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A laboratory apparatus was built to provide a means of processing small and
medinm diameter cylindrical meat emulsion produects by generaring an air flow of
vontrolled temperature. humidity and veloeity. Different relative humiditics in the
test section of the apparatus were obtained by saturating an air stream at tempera-
tures below the desired processing dry bulb temperature followed by a sensible heat
input. This apparalus was used to measure the thermal response and molsture loss
of meat emulsion products during processing. Full-fat and no-fat emulsions were con-
tained in small diameter moisture-permeable cellulose casings. The medium diameter
products consisted of full-fat meat emnlsions stuffed in moisture-permeable librous
casings and mosture-impermeable polyamide casings. The experiments were con-
ducted av different relative humidities and dry bulb temperatures of approximately
TH°C. Thermocouples were used to record the surface and center temperatures of
the products during processing, Values of the moisture concentration of processed
products at different radial positions were measured with invasive methods on large
and small diameter samples. The nse of magnetic resonance imaging methods for
the determination of moisture profiles was not successful. Low signal to noise ratios
prevented the extraction of nseful information from the experiments.

A nonlinear parameter estimation program, in conjunction with the simulation
model, was used to compute the effective moisture diffusion coeflicients Lhat provided
thie best it of measured and simulated data. Lo addition to the dependent variables
measured in this study, the effective moistare diffusion cocfiicient was cstimared from
reported temperature data for the processing of bologna products. The computed
cocfficients varied besween Doy — 0,91 = 1071 m®/s and D.e = 5.1 x 10710 m?/s,
The sffective moisture diffusion coefficients estimated for the no-fat emulsions were
larger than those obtained for the full-fat produels. This difference was attributed mo

the higher moisture content of the no-Fal emulsions,
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Chapter 1

Introduction

Various aspecls of the processing of meat emulsion products are discussed in this
chapter. First, the processing steps in a commercial manufacturing operation are
summarized. This part is followed by an overview of the challenges encountered
when trving to ineorporate energy and time efficient processing operations. Finally,

the research objectives for this study are outlined in Section 1.2

1.1 Background

The meat industry produces a wide variety of processed meat products. Rust [1076]
classifics these according to the manner of provessing into Iresh sausages, uneoaked
smoked sausages, cooked smoked sausages, other cooked sausapes, dry sansages, lun-
cheon meats, jellied products, cooked hams and canmed meats. Hanson [1088] dis-
vinguishes betwsen whole-musele produets. for example ham and bacon, and ground
ar camminmted produets. The latter are commonly referred to as sausages. They
can be further classified into coarsely ground sausages, for example salami, and the
so valled meat emulsion products, also referred to as fine-cut sausapes, for example
Trankifurters and bolopna,

The heaming, or cooking, of meat products mnereases their shelf life by destroying
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pathogenic and food spoilage microorganisms. In addition, cooking enhances and
stabilizes various characteristics of meat such as appearance, texture, tenderness,
and Haver. (Other means of preserving meal products include salting, drying and
smoling., The technigues of preserving meal date back thonusands of years and they
developed pradually in many societies as a means of preserving those portions vhat
cowld not be consumed at once. The nuprovement of existing preserving methods
was based on pasl experience and trial-and-error searches and was regarded as an
art. The application of engineering principles to rhe processes of preserving meat is
a relatively new discipline. It is driven by the need for a better understanding of the

physical and chemical changes oecurring during meat processing.

1.1.1 Mesat Emulsion Products

Emulsion type meat products make up a sipnificant share of processed meats. Ap-
proximately 2 billion pounds were produced in 19890 (Agrienlral Statisties). The
two most common meat emulsion produers are franldurters and bologna, representing
ahout 25 and 20 per cent of all sansage sold in the United States [Rust, 1976]. Meal
cmulsion products consist of either beef or a combination of beef, pork and poullry
with added water. salt, preservatives, non-meat proteins, spices and curing agents.
The beef. pork and poultry cuts can contain lean and fav components, As a resuls
of consumer demands, the market share of reduced-fat and fat-free products has in-
creased over the last vears. A Lypical processed high-fat produet containg about 20%
maisture, 32% fat and 10% protein. Fat-free praducts can have moisture contents as
high as 85% before and 0% after processing.

An emulsion is defined as a heterogeneons mixture of liguids which under normal
circumstances do not dissolve into each other, for example oil and water. Small

amounls of substances acting as emulsifiers are used Lo hold Lthe bwo liguids suspended
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into each other, One of the liquids will form a discontinions phase in Lhe form of
small droplets that are completely surrounded by the other, continnons phase. Milk
and mayonnaise are the two best kmown food examples of an emulsion, "Uhe proteins
casein and egp volk act as the emulsifiers for the discontinuous lipid phase. The
physical structure of a meat emulsion resembles a classical liquid in liguid emulsion.
The animal fay forms the discontinuous phase that is encapsulated by a continnons
matrix of water and protein and the term emulsion is applied, even though the fat
phase does not behave like a liquid. The contractile or binding proteins [from the meat
acl as the emulsilying agent. The salt in the enmdsion formula aids in solubilizing

these contractile proteins frown Lhe muscle Gber.

1.1.2  The Processing Operations

The mapufacturing of meat emulsion products consists of several operations. hese
are prinding chopping, vacuwnization, stulinge, linking, spraving, smokiny, cooking
chilling and peeling. The individual proeessing steps are described in detall in the
following paragraphs. A summary of these processing steps is given in Table 1.1,

In the grinding operation. the meat trimmings are ground through 1/8 to 3/8 inch
plates. The lean mears are usually ground o a finer consistency than the faz meats.
The ground meats are then chapped with salt and euring ingredients to a temperature
of 5 o 7°C (42 to 45°F). At this point, the remaining ingredients arc added and the
chopping provess is ended when the minture reaches a specified temperature, usually
16 1o 1870 (61 to G4"F)- Entraived sir is removed in order to achieve a unilorm product
by using vacnnm choppers or staffing machines with vacuumizing ecapabilitias. The
stuffing process injects the prepared emulsion inta a easing for further processing.
The individual links of small diameter praduets are usnally formed by twisting the

filled casing. They are then hung on a stick for furcher processing. Commercinl
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eqmipment is available that combines the stufling and lnking proeess. The links of
large diameter products are obtained by closing the easing with metal clamps. These
products are then placed on horizontal racks for further processing in order to preveul
shape distortion which could result from the weipghtl of hanging.

Mamafactured casings are used [or most processed meats, The term “manufac-
rared” is nsed to distinguish it from animal casings, also ealled natural casings, that
were used before the modern manufaclured casings were available. The natural cas-
ings were made from the stomachs, intestines and hladders of eartle, hogs and sheep,
They provided a stronp elastic container which shrank with the meat as its mols-
ture content changed gradnally. Manufactured casings can be classified into cellulose
and collagen types. The latter are made from the corium layer of split beef hides.
Mamifactured cellulose casings are used for the production of frankfurters. or eas-
ier handling, these casings are pleated and compressed after their production. I is
possible to compress more than 13 meter (50 feet) of casing into a piece less than
30 cm (1 fwot) long. For larpge diameter produets, for example bologna, casings man-
wlactured [rom a special paper base impregnared with additional cellulose are used.
L'hese types are also referred to as fibraus easings and they have a greater strength
than the small diameter ecllulose easings i order to support the larper weight of
the meat emnlsion after stuffing. Both cellnlose and fibrous casings are permeable
0 moistnre and smaoke when moist. However, the degree of permeability decreases
with the moisture content of the vasing., Moisture npermesble casings are available
in many siges and are made from many mwalerials, ey polyamides. Large diameter
moisture impenmeable casings are also mwade from surface treated fhrous casings in
order tn utilize their stremgth.

In the next operating step, the stufed and linked casings are sprayed with cold wa-

ter to wash off any adhering emulsion on the outer surface. The following operations,
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Tigure 1.1: Schematic of the manufacturing of small diameter cylindrical meat cmnl-
sion producls in a eontinuens smokehouse with a vertical loop conveyor
svstemn, 'Uhe individnal parts of the processing equipment are not drawn
Lo scale.

smoking, cooking aned ehilling are commonly referred to as the thermal processing.
These operations take place in large, foreed-comveetion ovens, typically referred Lo as
smokehovses. Both bateh type processes and continuous operations are used. In a
bateh system, the produet is manually loaded into the oven, cooked, and manually
nnloaded as a single batch. In continuous syslems, the sticks hearing the products
arc connected to a convevor chain which carries them throngh one or more processing
zones. The conveyor systems can be designed in a straighs-line, a horizontal-loep, or a
vertical-loop confimuration. Continmous ovens have capacities as high as 12,000 Ib/hr.

Typieal processing times range from 30 minutes for small diameter produets (20 1o



Table 1.1: Summary of the processing steps in the production of meat, emulsion prod-
nets, Rust [1976]. The smoking, cooking and chilling operations are re-
foerred ©o as the thermal processing.

Operation Procedure and purpose

1) emulsion preparation

wringling: the meal Leimmings are grouod Weowgh 1/8 to 378 inch plates
chapping the grounid meat s combined with tie other ingredicats
vacuumization removes entrained air in order to abtain a uniform peodel

) preparation of producis

stutling injects the meat emulsion through a stuffing horn inlo Mhe cusing
liking produces products of uniform length, e.g. by twisting the filled casings
ALY LI removes aidbering pacticles of meat on the outside of the casing

) thermned processing

smoking adds llavor, acts as preservative and assists in forming a skin on the produe
couking clupees thie produet lexture pod destroys pathogenic microorganisms
chilling plumps the produet and prepares it foe the pealing aond packaging operations

1) final processing steps
preeding removes Ui casing, ususlly with high-speed mechanical peelers
packaging package protects the produets and 35 seen by consumers in the retall display

26 mum (0.8 wo 1 inch)) o several hours for large diameter produets (10 to LL cm (3.9
to 4.3 ineh)).

The purpose of the smoldng operation is to enhance the flavor and the color of
the product. In addition, the phenols contained in the smoke are bacteriostats and
antioxidants. and hence aer as preservatives. Dhuring the smoking and cooking pro-
cesscs, the meat proteins at the produer surface coagulare, resulting in the formation
ol a skin on Lhe product surface under the casing, Organic acids contained in the
smoke enbance the protein coagulation. When the easing is removed from the prod-
ucts afrer the thermal proeessing, the skin remains intact and has the appearance of
a casing. The smoke is usually generated by burning wood or sawdust. Unwanted
smolke components include polyevelic hydrocarbons, which are suspected carcinogens.

Because of the presence of these components. some manufacturers have 1o recent vears



Table 1.20 Typical pracessing conditions during the thenmal pracessing of small and
large diameter meat emulsion produets, adapted from Rust [14976] and
ITansom | 1088,

T'ime spent Dy bulh Belative Wet linlh Dew prosinl,
(TR femprerainre humidity temperature temperature
[mimres] [°C1 (<F D) [% ] CCTFD ["CT (D
small diameter products, Dpe = 20 — 25 mm (0.8 — 1.0 iuch)
10 - 30 60 [ 140} Ja.5 43 (110 11 (106
15 - 30 B2 (1a0) 475 63 (145) 59 (138)
largn diameter products, D, = 10 =11 cm (3.9 — 4.3 inch)
an GE (150) AR 41 (1u3) a7 ()
an B (160) 177 32 (125) 48 (119)
L 03 (200} 140.4 a7 (130) 04 (131}

replaced natural smoke with artificial smaoke flavorings.

The cooking uperation destroys pathogenic and food spoilage microorganisms andd
enhanees the appearance, lexture and tenderness of the produet. The temperatures
and nmidities in the smoking and cooking operations vary considerably from man-
afactarer to manufactuver and are oflen reparded as proprietary, A common feature
of all processes is that the time taken for cooking should be sulflicient to bring the
temperature of the entire produet ar least up to G8°C (155°F), The cooking section
in the smokebouse can consist of several distinet zones, sach willh dilferent setpoints
for the processing conditions, e.g. temperature, relative bumidity and air velocity. A
set of processing conditions in several processing zones is sometimes referred Lo as
a thermal schedule. Typical processing condidions for small diameter produets (e.g.
rrankfurters) and large diameter products (e bologna) are summarized in Table 1.2,
After cooking, the products are chilled by spraying or submerging in a brine solu-
tion. The brine concentrations are controlled to maintain a balance with the salt
comeenfrations in the cooked product.

Chemical reactions taking place during the varions processing steps play a crucial
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role in obtaining desired meat characteristies such as color and linmmess. Of spocial
importance in this context are the so called cured meat reaction and the water holding
capacity. The eured meat reaction describes the formation of a red pigment when
nitrie oxide and myoglobin combine. The nitric oxide is introduced as nitrite salts
that rapidly change to nitric oxide in the meat. The water holding capacity of meat.
or a meat emulsion, is an important economic factor. Muscle proteins are composed
of highlv charged amino acids, resulting in the aliraction of many water molecules.
With increasing times of storage after slaughtering, the acidily of the musele increases.
leading to the release of water molecules, 1t is desirable for the mannfacturer to obtain
a high process vield, i.e. w lose as little moistare as possible. Accordingly, the water

holding eapacity is earefully monitared during rhe processing operations,

1.1.3 Statement of the Problem

Many aspeets of the thermal processing of meat emulsion products can be deseriberd
as @ transient, simultaneous transfer of heat and mass with continnonsly changing
transport properties. The change of these transport properties during thermal pro-
cessing is caused by the moisture loss, the rather large temperature incrcase and
the structural change of emulsion components, for example the denaturation of meat
profeins.

The details of the simultaneons heat and mass transfer are not vel well under-
stood. A systematic investigation of these trausport phenowmwena is hindered by the
larse number of variables involved in Lthe thermal processing. These wariahles include
product parameters apd processiny conditions, A summary af those variables helicved
Lo be of importance is given in Table 1.3, Opposed to these difliculties is the desire aof
the mwanulaciurers (o incorporate tine amd eperpy efficient thermal processing opera-

tions in arder o gain a enst advantage in a competitive market. Even though the meat



Talle 1.3: Variahles involved iu the processing of meat emulsion produess.

Variable

Effect on processing

1) product paramelers

diameter
casing type
comnpdilion

dbulling pressure
) processgy varsables

dry bulb temperature
wed b temperature
A veloeily
orisnlation of stick

products oo stick

lnrger dimncler products take more time to Liest aud lose loss
miisbire sinee the ratio of surface area to voline i3 amaller

determines wherher mase transfer from the product can oceur; the
degree of mmass permeability can he & fanetion of (he moeisture content

for cxample the motsture content or the [al Lo protein ratio:
affects the heat and mass transfer properties, e.g, mass ditfusivily

affects the density of the product and henee the thermal properties

potential for heat Lranslor; high temperatures can canse an et labon
breakdown when the fat particles mee oo longer cncapsulated

tagethier witl the dry bulb temperature and the pressure, i
determines the relubive humidity and che dew point femperatuee

determines the magnitude of the hear and mass Lransfer coctlicients:
thers can be w variation of the velocities over the oven eruss seelion
determines the main How patterns of tle processing ale over the
product, c.g. perpendicular to the loag axis of the product

if too many products are hnng on s stick, they might shield each
other, leading to different processing comditions for the produets

ingredients represent the highest cost factor in the manmfactnring of meat emulsion

products. a decrease in the enerpy costs associated with the production, for exau-
ple resulting from a reduced covking Lime, would provide significant savings. (iven
the large number of variables invalved in the thermal processing, combined with the
limited knowledpe available concerning the underlying heat and mass transfer pro-
cesses, it is unlikely that emrrent thermal processing schedules operate at optimnm
condilions, Ln the following paragraphs, the need for an increased understanding of
the transport phenomena during the processing of meat emulsion products is shown

with four speeific examples.

In reeent vears. many reduced-fat and fat-Iree meat emulsion products have been
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developed in response to a strong demand by the consumer. These products have a
significantly different composition and hence different heat and mass Lransfer proper-
ties, for example thermal conduectivities and moisture dilfusivities. Existing thermal
processing schedules could nou be applied v these yew products. The new set, ol pro-
cessing eonditions was delermived in lengthy trial-and-error searches. An buproved
knowledge of the involved heat and mass transfer principles would have reduced the
time needed for the developient of these new products.

Periodieally, parts of the processing equipment fail, e.g. the convevor chain or fans
maintaining the air flow. Sueh failure will resull in a temporary hall of vhe conveyor
chain or a significant deviation from the desired temperatare, relative hmidity or
air velocity within a processing zone. Under rare eirenmstances, sueh equipment
failure is nol detected immediately and products may he packaged and shipped to
the cousurer. Currently, no provess simulation maodel is available that conld nssist
m defermining whellier products processed under those faulty processing conditions
are safe for the consumer or should be recalled, The large costs and the negative
image associated with recall operations clearly show the need for an aceurate process
model. Such a model could be used to simulate the procvessing operation with the
erroneons conditions to determine whether the products were cocked (o a sullicient
Lerperature,

During the processing of small diameter products, the presenec of the sticks hung
with products in bateh ar continuously operated smokehouses can results in uneven
How patterns of the processing air, with larger airHows throush open cross sections,
for example the regions near the walls of the oven. Attempts to increase the pro-
duction rate in existing processing equipment may further increase the uneven How
distribution. This channeling of the praecssing air is similar Lo the undesired effoct in

packed distillation columns, Consequently, a distribution of the provess parameters
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such as air velocity and temperature will result and products located in the middle ol
the batch smokehouse or in the middle of a processing zone of a contimious oven will
be subjected Lo different proeessing conditions compared to those products localed
near the walls of the smokehonse, A similar effect is given by the arrangement of the
products on the holding stick. As an example, a so ealled 3-down l-across 3-up con-

[

liguration is shown in Figure 1.1, The product at the bottom (the one “across”) will
be subjected to different air flows than the products at the side of the stick. A process
simulation madel could be used to reveal whether the different air flows would result
in significantly different processing times or produet moisture losses. This knowledge
eonld then be used to change the arrangement of the products on the stick in order
to produce uniformly processed produers.

The moeisture loss during the processing of swall diameter enmulsion products
amounls Lo about O to 8% of the initial mass, depending on the processing time
and the process conditions. Uhe manufacturers have to meet product specifications
with regard o the final weight of the packaged product, as required by food produet
labeling laws. Henee, the manufacturers closely monitor the moisture loss, also called
pracess shrink, in order to fall within the narrow limits of the mandatory product
weight specifications, ‘Uhis wonitoring is often accomplished by measuring the mass of
2 stick bung with produets before and after the thermal processing operations. Devi-
alions rom the setpoint are corrected by manually adjusting the amount of emulsion
injeeted into the casings. Alternatively, a precise weight confrol conld be obtained
by adjusting other process parameters, for example the relative humidity of the pro-
cessing air. The use of an on-line provess model could acenmplish this task and save

the labor costs associated with the manual adjusting of the stuffing operation.



1.2 Research Objectives

"T'he goal of this research is to investigate the transport phenomena during the thermal
processing of eylindrical meal emulsion produets. This abjective will be accomplished
by a combination of computer simulation and experimental analysis. The compuler
simmlation will he based on a process model that accounts for aspects of special
importance in meat processing. such as variable houndary conditions and changing
hent and mass transfor properaes,

The proeess model will then he nsed to identify those product parameters anl
processing conditions that exhibit a strong influence on the therinal processing results,
for example the total moisture loss ol the producl during processing ar the minimum
processing time, The identified produel parameters will be determined experimentally
or ohlained from published data. ‘The values of processing conditions enrrently used
in rommereial production eqmipment will he compared to the corresponding optimum
valnes computed from the process model. The values of the process parameters that
are not eontralled or monitored in enrrent processing equipment, but are found to be
of importanee, will be determined experimentally.

The accuracy of the simulation model will be tested against data reported in the
literature, In addition, data will be recorded under carefully controlled labaratory
condilions, These measurements will be designed (o mininize the nuimber of nvolved
processing variables, An apparatus will be construeted fo provide a means of provid-
ing different processing conditions.

The improved understanding of the transport phenomena during the processing
of meat emulsion products will help to inerease product safety, contribute to the
design of efficient thermal processes and ald in the development of new products.
This insight into the heat and mass transizr principles can be used to develop a

user-friendly software package that can be used ou-line in the praduetion process.
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Chapter 2

Review of Existing Work

A large number of publicativus are available on the general topic of food processing
and food enpineering, However, work related o meat emulsion produets amd their
processing is limited. Previous studies that are of interest to the current research
are described in Lhis chapter. Contriburions that report modeling approaches, exper-
inental techiniques or measured dara that will be used in the remainder of this study
are described in detail. A summary of previous work on meat emulsion and some
related products is given in Table 2.1, Relerences that are related to the research
presented in this dissertation but are not cited explicitly are summarized in Table 2.4

at the end of this chapter.

2.1 Thermophysical Properties of Mecal Emulsion

Previous research comcerning the dewnsity, specific hear, thermal conductivity and
meisture diffusivity of meat emulsion is described in this secrion. Tor easy reference,
all deseribed walnes and models of these properties are also summarized in Table 2.2,

Agrawal [1970] measurced the densicy of a mear emulsion having waler and fat,
mass fractions of 0.65 and 0.18, respeciively, with a water displacement method and

reported 4 value of 949 ke/m® (59.2 1b/01%). This value is ssmilar to those given by
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Table 2.1: Previous studies listing thermophysieal properties, processing conditions
and process modeling approaches of meat emulsions and some relatod prod-
ucts that are of interest Lo Lhis research.

Avthor, vear Format?  Main area of work/Comments

Monagle [18974] 3 X effect of smokehonse teanp., relative homidiby amd sic velocily
Sweat [1973] P L review of models for the thermal conductivity of meat producte
Agrawal [1976) T T/X measurement and modeling of temperature and muoisture profiles
Teheka [1952] J X messnrement of the sqmil. meisture content of cooked areldiony
Mitial [1082] J  T/X moist. diffusion in emulsions slabs and eylinders of diff. comp.
Callaghan [1883] 7 X investipation of cheese stencture by moclear magnebic resonsnee
Mitlal [1983) J 0 T/X welght loss of emul. prod, duriog dillerenl provess conditions
Mittal [1045] J X equilibrium meisture content of uncooked meat emulsion prod,
Mittal [1987] J X influence of smokehouse processing conditions on final produet
Mitlal [1989) J X el of Lhermal properties during the cooking at dill. temps.
Taneon [1H8K] M X temp. profiles and moisture loss during processing of hologrnia
Tinre | 1988 4 T maodeling and analysis of moisture profiles during salami deying
Spiclbaner [1991] M T/X snessor. of heal transfer coell inos large continuons sinokehons:
Sebrader (1002] J L application of magnelic rneopance inaging in the lood industey

' J: journal paper, 1': PhD-thesis, M: Masters-thesis
! L lilerature review, T: Weorctical, X: experioentul

Qashou et af. [1970] for ground beef and ground chuck. These researchers reported
values of 828 to 968 kp/m® (57.9 Lo 604 1b/07) for che ground beel and 953 Lo
999 kg/m® (59.5 to G2.4 1h/ft?) far the ground chuck.

The specific heat capacity of food products depends to a large extent on the
composition. Hallstrdm et of, 1988 suggest caleulating the specific heat from the

ideal solution model

Tt
e E“"! e (2.1)

=1
where w; and o denote the mass fraction and the specific heat of the major foad com-
ponents water, carhohydrare, pratein, fat and inorganic materials. The specific heat
values of these components are summarized in Tahle 2.2, Beeanse of the rather large
difference between the speeific heats of water and the other major food components,

tlie water content strongly affects the average specific hear. Dickerson [1965| gives a
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Tahle 2.2: Summary of thermophysical properties of meat emulsion and related prod-
nets reported in the literature. If no product is mentioned, the entries refer

to meat emulsion.

Valne or imodel

Density ke /n®)
o= 844
=025 Lo D68
= 9h3 L 999

Sprecafie hend [k 1)
=40

i — E?ﬂl SN
g= 1873 =+ 2.8 whiny

e= Lo+ 26wy + 0015w T

Therimad conductivily | W /m K]

fo=Aa2

k= 10.576

k= 0421

o= 0355 1o DLAGS

s = LOB0 < (.52 wyy

Moisture diffusivity [m® /br

Range® and comments

Reflerence”

e = 063, wr =018
for ground beel
for gronmd chack

T < 40°C, w,,, = 0.63, wp =0.15
approximation for all food pradockst
approximation for all food products
for meat products

T = 2140, wpy = 63, wy = 0,18
T =03°C, wy =0.03, wr =018
T =200C, wyy =0.04

T « 25°C, 054 < w,, < D71

for all meats, U6 < iy < 030

Doy — 0,3224 % 1074 T exp(—0.3302 FP — 3060.37/T), T < 58°C

By = 0282 7T exp{—0.0414 FP — 6246.6/T),

T = 58°C

Agrawal [1976]
Qashou [1470]
Uashou [1970]

Agrawal [1976]

Hallshrdm | 1555]
Dickersan [ 1964]
Lalstrom [1954]

Agrawal [1976]
Apgrawal [1976]
ASHRAL [1980]
Timnbwers (1082
Swear [1975]

Mittal (1982
Mittal [1882]

P =4 IR KT keR, 6 = 142 k1 /ke K, o = 155 kI ke K, oy = 167 k]/ke K
2 Conversion of wey o % Wy =014+ u)

¥ name of first anthor only

formula for the specific hear of foodstuffs that only considers the moisture confent.
For meat products in partienlar, Hallsordim et ol [1988] repart a formula that con-
siders the effect of temperature on the speeific heat, Agrawal [1976] experimentally
determined the specific hear for a mear emulsion with a moisture mass fraction of
(.65 at temperatures bevween 20°C (68°F) and A0°C (104°T) and reported a value of
2.6 kI ke K (0.86 BLU/GF).

Sweat [1975] compared several exisling wodels for the thermal conduclivity ol
meats with a large number of data reported in the literature. A model consaining a

linear dependence on the moisture content per wet basis gave the hest fit for temper-
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atures ranging from 0 to 60°C (32 o 140°T). The differences in thermal eonduesivity
among the various meat products were reported to be small. It is unclear why the
infinence of the composition was not reported to be significant, especially sinee fat
has a much lower conductivity than protemn

Mittal el al. [1989] investigated the change of thermal conducrivity, thermal dif-
[usivily and specilic heal of weal emulsions with varving maoistnre contents and fas to
protein ralios alter bealing them to varving temperatnres. For this purpose, the emul-
sion was either uncooked, cooked up to 45°C (1137F), or cooked up to G3°C [ 140°T7).
1o prevesl apy woisture loss, the emulsion samples were stuffed into stainless stoel
tubes and put into a water bath maintained ar 75°C (167°F). When the center of
the pradnet reached the desived temperature (Le. 45°C (LIPT) or 65°C (L49°17)), the
sample was removed from the water bath and cooled in another bath av 15°C (59°F).
The thermal properties were determined when the sample reached 25°C (77°F), The
thermal difusivity was measured with the Dickerson method [1963], the thermal con-
duelivity with a conductivity probe and the specific heat with a calorimerer. Several
funetional forms for the thermal properties were investigated. The models giving the
hest fit to the measured data are summarized in Table 2.3

Mittal et ol (1982 investigared the moisture mability in meat emulsion during
ronldng. A slah geometry was used for low femperatures (42°C to 58°C (L08°F o
136°T")). The emulsion was placed on an aluminum dise ficzed to an alumimum ring.
Since experimental difficulties due o uncontrolled moisture losses from the sides of
the experimental selup oceurred with the slab peomelry, an emulsion-filled casing of
204 e (1 ineh) dimmeter apd 152 em (6 ineh) was ewploved al experiments in-
volving higher temperainres [58°C to 81°C (136°F to 178°F) ). In both cases, relative
humidities and fat protein ratios ranged from 417 to 870 and 1.2 to 3.0, respectively.

