0.154 

0.900 0.506 0.418 0.363 0.220 

0.950 0.567 0.484 0.445 0,264 
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Table A- 2 Equilibrium Moisture Conteot of Pre-cooked Freeze-Dried Ground Beef. 

plat~ temperature = 105°F 

sample size = 100- 150 milligrams 

D E S 0 R P T I 0 N 

in (N . F .D . ) 

P/Po 
40 °F 50°F 72°F 100 °f 

o.ooo 0.066 0.044 O.Oll .033 

0.005 0.069 0 .046 0.01 8 .034 

0 . 010 0 . 071 0 . 050 0.0219 .-0351 

0.020 0 . 077 0.055 0.0270 ,0384 

0.030 0.082 0,066 0.033 .0417 

0,050 0.091 0.077 0 . 044 ,043 

0.100 0 .108 0.099 0.063 .055 

0 . 150 0.120 0,110 0.072 .058 

0.200 0.128 0.121 0.080 . 066 

0_.300 0.141 0.138 0.090 .077 

0.400 0 . 155 0.15_0 0.104 .093 
0. 480 0. 16 0. 112 

· ?r~8 0 . 600 0. 226 0.209 0.154 
o. m 0, 285 0. 210 

0.800 0. 458 0.467 0 . 308 ,236 

0.900 0. 526 0. 533 0.505 .280 

0.950 0. 541 0.549 0.522 .302 
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Table A- 3 Equilibrium Moisture Content of Pre- cooked Freeze-Dried Ground Beef. 
I 

plate temperatur~ = 145°F 

sample size = 100- 150 milligrams 

A D SORPTION 

in (N .F .D.) 

P/Po 40°F 50 °F 72 °.F 100°F 

o.ooo 0.000 o.ooo 0.000 0.0000 

0.005 0.004 0.0032 0. 0021 0.0010 

0.010 0. 007 0.0087 0.0032 0.0021 

0,020 0.014 0.0140 · 0.0087 0.0054 

0.030 0.019 0.0190 0. 0110 0.0087 

0.050 0.030 0. 0270 0.0210 0.0100 

0.100 0.051 0.0430 0. 0320 0. 0210 

0 .150 0 . 062 0.0540 0.0430 0.0290 

0.200 0.070 . 0.0650 0. 0520 0.0350 

0.300 0.084 0.0800 0.0640 0.0460 

0.400 0. 100 0. 0900 o. 0710 0.0520 

0.600 0.145 0.1230 0. 1090 0.0680 

0.800 0 . 233 0.2300 0.1840 0.0980 

0.900 0 .335 0.3510 0.274 0.1420 

0.950 0.408 0.4390 0. 357 0 . 1750 
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Table A- 4 Equilibrium Moisture Content of Pre- cooked Freeze-Dried Ground Bee_!. 

P/Po 
40°F 

o.ooo 
0,005 

0.010 0.020 

0.020 . 0.033 

0.030 0.042 

0.050 0.056 

0.100 0.077 

0.150 0.088 

o. 200 0,097 

0.300 0.110 

0.400 0.128 

0.600 0.186 

0. 800 0.504 

0.900 0.532 

0.950 0.539 

plate temperature ~ 145°F 

sample size c 100-150 milligrams 

D E S 0 R P T I 0 N 

in (N,F,D.) 