During the experiments. the surface cemperature rose confimonsly and approached
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Table 2.3: Changes in the thermnal properties of meat emulsions with varying moisture
contents and fat to proteln ratios after heating to different temperatures,
as reported by Mittal ¢ ol [1980]

Madel! and numerical example

Thermal conducisnty [W/m K]
=114 0, + D0OIGGGT — DODLO FP2 — D734 k-‘,_'.:n

o kiner. hy 13% (0.395 to 0.447) at T = 2 and C5 = 1 when w,, iner. fraom 0.60 ta 0.70
» cooking fom CS = 1te C5 = 3 (£ =1, wy = 10.6) causes a 7.4% increase in &

Speeific heat, (kI LK)
o= TO7uwy + 01268 FP 00726 C5 - 5.09.2,
o pooking from 5 = 1o OGS = 5 (FIP = |, wy, = (L6] decreses ¢ by 7% (3.0 1o 2.80)

Thermal diffusivity [m® /]
x = (2627 s — 0820 05 — 11002, — 5.5 FP ) 1079 for 26°C = T < 33°C
= (2888 win + 5115 08 — 10w, — 5.9 50w, ) 20 for 34%C < T < A0

s coaking fram (35 = 110 05 = 3 increases or by 14% (10Bx 10 "0 1.23 %10 )

! €S = eooking stage: €5 = 1,2, 3: no cooking; cooked at 45°C; cooked at 63°C

the dry bulb temperamire of the air. This led to the conclusion that “there is no con-

"and that Hinternal

stanl water removal rate period during cooking of meat emmlsion’
water movement was the conrtrolling mechanism from the beginning of the cooking
provess” . Einpirical correlations were given for the moisture diffusivity as a funcrion
af the temperalure and the fat to protein ratio. These correlations are summarized

i Tahle 2.2.

2.2 Influence of Process Conditions on the Final Product

Memagle af ol [1974] investizated the effect of smokehouse temperature, humidity
and air velocity om weight changes and temperature profiles in frankfurters. These
parameters wore studicd in the range from 55°C to 93°C (13178 Lo 1997F) [or the dry
bulb temnperature. 205 and 80% for the relative humidity and with air Mows equiv-

alent to 3 or 10 smokehouse air changes per mimate. The products were contained
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in moisture-permeable cellulose casings of 20 to 21 mm (0.79 to 0.83 inch) diameter
and were linked in 12 em (4.7 luch) lengths. For constant smokehouse tempera-
Ture processes, the internal product temperarare inereased exponentially towards the
smmokehouse dry bulb temperature. The rate of evaporation was found to be markedly
faster in a product subjected to a low humidity process, when compared to that in
a hiph humidity process. An opposite relationship was observed [or the rate of hear-
ing. 1L was coneluded that the moisture transfer and the accompanying latent heas
needed for the evaporation of water played a major role in the rate of heating of meas
products in eonvection smokehonses. Protein coagulation, skin formation and other
changes that alter the water immobilizing properties of the material were found to
limit evaporation an very low relative humidities. In this ease, the surface tempera-
rure was higher than the wet bulb temperature of the air. However. at higher relative
Iimidities, the authors explained that the “rale of evaporation was sufficiently slow
to allow a balance betwesn heat transfer and evaporative cooling. Thus, the surlace
Lernperature follows very closely the wet bulb temperature of the air”.

Mittal et af. [1983] measnred the weight loss in cylindrical meat emulsion produets
of 25 mm (1 inch) diameter during the rhermal processicg as a function of the pro-
cossing temperatures, relative humidities and the product compaosition. The moisture
ratio, [T—,. )/ (w,—u.) where u, u, and u, denote Lhe average, equilibrinm and initial
sample moisture content, respectively, was detennined as a function of time. I'or a
relative humidity of 60% and a fal ta protein ratio of 1.9, it took 5 hours to lose 13%
of the moisture at 3%8°C [136°F) and only | hour to lose the same amount al 31"C
f178°F). An increase in the far to protein ratio decreased the rate of moisture loss.
This effect was associated with the hydrophobic character of fal and the resistance it
offers to the diffusion of moisture. The relative humidity had a distines infinence on

the mioisture rario. An increase in the moisture loss rate was foumwdl with an incrcase
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Fignre 2.1 Weight loss ol evlindrical meat emulsion products of 25 mm (1 inch)
diamerer during different processing conditious as reported by Mitral el
al. |1983]. The maoisture ratio i was caleulaved [rony the average moisture
content of the samples at various tiies. "L'he initial moisture mass [raction
of the emmision was reported as 0.55.

in relative humidity from 41% to 60%. A further increase in the relative humidity

to 87T% resulted in a considerable reduction of the moisture loss rate. The anthors

explained this phenomena with a skin formarion due to protein coagulation at low
relntive homidities. 11 was believed thar the skin lonits evaporation and outweighs
the influemee of a greater driving force for mass trapsfer as lower relative hunidities.

The influence of this diffusional barrier was thought to diminish at hipher relative

hurnidities (60% and 87%) becanse of the stronger dependence on the driving foree

lor mass transier, which is proportional to the relative humidity., The influsnce of

femperature and relative humidity are shown in Figure 2.1.

Mittal ot of. [1987] determined the effect of the rate of increase of the smoke-

hense temperature and the rate of increase of the smokebouse relative humidity on
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meat emulsion product qualities. The product gualities were delined as a combina-
tion of water holding capacity. emulsion stability, textural parameters and sensory
attributes, The sensory evaluation was conducted with a taste panel composed of 9
ro 10 untrained judges. A mmltiresponse optimization programw was used to find the
optimum thermal process schedule with respect to the described product cualitics.
It was coneluded that a temperature increase of 0.5 to 0.7°C/win (0.9 to 1.3°F /min)

and a relative humidily increase of 3.9%/min resulted in an optimum product.

2.3 Average Heat Transter Coefficients

Spielbauer [1992] measured the heat transfer coefficient in a comunercial eontinn-
ous siokehouse, A evlindrical aluminum probe 23 mem (0.9 inch) in diameter and
15.2 ¢ (6 inch) in length, resembling a real product, was made. Due to the high
Lhermal conduetivivy ol the aluninug apd Lhe magnitude of the expeeted heat trans-
fer coeflicients, the probe was treated as a hunped svstem with a negligible internal
temperatmre distribution. For the measurements, the alimimum prabe was attached
to a holding stick (Secrion 1.1.2) with actual meat emulsion products and allowed
to traverse the smokehouse. The orientation of the aluminum probe on the holding
stick resembled that of the actual products. The remperature of the probe during
the Lhermal processing was recorded with a lemperature data trace, a programmable
witeless temperature sensor wilh ap inlernal memwory and clock capable of storing
up to 1000 temperatures points at a chozen sampling rate. Sinee the temperatures
were recorded in preeise time ntervals, acenrate plots of temperature versus time
were constructed after downloading the reeorded data into a spreadshecs program
of a personal computer. A second temperature data trace was tied to the holding
grick and was usced to measure the dry bulb semperature of the processing air. The

thillerenlial form of the lrapsient energy eguation was used to obtain the beat trans



21
for cocfficient from the measured temperature data. The mass, specific heat, surlace
area and initial temperature of the alumionm probe were kmown. The pradient of
the probe temperature with respect to Lime and the difference of the processing air
dry bulb temperature and the probe Lemperature were calenlated from the recorded
data, U'he obtained heat (ransfer eoeficients ranged from 5 1o 30 W/m*K (1 to 6
BLU /hr ft*°F) and confirmed the assumption of a Inmped system with Biot nuwbers
ranging [rom 0.001 to 0005,

Huang and Mittal [1995] measured the heat transfer coefficient during the cooking
of meathalls with a similar technigne. A solid aluminum sphere of 4.7 e (1.85 inch)
in diameter, resembling the size of the meat balls, was constructed. Dents, about
0.4 em (0.16 inch) in diameter and 0.2 em (0.08 inch) deep, were drilled over the entire
sphere surface to simulate the roughness of the weatball surface. A thermoconple was
located at the center of the sphere to monitor the temperature changes. The heat
transfer coeflicients were caleulated from the integrated form of the transient cnergy
enuatian. The obrained heat transfer cocflicients for natural convection baking, forced
convection baking and hoiling in water were 0.0, 23.0 and 4518 W/m?I{ (1.6, 1.0 and

THE BTU fhr ft2 ¥F), respectively.

2.4 Temperature and Maoisture Concentration Profiles

Mittal et al. [1981] analysed the meisture and temperature profiles in a meat emul-
gion slab during processing in order to obtain a value for the moisture diffusivity.
The temperatures within the slab were measured with thenmoeouples at six different
lovations. Moisture profiles were obtained from a 1.9 cm (0.75 inch) diameter core
taken from the center of the slab using a steel cork horer. After remaoval, the core
was quickly Irozen by submerging into a solution of acetone and dry ice, maintained

at =40%C! (-49°F). The frozen core was then sliced inte thin sections with the help of a
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Fignre 2.2: 'lewperature data measured by Hanson [LO88] during the (hermal pro-
eessing of Hne-cut bologna contaived in water-permeable standard librous
rasinps,

puillotine device. An oven drving method was used (o determine the moistnre conteut

of each sample. The moisture profiles were abtained by assipning the mean moistura

contents to the mean location on the respective slice. The temperature profiles in-
dicated that (be internal temperatures rose quickly to a value above the dew point
and wet bulb temperature of the surroundings. Therefore. it was concluded that the
molsture transport took place under isothermal conditions. It was observed that after
evaporation of water. a protein skin formed oo the surface. The anthors pointed ours
that “...the skin formation is believed ta he responsible for larger maoisture sradients
than expected near the surface of the prodnet and reduced gradients in the inlerior
of the producs.” This skin was thought to be advantageous for “less moisture loss
and a belter peeling of the casing™.

Tanson |1988] conducted a study to determine the effects of various cooking rom-

peratures and relative hunidities on heat and mass transfer in Sne-cut bolopna with
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a diameter of 1004 em (4.1 inch). Four diflerent processing conditions with dry bulb
temperatures and relanive humidities rawging [rom 75 Lo 91°C (167 to 1967F) and 10%
to 80%, respectively. were investigated. Two tvpes of casings were used in this study,
molsture-permeable standard fibrous casing and evaporalion-resistant flibrous casing,
The product temperature at four different locations (surface, 1/4 and 1/2 of the dis-
lance to the center and conter), the oven dry-bulb and wet-bulb temperatures and Lhe
moisture losses were recorded during proeessing in a hateh type smokehouse. Each
experimenl was vonducted with three replications. Three distinet cooking stages in
the experiiwents for both the water-permeable and evaporation-resistant casing were
abserved: 1) the wet-bulb preheat period where the produer surface temperature ap-
proaches the oven wei-bulb temperature, 2) the constant rate drying period where the
product snrface temperature equals the oven wet-bulb temperature and 3) the falling
rate dryving period where the product surface temperature inereases above the oven
wet-bulb temperature, The mean produet cooking times, defined as the time needed
for the ceuler temperature to reach 68°C (154°F), were shorter lor the products in
evaparation resistant casings. The cooking vield, defined as the total remaininge mass
after processing, ranged from 91% to 94.2% for the warer permeable casing and from
94.3% to 97.5% for the evaporation resistant casing. It is unelear why the cooking
vield for the evaporation resistant casings did not equal 100%. Typical results for
oven dry and wet bulb temperatures of §1°C (196°T) and 70°C (158°F), respectively,

are shown in Figure 2.2

2.5 Equilibrium Moisture Content of Meat Emulsion

Tgheka and Blaisdell [1982] measured the equilibrium moisture contents. i.e. the
isotherms, of & provessed meat emlsion produer at four different temperatures (5°C.

21°C, 38°C and 55°C (41°F. T0°F, 100°T and 131°F)). The experiments were per-
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Figure 2.3 Equilibrium moisture content (isotherm) of a meat emulsion for different,
temperatures as reported by Igbeka and Blaisdell [1982]. The data were
abtained after equilibration in closed containers containing saturated salr
salntions.

formed ar nine relalive humidities ranging from 1% to 96%. Saturated salt solutions
were used to ohtain these relative hinidities. The apparatus consisted of an equilibra-
tion chamber suspended in a constant temperamire bath., The eqnilibration chamber
contained the sarnrated salt solution, a wagnetic stirrer and a sample dish. Core
samples of meat. 1.3 ta 2.0 mum (0.03 to 0.08 inch) in thickness and 25 mm (1 inch)
in (Hameter, were placed in the sample dish. The sample dish was connected to a
weighing balance through o thin wire, allowing a eontinuous weiphing. The moisture
comtent of the sample was assumed to be in equilibrinm when the change in mass per
4 hours was less than 0.001 g, The eguilibration times ranged from 18 to 48 hours.
Two replications of each cxperiment were made. After cquilibration, the samples
were dried in a vacninm oven for 8 hours in order to determine the dry weight. The

obtained isotherms were sigmoidal in shape. Results are shown in Figure 2.3, The
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equilibrinm moisture content at low relative humidities (11% o 43%) was almost eon-
stant. At higher relative humidities (43% to 80%) the eguilibriun moisture content
inereased exponentially with inercasing relative hunudity. The isotherms were fitterd

to an equation of the form

1 — BH = expl—au)

=
=

where fUH is the relative humidity, u the moisture contentl per dry basis and o and 0

are constants. Eonation (2.2} was rewritten as
In(~ In(1 - RH)) = blnw+ lna (2.3)

in order to plot In{- In{1 ~ RH)) versus luu. No lit was possible over the entire
relalive Inunidity range. A hreak ocenrred at relative huwidivies of about 72% and
il was concluded that it indieared a change in the tvpe of waler binding, Lhe heal
of sorplion was determined by using the Clausing Clapevron equation and found to
vary between 10,3 keal /mole and 17.0 keal/male for different moisoire eontents.
Mirzal and Usborne [1985] measured moisture isotherms for nnecaked mear emml-
sions of different compasitions. They used four temperatures, (BS™C, 68°C), 75°C and
80°C (131°F. 145°F, 167°F and 1853°F)), Lve fat tu prowein ratios (1.10, L.30, L.6G8.
2.16 and 2.56) and seven relative humidities, ranging from 11.2%. to 93%. The re-
ported temperatures are snfficiently hizh o process (e to cook) the product and
henee it is unclear why the meat erimlsion was considered to be uncooked. Saturated
sall solutivus were used for relative humidity control “I'he meat emulsions were pre-
pared hefore each experiment using a commercial chapper. The samples were placed
in a 2 mm (0.U8 inch) thick layer across the bortom of an aluminum foil baskel and
weighed approximately 3 to 4 gprams, This basket was suspended with a wire into a
wide mouth jar which was puf into a coustant temperature cabiner. Approximately

200 mL of solution with excess salt was maintained within the jar. The samples were
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weliched occasionally withour removal from the hbumidity control chamber and equi-
librium was assumed when the weight change over 3 days was less than 0.1 gram. A
period of 5 to 18 days was reported to be sullicient to establish woisture equilibrivm.
The resulting isotherins were sipmoid in shape. The equilibriwun moisture content was
almost constant for relative lnumidities between 11 and 60%, with very little inHuence
of the temperature. Above humadities of 60%, an exponential increase in Lhe equi-
librinm meisture content with increasing humidity was observed and the influence
of the remperature was more provouneed, with higher equilibrivm woisture eomtents
for lower remperatures. Isotherms for varying fal to protein ratios were shown for a
temperature of 7h°C. The fat ro protein ratio had very little influence on the eemilib-
riun moisture content below humidinies of G0%. For higher humidities, the amonnr
ol waler adsorbed increased with decreasing fat content and it was explained that far
adsorbs less moisture than protein. The absclute values of the equilibrinm moisture
comtent were very similar wo the results reported by lgbeka and Blaisdell [1082] for

proccssed meat emnlsion products,

2.6 Mathematical Modeling of Thermal Processing

Agrawal [1476] experimentally determined thermophysical properties of meat emul-
sion (Section 2.1) and developed a simmulation model to deseribe the simultaneous heat
and mass transfer in evlindrieal meat emulsion products. The temperatures studied
ranged from 21°C wo 112°C (70°F to 233°F). Three heat and mass transfer models
were inveslipated: 1.) a vapor diffusion model, 2.) a liquid diffusion mndel in which
moisture was assumed to diffuse as a liguid within the produet, followed by evapara-
tion an the surface and 3.) a shrionk mods] in which a liquid diffusion was accompanicd
by a volume reduction. An Arrhenius type equation was used to describe the tem-

perature dependence of the mass diffusivicy but it was asswmed to be independent of
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mass concentration. The driving force for mass transfer ar the product surface was
assumed to he the difference between the instanrancons moisture concentration and
the concentration in epquilibrinm with the processing air. It was concluded that the
measured values for the moisture diffusivity, thermal conductivity, thermal diffusiv-
ity and equilibrinm moisture content appeared to be reasonable when cowmpared to
data for other meat products. However. experimentally determined heat and mass
rransfer confficients were substantially higher than those calculated [rom empirical
prodictions. The maosture transport was found to have a significant influence on the
overall process and Agrawal explained that “predictions made by cowsidering heat
transport alone would be maccurate” . The heat and mass transler model considering
internal moisture movemment by Lguid diffusion was found ta he most acenrate in pre-
dieting the averape moisture losses and temperatures of the emulsion products during
processing. T'he values of the elective mwoisture diffusion enefficient that provided the
hesr, fir. of the measured dara with the simmlation model ranged from 0.6x 107 to
1ax10 " m* /5. The equilibrinm moisture content and the moisture diffusivity were
identificd as the two key variables future research should focus on in order to make
more accurate predictions for the simultaneous heat and moisture Lranspord.

Mittal et ol [1982] developed a model to simulate the moisture distribution within
a cylindrical produet. Since 1L was found thar “alter a step rise during rhe conrsc
af the experiment, the temperalure increased very little, and plateaned abave the
wet, bulh tomperature but helow the air dry talb temperature” | the internal temper-
ature gradicnts were assumed to be small and the moisture distribution was simu-
lated assuming isothermal conditions. Additional assnmptions made in the modeling
were uniform initial distributions, negligible dimensional shrinkage, concentration in-
dependent meisturs diffusivicy, one-dimensional diffusion (radially outward) and an

infinitely high mass transfer coefficient at she boundary. The last asswnption was
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justified by using relatively high air velocities (L.67 m/s, 330 £t/min) to provide high
mass transter Biot numbers.

Linre [1990] investigated the drving and shrinkape of salami products. The goal of
Lhis study was to mninimize the time needed [or Lhe deying operation by simmlating the
process with a computer model. The dryving process was modeled as a “hygroscopi-
cally covered homogeneous and isotropic equivalent colloidal material by interpreting
Lhe water concentration as a distributed parameter based on the dry mass”. Tmre
explained that the “sorption equilibrinm of the salami was delermined by the state
af the casiup”. The moisture transler was inodeled using the Fiekian approach, i
assuming that the driving foree for mass transfer was a moisture concentration gradi-
ent. Eguations for the equilibrinm maisture content and the diffusion cocfficient for
the meat paste and the casing were given. A contact mass transfer coefficient for the
interface between casing and meat paste was introduced. The thermal capacity of
he casing was neglected, lmre concluded that the developed model was well suiter
i deseribe Lhe drving process. Measured moisture concentralion profiles agreed well
with predicted results, 'Ube maximue rate of drying was lmited by the danger of
possible deformations and inper Gssures within the product

Mohl [1993] develaped a madel fhat combines hear and mass transfer dnring meat
enulsion processing. An isatherm was used ta relare the produet surface coneen-
tration to the vapor pressure above the surface. Two different fanctional forms for
Lhe isotherm were investigated, a linear tvpe and a form derived from the Dubinin-
Folanyi adsorption potential theory. 1t was concluded that the model was capable
of predicting the characteristic behavior of the temperature history of the product.
The partienlar nctiomal form of the equilibrium copcentration of the rneal emulsion
(isotherm) and the maisture diffusivicy were found to have a strong influence on the

thermal response of the produet.
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Wanp and Breunan [1995) modeled the simultaneons heat and moisture transier
during the drying of a potata, The boundary vondition for mass transfer wus mol-
eled with & sorption isotherm, i.e. the water vapor pressure over the potato surface
was related Lo the instantaneons moisture content of the potato at the interface. The
resulting differential equarions were solved with a finite difference algorichm. The sim-
wated values of the temperature and moisture concentration profiles were compared
with experimental results and reported Lo be in good agreement. The temperature
profiles were obtained with thin thermovouples. A stainless steel cork borer was used
to obtain the moisture concentration profiles. For this purpose. samples were removed
at various times from the drying environment and ent with the borer. The resulting
eylindrical samples were sliced into ten pieces of approximately 1 mm (0.04 inch)

thickmess, which were then dried in an oven.

2.7 MNuclear Magnetic Resonance Studies

Nuclear Magnetie Resonace (NMR) has contributed greatly to several scientifie dis-
ciplines in the last deendes. It is a powerful nondestructive mechod for structural
identification in analytical chemistry and biochemistry. Maguetic Resonance Imaging
(MRI), based em the principles of NMR, is a relatively new method. Tt is nsed, for
eeample. in the medical field to obrain images of the human bady, The applications
of NMR and MBI of interest to this study are deseribed in this section. These are the
determination of meisture concentration profiles, temperature profiles and diffusion
coellicienls in Jood svetems. A tharomgh diseussion of the physics of NMR and MRI
can be found in a number of sources, inclnding Abragam [1061], Stilbs [1987], Smith
and Ranallo [1989] and Callaghan [1991]. A summary of the applications of MRI in
the food industry is given by Schrader =t al. [1992].

Ruan ef ol 1991 used magnetic resonance imaging to investigate moisture pro-
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files and moisture diffusion coefficients in & potato during deving and absorprion.
Cylindrical samples of 20 mmn (0.8 inch) in diameler and 70 mm (2.8 inch) in length
were cub from [resh potatos. The two end surfaces were coated with wax in order to
obtain mass transter in the radial direction only. For the drving experiments. the sam-
ples were suspended inlo the center of an imaging prabe of 8.8 em (3.5 inch) internal
diazneter inside a 4.7 "lesla magnetic resonance maging machine. For the absorption
experiments, the samples were put into a water-lilled tube which was placed in the
imaging probe. Hot air [or the deying experiments was generated with a fan and
an electric resistance heater. A dry hulb temperamire of 60°C (140°17). a humidity
ratio of [LOOY and an air velocity of 1.2 m/s (235 fi/min) were used in the deying
measnrements. A spin-warp sequence was emploved for data aquisition. It took ap-
proximately 8 minntes to obrain one image. In addition to the experiments giving
the initial moisture distribution, images were taken after 30, 60, 180 and 360 minntes,
For the water absorption experiments, the obtained proton density profiles wore con-
verted into meisture profiles by sealing the value of the proton density of pure water to
100% maisture. For the drving experiments, the average signal intensity at different
dryving times was compared with the average moisture content of samples obrained
by an oven drying method. In addition. some of the samples were ¢ut after imaging
with sharp end pipes into five concentric rings. The moisture content of cach ring
was determined with the oven drying method and compared with the profiles from
the mappetic resonance experiments. The dilference between the two methods was
reported to be less Lhan 3 peresnl, The lemperature profiles inside the samples were
measured with thermocouples outside the inaging system at the same ecanditionsg as
those nsed for the imaging experiments. A numerical madel of the hear and mass
transfer in the samples was developed and solved numerically with a finite difference

method., The equilibrium moismire content of the potaroes for the conditions of the
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drying air was used as the houndary eondition for mass transfer. The relationship
hetween the ditfasion cocthicient and the moisture content was obtained from de-
termining the former for different average moisture contents of the sawple and was
modeled as an exponential function of the moisture content. Simulalion results from
the model indicated that the Fickian diffusion equation did not adequately describe
the moisture movement through the samples. These differences were thought to be
a result of the method used for obtaining the diffusion coellicient, i.e. from average
moisture contents for the entire sample without considering case hardenmng ar the
sawple surlace,

A atudy similar to that eonducted by Ruan of al. [1991] was reported by Schrader
ct al. (1992, Maognetic resonance imaging was used to measure moisture proliles
in a model food gel during dryng. The model food gel was made from granulated
agar, microerystalline cellnlose and distilled water. Gel samples of 40 mm (1.6 inch)
in length and 8 mm (0.3 inch) diameter were ent and weighed. In order to obtain
sumnples with different initial molsture contents for the imaping experiments, some of
the samiples were pre-dried at room temperature lor differept Limes. A custom drying
apparatus was used to image the gel cylinders while drying in the magnetic resonance
apparatus. The samples were placed in a glass tube of larger diameter. Picces of
fishing line were nsed to prevent the samples from tonching the glass tube and to
establish uniform flow conditions. The air ow was provided by a compressor. The
resulting air velocity in the annulus formed by the zel cylinders and the nner surface
of Lhe plass tube was 4 to 3 m/s (800 to 1000 f£/min). It was postulated that this
veloeity was high enouph to provide internally coplrolled drying conditions, The niea-
surements were conducted at dry bull Lemperatures of 30°C (1767F) and 35% relative
humidities. Images during the drying were abtained in 10 to 15 minute intervals. The

totil drying time was 75 minures. Tmages were acruired for a twoeditnensional sliee
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at the center of the sample vylinder with a 200 MHz, 4.7 Tesla imaging system. A
standard spin-echo sequence was used for the measurements. The time needed for
one imaging operation was not specified. The moisture profiles were obtained from
the resonance data by imaging ealibration samples of known moistire content. The
ahtained moisture profiles were compared to profiles predicted by a finite difference
solution of Fiekian radial diffusion in a eylinder. It was postulated that houndary
eanditions for the model assnming constant surface moisture cantents would be in-
aceurate, Hence, n drying oxperiment with a thin slice of gel was conduneted. The
aample weight and the corresponding moisture contents were recorded in one minute
intervals, The moisture contents from this drviog rate enrve were inserted into the
finite difference model as the time varying boundary eonditions. The moisture cou-
tent dependent diffusivity of the model equation was adjusted to minimize the ervor
hetween the model prediction and the measured moisture profiles. The weasured
moisture profiles were mueh flatter near the center of the cvlinder with steeper mos-
pire eontent gradients near the edge. as compared to the parabolic shape calenlated
from the madel. Tt was concluded thar the Fickian model was an inacenrane predictor
of the interior moisture profiles of the mode! food gel aud that the moisture diffusivity
was not a funetion of the moisture content alone.

Sun et al [1993] used a magmetic resonance method to measure the temperature
distribution in a mwodel food gel during heating and cooling. The molecular pseudo
sell-dilfusion eoefficient of water in the gel was used as a temperature indicator and
it was abtained from signal artenuarion data of spin-echo experinents, This coeffi-
cient is a physical constant for a material at a constant temperature and deseribes
the rate of the spatial spreading of molecules undergoing random Lranslational mo-
tion. The relation between the relative change of this dilfusion eoefficient and the

absolute temperature was lHnear. The absolute value al room femperature was given
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as 1.26 % 10~* m?/s. The model foad gel samples were contained in a plastic tube
of 25 mm (1 inch) diameler, which was located in the venter of the sample holder
in the magnetic resonance machine. Water circulating around the plastic tnbe was
used for heating and cooling. For the heating provess, the initial temperature of
the gel and that of the water was 18°C (64°F) and 35°C' (95°F), respectively, 'Lhe
conditions were reversed for the eooling process. The data acquisition time for cach
Lemperalure mapping experiment was about 30 seconds. Lemperatnre dara were also
colleeted under the same conditions with thin thermocouples in a separate experi-
ment. entside the magnes. The average variation between the magnetic resonance
data and the thermocouple measurements was less than 1.3°C (2.3°0). lo a related
paper ahont temperature mapping in a potato, Sun of ol [1994] report a reline-
ment in the spin-echo experiment, leading to a reduetion in the data acquisition time
for one temperature experiment Lo 10 seconds. In this case, the average varialion
between the mapnetic resanance data and the thermocouple measurernents was less
Lhan 0.5°C (0.9°F).

Callaghan et ol [1983] used a pulsed field-gradient nuclear magneric resonance
method to studv the diffusion of fat and water in cheddar and swiss cheeses. In
the pulsed field-gradient experiments, the molecules were labeled by the Larmor pre-
cession frequencies. These frequencies were made to be spatially dependent by the
application of & maguetic field which varisd with position. The diffusion coeflicients
were measured with a technigue deseribed hy Stejskal and Tanner [1965]. The Fourier
transformed one-dimensiomal spectra showed a clear separation of the water and fat
peaks, allawing the assignment of the larger diffusion coeflicient ta the water phase.
The magnitude of the obrained diffusion coefficients was related ro the structure of
the cheese emulsion. The water diffusion coefficients were abont one-sixth that of

bullc water at the same temperature. This result was used to postulate that the
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water dillusion was eemfined to surfaces within the protein matrix. The fat dilfu-
sivn eoellicient indicated thar the diffusion process was restricted to the inside of the
small fat droplets present in the cheese emulsion. The theory of restricted diffusion
was extended to allow for a size distribution of the fat droplets and the measuved
data corresponded to a ganssian distribution of the volume of the fat droplets. The
work reported by Callaghan et al. [1983] was extemded to different emulsion system
by Van Den Enden et al. [1990], Lénngvist & el [1891], Balinov et af. [1993] and

Fourel ef al. [1994].

2.8 Microscopic Structure of Meat Emulsion

Borchert ot ol [1967] investigated the structure of a meat emulsion with light and
electron mieroscapes hefore and after thermal processing. The samples were cow-
minmted to temperatures of approximarely 20°C (68°F) and subsequently processed
to internal temperatures of approximately 84°C (181°F). The unprocessed emulsion
contained a variety of structural materials in the continuous phase with a small group
of visible eell organelles that were suspected to be mitochondrial pieces or fragments
ol the sarcoplasmic retienlum. The thermally processed emulsion showed a number
of pores in the membrane surrounding the fac globules. In addition, the continuous
phase of the emulsion was highly disrupted with the protein being coagulated into
clense, irregnlar zomes. It was noted that “heat processing schedules which differ from
rhe one used in this experiment way give rise to variations in the electron micrographs
of the emulsion™.

Theno and Schunidt [1978] eemdueted a microstractural comparisou of Lhree com-
mercial meat emulsion products. The products were purchased in a local supermarket
and only identified as brands A, B and C. Brand A was made [rom beef and pork,

while bhrands B and ¢ were all beef products. Light micrographs revealed a coarse
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protein matrix structure, including a large single piece ol intact muscle and large
[al droplets in brand A. A more uniform structure containing ouly a few large fat
droplets was fowud in brand B. These dropleis were covered with a profeinaceons
coat and bound into the matrix. Brand C showed a finely structured matrix with a
high degree of uniformity. The anthors concluded that only brand C possessed “the
type of microstrnemnre associated with a e mean emulsion™.

Carrol and Lee |19581| examined meat emulsions prepared ar 16°C, 21°C and 26°C
(61°F, T0°F and 79°F) and after being enoked. The samples were prepared from
ground lean beef to which trimming far was added in order to vield a fat content of
approximately 26%, The three different temperatures were obtained by adjusting the
temperalure of the npredients. Av 16°C (61°F), a homopeneous mixture ol liguid
draplets surronnded by the protein matrix was observed. "Uhe lipid droplets ranged
in size from 100 pm down to the resolution of the Lght microscope. More irrepularly
shaped far droplets were fonnd when the processing temperamire increased to 21°C
(79°T"). In addition, some voids ar air packets were abserved and the rontinuons phase
was less homogeneons. These voids inereased in size ar processing temperamres of
26°C (79°F). The lipid droplets tended to coalesce in this case, which the anthors

explained indicated the fat was beginning ww melt.

2.9 Summary of Existing Work

Previous studies on meat emulsion products, their processing techniques and modeling
approaches provide a basis for the proposed work of this research. Of particular
interest arc the results reported by Aprawal [1976]. Hanson [L988], Spielbauer [1992]
and the various studies of puclear mwagnetic resonance techniques with respect to the
measnrement of moisiure profiles and oisture dilfusion coeflicients {e.g. Callaghan

et al. [1983), Ruan et al. [1991] and Schrader of al [1002]).
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Agrawal [1976] made the first attempt to develop a realistic simularion mode]
of the thermal processing of meat emulsion products. The limitations of Agrawal's
wirk were the nnrealistic boundary conditions for mass transfer at Lhe interface of
produet and processing air and the assumption of moisture concentration independent
thermophysical properties. Haoson [1988] investigated the effect of four different
proeessing conditions on the temperature at different locations within a large dinmeter
meat emulsion product. Two different types of casing were used in that study, The
reparted temperature data cau be used to compare the ourput of the simulatiaon maodel
developed in this study with actual data. Spielbauer 1992] developed a method
of measuring the heal trapsfer coefficient in a large, conunercial and continuously
operated smokehouse. The reported data can be used as a first approximation o
the value of the heat rransfer cocfficient in similar equipment. The developed mellod
of measuriug the heat transfer coefficient is directly applicable to a wide array of
proeessing equipment in the food industry and will be used in this study.

Most studies that have compared experimentally determined moisture profiles
with dara computed from simlation models found thar the Fickian appraach was well
suited 1o describe the moisture transfer. Some publications, i.e. Rnan ef of. [1901]
and Schrader ef af. (19492 reported that the Fickian assumption was an naccurate
predictor of the interior moisture profiles of the investigated marerials. However, it
ig possible that the differences between measured and simulated data were caused by
limitations of the used simulation model, for example inaceurate boundary conditions
and the lack of accounting for moisture concentration and temperalure dependent
heat and mass transler properties. Becanuse of these restrictions on the findings of
Ruau e of. [1991] and Schrader ef al. [1002], and since the majority of studies
reported a poord agreement with measured data when using the Fickian mass transfer

model, Lhe latter will he used in the simulation model developed for this research.
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Tahle 2.4: Referenees related to the research presented in this dissertation which

arc not explieitly cited in the text. The entries within each of the four
categories are listed in alphabetical order. Only the name of the first
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Chapter 3

Modeling of Thermal Processing

This chapter will discuss the development of the model for the simulation of heat ind
mass trapsler between the mean enmlsion product and the processing air. Fivst, the
governing equalions from the theory of heat and mass trapsport are introdneed. Next,
the simulalion wodel is deseribed. Special emphasis is given Lo the formmlation of the
boundary conditions. This model is used in Chapter 4 to determine the sensitivity
af simmlated data to several input parameters and in Chaprer 6 for a comparison ol

sinlated and measared data

3.1 Governing Equations of Heat and Mass Transfer

The goal of most heat transfer caleulations is to obfain information about temper-
ature profiles, average temperatures and energy flnxes. Analogously. mass Lransfer
calculations provide information about the distribntion of individual species in two-

comnponent or multicomponent systems.

3.1.1 Conservation of Energy and Mass

For simple geometries. e.g. far plates. long cylinders or spheres, the method of shell

entergy balances, as described by Bird, Stewart and Lightfoor [1960, can be used to
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formulate the principles of conservation of cnergy and mass an the system of interesl.
Alternatively, the energy and mass balances can be formulated over an arbilracy
diferential Ouid element, aceounting for all possible coutributions. This approach
leadls Lo the equations of change, which are tabulated in Bird, Stewart and Lightloot
[1860]. These equations are normally used by disearding those terms thal deseribe
physical eontributions which are known or suspected ta be negligible in the given
sitnation. For example, the application of the energy equation to one-dimensional
transient hean transfer in evlindrical coordinates withour eanveetion and generalion

terms resilis in

al 1 d, —
.n'H.E:- —;—rll'rr,rfj (3.1)

where the radial component g of the energy flux vector can be replaced by Fourier’s

fow of heal conduction

fr — — k E [32'
ir

te vield Lthe g0 called comduction cguation

pci—j:%%(rk%). (3.3)
Difusional wass transfer of one component in a binary system consisting of species
Aand B, or in a rmlticomponent system, is often cousidered to be analagous to con-
duetive heat transfer, and a mass diffusivity Dag = Dga (also ealled the mutval dif-
fusion coefficient or simply the diffusivity) can be defined analogous to Equation (3.2)
-

ﬂo;_.-,
dr

Jar = —pDar (3.4)

where jir 15 the mass fux relative to a mass average velocity. g is the (total) mass

density of the binary system and w4 is the mass fraction of the diffusing species A.
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Fauation (3.4) is known as Fick's first law of diffusion. v demonstrate the analogy

between heat and mass trapsfer, the fluxes of energy and mass are sometimes writlen

i
g, "
Jar = —Dan——I(pa) (3.5)
thr
EJTJ'- — ¥ EJ_:' ..U r el

where pg is the mass concentration of the diffusing species A and o« = k/pe the
thermal diffusivity, [t has to be noted that Equarions (3.4) and (3.5) are uot equiva-
Jent statements of Fick's first law of diffusian, Only Equation (3.4) is valid in a strict
sense. The so-called hol wall porador ean be nsed to explain the difliculties associated
with Equation (3.5). A closed system containing the gases A and B with a heated
wall at one side will, due to the gas lnws, exhibit a gradient in the mass concentra-
Lions gy and py ar eqnilibrivm, lowever, if Equation (3.5) was valid, no gradients
in gy and pgr conld exist at equilibrivin. Despite this contradiction, Equation (3.5) is
widely used for mass transfer caleulations.

Equations (3.4) and (3.5) assume that the driving force for mass transfer is a
concentration pradient. This assamprion introduces little error in mwost mass fransfer
caleulations, even though the real driving foree for mass transfer is Lhe chemieal po-
tential of the trapsported species. However, when considering mass Lransfer throngh
different materials, differing affinities to moisture have to be vonsidered and couphng
conditions at the interface of the materials have to be introduced. The application
of this strategy for the mass transfer processes under Investigation in this study is
described in Section 3.2.2.

The mass transfer equivalent of the conduetion equation (Equation (3.3))

e 18 i -
o= (r v ;’f’) (3.7)
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Table 3.1: Equivalent forms of the diffusion equation for the case of drying. The
eguations are based on different expressions for the moisture concentra-
tion, the dry-weight moistnre concentration i, the wet-weight moisture
concentration w,, and the moisture density g,

Expression for the Definition Resulting form of the
moisture concentration diffusion equation
dry-weight moisture " i o thi,, 1 @ D dum
. = s Pl b~ i — ey [ o AT
concentration " ne dr v or iy
wet-weight moisture con- . il 18 f b Kl
i . s = [ == | T =TI
centration (mass fraction) m = P/l Jr r Or ™ B

Oioen 1 a (. Opm
e =5 (o

moisture density Pen = = P

is called Pick’s second law of diffusion or the diffusion equation. Depending on the
choice of coneentration units. several mathematically equivalent statements of Byua-
tions (3.4) and (3.7) can be used. lu Lhe coutext of drying, Perry et al. 10847 supggest,
nsing a dry-weight basis, i.e, expressing the moisture in a material as a percentage of
the weight of the dry solid, when infroducing moisture concentrations. When nsing
a dry-weighl basis, the change of moisture is constant for all moisture levels. When
the wet-weipght basis is used to express moisture contents, Perry el al. [1984] explain
that “a 2 or 3 percent change at high moisture contents (above 70 percent) actally
represents A 15 fo 20 percent change in evaporative load.” The equations

Whn T .
iy = ———— & Ly — —— (3.8
. I — ey 14 1, " ‘]

can he nsed to convert dry-weight and wet-weight concentrations into cach orher.
The physical processes during the thermal preparation of meat evmulsion products,
i.e. simultaneous heat and mass transier, are similar o those encountered during
drving operations. Based on Perry’s 1984 suggestion, a dry-weighn basis for the

moisture concentration, called ., or stmply u, is thersfore used io the remainder of
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this stndy. Equivalent forms of the diffusion equation arc summarized in Table 3.1.

The diffusion coetlicient of the woisture in the solid, D, ., is identical for all cases in

Table 3.1.

3.1.2 The Boundary Conditions for Heal and Mass Transfer

Three different kinds of boundary conditions are {requently nsed 1n the mathematical
deseription of heat and mass transfer processes. First, the material temperature or
comeentration of the diffusing species at the boundary ean be speeified. Second, it is
possible to specify the heat or mass flux at the boundary, hence fixing the temper-
arnre gradient or concentration gradient. Finally, the temperature or concentration
of the diffusing species at the surlace can be related to an external boundary value
of temnperature or concentralion, respectively. The application of these boundary

conditions Lo the shimulation model i1s deseribed in Section 3.2.2.

3.2 The Simulation Model

This seetion introduces the simulation model for the heat and mass transfer between
the produect and the processing air. The assumptions made in the model are samma-
tized in Tahle 3.2 and are deserihed in detail in the following paragraphs. Next, the
conservation cquations for energy and mass are derived from shell balances. Finally,
Two options to formulate the boundary conditions al the interface of produect and
DrOCessine air are piven,

'I'he simmlation model assumes that the mosture diffuses in the radial direction in
ligmid form from the interior of the produet o the sirface where it evaporates. The
heat of evaparation is pravided hy the processing air. It is further assumed that the
valime of the meat comlsion product remains constant during provessing. T'he mois-

turc can be thought of as the distributed variable in & dry matrix of pratein, fat and
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Table 3.2: Assumptions made in the simulation model. A mare detailed descriplion,
including an assessment of the iutroduced error, is given in this section,

1. The meisture within the product diffuses in ligquid oo Lo the surface where it evaporates
willioul cnusiog b change in the volume of the product,

2. The driving foree for mass transfer is 4 muislure coscentration gradient and an effective
moisture diffusion cocfficient (that can depend on the ivisture concentration and temper-
ature) can be used as the proportionality factar.

3. The casings do not affect the hest (eansfer to the product. ln addition, the moisture
permeable casings have a negligible resistance to mass transfer.

4. Circumferential dependencies and end effects are neghgihle and hence the heal aod mass
transfer within the produet oceurs in the radial dircetion only.

5. Latent heats associated with the melting of futs are sinall compared to the average specific
heat of the products and the release of water as a result of protein desaturation s small
comparcd to the initial produet moisture content.

6. "The exchange of heal and mass between the product and the processing air does nol el
Ll ternpeeptuee sod eddivy of te provessiog covironment.

7. Flux couplings, i.e. moisture gradients cansing enerpy fluxes (Dulour elfvet) wad temperas
ture gradients causing moisture fluees (Soret effect), are negligible,

inorganic malerials, Typical noisture losses during Lhe processing of meat emulsion
products are relatively small, ranging from 3 to 5% lor large diamerer praduets to §
to 8% [or small dismeter products.

The driving foree for mass transfer within the produer 15 assumed to be the gradi
ent of the moisture concentranon. The proportionality factor between the mass Qux
and this driving force 1s given by an effective moisture diffusivity, L, that can be a
function of the moisture concentration and the temperature and incorporates other
possibly existing maodes for mass transfer, for example eapillary action. The driving
force for mass transfer at the interface of product and processing air is given by the
difference in the moisture concentration. Assnming thas the processing air behaves
like an ideal gas, this concentration difference can be expressed by a vapor pressure
difference.

Moisture-permeable and moisture-impermeable casings can be used during the
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processing of cylindrical meat eranlsion products. Buth easing rypes are very thin and
their effect on the heat transfer between the praduet and the processing air is small.
It is further assumed that the resistance of the moisture-permeable casings Lo mass
transfer is negligible. This asswmption is verified by moisture loss experiments of prad-
ncts consisting of ditferent emulsion types stnffed into identival moisbure-permeable
cellnlose casings and by moisture loss measurements of water-filled cellulose casings
(Chapter 5).

The heat and mass transfer within the product is assumed to be a funetion of the
product radius and time only. Hence, possible cirenmferential effects, eauscd hy heat
and mass transfer coefficients that are a function of the circumlerential caordinate, are
neplected. ‘Lle error introdueed by this assumption is investigated for roepresentative
proeessing conditions and it is shown that the civcumnferentinl dependencies are ol
minar impartance (Section 4.2.1).

The fat particles contained in the meat emulsion melt at the temperatures en-
countered during the thermmal processing. Hecause of the molecular strueture and
composition of the fats, the melting process oceurs over a range of lemperatures.
It is assumed Lhat the latent heats associnted with the melting of fat particles are
sieall compared to the sensible heat that is necessary to raise the temperature of the
product. In addition, it is assumed that the release of waler as a resulf of protein
denaturation during the thermal processing is small compared to the initial moisture
content of the products.

The effects of heat and mass trausfer on the processing environment are nepglected.
In other words, the provessing air is assumed to be an infinite source for heat transfer
1o the product and an infinite sink for mass transfer from the product. This as-
surnplion i built inta the simmlation model in order to focus the investigalion on the

Fundamental processes of the sinmltaneons hear and mass transfer and its dependence



.'15
on sueh paraineters as Lhe heal and mass tranafer coefficients or Lhe relative humidity
of the processing air, Without this assumption, specific information about the pro-
cessing equipment. for example the duct sizes, processing air replacements per unit
time ar the control mechanisms of the processing oven, would be needed in addition
to fundamental parameters, such as the velocity of the processing air. However, the
model is capable of simulating processing equipment with different processing sones.
All input parameters can be seu independently in each zone.

No secondary Huxes are considered, L.e. moisture gradients causing energy Huxes

and temperature pradients causing woisture fluxes, are neglected.

3.2.1 Conservation Equations from Shell Balances

With the assnmptions autlined above, the application of an energy balance on a eylin-
drieal shell of thiclkness Ar within the emulsion product for Lthe ease of shmultancons
heat and mass transfer leads to the eguation

d

;'ET}-- (r&8 8z X TY=r AR Az q,l. — v AV Az ¢ 4
o . ke

+r A Az Oy Ju T|, — r BB A2 0050 T (3.4)

T+
where the left hand side deseribes the change in internal energy. The terms on Lhe
right hand side accaunt for the heat fluxes and che mass fluxes in and oul of Lhe control
volume. Dividing Equation (3.9) by A8 Az Ar. taking the limil as Ay approaches

zero and expressing the heat fiux g. by Fourier's law of heal conduection and the mass

Aux j,. by Fick's first law of diffusion gives, after sume rearrangement

e ar T T or Tkﬁ_l_rc“"ﬂ":rﬂ’* ar

o

I | a( a1 ﬂ'u) (3.10)

where u — pu/ps and T denate the moisture concenfration per dry basis and temper-

ature, respectively. The second ferm on the right hand side of Equation (3.10) (or LLe
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Inst two terms in Dquation (3.9)) accounts for the enthalpy associated with the diffus-
ing moisture. This term is not nepligible since the changes in woisture concentration,
especially near the surface of the prodnet, ean be relasively large. An investigation ol
the importanece of this enthalpy term for typical meal emulsion processing conditions
is piven in Section 4.2.3. The mean density p and heat capacity @ in Bquation (3.10)

are given by
fl_‘] = fh + e |:JI1 E}

and
C = Wiy Cg + Wy Cy {3.12)

The application of & mass balance on a eylindrical shell of thickness Ar within the
emulsion product results in

d _ : T

5‘:{?'&.!? AzAru) =r AlAz 9., — T A0Az Jol..a, (3.13)
where the left hand side deseribes the change in the moisture concentration. Dividing
Equation (3.13) by A0 Az Ar. raking che limit as Ar approaches zero and expressing

the mass finx 7, by Fick’s first law of diffusion gives after some rearrangement

du 1 8 ('.r'I_J' f}u) (4.14)

ar rar\ Lo A
which is similar to the difusion eguation deseribed in Section 3.1.1. The effeclive
moisture diffusivities L7 in Equations (3.10) and (3.14) can incorporale other pos-

gibly existing modes for mass transfer (Section 3.2).

3.2.2 Formulalion of ihe Boundary Conditions

The driving force for mass transfer at the product surface is assumed to be the

difference between the moisture concentration directly over the product surface (ie.
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over the casing) and that of the processing air. Asswing thatb the processing alr can
be deseribed as an ideal gas, the moisture concentrations can be expressed by the
partial vapor pressares py, and p, ., to yield

—=Degr pa % = kp (Pus — Pum) (4.15)
where &, is the mass transfer coefficient. Since the meat emulsion and the processing
air have different affinities to moisture, a coupling condition is used to relale the
moisture concentration in the meat emulsion, u, to the water vapor pressure over Lthe
product surface, p,.. This coupling condition is given by the equilibriuim relationship
(isotherm) between the moisture coneentration of the mear emulsion and the relative

hurnidity of Lhe air in contact with the prodner,
u=F(pu.T)- (3.16)

Henee, Jocal equilibrinm is assumed at the interface of product and processing adr,
cven thongh the overall process is transienl in nature. Isotherms for meat emulsions
were reported by Izbeka and Blaisdell [1982] (Chapter 2). If the resistance of the
cellulose casing Lo mass Lransfer is negligible, the differing affinities to moislure be-
fween Lhe meal emulsion and the cagsing mazerial can be neglected aud Lhe wator
vapur pressure over the easing marerial can be obtained from the isolberm of the
meat emulsion.

Tf mass is transferred from the produet to the processing air, the latent heat needed
to cvaporate the moisture at the product surface is supplied by the processing air and
the boundary condition for heat transfer cap be wrilten as

9T | L
i % = h(T— T ~ Al blpis = Pos) (3.17)

where o and AH, are the overall heat transfer cocfficient and the latent heat ol

evaporation of water, respectively. The sign of the third term in Equation (3.17) shows
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Figure 3.1 Temperature and moisture concentration profiles within the meat emnl-
sion praduet and the boundary layer. Uhe relation hetween the moisture
eoncentration in the meat emulsion av the surface and the water vapor
pressure over the surface is gven by the meat emulsion isotherm.

that the energy needed to evaporate the moisture at the product surface reduces the
energy that can be conducted into the product. If the third term in Equation (3.17)
were larper than the second term. some of the energy needed for the evaporation
of the water would be provided by the product itself and an evaporuiive cooling
situation wonld arise. The sceond term in Equation (3.17) includes epergy transicr
by means of radiation. The details of this contribution are deseribed in Section 5.4.
A sketch of the temperature and moisture concentration profiles within the meal
emulsion product and the boundary layer is given in Fignre 3.1, An illustration of the

relation belween the moistare eoneeniration in the meat emulsion and the resulting
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water vapor pressure over the product surface, for the case of negligible mass transfer
resistance in the casing. is also given in Figure 3.1.

Condensation of water vapor from the humid processing air on the product will
oeenr if the product surface temperature 1) is below the dew point temperature 4, ol
Lhe processing air. Assuming an initial prodnet temperature of 6°C and a processing
air dry bulb temperature of 80°C, all relative humiditics of the processing air above
2% will result in some initial condensation.

'T'he heat and mass transfer processes during the ininial condensation period can
be simulated in two different ways. First, it 18 possible to allow mass transfer Lo
the product when the water vapor pressure over the product surface is smaller than
the water vapor pressure in the processing air. In this case, the released latent
heat of the condensing moisture is assumed to raise the surface temperarire of the
product until the surface vapor pressure exceeds that of Lhe processing air and mass
transler from the product to the processing air begins. During the initial condensation
periad, it is assnmed that the condensing moisture remains at the product surkace.
The possibility that some ar all of the water dnps off the product due to gravity is
neglected. Tn theary, it wonld be passible to introduce a factor accounting lor Lhe
rafia of remaining and dripped off wazer. However, the magnitude of this ratio could
only he abtained from guessing. The increase of the surface moisture concentralion
during the condensation period can be modsled with an adsorption isolherm.

An alternative for the boundary condition vousiders mass transfer from the prod-
ucl Lo the processing air only. The mass transfer coefficient is sof to zero if the water
vapor pressure over the product surface is smaller than the value in the processing
air. The heat transfer coefficient in the case of condensation 1s nsually found o be
very high. Since the ratio of internal to external resistance to heat transfer (i.e. the

Biot number) for high heat transfer coefficients is then very high, it is reasonable to
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Table 3.3 Summary of equations for the simulation model. For the case of surface
houndary conditions that allow mass transfor to the product, only the last
three equations of the entry for £ =1 are needed.

Conservation equations

B L8 oy B
dr ror .r ooy

£

ar 18 ( ar tu
o= =—=— |rh—4 vl g —
P T ror (r o e a c?f)
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=ty | wyty

Boundary conditions at £ = 1 (r — H)
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assume that the product surface temperature T, sguals the dew point temperature
Typ- ‘This assumption simplifies the calenlation.
When the surface temperature during condensation is son oqual to the dew point

lemperature, the existing positive temperature difference berween the processing air
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Fignre 3.2: Flowchart of the boundary conditions of the simulation model that de
not allow mass transfer to the product duripg the initial condensation
period.

and the prodnet surface can only supply additional convective energy (i.e. raising Lhe
surface ternperature abhove the dew point temperature) when the convective heat Hux
i greater than the eonduetive heat finx towards the center of the product. Otherwise,
the existing steep temperature gradient in the product near the surface would “Lry Lo
relax™ not only by conducting energy to the interior but also by lowering the surlace

temperature (possibly below the dew point temperature]. Thi= would in turn ecanse
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the model to set the surface temperature eqmal to the dew point temperatnre, leading
to a numerical “back and forth” bouncing. In reality, this ellect doesn’t occur due Lo
the gradual decresse in the beat transfer cocfficient caused by a decreasing potentinl
for condensativa, Hence, it will take some time for the steep temperature gradient
within the product Lo relax by means of conducting heat to the inner product, 'Lhe
surface temperature is therefore held at the dew point temperature Tiy, until the
conveetive heal flux to the product is greater than the comductive heat fux at the
product surface. Mass transfer away from the surface begins when the vapor pressure
al Lhe surface is larger than the vapor pressure of the water in the processing air.