50°1" 72 °F ' 

0.022 0.018 

0.026 0.022 

0.040 0.024 

0.048 0.040 

0.062 0.060 
I 

0.080 0.070 

0,090 0.084 

o. 104 o. 104 

0.122 0.120 

0.180 o. 163 

0.524 0.285 

0.560 0.385 

0.576 0.445 

100°F 

.0100 

0.076 

0.080 

0.082 

0.092 

0.100 

0.102 

o. 116 

0.122 

o. 140 

0.160 

0.170 

0.175 



I• I 

39' 

52 

70 

100 

39 

52 

70 

100 

I 
I 
l 

,.,.()% 

4.55 

4.05 

4.27 

{,_. 4 

3.01 

3.35 

3.49 

2.87 
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Table A-5 Hardness Index Values i·leasured 
by Sensory Panel 

Equilibrium Relative Humidity 

""'20% .....40% ,.,()0% --..80% 

(Plate 0 Temperature ~ 105 F) 

4.03 4 . 37 3.63 3.37 

3.4 4.15 5.05 3.23 

3.52 4 . 25 4.51 4.8 

3 .8 t •. 2 4. :'2 4.43 

(Plate Temperature = 145°F) 

; 

3.98 2.91 3.53 3.33 

4-:~62 4.56 3.32 4.09 

3.77 4.64 4.16 4.33 

4.25 3.80 4 . 69 5.04 

-100% 

3.925 

3.1 

: . 8 

4.0 

·'· 

3.69 

4.19 

3.62 

3. 71 



(Mea~ 

(Mea~ 
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Table . A~6 Hardness and Chewiness Data obtained by lnstron Testing 
Machine for Precooked Freeze~dried Beef conditioned at 100°F , 

1 b i 1 i Equi i r um Re at L\111~ Humiditv 
-0% ""'2 0% -40% -60% 

H c H c H c H c 
(Pla e Tern >eratur = 10 )OF) 

3,84 11,68 5,50 13.80 2.41 8.36 1.61 5.85 
2.77 9.45 2.24 . 7.84 3. 72 11.46 2. 72 10.22 
4.72 15.67 2.97 8 .26 3.67 13 . 18 2.94 11.48 
4.89 14.31 2.02 6.86 3,19 11.05 2.60 8.63 
2.21 7.54 3.18 9,58 2.17 8,15 3,35 10.12 
2. 78 9.05 2,36 9.03 2.99 10.18 
3,42 10.91 2,06 8.51 3.86 11.34 
2.34 9.17 1.59 6.93 2.74 12.12 
5.25 17.62 4.74 13.88 3.37 8.28 
3.75 12.81 2.03 7.24 
2. 77 12.34 3.21 10,61 
2.80 8.32 3.06 7.40 
3.51 11.41 3.11 10.28 
5.35 12.62 4.31 15.20 
2. 78 7 .98 4.82 18.51 
3.77 11.46 
2.22 8.93 
3.47 11.73 
3,51 11.31 
3 .84 11.34 

3.50 11.28 3.18 9.27 3.10 10.65 2.91 9.80 
(Plate Temperature = 145°F) 

2.35 7.61 1.77 7.06 
5.12 22.22 2.43 7.49 
1.36 3,88 3.95 11.35 
2.97 13.79 2.07 7.36 
2,94 9,38 1.80 6.47 
2.83 9.09 3.65 10.47 
1.44 5.26 2,50 7.27 
2.55 7.48 3.95 13 . 15 
3.68 9.19 1.50 7.21 
2.58 7. 73 3.78 16.06 
2.32 8.43 

2.65 9,46 2.74 9.39 
H = Hardness values 
C = Chewiness values 

2.34 
3.12 
3,16 
2.74 
3.75 
2.52 
2,66 
3.57 
2,58 
2. 77 
2,60 
3.10 
2.83 
2.40 
5.04 
2,58 
3.49 
2,28 
2.36 

2 .94 

8.33 3.56 21.15 
11.65 1.37 7.22 
11.12 2.50 9.65 
10.43 3.28 12.96 
12.00 3,16 13.74 
9.61 1.33 5.92 

12.99 2.17 7.60 
15.07 2.85 8.43 
11.81 2,02 7.35 
12.94 4.27 21.43 
9,54 5.10 23.98 