The assumption that the temperature and moisture concentration within the prad-
net are only a function of time and the radial coordinate implies that the gradients of
remperature and moisture concentration at the geometric center of the product are

ZETO,

e AT

=== (% 18]

These eqmations are somerimes referred 1 as e zevo fiur houndary conditions,
The complete set of equations of the simulation model is summarized in Table 3.3.
Far the case of surface boundary conditions that allow mass transfer to the produet,
only the last three equations of the entry for £ = 1 have to be used. A graphical
representation of the surface boundary conditions with the second option during the
initial condensation period (i.e. nar allowing mass transfer to the product) is shown in
the form of a program flow chart in Figure 3.2. Caleulated responses of the product
lemperature and meisture comeentrarion during processing with vy pical conditions for
both options during the initial condensation period are described in Section 4.2.2 and

are shown in Figure 4.4,
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Chapter 4

Numerical Solution and Sensitivity

Analysis

This chapter is divided into two parls. First. the finite difference method 18 intro-
duced as a pumerical wechnigue, 1L is used to solve the differential equations of Lhe
simulation model developed in Chaprer 3. Several important aspects of this melhod
are described in the following subseetions, The second part of this chapuer utilizes tle
finite difference method to investigate the error associated with varions assumptions
of the simulation model and ro test the sensitivity of computed tesults to scleeted

input parameners.

4.1 The Finite Difference hethod

The concept of the finite difference approach is to discretize the continnons problem
domain of the differential equation so thas the dependent variables are considorad o
exist only at discrete points of a Hnite difference vrid or mesh. The derivarives in the
differential equations and boundary condirions are then approximated by algebrale
differences. Thus, the differennal equations are transformed into a system of algebraic

cyuations. The gencration of a suitable finite difference grid (also called mesh) is
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Figure 4.1: Finite difference grids for the one-dimensional conduction equation
rectangnlar coordinates (Figure a) and two-dimensional problems in eylin-
drical coordinates (Figure b).

usually the first step in a solurion procedure. A finite difference grid for the one-

dimensional conduction cquation in rectangular coordinates

a1 a*T )
T ohr*

is shown in Figure 4.1-a. The indices m and n refer to the grid position for the spatial
variable r and the time variable 7, respectively. A two-dimensional finite dilference
erid in eylindrical enordinates is shown in Figure 4.1-b. The discretization of Lhe tine
variahle 7 is not shown bar could be imagined to be perpendicular to Lhe plane of the
paper. This mesh is used for the computations iz Section 4.2.1. The one-dimensional
form of Tigure 4.1-b (L.e. without discretization of the circwmnferential variable o) is
used in Sections 4.2.3 to 4.2.4 and for the computations in Chapler 6.

Numerous textbooks. ez Anderson ef ol [1984] or Strikwerda [1980], give a
detailed account ol bnile dillersnce lechniques and related topies. Aspeets of the

method thal are ol special importance to this stndy are deseribed in the following



gubacetions.

4.1.1 Discretizing the Spatial and Time Derivatives

Derivatives can be approximated by several finite difference expressions. The delfini-

tiem of the derivative for a function T'(x,y) at £ =z and ¥ — W

il o I'lwg + .ﬁ,!',:rf] — T(x9, 1) (4.9)
A

g Ar—o

ean be nsed as a basis for the approximation

' Ty — Tan i
Gy g imil, ) (1.3
du M .2)

where the subseripts moand 1 indieate the r and y position ou a linite difference
grid, The differenee approximation can be put on a more formal basis throngh the
uge of a Taylor series expansion for the right hand side of Equation 4.2 1t 15 then
peassible ta estimate the order of rhe truncation error, Le, the difference between the
partial derivative and its finite difference approximation, and Expression (4.3) can be

transformed into the equation

&8 T,.a—T,
-1, il .
— = + O(Az) 14
dr Ar (A) a4
where (O(Ax) indicates that the order of the trancation error is Awr raised to the
power of one, the largest power which is common to all terms in the representation
of the truncation error. Equation (4.1) is called a lorwand difference approximation.
A more accurate representation of the derivative in Equafion (4.2) is given by the

central difference approxdination

Al I-;n:rr+ll = T‘m—'l [ : W%
R 1 S Lo H AT Il :
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that involves the two grid points adjacent Lo the ane where the derivative is evaluatod.

Seermd order derivatives can be approximaled by the three poins formula

a:dT T’;H]f ET:nl-l_Tm id - 1%
— = — - ~ + (HAxjs. 4.6
Dt (Ax)? o2 (14.6)

Of special importance to this study is a finite difference approximation for the diffor-
ential expressions on the right hand side of the conservation equations for mass and
enerpy (Bqualtions (3.14) and (3.10). The transport coelticients Iy and k in these
expressions can depend on the moisture concentration and temperature and they are
within Lhe differential operator. A one-dimensional fivite dillerence approximation

for these terms is given by

_E}u (T' [ 'f"‘_') = (r::rr-f-l].& ;'.”H 5 Iﬁ"ﬁ.ﬂjﬁ) B (r”""ﬁ,'l kn;_n.ﬁ : .F."lj;-l B )
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and an analopous form for the derivative involving D.g. Derivatives wilh respeet fo

time can be diseretized with a forward time approximation ol the form

U l'l'n:ll_f'l‘r )
"I_ ny 2 mn { 13]

i A

which is similar to Equation 4.4, Equation 4.8 provides the basis for the marching-
type solution strategy where Lhe solution at the new time step n 4+ 1 s buased on the

corresponding values at the previous fime step.

4.1.2 Implicit and Explicit Finite Dillerence Schemes

The terms explicit and 4mplicit refer to the solution stralegy of the resnlting algebraic
equations in the case of a single partial differential equation. An cxplicit scheme has
only one unknown in the difference squation so that a dircet cvaluation in terms of
known quantilies is possible. For example, if the derivative term on the right hand

gide ol the eonduetion ermarion (Equation (4.1)) is approximated al the old time
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level m, the only unknown at each spatial grid poiut at the new time level is il
However, il’ Lhe seennd derivative term is approximated at the new time level | 1,
the three unknowns 7775, 72+ and T7,) would appear in the algebraiv equations
al each spatial grid point at the new time step. Hence, all equations at the new time
level mnst be solved simultaneously. This is generally possible because Lhe rmmber
of cenations cquals the number of unknowns (the number of spatial grid points) as
each time level. A procedure of this kind is known as implicit.
A different situation can arise when a svstem of differential equations has to
be solved. The word system in (his context refers to some degree of coupling, i.c.
dependent variables that exist in more than one of the equations, Lo this case, it might
be necessary Lo employ solution schemes that simultaneously solve for the dependent
variables in all equations at cach rime step. even when the so called explicit solution

slrateries are naed to diseretize the derivatives of the individual equations.

4.1.3 Grid Clustering with Transformation Functions

In many finite difference caleulations, the general nature of the solution is known be-
forehand. If steep pradients of the dependent wariables are expected near a partieular
repion of the investigated domain, for example the moisture concentration near the
surface during the processing of mear emulsion products. a linite difference grid with
grid points clustered in the region of largest gradients can be used. This strategy
wonld focus computer time on the region of interest ta the investigator. To achieve
this grid clustering, one could simply design a convenient grid lavout and incorporate
the nonuniform prid spacing by an appropriate change of the finite difference approxi-
mation at each spatial position within the grid. However, this method turns ous to be
cumbersome apd not very well suited ta a general treatment with an inbuilt capacity

far dealing with different degrees of elustering. A similar but more elegant method is
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ro apply an algebraie transformation function to the differential equations (including
the hemndary condirions) which have to be solved Lo obtain a non nniformly spaced
physical grid that corresponds to a uniformly spaced computational grid. A suitable
transformation function for a one-dimensional eylindrical problem with boundaries
at r=0 and r = & is given by Anderson of al. 1984,

__ Im[(d4r/R)/(5 = r/R)]
In[(f=+1)/(5—1)]

l<d<x (4.4)

where 9 is the so called stretching parameter. For values of 2 near 1.0, more grid
points are clustered near r = R, whereas no clustering is performed when 7 ap-
proaches infinity. A comparison of a clustered grid with a elustering parameter of
4 = 1.06 and a uniformly spaced grid is shown in Figure 4.2, The spatial coordinates
roand 7 in Equation [4.8) refer to the physical and computational radial posilion,
respectively. In order to apply this transformarion to the governing equalions, Lhe

partial derivatives

o (or\ @
8 _ (o) 8 11
Br (fj-;-) = 4-10)

are formed where the gradient dr/dr is called the metric of the Lransformation. For
the transformation function in Equation (4.9), the metric is given by
gr 23
gr  Rln[(5=+1)/(5-1)][& - (/R

(4.11)

‘This derivative contains r. so that an expression for » as a funetion of ¥ is needed.

I'hiz is referred ta as the snverse of the transformaoetion and 18, in this case. given by

_ : Foos
- p BB+ 1)/(8-1)] —; (4.12)

T 1438+ D3 -1)

Using this method, results for the dependent vaniables will be obtained on the uni-
formly spaced compurational grid. Equation (4.12) can then be used to transform

the results to the physical domain with the clustered prid spacing.
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Figure 4.2: Comparison of the grid spacing for a regular and a clustered grid.
4.1,4 Different Discretization Methods

Two distinctly different approaches are possible when using ke linite difference
method ro solve differential equations. In the Hrst case, the dillerential erquation
15 taken as the correct and appropriate form of the investigated process. Algebraie
pxpressious are then iotroduced to approximate the derivatives, followed by some
wathemalical (ools to solve the resulting equations. Physical reasoning had been
used previously in deriving the differential equations bt then pur aside. This is the
method intraduced in Subsection 4.1.1 and the anc most often deseribed in textbooks
on the subject, e.g. Strikwerda [1989].

The seeond method. called the control volume approach, doesn’t start with Lhe
governing differential equation but rather with the discrete finite difference mesh on
which physical principles are trapslated into mathematival statements. This method
is similar to the procedure of deriving differential equations from shell balances (Bird,
Stewart and Lightfoot [1960]), except that Lhe dillerence equation is not transformed
into a differential egmation hy taking mits. Some texthonks on the subjeet deal

exclusively with the control volnme approach c.g. Incropera and De Witt [1990].
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Only very few monographs, e.g. Anderson «f ol. [1984] attempt to describe the subtle
differences between the two ipethods,

Both approaches usually yield identieal algebraic cquations in the interior of a
physical region of interest. However, the processes taking place at the surface (the
haundary) of a region are in most eases of erucial 1mportance, e.g. in the thermal
processing of meat products investigated in this study, and it is at these surfaces
where the two finite difference merhods yicld different results,  Sinee Lhe coulrol
volume methad keeps the diserete nature of rhe solution method in view at all times,
it leads to more acenrate approximations of the physical process. Anderson el ol
11084 vse the example of convective boundary conditions fur the transler of heat
within a two-dimensional rectangular domain and steady state conditions ta show the
different navure of both methods. OF more interest to this study 1s the case of heart
transfer in a one-dimensional domain under (ransient conditions. For a rectangular
region (Figure 4.1-a) the diseretization of the boundary condition

k2 T — T (4.13)
thr

with a forward difference method for the frse deseribed discretization approach wonld
yield

& —Tm
k % = h{To.— T2 (4.14)

whereas the contral volume approach would not start with Eguation (4.13) but with
a different form of an energy balanee at the suwrface. Taking the material assaciared
with the bonndary point mro aceount (the shaded half node in Fignre 4.1-a) resulis
in

FE=TT o e s Az Tpt T3
kaF=}I'EJW"iS}-pE 9 mir-‘ .

(1.13)

showing clearly the difference between the two methods.
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Applied to the thermal processing of cylindrical meat emulsion produets (Le. si-

multaneous heat and mass trausfer in evlindrical coordinates), Lhe application of the

control volume diseretization methad for a one-dimensional domain (i.e. the depen-

dent. variables temperature and moisture concentration are ouly a function of the
racing and time) vields the bonndary conditions

m] n e L i1
x gy~ Wy Uy,  — hp ) g I : d .
i Pid . Ann Degr pa e A by (Pw — Puce) (4.16)
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at the surface (r = R), where the indices m describe the grid position av the interface
of product and provessing air, and
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(4.19)

at the peometric center (r = 0), The indices hn in Equarions (4.16) to (4.19) refer
0 the corresponding hallnode. The areas A,, and A, arc those at the interfave to
the adjacent (internal) node and at the onter surface, respectively, The ratios in the
secomed terms of Equations (4.16) to (4.19) approximare the derivatives at the interlace
of the eorresponding halfnade and the adjacent node. Equations {4.16) to (1.19) can
be written in dimensionless form with 8 = (Too — T )/ (Toe — 12). @ = (ue —u) /(e —Us)

and £ =7/ R. With expressions for Via. 4, and A, and rearranged one obtains

(4.20)
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at the geometric center (€ = 0) where &, and »; denote the thicknesses of che outer aud
inner halfnodes, respeetively, The finite difference form of the conservation equalions
af the simulation model (Equations (3.14) and (3.10]) can be obtained from the control
volume procedure or directly from the application of Equations (1.7) and (4.8) [rom

Section 1.1.1 to obtain
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for the energy equation.

4.2 Semnsitivity of Simulated Data to Model Parameters

This section employvs the fnite diference eguations of the simulation model to inves-
tigate the error associated with varions assumptions. The sensitivity ol computed

results to selected input parameters is deseribed in Subsection 4.2.1.

4.2.1 Comparison of 1-D aod 2-D Solulions

The fAew patterns over a eylinder are a strang function of the Reyanolds mumber
and are rather complex. The local values of the heat and mass transfer coeflicients
vary with the angle ¢ around che ¢vlinder. For highly turbulent How sitnations
({te = 3000), these coetficients have Liph values al the suagnation point, ¢ — (07, and
decrease around the cyvlinder as the boundary laver thickens. This decrease continues
wunti! the boundary laver separates from the wall snrface followed by an inerease with
the remaining distance around the cylinder. For smaller Reynolds numbers, no Qow
separation ocenrs bun the local hear and mass transfer coefficients still vary around
the cirenmferenee of the eylinder. This vanation at the surface causes the internal
transport processes to depend not only on the radins of the eylinder. but also on the
circumferential position.

Therefore, the error introduced by the assumption thal the thermal pracessing of
eylindrical mneal emulsion produets can be modeled by one-dimensional transport pro-
cesses (i.e. temperatnre and maisture concentration are only a funetion of the radial
position) mmst be investigated. For this purpose, the semperature response of a eylin-
der subjectend to a heating process with non nniform convective boundary conditions
and uniform initial temperature was calculated. Mass transizr was not considered

because it would complicate the caleulations copsiderably, lo addition, she ratio ol
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internal to external resistance to mass transfer is much larger than the corresponding
ratio for heat transfer and the local variation of the surface mass transfor coeflicient

is of little importanee to the development of the internal moisture concentration. The

equations
E r l i .rﬂ 4 -l- F}ET |.£| l-"ﬁ:l
ar  lrar\ or r? d¢? e
AT . o
ka—=Mmﬁg-ﬂj (4.27)
By

describe the internal temperature during the two-dimensional transienl process. In

dimmensionless form with £ = r/Rand 8= (1, —1"/(1.% — T,}, one obtains

@—HP—E 2 (&ﬂ) . ‘H] (4.28)

i H2E OF \" OE K2 £ g

9| hie)R L |
| == = - Bil) 6, (4.29)
[ z '

The variation of the local heat transfer coefficient Ai(d) with the angular position

. His

for high Reyuolds pumbers (Re > T0000) was investigated by Giedr (1944
wessured values are swnmarized in leropera and eWict 1990]. The general nature
of these resnlts was used ro estimare the variation of the local heat transfer coelficient.
far the smaller Reynolds numbers enconntered in this study (2500 < e < 50000).
Values for the local heat transfer coefficient used in the present caleulations are shown
in Figure 4.3-a. The transport properties p, ¢ and & were assumed to be consbant and
avalue of oo = &/pc = 1= 1077, similar to values encountered during meat processing,
was used in the computations of § from Equations (41.28) and (4.29). Aun explicit finite
dilference method with 50 subdivisions for each spatial dipension and a timestep of
(L0015 secomds was used in the ecaleulations. The finite difference representation of
the eenter point in a cylindrical coardinate system far a two-dimensional process is

described in Ozisik '1068]. At cach timestep. an approximation for the temperature
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af the origin (m = 1) was obtained from the average temperature of all snrronnding
nodal points (= 2)

(L L
Tha1=17 > Tz (4.30)

Computed temperature profiles after 20 minutes are shown in the form of a contour
plot in Figure 4,3-b. The @ contour lines correspond to locations with identical tem-
perature, The higher heat transfer coefficients near the stagnation point (¢ = (0°)
result in higher temperatures (lower # values) near the corresponding eylinder region
where a contour line of 6 = 0.325 can be seen. Lower temperatures are found near
Lhe region with smaller heat transfer cocfficients (¢ = 80°). Owerall, the variation
of the surface heat transfor cocfficient with the angpular position ¢ has only a amall
influenee on the development of the internal temperature profile. For a constans heat
transfer coefficient. the contour lnes would form perfeet eiveles. The relatively small
distortions of these contour lines indicate thal (ke assumption of a one-dimensional
process withoutl circunferential dependenecies is justified.

Most commercial smokehonses are designed to vary the direction of the airflow over
the products during processing. The ease investigated in this section, Le. airllow from
one direction only, is therefore a worst case scenario and it can be caneluded that the
circumferential dependencies of the temperature and moisture concenlration during

commercial proeessing are even less pronounced than those shown in Figure 4.3-b.

4.2.2 Influence of Boundary Conditions

Two scts of boundary conditions for the simulation madel were introduced in Chap-
ter 3. The first set allowed mass sransfer to the produet when the Wwater vapor prossiure
over the product surface was smaller than the warer vapor pressure in the processing
alr. ln this case, the relessed latent heat of the condensing maoisture was assumed o

raise Lhe surface temperature of the produer nntal the surface vapor pressure exceeded
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Fipure 1.3: Circumferential variation of the loeal heat transfer coefficient for air-
How normal to a cylinder, adapted [rom Incropera, DeWitt [1990] for
a Revoolds munber of 2300 (left plot). The corresponding caleulaved
temperature profiles over Lhe erass section of a eylinder after 20 minules
[or a two-dimensional heating process are shown on the right hand side
(e =1 %10 7 m*/q, by = 20 W/m*K).,
that of the processing air and mass trapsfer from the product to the processing air
hegan. The secand set of bonndary conditions considered masy transler [romn the
product to the processing air omly. The mass transfer coefficient was set to zero if
the water vapor pressure over the product surface was smaller (han the value in the
processing air. The surface temperature during the initial processing stages was set
to the dew point temperature of the processing air. It was assumed that the rela-
Lively high heat transfer caeflicients during the initial condensation period caused a
large ratio of internal to external resistance to heat transfer. Consequently, the error
intrarineed by seiting the surface temperature equal to the dew point temperature
was helieved to be small.

Caleulazed responses of the product cemperature and moisture concentration dur-

ing processing with typical conditions for both sets of boundary conditions are shown
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Fgnre 4.4: Calenlared temperatures and mwoisture concentrations at the product sur-
face and center as a function of time [or typieal processing conditions and
for two different sets of boundary couditions.

in Figure 4.4. The surface moisture concentration for the boundary conditions al-

lowing mass transfer to the prodoet reached a maximum value of approximately

1.9 ki /kig after a processing time of 2 minutes. The value of the initial uniform

moisture coneentration was 1.3 kg, /kgs. The surface moisture concentration as later

processing times for both sets of boundary conditions was in close agreement and
reached a steady value of approximately 0.05 kg / ki after 30 minutes of processing,

The surface and center temperatures for both sets of boundary eonditions agreed well.

A difference of approximately 2°C was caleulated for processing imes between 15 and

20 minutes. A small dilference was computed for later processing times (t > 50 min-

ules). The difference hetween the twoa set of honndary conditions with regard to Lhe

surface temperature at the beginning of the processing ean be seen clearly. Une sel
of bemmdary eonditions sets the surface temperature egual to the dew poinl Leinper-

ature of the processing air, wheress the second set applies the released latent heat of
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the condensing moisture to raise the surface temperature of the product. However,
only a small difference of approximately 17C for the product surface temperalore
was observed hemween the two sets of houndary conditions after a processing time of
D minnres.

The set of boundary conditions allawing mass transfer 1o the praduet assomes
that the condensing moisture remains at the product surface and neglects the possi-
bility that some or all of the water drips off the product due to gravity. Water lost hy
this effect wonld not he available ro raise the surface moisture eancentration of this
product, In theory, it wonld be possible to introduee a factor acconnting for the ratio
al rewaining and dopped-off water. lowever, the magnitude of this ratio could only
be obtained frow puessing, If some moisture was assumed to remain at the surface,
the corvesponding nerease of the surface moisture concentration had to be modeled
with an adsorplion isolherm. However, the equilibrinm moisture measurements de-
seribed in the literature (Chapter 2) are performed to vield desorption isotherms and
the results of these to rypes of equilibrivim measurements often differ becanse of a
hystereses effect. Decause of these two difficulties, it was decided to use the set of
boundary conditions that does not allow mass transfer to the product as the basis [or

the remaining caleulations in this chapter and in Chapter 6.

4.2.3 Different Forms of the Energy Equation

The energy equation (Equation (3.10)) contains a terin that accounts for the enthalpy
of the diffusing moisture. For unknown reasons, many publications dealing with the
subject of thermal food processing, c.g. Agrawal [1976], Mallikarjunan and Mittal
[1864] and Wang and Brennan 1993, do nos inclnde this contribution when proposing
simmlation models,

The importance of this tenn was mvestigated by calenlating the temperature
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and moisture concentration response of a product for typical processing eonditions
with and without this term. The caleulated temperature and moisture concentration
responses for buth cases are shown in Figure 4.5, Omitting the enthalpy of the
diffusing mass in the energy equation resulls in a significant error in the calculated
temperature response of the product. For the representative processing conditions
applied in Figure 4.5, a dillerence of approximately 5°C between the corresponding
Lemperature values for the two forms of the energy equation was caleulated al later
provessing stages (L > 30 winutes) with higher remperatures computed from Lhe
enerpy equation which omils the enthalpy rerm. This abservation i in accordance
with the sign of the mass term in Equation (3.10). The surface moisture concenliation
for the form of the energy equation neglecting the enthalpy of the dillusing mass
is lower beecause the higher temperatures in that case cause a larger water vapor
pressure at the surface that translates into a higher driving force for mass transfer.
For the processing conditions in Figure 1.5, no mass bransfer took place at early
processing stages (¢ < 10 minutes) and the caleulated temperatire responses for both

vestipated cases were identical.

4.2.4 Sensitivity of Compuoted Data Lo Transpori Parameters

The simulation model contains many parameters in the form of thermophysical prap-
erties, processing and initial conditions. Approximate values for many of these pa-
ramelers can be oblained Irom previous work (Chapter 2}, However, the resmlts of the
madels, e.gr. the cooking time or process maoisture loss, will depend to a varying degree
on the several parameters. It is important to gquantify the individual dependencies
in arder Lo wlentily the most Important parameters. Subscguent experimental worle
conld then foens on she parameters found to exhibit the strongest influence on the

simulation results. A siraightforward way of achievipg this goal consists of ohlain-
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Mgure 4.5; Caleulated temperatures and concentrations as the product surface and
venter as a lunction of time for two forms of the energy equation. The
solids lines are based an a form of the energy equation which conlaind a
term accounting for the enthalpy of the diffusing molsture. Omitting this
term results in the valnes plotted with the dashed lines,
ing sirnulation results for several values or lunctional forms of the input parameters.
The relatively large number of inpul parsieters makes it nnfeasable to investigate all
combinaticns of the investigated parameters. However, nseful information can still be
obtained when one parameter is varied at a time while all athers are set to their base
values. A summary of the results obtained from this praecedure is given in Table 4.1,
'I'he Orst three columns list the investigated input parameter. its units and the chozen
values ar funetional forms. respectively. The underlined entries are the base values,
i.c. they are nsed in the ealenlations when one of the other input paramelers is varied.
Hence. the entries for the calculated simulation results (the last four eolumns) are
identical for each nnderlined base input parameter but are nevertheless reported for
clarity,

Mohl [1993] reparted an influence of the form of the equilibrivan relationship be-



Table 4.1: Sensitivity of computed simulation tesnlts to different values of seleeted
transport and boundary condition parameters. The processing conditions
and Lhe product paramerers that were not varied are given below.!

Tnput Tmits Value or Cooking  Moisture Surfare Surlace
parameter madel? timne? loss® temperature®  concenlralion®
[ min] | % | (%€ (B /R ]
EMC km / ki TigA.6 47.5 .40 GILT 0
Fig4.7 9.0 5.8 ARG (.64
& W/mEK .3 h2.5 10.1 Gh.6 R ]
k= k(u)? A7.5 AA0 69.7 .10
U.4 B3 9.52 609.3 (% T
e m* fe Ex10-1 326 601 701 LNE)
1x 1040 475 8.59 6.7 L
Sx10-W 145.1 352 L0 (100
il Tv.*"'."f-"]‘j‘f:z I 15 1N2.46 12.9 6i.1 (T}
20 65.5 1n.2 £9.4 L
23 473 2.59 69.7 (.10
an 37.2 756 Tl .10
i 211 .69 TL.7 L10HE
ke, kg/Pam®s 1x107" 59.1 7.96 (9.2 0.16
Gxl0—® 49.7 £.53 69.7 .11
1A In~7 AT.5D £.59 Go.T .11
5x10-7 46.6 562 G0.7 {111
1x10-6 46.5 §.62 G9.7 .10

! process conditions: Ty = 80PC, RH = 0.25, T, = 6°C, u, = 1.5 ki, /kga
product specification: Dg, = 23 mm. pg = 400 kg/m?, o5 = 1580 J/kgK
t the hear aml mass transfer coellicients are varied Independently in this section
even though thev are related throvgl the apalogy of heat and mass transfer
# the underlined values are used when the other input paramerers are varisil
e model reported by Sweat [1973]) (Table 2.2) was used: & — 0080 4 0.5320/ {1 +u)
¢ time when the center of product reaches g temperature of 68370 (155°1)
“ values taken at eooking time

tween the moisture coutent of the meat smulsion and the relative humidity of the
surrennding air (isotherm) an the simulation resules when using boundary conditions
similar to those introduced in Chapter 3. Two differently shaped isotherms (Fip-
nre 4.6 and Figure 4.7) were therefore investigated in this preliminary sensitivity
analvsis with respect to their effect on the simulation results, The nonlinear type

isotherm, Figure 4.6. was obtained from a curve [ib to the data reported by Ighcka
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and Blaisdell [1982] over all four temperatures (Section 2.5). 'The linear Lype, Fig-
nre 4.7, was chosen to represent a simple model. In order to foens on the influenee of
the isotherm shape, all temperature dependencies were excluded from the isotherms
used 1n this preliminary sensitivity analysis. The slope of the lincar isotherm was
adjusted so that the equilibrinm moisture content at a relative humidity of 90% was
identical with that for the noulinear isotherm.