10.67 2.70 12.50 
9.34 1.72 6.96 
9,58 2.75 11.27 

11.32 3.17 20.58 
8.95 2.31 8.29 

14.83 4.00 11.15 
8.13 1.34 6.51 

10.45 

10.99 2.76 12.04 

~0% 100% 
H c H c 

1.25 4.46 .53 . 2,06 
1.96 7.21 1,10 4. 76 
1.68 5.53 .75 2.86 
1.04 3.38 1.25 5.98 
1.66 6.31 1.02 6,61 
1.43 5.37 ,95 7.03 
2.56 10.92 1.05 6.64 
1.44 5.02 1,33 7.46 
4.77 18.15 . 74 4.29 
1.51 5.88 .86 4. 77 
1.81 6,93 1.13 5.66 
1.02 4.02 1.02 6,01 
1.34 5.47 1.11 6.92 
2.52 7.53 1.08 5.47 
1.52 5.17 1.32 6.04 
1.92 7.57 1.22 6.24 
2.09 9.96 
1.32 5.06 
1.36 5.17 
2.78 8.89 

1.85 6.90 1.03 5.55 

4.25 20.22 1.08 2.81 
5. 25 22.64 1.14 5. 35 
2.00 9.70 1.06 2. 72 
1.35 4. 72 1.23 5.88 
2.40 8.99 .96 4.06 
2.66 9,33 1.13 3.77 
1.44 5.54 .so 1.48 
1.08 3,48 1.04 3.56 
1.23 4.28 1.57 8.05 
0.75 3.39 
1.02 3.91 
1.38 4.97 

2.071 8.43 1.08 4.19 

Value at bottom of each column represent mean value for that column. 



(Meal) 

(Mean) 
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Table A-7 Hardness and Chewiness Data obtained by lnstron Testing Machine 

for Precooked Freeze-dried Beef conditioned at 70°F. 

E ilib . R 1 ~qu r1.um e at1.ve H idi urn tv 
~% ..-.30% "40% -60% 

H c H c H c I H c 
(Plat ~ Temp ~rature = 105 PF) 

3.66 9. 79 5 . 25 16 . 80 3.11 9 . 54 2.62 9.50 
2.84 10.51 1.45 . 6. 73 3 . 47 18 . 11 3.06 11 . 45 
1.83 7.61 2.66 9.49 2 . 22 7.83 4 .50 15 . 62 
2.82 7.30 ' 4.62 16.87 3.92 9.68 2.08 8.64 
2.63 8.64 2.67 8.14 4.06 9.23 2. 08 9 . 39 
2.27 6.85 2. 30 7.62 2.67 8.13 3.20 12.14 
2.32 6.39 5.50 22.35 2.84 9.04 2.28 6 . 17 
2.57 9.32 2.52 7.54 3.00 7,-17 1.83 6.61 . 
2.44 7. 62 3.78 10. 00 2.34 8.01 2.28 B. 72 
2 .50 6.34 2.97 10.14 2. 64 10. 33 2.25 7.40 
1.48 4.56 5.75 19.91 3.22 10. 39 2.61 10.44 
2. 02 5 . 67 1. 79 8.80 1.95 7 .58 1.61 7.05 
2. 24 7.90 2. 31 6.76 2. 24 8. 30 2.67 10. 06 
3. 69 10.92 {~ . 04 12 .85 2.24 8.08 3.22 12.07 
2.67 9.95 2.65 10 .16 2.44 8.00 2.63 10.32 
3.93 12.82 2.22 7.05 2. 35 7.59 2.65 10.60 
1.48 3.26 4 . 04 12.97 . 3.88 12.74 2.62 11.02 
2.94 10.28 4 . 71 15 . 64 1. 78 4.62 2.88 9.82 
2.76 7. 92 3.30 10.07 1.46 5 .44 
3. 10 6.43 I 3.11 8.78 2.03 6.98 

13.70 11 . 34 
2.61 8.00 4.08 13.99 2. 88 9.26 2.53 9.47 

(Plate Temperature ~ 145°F) 