The imfluence of the isotherm shape on product temperatures and moisture con-
centrations can bhe seen in Figures 4.6 and 1.7, The vooking time for the reported
isutherm is 22% longer than that of Lhe generic linear isotherm. The reason is a
higher relative humidity, and henee vapar pressure, at the interface of product and
surronndings in the case of the nonlinear type. This eanses a higher mass transfer
potential which causes a bipger part of the sapplied conveeted heat to be needed Lor
the vaporization of the moisture at the interface. Consequently, less thermal energy is
available to raise the temperature of the product, resulting in a longer enoking time.

An increase in the thermal conductivity & of the meat emulsion canses a decrense
in the processing time hecanse energy can be conducted faster to the eenter of the
product. The second set of entrics in Table 4.1 confirms this behavior. However, the
inflnenee of k is rather small. The lower maisture lass in the case of higher values for
% 1s due to the reduced cooking dme. The temperature gradient within the product
is small for all investigated values of the thermal conduesivity, ‘T'he lemperature
dilference berween the surface and the center of the praduct was caleulated to be
1L3Clor k=03 W/mK and 1.0°C fur k=04 W/mK.

T'he magnitude of the effective diffusion coefficient D.z has a large influence on
the eooking Ume and moeisture loss. However, il has to be noted that the mvestigated
values for [z in Table 4.1 vary in an exponential fashion over one order of magnitide.

A companson of the relative influence of Dy and other parameters, such as %, has
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Figure 1.6: Computed temperatures and moisture concentrations for the Processing
conditions sununarized in Table 4.1 and a nonlinear isotherm.
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Figure 4.7: Computed temperatures and moisture concentrations for the TITOCeRSIIE
conditions summarized in Table 4.1 and a linear isotherm.
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to account for this fact. The larger range of investigated values [or Oy was chosen
beeanse of the wider range of values reported in the literature (Seetion 2.1). An
increase in D.g invreases the cooking time and the moisture loss. The reason for the
former effect is the greater amount of moisture diffusing [rom the inner product Lo
the surface, where a larger amonnt of the supplied heat is needed for its vaporisation.

The influence of the heat transfer coefficient fi is listed in the fourth entry section
of Table 4.1. The increase of h causes a decrease in the cooking time and moisbure
luss. A 2.5 fold inerease of b from 20 to 50 W /m” X results in a 68% reduction of the
enaking Hme.

The mass rransfer coefficient &, is varied in an exponential fashion. ‘Lhere is very
little influence of k, on the cooking time and moisture loss above a critical value
of k, = L.5x10"7. "Uhe reason is the limiting behavior of the moisture diffusion
coefficient Dy in this regime. Sinee O 15 rather small, the mass fransport can
be said to be dillusion limited, resnlting in large moisture concentration gradients
witkin the product. The overall decrease in the computed cooking time with an
increase in k, is cansed by a rapid loss of moisture at the praduct surface. After this
surface moisture is lost. all supplied convective hear ean he used to raise the produer
temperature. With incressing mass rransfer coefficients, the surfuce moisture ia lass
at earlier timmes and the overall cooking time deercases. However, at early processing
times when the moisture level near the product surface is still elose to its initial value,
hipher mass transfer cocfficients cause the product temperatures to be lower because
larger fractions of the supplied convected heas are used to evaporate the moisture at

Lhe surface.



Chapter 5

Experimental Investigation

The measurements of temperature and moisture concentration profiles, convective
heat and mass transfer coeflicients, process moisture losses and selected transporl
parameters are discussed iu this chapter. First, the laboratory apparatus used in
some of Lhese experiments is deseribed. Nexr, a detailed account of he iuclividual
measnrements is given, The last section of this chapter summarizes the attempts
made to utilize Nuclear Magnetic Resonance (NMR) methods Lo obtain maisture
concentration profiles and effective molsture diffusion coefficients.

Most results are reported in graplical form, for example product surface and
center temperatures during processing. The original data wsed to generate the plots

can be downloaded. Details about this procedure are given in Appendix C.

5.1 Apparatus for Processing of Meat Emulsion Products

A laboratory apparatuz was buill to provide a means of processing small and medinm
diameter cvlindrical meat emulsion produess by generating an air Sow of conirolled
remperature, humidity and velocity. A schemasic of the apparatus is shown in Fip-
are 5.1, Different relative humidities of the processing air in the test section were

obtained by saturasing an air streamm at temperatures below Lhe desired provessing
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1. inlet valva 10: voltage controller
2: direct reading rotameter 11: test section with imsulation
3: distributor with 30 holes 12: thermacouples
4: water filled buhble column 13: hot wire apsmomeler
5: contr. Lemp. recirculalor 14: wet hulh thermometer
fi: additional water heater 15: personal compuler
7: wvoltage controller 16: analog / digital board
% pressure gauge 17: height indicator for water
9: air heater 18: filling valve for water
A P

Figure 5.1: Laboratory apparavus for processing of emulsion prodnets. Different hu-
midities in the test section are obtained by saturating an air stream at
temperatures below the desired processing dry bulb temperature.

drv bulb temperature followed by a sensible heat input. This design avoided the need

fiur steam injection Lo generate the moist processing air and enabled the apparatus Lo

be used at dillerent locarions.
Compressed air from the University of Wisconsin-Madison Physical Plant (sup-
plied at a nominal pressure of 621 kIMa {90 psig) and a relalive humidity smaller

than 2.0%) was metered with a direct reading rotameter (Cole-Parnnper, G-03245-15,

maximum How of 9 1/s (20 schn)) and introduced through a distributor into a hihble
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column flled with water. The distributor was made frow 3/8 inch O.D. copper tube
bent into a rnp of 3 inch diameter. Thirty holes of 1.5 mm diameter, evenly dis-
tributed around the rirenmferenee, were drilled through the top portion of the ring,
'The main hody of the bubble column was made from a polyvinylchloride tnube and
measured 10.16 cm (4 inch) in diameter and 183 em (6 feet) in height. A pressure
gange was located at the upper end cap of the column. The water in the column
was heated. recircwlated and temperature eontrolled with a cooling/heating reciren-
lator (Cole-Parmer, G-01283-80), fealuriug a temperature range of 0 to 80°C (32
o 176°F ), proportional temperature control and a heating capacity ol 1500 Watts.,
Additional heating capacity was pravided by a custom-made secondary water heater
i series with the recirenlator consisting of a 1500 Watt water heater element (ACIE
Havdware, No. 44969) placed inside a short section of a polyvinylchloride tube of
10,16 em (4 ineh) diameter. The heating elements of this water hearer was connected
fo a variable voltage controller (Cole-Parmer, G-01573-10).

The air at the top of the bubble column was directed into a 1.27 em (0.5 inch)
O.D. Tvgon hose. This hose was Lhen introduced back into the column and exited
at the lower end throuph a compression fitting. This design was chosen to minimize
condensation of the hmidified air inside the flow syvstem. After exiting from the
columnn, the air was sensibly heated with an air heater consisting of an industrial
grade heat gnn heating element (Ceole-Parmer, G-03026-02) placed nside a steel tube.
The heating element was connected with high temperature wires to a varlable volsage
controller (Cole-Parmer, G-015753-10). The heaterd moist air was then directed to the
test section (Figure 5.2).

The test section was mwade [rom a 30 cm (20 ineh) long picce of acrylic tube of
5,08 em (2 ineh) internal and 6.35 em (2.5 inch) external diameter. The meat emulsion

prowlucts were inserted from the top. A steel tube at the hottom of the test section
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Fipure 5.2: Test section of the laboratory apparatus. An air stream of controlled
temperature, humidity and velocity processes the meat emulsion product
in the reuter.

with a diamseter similar to that of an emulsion product centered the produet in the
acrylic tube and established uniform fow conditions along the emulsion prodnet. The
processing air woved upwards throuzh the annulus formed by the inner surface of the

acrylic fuhe and the steel tube and the emulsion product. respectively. A sliding top
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Fignre 5.3: Photographs of the laboratory apparains and some related equipment.
The top picture shows a partial frant view of the apparatus. The tesl
section, Lhe two voltage controllers and the bubble column can be seen.
The photograph at the bottom shows the test section, a solid aluminmm
probe used for measnrements of the heat transfer coefficient and three
thermocouples.



Figure 5.4: FPhotographs of the laboratory apparatus. ‘The confrolled femperature
recirenlator can be seen in the frout of the left pieture. The right photo-
graph shows a rear view ol the apparatus. The additional warer heater
is located to the right of the bubble column. The air heater is hidden
behind the middle slolled iron.

holder was nsed to fix the position of the preduct within the acrylic tube and to
nccommodate products of different lenguhs.

Measurements of the temperaiure response of the emulsion products, of the dry
bulb temperature in the test section and of the temperature in the bubble colunn
were performed with preassembled subminiature type T (copper/constantan) ther-
moconple probes of 0LA08 mm (0.02 inch) diamster (Omega, TMQSS-020G-G). The
thermaeomples nsed to monitor the temperature response ol Lhe emmision pradnets

were inserted throngh the acrvlic tube and a removable template into the praduet.



&1

The template assured a reproducible position of the thermocouples and preventod
their bending when some initial force was necessary to avercome the mechanical re-
sistanee of the casing upon inserting the thermocouple into the product. LTwo small
nylan holts maintained a small distance belween the produet and the template Lo min-
imize the contact area for conduction of heat into the product. Thin nylon washers
hetween the bolts and the templale were used to adjust the position of Lhe emulsion
product.

The thermocouple used for the measurement of the dry bulb tewperature in the
test section was inserted throngh the acrylic tube at a location opposite to thase nsed
for the temperature response of the product. The thermocouple at the tap portion of
the bubble eolumn was iserted into the polyvioyvlehloride tube thromgh a small hole
drilled into a threaded end plug. Since the air in the bubble column was saturated at
the temaperature of the warer inside the column, its dry bulb, wet bulb and dew point
remperatures an that location were identical. The mass of water necded for complete
saturation of the compressed air bubbling through the colnmn was calenlated from
psychiromerrie relations. The height indiearor on the column (Figure 5.1) was used
to monitor the rate of moisture loss during operation. The observed value agreed
with the rate needed for eomplete saturation. The air temperature measured at the
tap of the bubhle column was identical with the value displayed on the reciremlator
for the temperature of the recirculated water, indicalivg Lhat the heat loss through
the bubble column was nepligible. The analog voltage signals of the thermocouples
were logped to a personal computer via an analog to digital (A/D) converter board
(Omepa, Hish Resolulion Interface Card, Model WB-AAI) featuring sixteen channels
with sixteen bil conversion resolution.

‘I'he precision of the thermoconples used in this research was investigated by

recording their temperatures when subjected o the same envirommens. bor Lhis
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Mgnre 5.5; Precision of the thermocouples used in rhis study. The large plot shows
the temperature response of all six thermocouples. An enlarged temper-
arure scale is provided in the form of the small plot. The sketeh in the
lower left corner shows the mrrangement of the thermocouple Lips in the
water [lled cup.

purpose, the thermocouples were suspended in an inswlated cup filled with hot water

that was then allowed to cool. First measurements were aflected by the femperature

stratification inside the cup. Subsequently, this ellect was avoided by using an adhe
sive tape to fix the position of the thermocouple tips. The measured data are shown in

Fivure 5.5, Over the whole temperamire range, the variations measured with the indi-

vidual six Lhermoeonples are very small. The smaller plot inside of Figure 3.5 shows

an enlarged temperature scale during 24 seconds of the experiment. The maximnm
deviation between the recorded temperatures is smaller than 0.1°C (0.18°F), The ae-
enracy of the thermocouples was determined by a baseline calibralion in an ice bath.

Furified water and ice were used for this experiment aud & lemperarure of  0.45°0C

(31.2°T) was measured. All data subsequently recorded with the thermocauples were

corrected [or this offser. Similar to the precision as the higher temperatures, the devi-
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ations between the data measured with the six thermocouples al Lhis low temperature
were smaller than 0.17C (0.187F)

The relative bumidity, wet bnlh and dew point temperatures in the test section
were caleulated from the measured air temperasure in Lhe bubble eolnmn, the mea-
sured dry bmlb temperature in the test section, the measured pressure difference
hetween the airin the bubble column and the test section and the absolite pressure.
Tt should be noted that the pressure loss of the air stream between bubble column
and rest seetion had a rather large influence on the wel bully and dew pomt temper-
atnres and the relative humidity in the test section. For example, at a pressure loss
of 28 kPa (4 psi) and an air temperature in the bubble column of 50°C (122°F), the
dew point and wet bulb temperatures and the relative humidity in she test seclion
at a4 dry bulb temperature of 78°C (172°F) are Ty, = 45.2°C (113°F)., L = 48.6"C)
(LL9°F) and HH = 22.2%. Neglectinyg the pressure loss between bubble column and
Lest seetion resulis in calenlated valnes in the test seetion of Ty, = 50.0°0 (129VF),
Twp = 524°C (126°F) and BRI — 28.3%. showing that air al lower pressures can
accommodate more moisture, These psychrometric calculations were performed with
the computer program EES (Engineering Fquation Salver, Klein [1990]). The results
of these valeulations were verified with a wet bulb thermometer inserted into Lhe Lest
section from the top opening. The measured wer hnlh temperature agreed with Lhe
ealenlnted values for the 28 kPa (4 psi) pressure loss within the reading accuracy of
the wet bulb thermometer (=0.5°C (1L9°F)).

The air velocity in the test scetion was measured with a hot wire anemometer.
The measured valnes agreed well with the velocities caleulated from Lthe volumetrie
flowrate through the rotameter and the free area for air flow in the fest section

when corrected for the different temperatures and pressures in the rotameter and test

section, respectively, The convertive heat transler coefficient for a product in the test



seclion was determined fram the thermal response of an aluminum probe resembling

a real produet. Details and results are given in Section 5.4.

5.2 Temperature Profiles

The temperature response of weat emulsion produets snbjected to a step change in the
processing conditions in the lest section of the laboratory apparatus was measnred
with thin thermoconples (Omega, TMQSS-020G-6) lucated au the prodnet surfiace
(under the casing) and at the geometric center. The details of the used equipment
wore deseribed in Seetion 5.1 and were shown in Figure 5.2, Twa aets of experiments
were performed. The firse set consisted of full-lal awd no-far meas emulsions stulled
into identical meisture-permeable cellulose casings of 23 mm (0.01 inch) diameter. In
the second set of experiments, a full fat emulsion was stuffed into two different casings,
a fibrous moisture permeable casing of 45 wm (1.77 inch] diamerer and a molsture-
impermeable polyamide easing of 43 mm (1.69 inch} diameter. These two types of
casings were not available in the same diameter. However, the small dillerence was
not considered to be significant. Both sets of experiments were conducted af three
different relative hnmidiries. A summary of the experimental conditions is shown in
Tahle 5.1. The flowrates through the laboratory apparatus for the temperature profile
experiments were 2.2 1/s (5 scfm) for the small produets (D, = 23 mm) and L1 1/s
(2.5 scfm) for the larger samples (13 and 45 wm). Pressure losses of 41.1 kPa (6 psi)
and 27.6 kI’a (4 psi) between the bubble colunm and the fest section were measured
for these Llwo Dowrates, The corresponding calenlared air velocities in the tesl seclion
WEIE Upe — 2.0 M8, 90 = 3.5 m/s and u,; — 4.6 m/s for the product diamelers of
23 mm, 43 mm and 45 mm, respectively.

The samples nsed in the experimensts were stored in sealed plastic baps in a reliig-

erator. At the beginning of an experiment, the Howrate Lhrough the apparaing was
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'lable 53.1: Summary of the processing conditions and measnred moisture losses of
all temperature profile experiments. The last column indicates the figures
where the corresponding data are shown.

I Cusing/ Bun/ T Tus Tap RH my  me*  Am®  Figure(s)/
i) Ewmls? Reps. [*C] [°C] [*CT [%] [g] [g] [%] on pagels)

a3 cell. /ETF 1/1 VRO M5 223 641 s 823 155 5.6/87

23 el fNF 1/1 T8O 945 223 6.1 G7.G abd 256 L.6/8T

23 cell /TF 1/3 T80 437 385 166 T4 61.3 6.9 5.7A5.0/87.85

23 cell. /I'F 213 T80 437 385 A6 VIA a4/ - a.0/85

23 cell. /FF 305 A0 437 385 168 TLY 635 120 3.0/88

22 edll /NI 1/1 FAD 437 385 156 67T GDO 261 A.T/8T

24 rell /T 1/1 T80 T B2S 324 T22 6LA 44 5.8/85

23 cell/NE 1/1 0 TAD BT 528 324 B0 512 247 5.4/88

A5 fibe /I /1 770 331 239 T 2760 2611 54 A.1D/90

44 imp./FF 1/1 7.0 350 239 Y. 215 201 08 5107490

49 liby./FF 1/1 T0 448 404 B0 9534 2444 54 3117490

43 iy, /FF 1/2 Tl 4db 44 180 2446 2410 1.5 4.11,5.13/90.91

43 imp/FF  2/2 770 4490 404 180 2454 2420 14  5.13/91

15 fbr /1) /1 TT.0 564 549 374 2716 2576 52 5.12/01

14 imp. /FF 11 D BG4 M9 T4 204 2090 06 §5.12/0

! eell: moisturc-permeable cellulose casing, fibr.: moismre-permeable fhrous casing,
imp.: mosture-unpermeslils polyamide casing

2 FE: Tull-fist. emmlsion, NF- no-far emulsion

* lter & pracessing time of YU minutes

* weight loss after 240 minutes: 23.4%

set to the desired value and the temperature of the water in the bubble column was
adjusted with the dials on the confrolled temperature recirculator and the voltage
controller connected to the additional water healer. The desired air dry bulb tem-
perature in the test section was then obrained by adjusting the dial of the voltage
coniroller connected to the air heater. After the temperatures reached their steady
values {2 15 minutes), Lhe samples were taken from the refrigerator, weighed, and
placed inta the fest section. The data logging with a sampling interval of 5 seconds
began at this time. The two thermocouples used to monitor the temperatnre response
of the product were inserred after approximately § minutes. Unconrrolled rupturing

of the casings ovcurred when the thermocouples were inserisd at the very beginning
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of the experiments.

Two thermoconples were used Lo monitor the temperature response of the product.
Cne shermocouple was inserted ro the center of the product, the other one was inserted
to the surface opposite of the point of usertion (Figure 5.2) to a pusition directly
under the casing. The menal tip of this thenmocouple could be seen from the outside
shinimg through the thin casing. Because of the stronpger texture of the larper dinmeter
casings (43 and 45 mm). it was necessary to pre-pierce the hole for the thermmocouples
with a steel needle through the template for the thermaeouples.

After inserling Lhe thermocouples into the produer, the tap portion of insulation
aronnd the acrylic tube of the test section was mounted. When measuring the thermal
response of small diameter products (D), = 23 mm), the dry bulb temperature in the
test seetion was measured with a separate thermocouple as indicated in Figure 5.2,
Becanse of the little remaining space berween the inner wall of the acrylic tube and
Lhe larger products (43 and 45 mm), the correct setting of the dry bulb temperature
of the processing air in the test seetion was monitared far Lhese cases wilh a hand held
thermoeouple, inserted periodically during the experiments from the top opeuiny of
the test seerion.

Afrer the experiment was completed, the two thermocouples were remaoved and
the product was taken from Lhe test section and weighed. A razor hlade was then
used to eut the produet at the location of the thermocouples to verify their correct
position. I necessary, the water level in the bubble column was adjusted for the
next experiment. The decrease of the mass of waler inside the column during one
experiment was small compared to its tofal mass. Results for the small diameter
produets (2, = 23 mum) are shown in Figures 5.6 to 5.9,

Experiments were conducted for both emulsion types at three different relative

humidities, 6.1%, 15.6% and 32.4%. The thermal response of the two emulsion tvpes
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Figure 5.6: Alr dry bulb, produes surface and praduet center temperatures for a full-
fat and a fat-free enanlsion in a eellulose casing at humidities of 6.1%.
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Fignre 5.4 (Comparison of product surface and produet center temeperalures ol a full-

far enmlsion from three syceessive experunenis al lnomidities ol 15.6%.
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was significantly different for all three processing condisions. The surface and center
temperatures of the no-fat samples showed a slower response to the dry bulb tem-
perature of the procvessing air. This behavior was attributed to a higher moisture
ditfusivity of the no-fat emulsion, resulting in a higher moisture Hux from the inner
part of the product to the surface. A larger part of the supplied convective heat was
then needed to evaporate the moisture at the surface, leaving less energy Lo raise the
temperature of the product. The temperature response of the full-fat produet was
similar for all Uhree relative huwidities. In convrast, the temperature of the no-far
ermilsion showed an inereasing tendency Lo remain at the wet bulb temperamare of the
processing air as its relative humidity inereased. The temperature gradient within
a product was small for all investigared cases. However, a small correction for heas
conducted along the length of the thermoecouple has to he applied to the measured
data. Because of this effect, the measured temperatures are slightly higher than the
avtual temperatures, affecting the thermocouple in the center of the product mors
than the one al the surlace. Since the exact wagnitude ol Lhe pecessary correction
conld nat he determuined. the original measured data is reported. Details of this ef-
foct are given later. Three experiments at the intermediate relative humidity level
were condueted for the fmll-fat emulsion in order to test the reproducihility of the
experimental technigue. Besnlts are shown in Figure 5.9, A maxinmm difference of
approximately 3°C (5.4°F) bevween the surface and center temperatures of the in-
dividual runs was observed. The bump in the measured surface temperature during
processing al 6.1% (Figure 5.6) at 1 processing time of approximately 33 minutes was
canded by a temporary disloeation of Lhe corresponding thermocouple.

The measured thermal responses for the two larger casing lypes (43 and 45 wmn)
stuffed with a full-fat emulsion are shown in Figures 5.10 to 5.13. These experiments

were conducted at approdimarely the same three Tewels of the celanive hiomidity a8
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Figure 5.10: Produel surface and center tetnperatures for a full-far emulsion in stan-
dard fibrous and evaporation-resistant easings at humidities of 7. L%,
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Figure 5.11: Product surface and center temperasares for a full-fat emulsion in stan-
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o1

8':' r T T T L T [ T ¥ ¥ ]
Sk ]
E_J_‘ f_lu - |
Tos0 g
g " Processiug, condilions: _
z 9T i A T, —77°C, T,, = 56.4°C .
2 4l T, =51.9°C, RH = 37.4%
3 ‘j“ __ T'_- "!F 1
= oap | moisture-impermeable |
i polvamide casing
10 E — — - mwisture-permeahle 3
fibrous casing ]
i B T | i PRI | . |

0 10 20 30 40 a0 60 70 80 a0
Processing time  [min,

Figure 5.12: Pradunet surfacre and center temperatures for a full-fat emmlsion in stan-
dard fibrous and evaporation-resistant casings ar humidities of 37.4%.
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those nsed for the smaller casings. The products in the maisture-permeable fibrous
casings showed a slower response to the diry balb temperatnre of the processing air
than the products in the moisture-impermeable casings. This hehavior 1s due o the
cnergy needed to evaporate the mosture on the surface of the permeable casings.
The magnitude of the temperature gradients within the products at the beginning
of the provessing was approximately 20°C (36°T) and therefore much larger than Uhe
sradients encountered in the products stuffed in the smaller casing type. Lo test the
reproducibility of the experimental technique, two experiments were conducted for
the product in the impermeable casing at the intermediate relative humidily level.
A maximwn dilference between the surface and center temperabures of che individ-
nal runs of approximately 3°C was measured. The decrease in the measured center
temperature towards the end of the experiment (72 to 90 minntes) was attributed
to some moisture leaking at those times from the insertion points of the thermocou-
ples. The presence of this liguid on the produet surface eaused evaporative cooling
that effected the center temperature but not the temperature at the opposite surlace.
The leaking moeisture could be seen through the acrvlic tube of the test section. No
maislure leaked [rom Lhe thermocouple insertion points in the brous easing or Lhe
impermeable casing at the low and high humidity levels.

As atated earlier, a small correction had to be applied to the temperatnres mea-
sured with the thermocouples. Some regions of the stainless steel sheaths are exposed
tw the hot processing air. The thermal energy gained by the thermocouple (the expres-
sion therrnocouple refers to the whole assembly of stainless steel sheach. the insulating
magnasium oxide powder and the copper and constantan wires with the coupling as
the tip of the sheath) at this location is then vonducted along its length to colder re-
gions, including the tip with the conpling of the copper and the constantan wires, the

location where the temperature is measured. Consequently, the lemperature mea-
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Figure §5.14: Measurement error of thermocouples due to conduction of heat along
the lemgth as a [unction of the surrounding product temperature for two
different lengths and beat vransfer coeflicients.

sured al the tip of the thermoeconple is higher than Lhe Lrue temperature, ie. the
temperature at that poino if no thermoconple were present. In order to estimale Lhe
error associated with this effect with a mathemarical analysis, the thermoeouples can
be viewed as needle fins. The temperature T of the fin ar any location &, measured

from the base can be obiained from an energy balance resulting in the differential

squation
£T  RP i
dr? kA, &= Ts) =0 -1

where 7 is the heat transfer coefficient between the fin (the thermocouple) and the
swrronnding meat ewmulsion, P its perimeter, £ its thermal conduetivity, 4, its cross
section and T, the temperature of the surrounding emnlsion.

Analyrical solntions to Eguation (5.1) can be obtained when 7., is considered Lo

be constant (Ineropera, DeWist [1990]). For the case of convective heat transfer al
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the tip of the fin, one aohtains

T—T. coshm(L—x)+ (h/mk) sinhm (L — z) (5.2)
B — Ty coshm L — (h/mk) sinhm L B

where T 1s the temperature at the base of the fin (carresponding to its temperature at
the point of insertion into the emulsion where it is assumed o be at the temperature
of the processing air), L its total length and m* = hP/kA,. Bquation (5.2) can he
used to estimate the measurement error due to condnction of heat along the length
of the thermocouple. For this purpose, it is necessary to negleer the variation of the
product temperature over the cross section. The thermocouples consist of several
materials, a copper and o eonstantan wire insulated from the stainless steel sheath
with wapnesium oxide powder (Figure 5.2). Au average cross sectional conducrivity
must: be delined, The measurement error for an averapge thermocouple conductivity
of 50 W /mK is shown in Figure 5,14 for two different lengths and two dillerent heat
transfer coefficients as a function of the produet remperature, Al the beginning of an
experiment, e at low product temperatures, the measurement error for Lhe chosen
sel of parameters associated with the shorter length, ie. the thermaconple in Lhe
product center for a small diameter product, is approximately 2°C! (3.6°F). The errox
assoclaled with the longer thermoconple at the product surface or both thermocouples
in the larger diameter produets {43 and 45 mm) is negligible. However. becanse of the
unknown heal transfer coefficient between the meat emulsion and the thermocouples,
the exact magnitnde of Lhe correction necessary for the small diameter product could

not be determined. Henee, the oripinal data is shown in Fignres 5.6 Lo 5.9,

5.3 DMoisture Concentration Profiles

Valuey of the moisture concenlration of processed products at different radial posi-

Fioms were measured with invasive methods for large (D, = 10.8 em (4.25 meh)) aud
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Table 5.2: Processing conditions within the individual zones of the smokehouses used
for the moisture profile experiments on small and large diameter producis.
The samples were removerd after exiting from the last processiug zone.