3.50 10.99 1. 76 4. 11 
2.61 8.24 3.90 13.88 
3.93 17.01 2.59 ' 10.59 
3.55 13.78 3.16 9.43 
4.34 13.81 2.65 6.75 
3.67 10.09 2.10 6.81 
3.60 8 .• 54 2.67 10.15 
3.62 10. 05 3.02 12.38 
3.00 8.98 2.32 8.15 
3.49 10.24 3.25 7.37 

3.18 9 . 21 
2.50 9.00 
2.66 6.42 
2.47 8.60 
2.60 8.08 
4.69 18 . 44 
5.50 1. 73 
2.47 10 . 29 
3 . 11 9. 95 
4 .55 16 .07 

3 .53 11.17 3.06 9.38 
H = Hardness values 
c· = Chewiness values 

1.86 5.63 6. 91 24.51 
2.27 7.05 7.22 23.76 
2.53 7.48 3.82 12.05 
3.71 9.56 4 . 60 14.09 
3.94 8 . 65 5.38 16.76 
1.67 5.67 5 . 80 16.66 
1.23 4.06 5,09 18.60 
2. 94 9. 04 4.09 14 .58 
3.30 10 . 38 4.61 15.14 
2.33 7. 18 7.52 20.59 

3.62 11.76 
6.17 20.45 
3.42 14. '57 
3.37 9.48 
3.53 15.81 
3. 92 9. 71 
2.20 10.03 
3.46 11.75 
7.08 19.13 
3,60 12.01 . 

2.58 9.47 2.39 15 . 56 

"-80% 100% 
H c H c 

.71 2.27 . 96 3.90 
1.13 4.89 .84 3.98 

. 67 2.17 1.05 6.06 
1.28 3.78 1.15 5.94 
2.46 7.36 1.68 8.75 
1. 73 5.15 .98 4.30 
1. 18 3.83 1. 76 9. 72 

1.10 6 .34 
.87 4. 00 
.82 3.79 

1.06 4.24 
.72 3.76 

1.36 5.94 
.92 4.18 
.65 3.01 

1. 74 9 .54 
. 71 3 . 78 

1.38 6.11 
. 83 3. 09 

1.40 6.68 

1.31 4.21 1.10 5.36 

5.20 20.32 1.08 11 .87 
s. 15 21.19 0.98 18.05 
7.92 19.85 1.62 17.33 
7. 73 21.19 1.21 13 . 28 
3.25 12.07 0.79 8.95 
7.82 22.94 1.68 19 . 16 
2.64 8.36 0.82 7.41 
6. 15 20.47 1.14 10.61 
9.00 20.11 0 . 73 7 . 29 
4.82 10 . 00 1.02 11.92 
2.93 10.19 1. 76 16.99 
4.11 13.35 0.84 8 .30 
3.51 10.85 1.42 16 . 16 
6. 98 21.67 o. 71 6 . 67 
7.75 20.63 1.38 17.11 
3.74 9.42 
3. 02 11.22 
5 .96 15 . 67 
3 . 91 14 . 35 
5.39 13 .83 

2.68 15.88 1.15 12.74 

Value at bottom of each ·co l umn repr esent mean va lue for t hat column. 



(Me all) 

(Mean) 
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Table A- 8 Hardness and Chewiness Data obtained by lnstr on Testing 
Machine for Precooked Freeze- dried Beef conditioned at 52°F . 

b 1 1 Eauili rium Re at ve Humi di tv 

,JJ% -20% ""+0% ~Oio 

H c H c H c I! c 
(Plat Temt: ~rature = 105 "F) 

1.65 4.15 3.69 13 .01 3.25 10.16 2.09 7.00 
3.37 12.10 2. 14 8.99 4.16 12 .44 1.16 3.04 
4.1 15 .37· 2.49 9 . 77 3.42 10 .67 3.12 9.36 
2.65 9.24 3.91 12.90 3.35 12.10 1.62 6.66 
1.81 6.48 2.41 9.97 2 . 13 9. 17 4.80 18.96 
2.43 7.38 2.36 6.92 1.83 7 . 77 5.30 25.88 
3 . 38 12.90 3.76 12 .78 4.18 14.83 3.33 13.24 
2.96 9·.55 3. 76 12.51 1.81 5.87 3.94 17.92 
1.86 5. 18 3 .80 13.27 1.61 6.02 5.30 20.54 
3.71 11.54 3. 17 8.10 2.36 9.30 5.25 21.84 
2.44 9.58 1.43 6.44 1.86 7 .65 
3.17 10.94 5.40 16.96 3. 28 10.97 

5.20 18.14 1.60 5.84 
2.87 10.08 4.43 17.55 
3.02 11.07 2.66 11.36 
3. 66 13.59 0 . 96 3.07 
2.07 8.88 2.96 15.88 
4.39 17.38 
1.62 6.38 

2.49 9.09 3.15 10.82 3.04 10. 91 3.16 12.75 

0 (Plate Temperature ~ 145 F) 

3.30 8.09 4.34 
3. 41 11.74 2.76 
2.38 10.68 1.34 
2.44 10.31 2.05 
5.02 16.02 3.39 
4 .82 10.38 2.62 
4.63 8.03 3.15 
4.66 15.68 2.20 
3.67 27.90 1. 70 
3.65 11 . 71 1.20 

3 .80 jl3.05 2. 48 

H = Hardness values 
C = Chewiness va lues 

8.64 
8.78 
4.82 
7 .47 
7.88 
7.99 
7.80 
7.18 
4.37 
3.48 

6 .84 

3.02 7.53 1.66 24.58 
3. 70 10.05 1.24 15.88 
3.40 10.42 1.51 18 . 73 
1.67 5.24 2.01 12.95 
3.86 9.73 1. 76 9.92 
1. 70 4.81 1.07 5. 62 
2.12 6.79 1.10 6.68 
1.72 5.39 1.22 6. 31 
3. 31 10 . 18 2.01 10.98 
2.90 7. 49 0 .92 4.34 
2.80 9.13 
2.70 6.03 
2 . 76 8. 40 
1.13 3.68 
1.90 7. 96 
2 .76 8 .04 
1. 74 6.69 
2 .47 7.49 
4 .51 11 .89 
2 .87 7.66 

2 .65 15 . 45 1.45 11.60 

"-'80% 
H c H 

1.45 7.21 1.10 
0 .82 3.56 1.04 
0.82 4 . 10 1. 21 
1.24 6. 67 1.00 
1.58 7.61 o. 77 
1.70 7.57 1.37 
1.17 6 . 12 1.20 
1.30 7. 10 1.96 
1.50 7.03 0.87 
0 .93 3.67 0. 76 

1.02 
1.57 

1.25 . 6.06,1.16 

0.83 4.42 1.03 
0.64 3.27 1.24 
0.84 4.06 1.16 
1.30 7.00 1.27 
1.63 9.03 1.39 
1.54 8 .84 0.92 
1.16 8.15 o. 70 
1.58 8. 73 1.20 
0 . 66 3.15 0.96 
1.72 9.95 1.15 

1.19 6.66 1.10 

Va lue at bott om of each column repr esent mean value for t hat colump. 

100% 
c 

6.23 
7.04 
6 .80 
6.09 
4.93 
8.27 
7.14 

112.07 
5.73 
3.41 
5.88 
8.16 

6.81 

; 
; 

o.75 
5.21 
7.08 
5.86 
9.15 
4 .53 
3.24 
6. 45 
3.93 
4.88 

5.71 

I 



¢1ean) 

(Mea~ 
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Table A-9 Hardness and Chewiness Data obtained by lnstron Testing 
Machine for Precooked Freeze-dried Beef conditioned at 39°F. 