Tune spent Diry bull Relative Wet bulb Trew point
in zone temperaturs humidity Lemperat ure temperaturs
[ minnles [5C] ([°F) [ %] (PCTH[*T] [7C] ([ °F])
large diameter products (Figure 5.15)
an 66 (150 23.9 41 (1035} 37 (98]
Bl R& (190) .7 02 {123) 14 (119}
M} (2o 19.6 57 (133) Lo (131)
small diameter products (Figure 5.16)
12 T1 (160) 21.5 A3 (1100 39 (102]
15 9 (175) 11.1 A% (110 a5 (100
12 T3 (163] 4.6 gl (140 A9 {(139]
15 82 [1a0] T4 T4 (165) T4 {165)

small HJ'T,rr — 24 mm [0.491 inech)) diameter samples. The products were removed from
commercial conlinuously operated smokehonses after exining from the last processing
zone. The proecssing eondirions within the individual smokehouse zones are swnma-
rized in Table 5.2, The entries for the large diameter product are identieal with the
values given in Table 1.2

A glive of approximately 1 cin thickness was eur in a perpendicular fashion from
the center of a large diameter produer.  After the casing was removed, ten small
pieces of 1 em lengrh and 0.25 em width were emt with a razor blade and a cutting
template fram three different cirenmferential positions. The pleces were immediately
placed into preweighed aluminum drying beakers and subjected to the A.O.A C. [1980]
method for the determination of moisture in meat (oven dryving, 16 Lo 18 hours at
100 to 102°C). The resulcs of this analysis and a sketch of the location of Lhe cut
pieces are shown in Figure 5.15. The measured moisture contents are eanstant in the
center and decrease towards the surface of the producs, indicating thar most water is

lost from regions close to the surface of the product. The variations in the moisture
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Figure .15 Moisture concentration profiles of a processed large diameter produet
at three cireumferential positions. The product was removed [rom a
commercial smokehouse after exiting from the last processing wone. "L'he
processing conditions within the individual smokehouse zopes are sunm-
marized in Table 5.2

content at different cirewanferential positions are sinall.

Concentric cork borers, custom-made from stainless steel, were used to obfain
moisture copcentralion profiles of four small diameter products. Different entting
dismneters were used to maintain reasopable sizes of the ent pieces and to obtain
maoisture concentration values av differsnt radial positions. The ent coneentric rings
were suhjected ta the ALOAC 1990 merhad deserihed above. Typical results of
thiz analvsis and a sketch of the coneentric cork borers are shown in Figure 5.16.
The measired moisture concentrations decrease towards the center of the product.
It was thought that the cutting provedurs was respopsible for the found behavior,
T'he inver rings (amd the center core) had a lower surface to wvolume ratio than the
outer rings. Although all sample pieces were relatively small, this difference can

affect the resulrs obtained with the A.QO.A.C. [1990) method. The center pieces with
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Fignre 606 Maisture coneentration profiles for a small diameter product obtained
with conecentric cork borers. The product was removed from a com
mereinl smokehouse alter exiling [rom the lasl processing zone Lhe
processing conditions within the individual smokehouse zones are sup-
marized in Table 5.2

the lower surface to volnme raso wonld lase less mnoisture, which would translate
into a smaller moisture concentranion of the investigated sampls, conzistent witl the
behavior seen in Figure 3.16. In order to investigate the inflnence of the sample size on
Lhe measured moisture concentratiom. further experiments were conducted. lu these
tests, Lhe center core and the inner rings were cut inta smaller pieces. The results
of these measurements suppest that the sample size is of importance. Iowever, the
mereased number of cutting steps was a source of additional error and no conclusive
results could be obrained.

'To aveid these problems, it was atfempted o use a non-invasive magnetic reso-
panece imaging (MRI) method as a means of abraining moisture proliles. Experiments
were conducted at the National Magnetie Resonance Facility at Madison {(NMEEFAM)

and the Inbovatory apparatus described in Section 5.1 was moved to that locarion.
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‘The goal was to process meat enmision products under the same conditions nsed in
the temperature profile experiments and to subject them to the imaging process. It
was planned fo remove the samples from the test section at different processing times
in order to obtain moeisture profile snapshots al dilferent stages of the processing.
[owever. the signal to noise limits of the experiment prevented the extraction of use
ful information from the measurements, A description of the experimental procedure,
together with some obtained data, is piven ln Section 5.7.2.

The precision of the A.O.A.C. [1060] oven dryving method was tested with a dif-
ferent analytical technique, the Karl Fischer method, which is helieved to be more
accurate. For Lhis purpose, an external extraction solvent was prepared from a one
to ome mixture (by mass) of methanol and chloroform. The moisture content of this
mixture was determined by titrating wath a pyridine free Karl Fischer reagenal us-
ing the antomated procedure of a Karl Fischer titravor (Metrohm 701 KE "Litrina,
Brinkmann Instruments, Inc.). The extraction solvent was then stored in a senled
container to minimize absorprion of atmospheric moisture, The titer of the Karl
Fischer reagent, determmined before the experiments, was 5.237 mgu.a/ml A whole
coaked small diamerer full-far prodnet (withomr easing) from a store-bought package
was then submersed into the external extraction solvent and chopped with a bipgh
specd hlender (Pro Scientific Ine., Pro 300D) for three minutes to extract the waler,
Alignate portions of appreximately 30 mg were removed with a syringe rom Lhe so-
lution, immediately injected into the titration vessel of the tilrator and titrated, This
procedurs was then repeased four times. The measured maisture contents are shown
in Table 3.3.

A second product Irom the same package was subjected to the A.OUAC. [1990]
aven drying method described abave. Five shices of approsdmately § mm thickness

were cut from different locations of the product, placed into preweighed aluminum
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Table 5.3 Camparison of the moisture content of a cooked small diauveter full-faf
meat emilsion produet measured with two different experimental tech-
nigues, the ALQUALC. [1990] method and Karl Fischer titration,

Experimental method Mo. of samples  wen, mean value oy, standard devintioo
or litrations [ hge Ml | » 100 [ kg k] % 100
A.QLA.C. [1950] [oven drying) 5 AT n.323
Herl Fiseher tilration H] Fl 857

dryving dishes, ent into 6 smaller pieees, weighed and placed in an oven. The results
are summarized in Table 5.3

The moistare contents measured with the Karl Fischer method are slightly higher,
These findings are in accordance with results reported in the literature for differens
food systems and can be attributed to the more efficiens nature of woisture removal

in Lhe Karl Fischer method,

5.4 Convective Heat and Mass Transfer Coeflicients

The vonvective hieat and mass transfer coeflicients are determined by the (lermal
and concenlratiop boundary lavers, respectively, Their mapnitude depends on the
pature of the Huid motion, the surface geometry and thermodynamic apd transport,
properties of the fluid. In principle, these coefficients can be obrained by solving
the appropriate bonmdary layer equation. However, this approach is only feasible
for simple fow situarions, and in practice the convective heat and mass transfer
coefficients for specific flow situations are usually calculated from erapirical relations
that correlate measured coeflicients in dimensionless groups. If the exact natare of the
Nuid motion is not known, the convective coefficients can be measured directly, This
approach 15 also preferred when a high aceuracy is desired. The analogy between heat

and mass transfer at low mass transfer rates (Bird, Stewart, Lightloot [1960]) can be
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usedd Lo caloulate mass transler coellicienis from measnred heat transfer coedlicients
A distinetion bas to be made between loenl heat and mass transfer costhicients and
sirface averapged values. The latter are nsually nsed in macroscopic energy and mass
halanees and are used in the remainder of this section.

The convective heat transfer coefficient for a given How situation can be ealeulated
from the thermal response of a body that is initially at a differenl lemperabure than its
surrounding Huid. However. the internal resistance to heal Lrapsfer within the bady
complicates the neeessary caleulations and it is advantageous to construcl a syslem
where the only resistance to heat trapsfer is located in vhe boundary layer. This ean
be done by constructing the body from a material with a sullictently high thermal
conductivity & Such a system is referred to as lumped and Lhe solution strategy of
transient eomdnetion praoblems based om this technique is ealled the lumped copaeitance

method. The Biot mumber, defined as
Bi=hLjk, (5.3)

i5 a measare of the ratio of internal to external resistance to heat transfer, The
conductivity & in Deuation (5.3) 1s thas of the heated or cooled body and L denotes a
characteristic lengrh, for example the radius of an infinitely long evlinder. If the Biot
number of 4 system is smaller than 0.1, the error introduced by the approximation
as a lumped systemn is pegligible. An energy balance on a small lumped systemn in a

large enclosure takes the form

aT . . .
me— = he AL, =1 +ecA(1L =17 (5.4)

where mr, ¢ and A are the mass, the specific heat and surface area of the system.
The temperatures 1' and 1.. indicate the temperature of the body and the Huid
temperature, tespectively. The parameters /.. e and o are Lhe convective heal

transfer coefficient, the surface emissivity and the Stefan-Bolrzmann constant. The
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left hand side of Equation (5.4) accounts for the rate of change in internal energy.
The vontributions of conveclion and radiation are aceomnted for by the right-hand
side I4 is asswmed vhat Lhe temperature for radiation exchange. e, the temperature
of the surrounding matter, is identical with the flmid temperature. Expanding the

last, term in Equation (5.4) yields

", r% = heA(Too=T)+e0 A(T2 +T%) (T + T) (T — T (5.5)

Lhe right hand side of Egualion (5.3) can be combined ta give

e % = hA (T =T) (5.6)

where Lhe heat transfer coeflicient & is the sum of conveetive and radianive contribu-

T4
b= h.+h {E.TJ

with

im:‘ijﬂ_

-

hi=ealTE 4+ T (Tt T) e :ri( (5.8)

Eguation (3.8) ean be used o estimare the magnitude of the radiative contribution
to Equation (5.6), With & = 5.67 x 107° W/m*K*, ¢ = 1. T, = 350K and T = 300K
one obzains a value of £ = 7.8 W/m?*K. Integrating Equation (5.6) yields

T ( hdt 5 0)
—_——— =@} Ao .
Ta — Tr . .M -

where 1}, is the is the semperature of the body as ¢ = 0.
Intepralion of a more peneral cass of Equation (3.6). where the temperalure of

the fluid T 1= allowed to be a linear function of Lime

mc% =k A((Twy +at) - T), (n.10)
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vields

T =Toapo— (Tooe — Ta) exp(—vt) + ‘E [(v¢—=1) +exp(—71)] (5.11)

wilh
¥ = (kA (me). (h.12)

For =0, e avonstant ambient dov bulb temperature, Equation (5.11) reduees bo
Enuation (5.9).

T'wo Tundamentally different approaches are possible to employ Lhe above equa-
tions in ortder 1o caleulale the heat transler coellicient [rom the thermal response of
a Inmiped system. In the differential approach, the instantancous heat transfer cocfhi-
cient is obtained from the cemperature gradient oT/d? and the temperature difference
(Ih — T') at any given time. The integral approach uses the analytical solution (i.e.
Lhe integrated form) of the differential equation (Equation (3.9) or Egualion (5.11))
to obtain & [rom the koown initial and final temperacures and it s advantageous
when time averaged values of the heal (ransler coellicienl are sought. A variatiom of
the integral approach is given when the measured temperacure respanse of the lnomped
system is fitted with a regression analysis to the form of the analytical salution. In
this case, the heat transfer coefficient h or the parameter - [from which & ean he
calenlated direetly) are the single enrve fic parameter. This technigue is emplayed n
the remainder of this section.

In this study, the convective heat transfer coefficien: was measured in four differenr
processing environments, a commercial contimuously operated smokshouse used for
the processing of small dizmeter products and conpsisting of several processing sones,
a batch operated pilof plant smokehonse, the test gection of the laboratory apparalus
deseribed in Section 5.1 and a commercial continuous smokebouse consisting of several

provessing zones used for the processing of large diameter produces.
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A solid aluminum probe of 15.2 cm length and 2.3 cm diameter was used as
the lumped system for the firss three processing environmenss, 'Lhe size and [onn
of this probe closely resembled a real small diameter meat emulsion product. The
Biot number for all expected heat transfer coellicients was sufliciently small to justify
the lnmped capacitance assumption (i = 0.0065 for & = 177 W/mlK and k= 100
W/m?*K]. A hrine-filled aluminum vessel was used as the lumped system ta measure
the heat transfer coefficient in processing environments for large diameter products
(Dpe = 4.25 inch (10.8 em)). The Biot muuber of a solid alumimum probe of that
diameter wonld still be small enemgh to negleet an internal temperature distribution
but the probe wonld be too heavy for casy handling. The relatively low thermal con-
ductivity of water or a salt solution would canse a racher large temperature gradient
upon healing but the motion of the liguid inside the brine-filled vessel prevents any
significanl internal temperature stratification. This assumption was verihied before
the experiments. Delails of the brine-filled vessel are given later in chis secilon, A
sketeh of the eemipment nsed for the measurement of the heal transfer coeflicient is
given in Figure 5.17.

The method used for the measurement of the heat transfer coeflicient in a com-
mercial continuous smokehouse nused for the processing of small diamerer products
was sinilar to that reported by Spielbaver [1993], The drv bulb femperature of the
processing air and the temperature response of the solid aluminum probe travers-
ing through the smokehouse were recorded with temperature data traces (Datatrace
Micropack, Mesa Laborarories, Wheat Ridge, Colorado). These devives are wireless
programmable temperamire sensors (thermistors) witk an internal memory and clock
capable of storing up to 1000 time/remperature observations. Since all electronic
comnponents are encapswlated in stanless stecl, the temperature traces can be used

m many processing environments. DBefore usc. the data sraces are inserted into an
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Fignre 5.17: Equipment used in the cxperimental determination of the convective
heat transfer coefficient in different processing environments based on
the lnmped capacitance method.

interface connected to a personal computer, and the time at which the data recording

starts and the sampling interval are chosen. The [atter can be varied from one seeond

up to 24 hours. After recording, the temperature trace is inserted into the interface
anel the data iz downloaded into a spreadsheer file. The measnrement accuracy speci-
fied by the manufacturer for the semperature range of 10°C to 150°C (50°F o 302°F)
ig (.5°C (0.9°F). Spiclbauer [1992] used the same temperavure data traces that were
smployed in this research. He evaluated their measurement precizion by submerging

thern into a water bath and reported a value of 0.36°C [1.O°F).



105

Table 5.4: Summary of resmlis from the experimental determinarsion of the convective
heat transfer cocfficient based on the lumped capacitance method in four
different. processing environments.

Zoneor yx P A m e n b f Figure/
experiment  [1/g] [m*]  [kg] [J/kgK] [*C/min] [W/m’K]  on page

goltd alusiinure probe (D = 23 mm) in commercial smokehause
e 2 141 G0ins L1738 HTa U104 o4 not shawn
Zone J .7 0.nins 0173 475 0.110 146 5.14/107
soltd elumiinum probe (D = 23 mm) in pilel plond smokehowse
11 171 o.pigs 0173 873 -0.207 6.0 5.20/104

soltd alurminum probe (D = 23 mun) in Lest section of the laboratory apperatus
{ h-values for praduct dinmeters of {2 and 45 mm are obtained fram Ejuation (5.03)) Y

1/2 41 a.0108 0173 873 .0l ERE 5217108
2/2 234 0.01058 0173 RT3 0023 AnA neik shitwr

hrive-fillisd alvmninnmn vessel (T = A inch) in commercial smokohouse
[ #he: shapn h-values are carrected for a product diom. of 4.2 inch using bquation (5.16))

pone 1 ¢ 4.1 0.584 17.9 208 0.179 11.1 5.22/111
e | F AR 0.581 174 24K U148 J6.3 5.42/111
zone 2 10.8 0.58¢ 179 2083 0,158 36.5 2.22/111
zone 3 27.0 0584 179 2083 01.084 24.1 5.22/111

1 o is defined in Dauation (5.12). ‘The given values arc obtained from a rogression

analysis of Equation [5.11) to the temperature response of the hunped system,

Tk in units of W/m® K ean be multiphied hy 3.68 o zet unirs of BTU/hr ft* °F

B based on Fauation (5.13), one obtains h = 39.4 W/m*K for L =4 mm

[Yate = 3.5 mfs) and k= 45.2 W/m*K for D, = 45 mm (v, = 4.6 m/s).

¢ before and sfler ihe production delay in zone 1.

The solid aluniinum probe wilhh an inserted temperature data trace was tied to a
holding stick {used to support the weight of the meat produets and placed with both
ends into a conveyor chain, which moved it through the smokchonse) and eloscly
represented the orientation of a wypical product. A second semperature data trace
was located approximately 3 cm away from the aliminum probe and was nsed fo
record the dry bulb temperature of the processing air. The recorded temperatures

arc shown in Fignre 5.18. The dry bulb and alumizum probe temperasure for the last

proccssing zone, together with a linear it to the dry bulb temperature and a fit of
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the aluminum probe temperature to Equation (3.11), are shown in Figure 5.19. The
resulting curve fit parameters a and ~ and the calenlated heat transfer coeflicients
(from Equation (5.12)) for this and the following experiments are summarized n
Table &.4.

The same equipment was nsed to measure the heat transfer eoefficient in a harch
type pilot plant smokehouse operated ar medinm air veloeity. The recorded dry bulb
temperature and the temperature response of the solid alnminum prabe, together
wilh the corresponding curve fits, are shown i Figure 5.20. The slight decrease in
the dry bulb temperature of the processing air over the eourse af the experiment was
altributed to an imperfect control mechanism.

The heal Lraosler coefficient in the test section of the laboratory apparams de-
sevibed i Seerion 5.1 was measured in s shnilar fashion, In this case, the dry bulb
and alnminnm prohe temperatuees were recorded with thermocouples and the data
logging caqnipment deseribed in Seetion 5.1 1L was necessary Lo use an unprounded
Lhermocouple (Omega, TMOSS-0200U-6) to record the temperature of the alwminwm
probe to avold problems with statie electriaty that added to the voltage sipnal sent
from the thermocouple to the analog to digital converter hoard. Two experiments
under the same conditions were conducted. The recorded temperatures and the corre-
sponding enrve fits [rom the first experiment are showr in Figure 5.21. Heat transfer
coefficients for the larger diameler samples (13 and 45 mm) were estimated from the
measured heat transfer cocfficient for the small dismeter produes (D, = 23 mm) and
Lhe known adr velocities in the test section (Section 3.2) fur the different product and
probe diamelers, For this purpose, it was assumed that the How situation could be

described by the flat plate in parallel fiow grometry with the Nussell correlation

fig

Nu, = = 0.664 Relf® Prli3, (5.13)

Hence, the heat transfer coefficient inereased with the square root of the velacity.
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Fipure 5.20: Dry bulb temperature and thermal response of a solid aluminum probe
located iu the center of a batch type smokehouse at medinm air veloci-
Lies.

The brige-filled alwoinun vessel deseribed earlier i this section was used Lo
measure the heat transfer coeflicient in a conumercial conlinuous smokebouse used [or
the processing of large diameter produels. "Uhis vessel was wade [rom an aluminum
tube of 6 feet (1.83 m) length, 4 inch (10.16 cm) outer diameter and a wall thickness
of (.065 ineh (1.65 mm). A similar tube with a diameter of 4.25 inch (i.e. more
closely resembling the real producr diameter) was nat available at reasanable casts.
A vorrection was applied to the measured hear transfer coefficient to account for the
slightly different diameter of the aluminnm tube and a real product. Details of this
correction are given later in this section. An aluminum disk was welded to one end
of the vessel. The other side featured a removable end piece, sealsd with a rubber
ring. Two temperature data traces of the twpe described sarlier in this section were
used to record the temperature of the vessel as it traversed through the smokehaouse.

A template inside the tube held the temperature dara fraccs in position during the
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Figare 5.21: Dry bulb temperature and thermal response of a solid aluminum probe
laeared in the test seetion of the Inbaratory apparams deseribed in See-
tion 3.1,

experiments and allowed their insertion o a position approximately in the middle
of the length of the vessel. The vessel was filled with a saturated sodinm ehloride
solution. The filling with this brine was necessary to prevent freezing while the
device traveled through the chilling zones following the processing zones. It was not
possible to remove the vessel from the smokehouse before it entered the chilling zones.
The average specific heal of the aluminum vessel and brine was caleulated from the

CrTALIOn

B 1L 0 -+ 1T O P
et =y (a.14)
Tty o by :

where the indices b and af refer to the brine solution and the alnminnm, respectively.
T'he masses e and 1y were obtained by weighing the empty and the brine-filled
seasel

Since the thermal expansion coefficient of water (or of a salt solution) is larger
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than that of aluminum. an analysis was performed o estimate the pressure inside the

rine-lilled (ube when subjected o warm processing air. Based on a heafing process

al Al = 70°C and allowing a total final pressure inside the vessel of 2 atmospheres,

approximately 15 cm of air space was lell when the vertieally standing tube was filled
with Lhe sall solution,

The recorded temperatures from this experiment are shown in Uignre 5.22. The
heat transfer coeficient within each zone was abtained from a linear £t wo the dry
bulh temperature of the processing air and a fit of the aliminum probe temperature
to LBquation (5.11) in the snme way that was described earlier in this section. Results
are shown in Table 5.4. It can be seen that the temperatures recorded by the two
tata traces inside the aluminum tube are in close agreement, indiealing thav che
internal motion of the brine was suflicient to prevent temperature gradients and that
the assumption of a hunped system was justified. A production delay aceurred while
the aluminum vessel was traversing Lhe st processing one.

Assuming that the air fiow in the smokehonse can be deseribed by the eylindar in

eross flow situation. the empineal relanon
Nup = — = Cy Rel}, Prif® (F.13)

with Rep = gt P/ and ) and »n heing functions of the Reynolds number (Iner-
opera, DeWite [1990]) can be used ta correct the abtained heat transfer cocfficient for

the slightly different diameter of a mear product. Rewriting Equation (5.13) vields

1
h=0%

T (5.16)

For all Reynolds numbers, the value of » is less than unity (Incropera, DeWict [1990)).
Henice, the heal transfer coefficient /i decreases with increasing diameter. Equa-
tion (5.16) with 7 = 0.193 (4000 < Re < 10000) was used to correct the heat transfer

cocfficient measnred with the hrine-filled aluminum tube (£ = 4 iueh (10,16 cm)) lor
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Figure 5.22; Dry bulb temperature and thermal response of a brine-lilled aluminum

vessel Lraveling through the processing sones of a comersial coutinnons
smokehonse. A production delay oceurred i the fist processing zone.

the diameter of the real product (P, = 4.25 inch (10.8 em)). The corrected values
are given in Table 5.4.

The convective mass transfer coefficient can be calculated from the measured heat
transler coellicients by employing the analogy between heat and mass transfer for low
mass transfer rates as described in Bird. Stewart and Lightfoot [1960]. The mass
transfer rales under investipation in this study were assumed to be small enough o

gualify as low mass transfer rates. Equating the Chiltan-Colburn j-factors for hear

and mass transfer yields

Sen i
. (Pr).r

where Lhe mass transler coellicient by is based on a mole fraction driving force. The

h
kf_.'r.u

£,

(5.17)

ratio of the Sehunidt and Prandtl numbers in Eyuation (5.17) is also called the Lewis
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number and ean he written as

1§ .
Le = — h.18
Dag g

where v and {45 are the thermal diffusivity and the binary diffusion coefficient of
the moist air, respeciively, The diffusion coefficient can be obtained from Lhe relation

a— S | 4 S _
Do ity [m? /8] = D.28107% (—j}m}]) (5.14)

given by Incropera and DeWitt (18901 To obtain a mass transfer coetlicient based

o A vapaor pressure driving foree £, the coellicient k;,, can be converted with vhe

relation
M., S
kp = -J-_I,."Tr" (7.200)

where M, apd F, are the molecnlar weight of water and the toral pressure, respee-
tively. Mass transfer coefficients &, ealeulated from Equation (5.17) for several values
of the relative humidity and one drv bulb temperature are shown in Figure (5.23).
The applicability of the heat and mass transfer analogy was verilied with di-
rect measurements of the mass transfer cocfficient. These experiments consisted ol
recording the weight loss of water-filled standard moisture-permeable cellulose cazinps
(11 = 23 mmn) suspended in a stream of nnsaturated air. A similar technirme was
reported by Agrawal [1876]. The filling with water prevented any internal resistance
to moisture transfer that would complicatre the caleulaton of k,. It was assumed
that the casing cansed no resistance o mass transfer, i.e. the casing surface was as-
sumed to be fully wer. It should be noted that chis assumprtion was realistic nnder
the conditions of the experiment. However, during the thermal processing of a meat
emmlsion product, the casing dries out and its resistance to mass Lransfer has to be

investigated further.
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for three different humidities and one temperalire.

Assuming that Lhe driving [orce for mass transfer is the difference between the
vapar pressure of warer at the casing surface apd (he partial pressure of water in the

approaching maoist air, the mass transfer coefficient was calewlated from the equation
= 'I;p A {P:.'r.a i Fu..‘x._} 15*2”

where A denotes Lhe exposed surface area of the casing, k&, the mass transfer coefficient
based on a partial pressure driving force and i the mass of water evaporated at
the easing surface per (ime, Sinee the casing surface was assumed to be wes, the
experimental sctup was equivalent o that of a wet bulb temperature determination
and a pseudo steady state developed where the temperamre of the water inside the
easing equaled Lhe wet bulb temperasure of the approaching air. In this case, the
vapor pressure of waler at the casing surface p. . could be directly determined from

the known relationship between teperature and pressure of a sasurated vapor. It was
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Table 5.5: Determination of the mass transfer coefficient &, from the weighl loss of
water filled standard moisture permneable celluluse casings suspended in g

stream of unsaturated air in a smokehousze b

Experiment Number of =amples b, mean valie fepy standund deviallon
[filled casings) [kg/T'am?s] = 107 [kg/Pam?s] x 10

tn hateh type smokehouse™ ] 4.1 l.1

free conugetion™ 3 0,60 045

! n heat teansfer coefficient of h = 66 W/m K was measured for the same air velocity
P Tay = 2000, Ty = 117°C (AH = 31%), medium air vilocity
® game ambient tempecatane and homidiey bet no aie yelocity

assimed that the time needed to reach this pseudo steady state was small compared to
the time at which the loss of water caused a dimensional chanpe of Lhe filled casing.
The batch type pilot plant smokeliouse described earlier in this section was nsed
to provide the air Aow for these experiments. The same setting of the air velocity
used for the dererminarion of the hear transfer coefficient (Section 5.4) was used
in these experiments. Using psvchrometric relations to obtain p, .. from the total
pressure and the dry and wer bulb temperatures of the approaching air, the oass
transfer coefficient was calculated from Equation (5.21). Results of the experiments
are shown 1o Table 5.5, 'Uhe measured mass transfer coefficients compare well wilh
those calealated by using the best and mass ransier azalogy from measured heat

transfer enefficients as shown in Figure (5.23).

5.5 Moisture Loss of Emulsion Products during Processing

The moisture loss of meas emmlsion produets during processing was maonitored for two
different processing environments, a bateh operated foreed air pilos plant smokehonse
and the test section of the laboratory apparatns deseribed in Seetion 5.1, Tn addizian

to these experiments, the initial and final masses of the samnples used in the deter-
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Figure 53.24: Weight loss of full-fat products stuffed in standard moisture-permeable
cellulose casings and processed in a batch type smokchouse. The prod-
nets were removed at various times of processing. The preeision of the
measurements was tesfed ar fwo times. The data of these control exper-
iments are provided at the bottom of the plot.

mination of the temperature profiles (Section 5.2) were recorded and are reported in

Table 5.1,

The weight loss of products during proeessing in Lhe foreed aiv pilat plant smake-
house was recorded by removing produtts av specilic processing times. Thirteen
slrands consisting of three products each were prepared by souffing a standard mois-
ture=permeable cellulose easing (D = 23 mm) with a ll-fat meat emulsion. The
ends of the stuffed strands were closed with a lmot. The strands were then weighed
and plaved invo a metal frame with rubber nicks. When pushed into these nicks, the
individual product links formed from the studfed strands. One of the productl slrands
in the middle of the framne was removed at this time and weighed again. No decrease

in the weizht was observed. The prepared metal frame was then placed vertically into




116

the venter of the preheated smokehouse and connected to a rotating device, During
processing, this device rotated the metal frame by approximately 310 degrees back and
forth, with one turp lasting approximarely 5 seconds and no delay between individuoal
turns. The processing conditions were Ty = 79.5°C, BH = 17.5% and & = 66.0
W/m*IK. 'This value ol the heat Lrapsfer coeflicient was weasured for the same sekting
ol the air velocity in a separate experiment (Section 5.1). ln order to monitor the
weight loss during provessing, the produel strands were removed trom a randomly
selecled posilion in the frame at times manping from 8 to 180 minules and weighed.
At two times (24 minutes and G0 minutes). more than one strand was removed from
the amakehonze to test the repraducibility of the experiment. The meagared moistare
losses, plotred as a fraction of the inital weight, are shown in Figure 5.24. The indi-
vidual values measured at the times when several product strands were removed to
Lest the reproducibility of the cxperimens, and a sketch of the product arranpement
in the metal [rame, are also given in Figare 5.24.

The weight loss ol products during processing i Lhe tesy section ol the labora-
tory apparatus deseribed in Section 5.1 was measured by recording their weight every
1O minmtes. The samples were remaoved from the test seetion, weighed and imme-
diately returned to their original position. The remaoval, weighing and return took
approximarely 43 seconds. 1t was assumed that this nime period was short enough to
bave negligible imfuence on the measured weight loss. [Full-far and no-far emulsions,
both stulled in meisture permeable standard cellulose casings (D = 23 mm), were
investigated for this experiment. T'wu runs under the same conditions, Ty = 7RO,
RH =6.1% and i = 33.3 W/m*K, were conducted for each sammple. The value of the
heat transfer cocfficient was measured in & separarte experimens for the same fowrate
through the apparams (Section 5.4). Resalts are shown in Figare 5.25. The no-fat

product lost significantly more moisture than the full-fat produet (about 25Y% after
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Figure 5.25: Measured weight losses of full-Tat and no-fat prodnets stuffed in standard
maistnre-permeable eellulose easings and processed in the test section of
the laboratory apparatus,

80 minutes compared to approximately 10%). This resule confirms that the moisture
loss 1y limited by internal diffusion of moisture to the product surface. Conseqguently,
the no-fat emnlsion with its higher effective moisture diffusion coellicient can supply
more maoisture from the inner regions of the product ta the surface. These find-
ingrg are in apreement with the results from the temperature profile measurements

(Bection H.2).

5.6 Dry Density of Meat Emulsion

The dry density describes the ratio of the hone dry mass (Le. protein, fan, carhohy-
drates and inorganic materials) and the volume of the meat comilsion. One assumption
smnploved in the simulation model developed in Chapter § was that the volume of the

meat emulsion remains constant during the relasively small moisture losses encoun-
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Table 5.6: Results from the determination of the dry density of full-fat and no-fat
meat emulsions based on the total density and the moisture content. The
dry density is a parameter needed for the simulation model.

Sample Masz  Voluome Total density  Maistore content Ty density
gl [ml] [kge/m*] (kgm/ke: ] [k /m?]
full-fart preniuct [19.8 117 1024 0.576 454
no-fal product 1388 134 1036 (1570 135

tered during commercial processing. Therefore. the dry density can be viewed as o
sumewhat artificial paramerer needed for the simalation model to relate the moisture
concentration (in terms of mass of water per mass of dry material) to the moisture
density (in rerms of mass of water per volume).

The dry densities of a [ull-fav apd a no-fat enndsion were determined experimen-
tally. A stofling machine and standard cellulose casings were used to produee some
linlei of cach cranlsion type. The twisted easing eomneetions of twao links wore then
secured with a thin string and the links remainming an each end of the strand were ent
away and discarded. The two produets obtained by this procedure were then weighed
and submersed into a graduated eylinder (roral volume of 500 ml) initially half-filled
with water. [t was assumed that the error introduced through the presence of the
thin casing was peplipible. 'The time needed to take the readings was also very short
compared 1o the lime neesded for any moisture diffusion into the producs to affect the
reading. The initial moisture content (per wet basis] was known from the preparation
of the two emulsion rypes. The dry density for each emmlsion was then abrained fram

the eguation

mrl = L"—’m}
pa= (5.22)

where m, V' and w,, are the mweasured (wet) mass, the measured volume and the

lmown meisture eantent per wet basis, respectively. The results ol these dry density
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experiments are swmmnarized in Table 56  The higher iy density of the full fal
emulsion corresponds Lo its lower moisture content. The slightly higher total density
of the no-fat, product can he explained by the density differences of water, lal and

profein.

5.7 Nuclear Magnetic Resonance (NMR.) Experiments

Several experiments with magnetic resonance imaging (MRI) and pulsed field-gradiens
(PEG-NMR) methods were conducted in an attempt 1o measnre maisture Concentra-
tion profiles and effective moisture diffusion coefficients, respectively. First, the basic
principles of all melear magnetic resonance rechmigues are introduced. This part is

followed by a description of the individual MRI and PFG-NMR experiments.

H.7.1  Same Hasic Principles

Nob all inportant aspeets of NMER are iulroduced heee, This woulil be a lornadable
task well outside the scope of this section. However, some hasic principles chat will
aid in the understanding of the experiments deseribed in Secnons 5.7.2 and 5.7.3
are covered here. Atoms of interest in NMR have nuelel possessing magnpetic dipole
moments arsing from spin-like monons. These atoms have nueled with an odd number
of protons or neutrons. 1 he spin-like motion generates a magnetic moment, u, which
it collinear with the angular momentum, J, also called spin, and related by the

eruaLion
= (5.23)

where «y is the gyTomagnefie ratio, a constant for a given isotope. If such a mncleus is
placed in a magnetic field. the magnetic momens will experience a torque, resulting

in & precession of the magnetic moment about the magnetic feld. analogous to a op
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preeessing abemt the earth’s gravirational field. The frequency of this precessional

motion is given hy the Larmor equation
w =y {4 (5.24)

where w. v and L3y are the Larmor precession frequency, the gyromagnetic rotio and
the magnetic field strength, respectively. Equation (5.24) is sometimes also called the
fundomental eguation of Nuclear Magnetic Resonance.

The fundamental principle of all nuclear magnetic resonance Lechuigues is the
absorption of resonant radiation by an ensemble of noclel with magnetic moments,
The absorption of radiation by a wolecule involves an energy level transition from its
stable pround state Lo an exciled slate ol higher enerpy. For the transition o take
place, the energy of the radiation must mateh the energy differenes AE between the

twa states. Plancl's law
AE=hp {{:.‘35'}

relales Lhis energy difference to the energy of the radiation quantuw, where v is the
frequency of the radiation and 5 a Plaock's constant. Consequently, the spectrum
of frequencies al the which a substance has strong absorptions gives a map of the
energies of the exeited stafes of the molecules in the substance.

Two views of this fundamental mechanism exist, the classical mechanics viewpoint
and the guantum mechanical! view. Both ways of thinking about the nuclear magnetic
resonance phenomenon are useful and complement each other. For example, if one
could measure the components of the magnetization vector of a single proton, only
two discrete values wonld be abserved. This 1= beeause atomic phenomensa do nal
hehave classically, ie. they do pol ohey Newloniap mwechanics, However, Lhe sipnal

abaorved in an NMHE experiment is derived lrom a large ensembile of sping and behaves
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in a classical manuver, i.e. the bulk magnetization from all of the spins in the sample
can be represented bn a single vectar.

A detailed diseussion of the physical principles leading to the use of magnetic res-
onance imaging (MRI) and pulsed feld-gradient nuclear wagnetic resonance methods
can be found in a oumber of sources, including Abragam [LYG61], Stilbs [1987], Smith
and Ranallo [1989] and Callaghan [1991]. A summary ol the applications of MRI in

the food ndustry is given by Schrader et al [1992].

H.7.2 Moisture Profiles from Magnetic Hesonance Imaging

Measurements of moisture proliles in mweal emulsion products wore condueted at the
National Magnetic Resonance Facility at Madison (NMRFAM). The laboratory ap-
paratius deseribed mm Seetion 5.1 was moved to that location. The goal was to process
meat emulsion products under the same conditions as those used in the temperature
profile experiments and to subject them to the imaging process. lt was planned to
remove the samples from the test section av different processing limes in order o
abtain moisture profiles an different stapes of the processing.

A Bruker Instruments DMX-100 WB (9.4 lesla) marnetic resonance spectrometor
operating at 400 MHz for proton detection was used. Images were acquired in a probe
equipped with self-shielded gradients and a 25 or 30 mm praobehead. Both standard
gradient-refoensed echo (GRE) techniques with a 3° tip angle from a low power 2 ms
pulse and line spin-echo (SE) experiments were used. In the GRE measurements,
the echo time (time between the 3° pulse and the mid-point of the echo) was 3.2 s
and Lhe repetition Lime (time between pulse sequences) was 14.5 ws. T'he resonance
Irom [al protons was suppressed by the use of a Irequency selective pulse followed e
a stromg gradient along the direciion of the slice axis. The fleld of view for imaging

was 30 mm. The echoes were aconired in 236 points with 128 phase-encoding steps.
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Two data sets were collected per image and the slice thickness was 8 mm. The
line spin-echo (SLE) experiments were performed with an echo time of 9.75 ms and a
repetition time of B seconds. Selection was achieved using a slice gradient during she
90", 2 ms pulse and a phase gradient during the 180°, 2 ms pulse. Suppression of the
fat resonance was achieved by use of a frequency selective pulse before the spin-echo
seuenee. Bight scans were acquired in each experiment. "L'he slice (hickness in the
spin-ceho experiments was also 8§ nun.

Shimming (i.e the use of external mwappetic Gelds to compensate for mapmetie field
gradients generaved by the presence of the sanple in the magney) was done initially
om A tube of tap water filled to a level similar Lo what a weatl emulsion produet
oceupied. Final shimming was done en an unecooked meat praduet. Water linewidths
were on the order of 200 [z, The signal to noise rario (S/N) was abeut 8:1 for the
GRE experiments and about 16:1 for the SE experiments.

Despile various attempts at different parameter sertings, no reproducible moisture
profiles conld be obtained with either the GRE or the SE method, In the GRE ex-
periments, the magnetic suseeptibility pradients present in the meat products caused
extreme variations in the signal intensity across the sample. In the case of the non-fat
products, the signal intensity vanation was too great fo eonsider acquiring any nsable
data. This variation evenmally led to the use of the SE experiment. However, even
in these experiments, the signal intensity varied more than the ambient noise. It was
postulated thay the inhomogeneities were caused by variations in the water content
af the praducts on the 50-100 pm range, ie. the resolution Hmits of the experiment.
In addition, it was thought that inadeguate shimming was responsible for the ex-
perimental difficnlties. Even though the samples were relatively bomogeneous, their
large size and minor variations in shape inferfered with the siringent requiremenls lor

reproducible sample orlentations in the magnet. The necessity for acomiring images
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Figure 5.26: NMR-signnls from line spin-echo experiments for a full-fat meat ennl-
siom in a ecllulose casing before thermal processing (top line) and after
processing an R0°C for 45 minnres (hottam line). The measnred weight.
logs between the uncooked and the cooked anmple was 7.2%

as rapidly as possible in order to prevent distortions of the moisture profiles limited

the available rine for shimming beltween Lhe removal of products from the test section

of the processing apparatus and Lhe insertion into the imaping probe, The relatively
kigh salt eontent of the mear praducts was also thoupght to cause imapging problems.

Upon eooldng, the loading of the radiofrequency coil was outside of Lhe compensalion

range for the coil. This led to an uncertadnty in the absolute signal intensity and a

logs in the signal to noise rartio.

In general, the zignal to noise lmits of the experiment may have made any gra-
dients undeteetable. Since the smulsion products were lusing only 5 to 10% of the
mmitial water comtent, the noise dcross Lhe sample may have hidden this intensity loss
even though it was concentrated as a gradient vear the edie of (ke sammple, Fewer

problems were encounterced with the spin-echa experiments but it was still nol pos-
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sible ta abtain reproducible tesults. Typical mnagnetic resonance signals from the
spin-echa experiments for a full-fat product before and after thermal Processing are
shawn in Fignre 5.26. The moisture loss, as measured with a balance after 45 minntes
of processing, was 7.2%. However, the obtained magnetic resonance signals indicate

a significantly hipher moisture loss.

5.7.3 SelEDiffusivities wilh a PFG-NMR Technigue

Several experimental techniones can be used Lo measure the mutual diffusion coef-
ficients found in Ficlk’s law for binary or multicomponent mixtures. "The common
starting point for these methods s a nop-equilibrinm state of a macroscopic systom,
for example caused by a step change in external species concentrations. Beeause of
the relatively small mwapnitude of diffusion coefficients in many walerials, these meth-
ods tend to be very thne consnming. In recent vears, nuclear mapnetic resonance has
been usged to measure seli-diffnsion coefficients, also called tracer diffusion or intrad-
illusion eoeficients (Coffman [1994]). These techniques examine systems thao are al
pquilibrinm and yield resnlts in a martter of minutes. Althongh mutual diffusion and
self-diffusion deseribe different phenomena, the two cocfficients have been said to be
elosely related. Different notation schemes for diffusion coefficients can be found in
the literature, In the present study, the self-diffusion coefficients are denoled by D’
(or D} and D5 to indicate the seli~diffnsion coefficients of different species).
Selfdiffusion characterizes the random walk provess expetienced by molecules in
a solutiem or solid as a reswle of thermal motion. The mean square displacement,
72, in an isotropic system withous thermal or concentration gradients is given by the

Einstein equation
(r) — 6Dt (5.26)

where the angular brackets svmbolize a time average. Typical self-diffusion coelli-
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cients [or food systems range from about 10~ m?/s to 10 ** m®/s. The larger ligure
corresponds {o a root mean square displacement of 0.077 muw during one sacod.

Stejskal and Tanner [1963] reported a method to measure self-diffusion coellicients
with a pulsed ficld-gradient spin-echo nuclear magnetic resonance technique (PFG-
NMR). Tn the PEG-NMR experiment, the application of a magnetic field which varies
with position makes it pussible to label the molecules by the Larmor precession fre-
cueney (Section 5.7.1) and moemitors the root mean squared distance Lhe malecnle
travels during the course of the experiment. The magnetic field is homogencous
throughout the experiment and the effective dispersion and refocussing of the spins
oceurs in (wo identical Acld-gradient pulses. The system is initially at thermodynamic
equilibrium in A static magnetic feld of strength Oy, The ellective abservation bitue
A over which the self-diffusion coellicient is determined corresponds fo the delay time
between the two magnetie field-pradient pulses of duration a.

For nnrestricted Brownian diffusion, the ratio of the echo attenmation with and
without applied magnetic field gradients is related to the diffusion coellicient and
experimental parameters. Stejskal and Tanner [1965) derived the equation

8/80 = expl (7391 D" (A= 2)] (5.27)

"

where S is the echo amplitude. g is the echo amplitude in the absence of the field-
eradiens pulses, ¥ is the gyromaguetic ratio of the observed nucleus (for the hydrogen
mucleus, or proton, ~/27 = 42.58 MHz/T), 4 is the duration of the field gradient
pulses, g, is the field gradient produced by the gradient coil per unic current, and [
is the current thraugh the gradient coil. I the natural logarithm of the sign al of a
one-component sohition is plotted against the time of the experinents, exprossed as
{70 5. N (A — §/3). a straight line is observed. Equation (5.27) can he extended to

the case of two diffusing speeies with different diffusion coeflicients. Assuming thas
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the two species diffuse independently, one obtains
- 3 = N ' ﬁ. - - @ + '5
S =5 expl—(vog.1)" 1} LA — E” + &3 expl—(7r 2 0. Iy &5 (&= ._3'” (&25}

where D7 and D are the dilfusion cocfficients for two spocies, respectively. If the
natural logarithm of Lhe signal of a two-component solntion is plotted against the Lime
of the experiments, two distinet slopes are observed if the self-dillusion coeflicients of
the individual species differ significantly.

When a molecule cannot diffuse freely, for example because it is trapped inside
of a small particle within a heterogeneous system, the diffusion eocfficient extracted
from the PFC-NMR experiment will differ from the diffusivity of the moleculs in
an unbounded region. As the molecnle diffuses for a longer period of lime, thore
i« a higher probability that it will encounter the walls of the particle. It can be
expeeted thar the echo atlenuation at long observation times wall be determined by rhe
dimensions of the particle. Several researchers (e Callaghan et af. [1983], Van Den
Enden et al. [1090], Lénnqvist et al. [1991], Balinav et al. [1993] Fourel et al. [1994])
have nsed this phenomenon to relate seli-diffusion cocficients weasu red with a PFG-
NMR wethod for different abservation fimes A to the structures of cmulsion systewms.
The appropriate expressions for Lhe spin-ccho intensity for restricted diffusion have
been derived for various peomeltries, including parallel barriers and spherical cavities.
For restricted diffusion in a spherical cavity, the self~diffnsion coefficient is related to

the cavity radius £ by

B s 5.29
5A (5.29)

Experiments with meat emulsions were conducted on a Chemaznetics CNC-300
spoctrometer operating ar 300 MIlz with a 8.3 em bare smperconducting magnet. A
glass tube of 5 mun internal diameter was used to infrodnce the samples into the center

of the magnet. Details of the apparaius are described by Gibhs [1989] and in & related
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Figure 5.27: One-dimensional NMR spectra for high-fat and low-fat meatl cuuolsion
samples, The comparison with water (left plot) allowed the assignuent
of one of Lhe emulsion peaks to the water protons, U'he data was collected
on a Chemagnetics CMC-300 speclrometer operating at 300 MHez.

paper |Gibbs ot of., 1991]. Both uncooked and eooked emulsions were investigated af

two temperatares, 26°C and 0°C. The higher temperature was considered too low to
cook the uncooked emulsion. The uncooked samples were obtained from a commercial

processing operation. The cooked, i.e. processed, produets were purchased from a

loeal store. "Uhe moisture content of the samples was devermined wich the A 0O.A O

1980] aven drying method deseribed in Section 5.3, Uhe uncooked emulsions were

filled by means of a syringe into the sample tube. A sharp kuife was used to cut

sections from the center of the processed producss. Two observation times A were
used in the experiments. The twa times (A — 16.6 ms and A — 133 ms) correspond
to one and eight periods of the 60 Hz alternating ewrrent nsed in the experiments.

Beeause of limits in the signal to noise ratio, it is not possible to condunet PEC-NME

experiments with sipnificantly longer observation times. The duration of the field

gradient ymlses 6 and the current Lhrough the pradient coil / were varied from 2 to

9 ms and from [ ta 3 A, tespectively.

Some of the measured one-dimensional Fourier transformed free induction decays
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Figure 5.28: Echo iutensily for a low-fat cooked meat emulsion at 25°C. Each entry
was obtained from the Fonrier rransformed free induction decay at the
eorresponding valie of the expression (748 g, 1)? (A — §/3).

{spectra) of Lhe emmulsions are shown in Fipure 5.27. Lhe camparison with the spee-

trom for pure water allowed the assignment of anc of the emulsion peaks to the water

protons (Figure 5.27-a). The comparison of full-fat and no-fas samples was used Lo
assign the second peak to the lipid protons (Figure 5.27-b). This method of identi-
fving the peaks is similar to the technigue reported by Callaghan ef ol [1933] for
different cheese products. As an example, the measured sigpal atlenvation data ar
25°C for the low-fat cooked emulsion is shown in Figure 5.28. The resulting self-
diffusion coefficients are summarized in Table 5.7. The diffusivities were obtamed
from a nonlincar least-squares fir with Equnation (5.28) to the data plotted in the
form of Figure 5.28. The 95% confidence intervals shown with the diffusivity data in

Table 5.7 give the uncertainty associated with the fit., and are not replicate samples

or measurements. However, some measurements of echo intensities were canducted

three times in order to test the reproducibility of the experimental setup. A very
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Table 5.7: Proton self-diffusion coefficients for low-fat and high-fat meat emulsions
measured with a pulsed ficld-gradient nuclear magnetic resonance (PFG-
NMR) method'. The self-diffusion coefficients Dj (for the diffusion of
water protons) and DY (for the diffusion of fat protons) were caleulaled
from Equation (5.28). No experiments were conducted at 1" = 50°C lor

A =133 ms.
A = 16.6 wmx A =133 s
Turnperature, sample  Maoist. content® D7 = 108 D3 = W08 D < 10F A (VA
tty [kgm kgl o /] m* /] [m? /8] [m? /5]

T = 25°0

low-fat, coolked 1.75 (64%:) ldax 03 451 .72 1.42£.00 060 £ Al
high-Tnt, coolod 0.09 [AD%) L4406 239+£.560 Ll4£.02 4.01 £ .20
bovw=Tul, el A.66 | TRY) L7 1 .05 284 018 1400 .02 J2.8:k 2.9
Bigh=Tut, anenoked 1.27 (56%) L3+ .11 88415 131+ B.75 1 6]
T = ~|”¢n

lovw=fat, conked 1.75 (B4%) 220+ .16 J.424 .85 - =
higli-fat, cooked 0.99 {50%) 2354 .19 2164 .57 - =
low-Tat, uncooked 3.56 [T8%) LT ==07 223+6G.9 - —
high-fat, wneooked 1.2T7 [RAR%) 2504 54 2044 BR - -

' for pure waler at 26.5"C, & selldilfusion coefident of 0* =253 = 10~¥ m? 5 was messured

* ihe vilues in parentheses are the moistnee fractions in percent

close apreement was found between the individual results (Figure 5.28), For pure
water af 26.0"C, a sell~dillusivity of 07 = 2.33 x 107" m*/s was mweasured with the
same experimental setup,

The values abtained for the water seldiffusivities in meat emulsions are somewhat
smaller than the self-diffusivicy for pure water and indicate Lhat Lhe water molecules
cannot diffuse as unrestricted as in free solution. Howeser, the values obrained for the
self-dilfusion coefficients of water are in general one order of magnitude larger than
the values for eflective moisture diffusivities reported by Agrawal [1976], who found
that values of Dy belween 0.6 and 1.3x107? m?/s best described the moisture
concentration profiles and molsture losses during the processing of meat emulsion

products. The deercase of the abtained water self-diffusion coefficients with incressing
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time A at T = 265°C indirates that the water moleenles are restricted at a lenpgth scale
that corresponds to this time span (16.6 to 133 ms), for example at the interfaces
of protein matrix and fat particles. In general, the short times A during which the
seli~dilfusion is monitored in the PFG-NMHR experiment seems Lo prevent conclusions
aboul ils mapnitude al lonper tines, ie. the thnes during which moisture diffusion
oceurs in the processing of meat emulsion products (minutes to hours).

Egnation (5.29) can be used Lo estimale the size of the fat droplets in the meat
ermlsion. Using an observation lime of A — 133 ms and the range of self-diffusion
cocfficients for the fat protons listed in Table 5.7 (D* = 4 x 107" to D* = 30 x
107" m?/s) yields cavity radii of 5.2 pm to 141 pm. These values agree with the
findings reported by Carrol and Lee [1881] who investigated meat emulsions with a
light microsvope and found the lipid droplets to range in size from 100 pm down to

the resolution of the microscope (Scction 2.8).
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Chapter 6

Parameter Estimation and Simulation

Results

1o this chapter, & noolinear parameter estimnation program, toselher with Lhe siinn-
Fation model developed in Chapter 3, is used (o determine the effective maisture dif-
fusion coeflicient of the weal emulsion frome experimentally determined data, These
data inclhide the temperamure, moisture loss and maoisture profile meagurements con-
ducted in this study (deseribed in Chaprer 3) and the temperature data for the
processing of large diameter ennlsion produers reported by [lanson [1988], Several
functional forms of the effective moisture diffusion coefficient are investigated for their
potential of minimizing the deviations between measured and simulated data.

Most of the input parameters of the simndation model developed in Chapler 3 were
taken from data reportad in previous work, for example the specilic beat and the ther-
mal conduetivity of meat emmlsions (Chaprer 2). or were defermined sxperimentally,
for example the average heat transfer cocficients in varions processing covironinents
(Chapter 5). Very little reliable data for the moisture diffusion coefficient were found
in the literature. Since this parameter 15 believed o have a large influsnee on the

simulation resulls, measurements were attempted with a pulsed feld-gradient nuclear
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magnetic resonance method (Section 5.7.4). However, the self-diffusivities obtained
with this technique showed a dependence on the relatively short times of observation
dnring the magnetie resonance experiments (16.6 ms and 135 ms) and could therelore
not be related to the effective moisture diffusion coefficients found during the pro-
vessing of meat emulsion products. Henee, the ellective moisture diffusion cocfhicient
was determined indirectly from the measured dependent variables, i.e. the tempera-
ture profiles, woisture proliles and woisture losses (Chaprer 5). For this purpose, a
nonlineawr parameter estimation program, in conjunclion with the simulation model
developed in Chapter 3, was used Lo cowpute Lhe ellective moisture diffusion cocffi-
cients that provided the best fit of measured and simulared data. Tn addition to the
dependent variahles mensured in this study, the effective mosture diffusion coethcient
was estimated from the temperature data for the processing of bologna products as
reported by Hanson [1988] (Seerion 2.4). llowever, since the values of the average
heat transfer coefficients were not reported in Hanson's study, the nonlinear parame-
Ler estination program was used to determine both the woisture diffusion coefficiont

and the heat transfer coeflicient from the reported data.