E 'l'b . 1 i H idi ~QU~ ~ r1um Re at ve um tv 
-<>% -20% ---40% 

H c H c H c 
(P1a e Tern peratur 

2.18 7. 29 3.46 10.58 1.11 5 .05 
1.93 6.46 3.82 12 . 50 1.43 5.48 
2.38 7.60 3.12 13.10 2. 28 7.02 
4.79 16.23 5.15 21.76 3.17 11.81 
2 . 07 5.13 3 . 79 10.03 3.45 11.46 
3.07 11.36 2.97 5.56 1.41 4.63 
2.63 7.53 3.60 11.75 4.94 20.15 
2.95 9.65 5.15 14.45 1.04 3.86 
2.27 7.20 2.40 8.33 0.95 3.57 
1.71 6.06 2.95 9 .93 1.11 3.54 
2.33 4.88 3.05 10.98 
3.08 10.44 2.98 12.38 

1.62 5.84 
5.20 22.22 
4.35 14.97 

2.62 8.32 3.64 11.80 2.54 9.53 
(Plate Temperature 

2.18 7.38 2.50 
1.58 7.51 2.07 
3.13 11.04 1.93 
2 . 57 6.69 2 .45 
3.15 10.13 1.56 
2. 11 12.65 1.95 
2.55 10.23 1.00 
3. 65 . 8.92 1.52 
5.5 17.93 1.83 
2.58 7 . 65 2.44 
2.53 6 . 12 
1.88 7 . 48 
3.67 . 11.02' 
4.87 14.57 
3.36 9 .57 

(\ 

3.02 9.93 1.93 

H = Hardness values 
C = Chewiness values 

9.06 2.03 7 . 57 
6.29 2.02 11.62 
5 . 61 1.62 7.99 
7. 49 1.94 9.86 
8.57 2.18 9.96 
5 .89 1. 76 9. 13 
3. 21 1.85 9. 69 
4.69 2.01 10 . 76 
6.03 1.61 9.76 
8.91 1.15 6.52 

6.58 1.82 9.29 

----60% 
H c 

~ = 10 OF) 

1.85 9. 23 
1.81 8.09 
2.44 11.38 
1.80 6.67 
2.40 12.17 
1.16 4 . 79 
1.69 9.23 
1.44 8.13' 
1.48 3.29 
1.92 9.69 

1.80 8.27 
= 145oF) 
1. 76 7.91 
2 .06 11.44 
0.92 5.93 
2.08 11.57 
2.16 11.37 
1.02 . 6.32 
1.29 7.64 
2 .06 11.70 
1.18 6.96 
0.73 4.34 

1.53 8.52 

-80% 100% 
H c H c 

1.81 8.60 1.42 8.13 
1.92 0 .52 1.10 5. 11 
1.77 8.13 1.77 4. 72 

.51 2.86 1.06 6.33 

.78 4.23 1.45 10 .81 

.62 2.78 2.03 4.42 

.96 5.39 1.04 4.80 
1.34 7.76 1.38 10.91 
1.12 6.27 2.06 2.39 

.54 2.07 .• so 11.09 
1.06 5. 72 2.08 8.98 

.69 4.75 1.98 10.40 

.60 2.87 

.95 4.27 
1.26 6.84 
1.06 4. 24 

.53 2.63 

.77 3.33 

1.02 5.18 1.54 7.34 

1.13 5.65 .68 3.76 
1.26 5.57 1.14 6.96 

.44 2.39 1.30 8 .82 
2.30 ~2.40 2.10 11 . 33 
2.40 9.43 2.08 12.25 
1.07 5.47 1.46 8.62 
2.38 12.42 1.27 7.37 
1.04 6.26 1.32 8.23 
1.49 16.82 2.08 12.48 
1.91 7.76 1.18 6.61 

1.85 11.51 
1.09 6.46 

1.54 8.42 1.46 8. 70 

value at bottom of each column represent mean value for that column. 
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Table A-10 

SENSORY PANEL 

Score Sheet Guide 

1. Hardness Evaluation for Freeze-dried Beef 

A. Orient specimen so that product fibers are perpendicular to 

direction of bite. 

B. Place specimen between molar teeth and bite down evenly to 

evaluate force required to compress. 

C. Compare force required to standards in order to assign scale 

value. 

D. Remember that hardness scale value is based on the very first 

response obtained from the specimen. 

E. Assign a scale value to the nearest 0.25 point (7, 7.25, 7.5, 7.75, 8) 

and record. 

II. Chewiness Evaluation for Freeze-dried Beef 

A. Orient specimen in mouth the same as for hardness test. 

B. Apply a force equal to that required to penetrate a gum drop in 

one-half second. 

C. Chew the specimen at a rate of one chew per second with same force 

in each chew until the specimen is ready to swallow. 

D. Be sure the specimen is as close to the condition at the 

time of swallowing as standards were at this point. 

E. Record !h,! number .2! chews. 

III. Heat Evolved During Chewiness Evaluation 

A. During the chewiness evaluation, try to sense an increase in tempera-

ture in the mouth (on tongue or palate). 

B. Uee the four-point scale on the score sheet to indicate your 

evaluation. 
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Table A-ll 

TEXTURE SCORE SHEET 

NAME·------------------------------------
DATE. __________________________ __ 

Hardness Unknown 

I II III IV v 
1. Cream Cheese 

2. Egg White 

3. Frankfurter 

4. Cheese 

5. Olives 

6. Peanuts 

7. Carrots 

8. Almonds 

9. Rock Candy 

Chewiness (Record number of chews and scale number) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Heat evolved 

1. None 

2. 

3. 

4 . Evident 
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TABLE A-12 Influence of storage time and conditioning on the hardness of the 

precooked freeze-dried beef. 

Storage Temp = 39°F Plate Temp = 105°F 

RH/Time 0 

0 • 9404 
25 1.1359 
so . 9946 
75 0.8390 

1 

0.88245 
0.96820 
1.093 13 

.85240 

2 

1.07227 
1. 23446 
1.02566 

. 0. 73206 

3 

1. 02 960 
1. 05 7 60 
1.33473 
0.87000 

4 

1. 21387 
1.31287 
1. 65007 
0.88147 

5 

1.19333 
0.89587 
1. 00373 
0.88040 

Storage temp = 39°F Plate Temp • 145°F 

RH/Time 0 

0 1.0735 
25 1. 0660 
50 . 9606 
75 1.0394 

1 

1. 19SOO 
0.99733 
0.97660 
0.99833 

2 

1.24533 
1. 72300 
0.93566 
0.98678 

3 

1. 4346 7 
1.10307 
1. 16020 
0.81527 

4 

1. 96027 
1. 3564 7 
0.84580 
1. 38860 

5 

1.18773 
1 .14393 
0 . 96027 
1.09613 

Storage Temp 100°F Plate Temp 105°F 

RH/Time 0 1 2 3 4 5 

0 .9162 0.94420 0.91466 .88293 1.11367 1. 0814 7 

25 1. 2789 0.94787 1. 15973 1.13687 1. 0832 7 1.17300 

50 .8715 0.98767 0.99995 . 98173 1. 55200 1.77520 

75 1. 3616 1.16060 1.16200 1.46546 1.61373 1. 87880 

Storage Tem = 100 °F Plate Temp 14S°F 

RH/Time 0 1 2 3 4 5 

0 1.0073 1.00020 1.09193 1. 00147 1.15600 1. 0624 7 

2S 1.0092 1.48266 1.04080 0.93900 1.17920 1. 12680 

so 1.1058 1.31953 1. 4652 6 1.37073 1. 50647 1.43440 

7S 1.1968 1.30580 1.54484 1.50173 1. 53933 1. 76406 

6 

1.22173 
1.15087 
0. 72147 

.72700 

6 

.40320 

.88953 

.71 093 

.81787 

6 

. 94520 
1. 04420 
1. 34827 
1.76253 

6 

1.16220 
1.15120 
1. 32640 
0.84653 



A-22 

TABLE A- 13 Influence of storage time and conditioning on the chewiness 
of the . precooked freeze-dried beef. 

RH/Time 0 

0 
25 
50 
75 

1. 7750 
2.5390 
2.3427 
2.6092 

RH/Time 0 

0 
25 
50 
75 

2.3380 
2.7692 
1. 9670 
2.5931 

RH/Time 0 

0 2.0236 
25 2.3614 
50 2.0165 
75 3.5329 

RH/Time 0 

0 2.2480 
25 2.3033 
50 2.9220 
75 2.%18 

STORAGE TEMP = 39°F 

1 

1.39907 
1. 94857 
2. 02 621 
1.77843 

2 

3.29531 
2.781'20 
2.71710 
1.44640 

STORAGE TEMP = 39°F 

1 

1. 38932 
1.94556 
1 .59963 
1. 98393 

2 

1.97336 
3.35750 
1. 79426 
2.43317 

STORAGE TEMP = 100°F 

1 

1.51752 
1. 77065 
2.28684 

. 3.31389 

2 

1. 83278 
1. 96840 
2. 32462 
3.79751 

STORAGE TEMP = 100°F 

1 2 

2.19890 1. 17446 
4.59206 1.76513 
4.09782 3.78523 
3.73023 4.56058 

PLATE TEMP = 105°F 

3 

2.22508 
2.55889 
2.43155 
2.08015 

4 

2.67477 
3.16825 
3.09799 
2.19598 

5 

2.84503 
2. 05711 
2.48313 
1. 96437 

PLATE TEMP = 145 °F 

3 

1.76135 
2.04215 
2.44105 
2.04970 

4 

1. 54649 
3.07461 
1. 96283 
3.27981 

5 

1. 67824 
2.78125 
2 .46627 
2.08768 

PLATE TEMP = 105°F 

3 

1.32817 
2.58456 
2.04093 
3.54577 

4 

2.25159 
1.97855 
3 . 539 17 
4.65334 

5 

2.01707 
1. 97498 
4.19078 
5.00360 

PLATE TEMP = 145°F 

3 4 5 

2.16939 2.62075 1. 79843 
2.09805 2 .49619 2.54366 
3.09611 4.34364 3.27314 
3.57214 4.17675 4. 55846 

6 

2.29373 
2.61899 
1. 86283 
1 . 77107 

6 

2.38143 
2.17761 
1. 74780 
1. 81402 

6 

1.57079 
2.16527 
3.24371 
4.71823 

6 

2.26413 
2.17953 
3.08436 
2.08407 



Temp. 
(OF) 

39 

52 

70 

100 

39 

52 

70 

100 

..... 0% 

28 . 25 

26.4 

25.74 

25.5 

25.55 

23.1 

22.2 

20.7 
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Table ~14 Chewiness Values Measured by 
Sensory Panel 

Equilibrium Relative Humidity 

-20'Yo --.-40% -60% -80% 

(Plate Temperature = l050F) 

31 34.3 28.7 22.1 

29 31.1 38.4 28.3 

25.68 28.2 25.89 26.1 

22.8 27.7 29.3 33.56 

(Plate Temperature = 145°F) 

27.5 27.1 27.0 27.0 

27 . 2 28.36 26.72 29.3 

23.2 26.2 26.35 27.57 

26 .8 25.8 26.7 34.66 

-100% I 
I 

27 . 68 

26.3 

24.89 

I 26.2 
I 

I 
I 
I 

23.2 I 
28.2 i 

25.55 

28.3 i 
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