6.1 The Parameter Estimation Program

In principle, the parametsr veclor of the sipulation model that minimizes the devia-
tioms hetwean measured data and modeled results could be abiained from a systematic
investigation of all possible paramerer valnes. In practice, however, this approach is
too time consuming and a methadology that scleets the parameters based on the
responses of the previous parameter choiee is neeessary. This task is accomplished
Ly parsmeter estination programs. The computer program GREG (Srewart et af.
[1993]), wrilten in FORTRAN, was used for the parameter estimation caleulations in

this study. The parameters providing the hest fit hetween measured and simulated
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Figure 6.1; Procedure used by the nombnear paramener estimation program to find
the values of the effective moisture diffusion coeficient and the heat trans-
fer eacficient that minimize the deviations hefween measured and simn-
lated datn. The subrontine MODEL, i.c. the simulation program provided
by the user, is linked with the parameter estimation program.

data are found by calling the simulation model wich different parameter values, The
parameler veelor van represent 4 sinple model parameter, for example the {constanl)
moisture diffusivity, or several model parameters, [or example the coellicienls in a
funetion for the moisture diffusivity if the latter depends on the moisture concentra-
tion and/or the temperature (Table G.1). The parameters can be estimated from the
measured data (also called observations) of one or several dependent vamables. The

Lermns sinple-response and multiresponse are used to describe these situations. The



131
minimization wilth GREG is perlormed hy a modified Newton method, starting [rom
a supplied initial puess for Lhe parameters. In each iteration, the objective lunetion,
i.e. the deviations between the measured and simulated data, is approximated by a
gradratic funetion over a feasible region of the space given by the supplied lower
and npper bounds of the parameters. The objective function for single-response es-
fimations is the weighted sum of squares of the deviations of the observations. For
multiresponse estimations, a modified objective [unction can be used if the relafive
precisions of the responses are unknown. A minimwmn poinl is then computed from
the quadratic approximation and the resulting paramelers are changed when o farther
minimization of the objective function is pussible. These iterations are repeated nntil
4 convergence criterion is satisfied or a maxhiun allowable namber of iterations is

reached. A praphical representation af the deseribed proecedure 15 given in Figure 6.1,

6.2 Estimation Results and Residuals

In this section, the results of the parameter estimanons are deseribed. The residuals
are plotted in Subseetions 6.2.1 to 6.2.5. In all plots showing measured and simulated
data, the former are drawn with solid lines. Values of the model parameters thar did
not change with parameter estimations and simulations for different experiments are
summarized in Table 6.2. These values were obrained from measurements (Chapter 5)
or from findings reported in the lterature.

Several models for the effective moisture diffusion coellicienl were investigated. In
acddition to a constant effective maisture diffusion cosficient, several funetional forms
accomnting for possible concentration and temperature dependencics were cxamined
(Table 6.1). However, the objective functions for the multiparameter models were
only marginally smaller than the residuals obtained using constans moisture diffusion

coellicients. The resulls ol Lhe parameler estinalion with copstant diffusion coeffi-
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Table 6.1: Funectional forms of the effective moisture diffusion coeflicient investigated
with the nonlinear parameter estimation program for their potential of
minimizing the deviations between measured and simmulated dala.

lovestipated model Comment

.y = ronst. simplest case

Dy =a u" T* three parameter model

[l = a exp (_u" '1"”) three parameter exponential model
Dyjr = a exp I:h b ru? o I‘TI) six parameter exponential madel

cients for all simulations described in the following subsections are summarized in
Table 6.3, The last column indicates Lhe Ggure where the measured data are plotied
together with the simulated resulls, using (e moisture diffusion coellicient and (he

hear transfer cocfficient computed with the parmmmeter estimalion program,

6.2.1 Temperature data Irom small diameter products

Surface and eenter temperalures of full-far and no-fat small and medinm diameter
products processed in the test section of the laboratory apparatus at different relasive
humidities were recorded with thin thermocouples [Section 5.2). The data acquisition
system was set at a sampling interval of 5 seconds. TUherefore, 1080 time/temperature
observations were recorded for each thermacouple in experiments lasting 90 minutes.
From these data, 32 pairs of surface and eenter temperatures, distribuled between
times of 0 and 85 minutes were selected from each cxperimens as the abservations for
the parameter estimation program. The heat transfer cocfficient in the test section
of the laboratory apparalus was measured with a solid aluminum prohe nsing the
lumnped capacitance method [Section 3.4) and a value of 33.3 W/m?K was ohtained.

The analogy of heat and mass transfer (Seetion 5.4) was then used Lo caleulate a
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Table 6.2: Values of the model parameters that did not change with simulations or
parameter estimations for different processing conditioms.

Simulation parameier Comments Drefined fdeacribed in
and velue or modcl Sertion/on pags

dry density, kgg /m®
pg = 434 for full-far emnlsion a.6/117
Ay = 145 for no-fat emulsion a.6/117

heat of evaporaltion of water, kl/ke
AH, =3160 24267 IK]  curve i to tabulstad data

specrfie heat, kI ke R

iy = 1.68 [ur thie ey esnnldivn cumpoaenls 2.1/13
Oy = }:ﬂ a; I for waler, Lhe a;'s are given bolow
= iy A Wy ilend solulion model fur emualsiog 3.2.1/45

thermad conduetinty, W /in T

k=10.080 1 N0.52w,, for sl meats, as reported by Sweat [1975) 3.1/14

coutibrium ooislure condont, ke, Tk

w= E'{ hy IKH? curve fit to data reported by [pheka and 1.5/23
Ulaisdell 1082), the 4's are given below

ag = TAT.1, 0y = —11.56, as = 7.0838 x 10™*, a3 = —2.1655 x W™, ag = 3.3019 = 10-7

as = —2.0088 x 10 '™, b = 1.0802, b; = —8.3266, by = 30.65, hs = —48.910, b; — .48

mass transfer coefficient of 1.4%10°7 kg/Pam®s. The initial temperature of the meat
products was G°C. Initial moisture concentrations of u = 1.358 kg, /kgy for the full-fat
emulsions and »w = 6.692 kg, /kg, for the no-far samples, corresponding to moisture
mass fractions of (LATE and (L4870, respectively, were measured and used in the sim-
ulations. The values of the effective moisture diffusion coefficienss computed with
the parameter estimation program ranged from 1.13%10 ¥ fo 2.24%10 " m*/s for
the full-fat emulsion and fram 1.77%10 ' 10 3.55%10 % m?/s for the no-fat samples
(Table 6.3). Since all full-fat emmisions nsed in these small diameser temperamre ox-
periments came from the same batch, an average value of Dy — 1.48% 10 1" m®/s was
caleulated for this emulsion type. The variations in the estimated resnlts are cansed

by limitations of the experimental data and/or the simmlation model. Similarly, all
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Table 6.3: Results from the nonlinear parameter estimanion. The given values of the
cffeetive moisture diffusivity and the hear transfer coefficient provide the
bhest fir of measured and simmlared data. The values in parentheses pive
the 95% probability interval of the corresponding parameter.

Values of the effective moisture diffusion coefficiont Figure)/
in [m®/s] and the heat transfer cocflicient in [ W/m* K] an pags

remperature prodiles from emall diameter producte in cellulose casings

udl-fat product no-fat product
i =6.1% Loy = .24 (£0.135]) x 10 mn Dy = 3.85 (20011} = w2140
HH = 165.6% D = 1.07(£0.098) x 10 1@ D = 2.52(£0.153) = -t 6.2/139
RH = 32.4% Doy = L13(£0,185) » |10 Doy = L7 (£0.109) % 1{) 0 6.2/139
averapge value Deg = 1.8 x 10~ Dey = 281 = 10~

temperaturs profiles from full-far mediom diameter produees in fhrons casingy

P = TT0C, R =7.1% Doy = 1.63(£0.203) x 10 ' fia/111
Ty =TT, RH = 18.0% Dy =0.910(£0201)x 10 ¥ fid/111
Ty, = 77°C, RH — 37.4% * 0.3/141
average value D =127 x 1~

maisture 088 sEperments

[ull-lat product v boleh smokeliwse D.g — 0.913(£0.151) x 10 10 G 1)
full-fut. product in the lahoratory app. Do = 0987 (=0.121) = 10~ B0 144
no-fat product in the laboratory app D = 373 (40.247) x 10— AR E
maisture profile pxperiments

small diamerter product (full-Tat) D.g =252(+1.95) =10 17 6771406
large dismeier produet [low-fsl) D, =2.36{10.182) x 10712 6.8/1405
temperature data reported by Haoson

Tan=91°C, RE =40% A=404({438] Dz =510(xL2) =10~ 6.9/118
Tgp =582°C. HH =00% h=482[=+80) . 6.10/149
Typ=T73°C, RHE =80% L —654{17.2) =t h.11/130
average valne =3l

' the nnrertainties assoriated with these parameter estimations were too large Lo exiract
nseful informatlion

no-fat emulsions were taken from one batch. The average moisture diffusivity in this
case was D = 2,61 % 107! m?/s. These values were used in the final plots of the

residuals which are shown in Figure 6.2, In order to facilitate an casy comparison he-
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tween the different levels of the relative humidity and the emulsion tvpe (lull-far and
no-fat), the individnal plots are arranged on a single page. Overall, a zood agreement
between the measured and simulated data can be observed. 'The relative humidity
has only a small influence on the measured remperatures. The simulated results are
more affected by the humidity level. At low humidities (6.1%), the simulation model
tends to overestimate the measured surface and center Lemperatures for both full-fas
and po-fat products, Av the hipher relative humidities, the simulated temperatures

al sorne processing Lmes are smaller than Lhe measared data

6.2.2 Temperature data from medium diameter products

The aurface and econter temperatwres of a full-fat medinm diameter meat emulsion
product processed in the test section of the laborarory apparatus were measured
for two types of casings, a moisture-impermeable polvamide material and moisture-
permeable celliulozse casings. The selection of a subset of data from all the tem-
peratures recorded with the daza acguisition svestem was deseribed in Lhe previoos
subscetiom.  The hear transfer coefficients for the medium diamerer products were
ealenlated from Equation (3.13), using the measured heat transfer coefficients for
the small diameter produects and the known air velocties for the experiments with
small and medinm dinmeter samples. Values of & = 30.4 W/m*K for D, — 43 mm
and i = 45.2 W/m?K for D, — 45 mm were caleculated (Table 5.4). For the prod-
ucls contained in moisture-permeable Sbhrous casings, mass transfer coefficients of
2.0 %10 7 kg/Pam® s were obtained from the analogy of heat and mass transter (Sec-
tiem H.d). The initial temperalore and moisture couceutralion of the wediv dismeter
products was 6°C and 1.358 kg, /kega (@, = 0.576), respectively. For the products in
moisture-permeable fibrous casings, the effective moisture diffusion cocficients calen-

lated with the parameter estimation program were Dy — 163 = 10=18 ;2 /s for the
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Fignre 6.2: Comparison of measured and simulated surface and center Lemperatures
for full-fat (left plots) and no-fat (righs plots) small diameler meat enml-
sion products processed in moisture-permeable cellulose casings at three
relative humidities. The measured and simulaled data are ploffed with
solid and dashed lines, respectively. L'he settings of the simmlation pa-
rametcrs not given in the plots are deseribed in the text.
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lowest investigated relative humidity (7.1%) and Dz = 0.91 x 107" m*/s for medium
lnmidity (18.0%). The uneertainty associated with the parameter estimation for the
higher humidity case was too large to allow for the extraction of uselul informa-
tion, An average effective moisture diffusivity of 1.27 x 107" m? /s was caleulated for
medinm diameter praoduets and was nsed in the final plots of the residuals which are
shiown in Figure .3, As in the presentation of the data in the previous subsection, all
plots are arranged on one page. A good agreement between the messured and simu
lated data ean be observed for the products processed in the moisture-impermeable
polyamide casings (lefr plors). However, the simulated surlace lemperature tends to
overestimate the mensured data. For the higher humidily case (R = 37.4%). the
mensured surface temperature at early processing times (1 < 10 minutes) is approxi-
mately 7°C below the dew point temperature of 54.9°C that is nsed as the constanl
temperature boundary condition in the simmlation madel. Howewver, the gualitalive
behavior of the measured and simulated surface remperatures, ie. a period of rel-
atively constant temperatures followed by an increase after processing times of L)
o 1h minutes, agrees well for this higher humidity case. Al the lower investigated
humidities ([tH = 7.1% and RH = 18.0%), this distinet behavior cannot be scen
for either the measured or the simulated data. The measured and simulated center
temperatures for all three investipated relative humidities are in very good agreement.
For the products processed in the moisture-permeahle fibrons casings, the agreement
hetween experiments and simmlation is less pronounced. [or all three levels ol Lhe
relative humidity, the sinulated surface temperatures at early processing Limes tend
to platean as the wer bulb temperatures of the processing air. followed by a distinet
increase at later provessing times. For the two lower relative humidity cases, this
behavior is not seen with the measured data. At the higher humidity (R4 = 37.4%).

the measured surface temperature displays a similar behavior at early processing
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Figure 6.3: Comparison of measured and simulated surface apd center tempera-
tures for fullfar medinm diameter meal =mulsion products processed
in moisture-impermeable polyamide casings (left plots) apd molsture-
permeable fibrous easings (right plots). The measured and simulated
data are plotted with sobid and dashed lines, vespeetively. I'he values of
sitmulation parameters not given in the plots are deseribed in the text.
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times with femperatures approximately 5°C below the wet bulb and dew point tem-
peratures of the processing air. Dry bulb. wet bulb and dew point temperatures for
all lemperalure profile experimenls with small and medinm diameser products con-
ducted in this study are sununarized in Table 5.1. A somewhat better agreement
hetween measnred and simulated data 1s observed for the center temperatures, For
the higher humidity (RH = 37.4%), the difference between mensured and simulated
surface temperature translates into a proportional difference for the two center tem-
peratnres, For the two lower humidities, the difference hetween the measured and

simmlated center temperatures is relatively small.

6i.2.3 DMoisture loss data

The moisture loss of small diameter weal emulsion products in water-permeable
cellnlose easings during proeessing was monitored for fll-far emulsions in a com-
mereial bateh type smokehouse and for both full-fat and no-far emmlsions in the
test section of the laboratory apparatus (Section 5.5). Two experiments under the
same conditions were conducred for the full-far and no-fat products in the test sec-
tion of the laboratory apparatus. The measured data from both experimensal runs
were in very close agreement (Figure 5.25) and the results from che first experi-
ments were used as the inpur for the parameter estimation program. In both pro-
cessing environments, the heat trapsler coellicients were measured with the lumped
capacitance method nsing a small sobid aluminum probe (Section 5.4}, Values of
h = 66.0 W/m?K and h = 33.3 W /m®K were abtained in the batch type smokehonse
and the test section of the laboratory apparatus. respectively. Mass transfer coeffi-
cvients of 4.0 1077 kg/Pam®s and 1.8 x 1077 kg/Pam?s, respectively, were calculated
from the analogy of heal and mass transfer (Section 5.1). The initial moisture con-

tents wore v = 1,358 kg, /key for the full-fat emulsions and u — 6.692 kp. /kuy [or




Maisture ratio, m;/m,

143

0.80

0

o measnred data
simulated results

20 L0

Processing lime

Ty = 79.5°C
RH — 17.5%
h = 66.0 W/m*K

1
150
[min.]

1 o S P S—

—

200

Fipure 6.4: Comparison of measured and simulated moisture losses [or a full-fau ennl-
sion contained in moisture-permeable cellulose casings and processed in
a compmercial batch type smokehouse,

Moisture ratic, m/ o,

0.90 |

—=— measured data
— — - simulated reszulss

2 JR
RI = 6.1%
h = 33.3 W/m?K

L]

20 40

I'rocessing time

60
[min.]

1006

Figure 6.5: Comparison of measured and simulated moisture losses for a full-fat emul-
slon contained in a moisture-permeable cellulose casing and processed in
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Figure 6.6: Comparison of measured and simulated moisture losses [or a no-fat emnl-
sion contained in a moisture-permeable celluluse casing and processed in
the test section of the laboralory apparatus.

the no-far samples, corresponding to moisture mass fractions of 0.576 and 0.870, re-
spectively. The effeerive moisture diffusion coefficients compuled wilh Lhe parametor
estimation program were 0.913 x 107 m?/s for the full-fat product processed in the
smokehouse and 0.987 = 107 m?/s for the full-fat product in vhe test section. A
value of 3.73 x 10 m*/s was obtained for the no-fat product. The values for the
two full-fat products are in close agreement and are shwilar Lo the values determined
from the temperature data deseribed in the two previous subseetions. [lowever, the
full-fat emmisions were obtained from different batches and it was concluded that the
small variations in the estimared values for the diffusion coefficients could be eaused
by differences in the composition of the emulsions. Therefors. no average values were
formed and the residual plots for the two full-fat moisture loss experiments were
computed using the individual diffusion coeflicients given in Table 6.3. The coffee-

tive dilfusivity for the no-fat emulsion is higher than these obtamed for the full-far
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products. This difference was atiributed to the higher moisture content of the no-fat
ernulsion. The comparison of measnred and simulated data lor the full-fat product
investigated in the batch type smokehouse is shown in Figure 6.4. A good agree-
ment hetween experiments and computed results can be seen. The simulation model
accurately describes the relatively large moisture lass during the first 10 minutes ol
the experiment, followed by a period of a relatively constant decrease in the mass of
the product. The vomparisons of measured and simulated data for the full-fas and
no-fat products processed in the test section of vhe laboratory apparatus are shown
in Mignre 6.5 and 6.8, respectively. The results computed with rhe ssmulation model
overestimate the moisture loss for the full-fat praduet. At the end of the experiment,
a dillerence of approximately four pereent in the moisture ratio is observed. A mueh
better agreement of menasnred and simulated data exists for the no-fat produet (Fig-
ure 6.6). Here, the simnlation model aceurately predicss the moisture loss during the

whole conrse of the experiment.

6.2.4 Moisture profile data

Values of the moisture concentration of processed products at different radial positions
were measured with invasive methods for large (D, = 10.8 cin (1.25 ineh)) and small
(1) — 24 mm (0.87 inch)) diameter samples after emerging from the final thermal
processing zones of commereial smokehouses (Section 3.3). The thermal schednules
used in the processing operations were suminarived in Table 5.2, 'The data for the
large diameter product were obtained from three different cirenmferential positions
of a slive vut from the center of the produet (Figure 5.15). An average moisture
voncentralivn was calculated for each radial pesition and was used as the observa-
tion inpnt for the parameter cstimation program, The moisture profile data frow the

small diamerer product were obtained from four samples processed under identical
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conditions (Figure 5.16). An avernge moisture concentration profile was calenlated
from all four samples and was used with the parameter estimalion program. The
average hear transfer cocfficients were measured with a hunped capacitance method.
A solid aluminum probe and & brine-filled aluminum vessel were nsed for the small
and the larpge diameter processes, respectively. The measured heat transfer coefli-
cients in the individual processing zones are summarized in Table 5.4. The analogy
of heat and mass transfer (Section 0.4) was nsed o ealenlate the corresponding mass
transfer coellicients, After processing, the moisture conventration in the center of the
products remained al their initial value. For the small diameter produet, an initial
maisture comtent of 1 — 1.275 kg, /keg was determined, This value transiates into a
maoisture mass fraction of 0.560 and is therefore very close to the target value ol (1.5706
used in the manufacturing of the full-far meat emulsion, An initial moisture content
of u = 1.B kgm/kgq, corresponding to a moisture mass fraction of 0.643, was used
with the simulations of the large diamerer product. Effective moisture dilfusivities of
252 x 10 M w* /s and 2.36 % 10 Y w* /s were found for the small and large diameter
products, respectivelv. However, the uncertainty assoriated with the parameter esti-
marion for the small diamerer produet is relatively large and the actal value could
be closer to the diffusion coefficients found in the previous simulations for full-fat
cmulsions. The diffusion cocfficient estimated from the low-fat large diameter prod-
uct falls becween the values for the full-fat and no-far emulsions and henee indieates
a connection belween mpoisture content and ellective moisture diffusivity. The com-
parisan of measured and simulated data for the small diameter product 15 shown in
Fignre 6.7 and a very good agreement can he observed. The decrease of the measured
moisture concentration towards the ecnfer of the product is thought to be the result
of the procedure used to cut the individual sample pieces (Section 3.3). The mois-

ture concentration at the product surface is very well reprasenzed by the sinulation
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model. The simulated data show a point of inflection near the product surface. This
behavior is caused by the settings of the dry bulb temperature and relative humidity
in the individual processing zones (Table 5.2). A low relative humidity in the second
processing gone s followed b larger values in the final two zones. Henece, a large
potential for mass transfer at the beginning of the processing causes relatively large
internal mmsture eancentration gradients. When the potential for mass Lransfer de-
creases in the last two processing zomes, the steep gradients relax and eanse the point
of inflection. Because of the relatively few experimental data points, this behavior
cannot be scen in the measured data. Overall, there is po evidenee that the Fickian
approach is not an aceurate predictor for mass Gravsfer as suggested by Rnan et al,
[1991] and Schrader et af. [1992] for somewhat different systems. The comparison ol
measured and simulated data for the large diameter product is shown in Figure 6.8,
Similar to the simulation far the small diameter product, a very good apresinenl
hetween the cxperiments and the computed data can be observed. The caleulated
meisture gradients at the product surface agree very well with the measnred dasa,
Sinee the driving foree for mass transfer was high throughout the Lhermal proeessing,
no inflection point in the moisture concentration near the product surface is ohserved.
I'ne overall pood agreement of inessured and siimulated data reiterates the snecessful

use of the Fickian approach for mass transfer within the praduct.

6.2,5 Temperature data for bologna processing

Hanson [1988] investigated the effects of various processing comditions on the heat
and mass transfer in large diameter (104 cm (4.1 inch)) meat emnlsion products.
Two types of casings were used in this study, moisture-permeable standard fibroms
vaging and moisture-impermeable fbrous casing. The produet temperature at four

different lacations (surface, 1/4 and 1/2 of the distance to the center and center).
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center temperarires for the processing of bologna at a humidity of 80%.

Lhe oven dry-bulb and wet-bulb temperatnres and the maisture losses were recorded
during processing,  For three different processing conditions, direcs comparisons of
the praduect surface and cenfer temperamares for the two casing types were reported
in graphienl form. The data reported in these plots were used to test the simulation
maordel developed in this study. The original daca used to generate the praphs were
not available. Hence, the corresponding plots were seauned and digitized (DigiCiraf,
Svimmanter Corporation). T'wenty-lour pairs from the resulting temperature versus
time data were selected as the observation input for the parameter estimation pro-
gram. The average hear transfer cocficients in the smokehouse used for the provess-
ing were not determined in Hanson's study. Thercfore, before estimating the effective
moigture diffusion cosfficients, the nonlinear parameter estimation program was used
to determine the average heat transfer coefficients from the reported temperalure

data. In order to reduce the uncertainty assocviated with the parameter estimation,
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the dala reported for the moisture-impermeable casings were used for Lhis purpose.
When vsing the parameter estimation program in the multiresponse wode, Le. using
hoth the surface and eenter temperature as the observation input, unressosnably high
heat, transfer coefficients (above 200 W/m?K) were computed for all (hree processing
eemditions. These results were cansed by a systematic offsel iu the reported center
temperatures (Figures 6.9 to 6.11), prabably caused by an error in the thermocouple
measurements. In theory, the slope of the center temperatures ab the beginning of
the cxperiments should be zero. This requirement follows [rom the solution of the
conduction equation and has to be satisfied even for infinitely high hear transfer coef-
Geients. lu practice, this behavior can hardly he verified for small diameter products
in which the center temperature will inerease rapidly. However, the center temper-
ature of larger diameter produers with their increased thermal mass has to remain
canstant for some periad of time. The data reported by Hanson [1988] show an in-
erease with time from the heginning of the expeniment. Because of these resurictions
on the reported data, only the surface temperatures were chosen as Lhe observation
input for the parameter estimation program. For the Lthree processing conditions, heat
transler coellicients of 40.4(Z£3.6), 48 2(=8.6) and 63.4(+17.2) W/m K, respectively,
were computed. hese values seem very reasonable when compared with heat srans
fer coefficients measured in this stndy for hatch rype smokehouses (Section 5.4). An
average valne of 51.3 W/m?K was computed and used in the subsequent estimation
of the effective moisture difusion coefficient from the data reported for the woisture-
permeable casings. A diffusion coefficient of 5.1 x 1071° m?/s was computed for the
processing conditions with the lowest humidity. The driving force for mass transfer
during processing with the higher humidities was very low. Henee, the effective nmiois-
tnre diffusivity had lictle influence on the simulated surface temperature data and

the unecertainties associated with the estimated diffusion cocfficients were too high to




152
permit the extraction of useful information. The value of Dy = 5.1 % 107" m?%/s
was therefore used for all three humidities. A very good agreement between rhe mea-
sured and simulated surface temperatures for all humidities and bath types of casings
can be observed. The difference between the surface and center temperatures of the
products in the moisture-impermeable and (he moisture-permeable casings decreases
with increasing humidity, i.e. with a decreasing driving force for mass transter, The
siiulation model aceurately captures this behavior, A systemasnic error was detected
in Lhe measured cepler temperatures amd the simulation model s believed to be a
more accurate predictor of the actual center temporarures.

The ewerall resnlts for the effeetive mosture diffusion coefficient validate Lhe sim-
ulation model and the method of determining the effective moisture diffusivity with
a parameter estimation program from measured data. 'Lhe estimated effeetive mas-
ture diffusion coefficients compare very well with the ranpe of dilfugivities reported by
Agrawal [1976]. In that study, values of U,z between 0.6 10" and 1.3 x 107" m?/s
best deseribed the moisture concentration profiles and moeistnre losses during the pro-
cessing of meat emulsion products. The value of the dry-weight molsture content of
the emulsions nsed in Agrawal's study was w = 185 kg, /kgs, corresponding wo a
moisture mass fraction of (.64, and is therefore located between the values for the
[ull-fat and no-fat emulsions used in this study.

In this chapter. measured data from several experiments were campared with
siinulalion results and a pood agreement was observed in most cases. The romaining
differences are eansed by the Bmirtations of the simulasion model. The transport
phenomena during the thermal processing of meat emmlsinn products are inflnenced
by many produet and process parameters. It is possible that the use of a more
accurate simnlarion model reduecs the romaining deviations between measured and

simulated data.
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Chapter 7

Summary and Recommendations for

Future Work

This chapter is divided into two parts. First, the work presented in the previons
chapters is suminarized. Special emphasis is given Lo the comparison of simulated and
experimentally determined data. Next, recommendalions for futore investigations are
outlined. These extensions of the eurrent research inelude refinements to both the

cxperimental studies and the simulation model.

7.1 Summary

A simulation model for heat and mass transfer during the thermal processing of
cvlindrical meat emulsion products was developed. The model assumed that the
moisture diffuses in lguid form from the interior of the product to the surface where
it evaporates. (Jther assumprtions included negligible shrinkage of the product during
processing, temperature and moisture concentration gradients only in Lhe radial di-
veclion, mass trausfer caused by a moisture coneentration gradient and a negligible
resistance of the casing to hear and mass transfer. Two scts of boundary conditions

were mmtroduced for the simulation model. The frst set considered mass transier to
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the product when Lhe waler vapor pressure over the product surface was lower than
the water vapor pressure in the processing air. In this case. the released latent heat
of Lhe eoudensing moisture raised the surface temperature of the producl until the
surface vapor pressure exceeded that of the processing air and mass transfer from the
produet to the processing air began. In the second set of boundary conditions, the
mass transfer coefficiont was sct to zero if the water vapur pressure over the prodnet
surface was lower than the corresponding value in the processing air. Henece, mass
transfer to the product during the early stages ol processing was not considered and
the surface temperature was set to the dew point temperarure of the processing air.
Both sets of boundarv conditions emploved the equilibrinm mosture content of the
meat ennsion, Le. the isotherin, as the coupling condition hetween the moisture con
centralion at the produet surface and the water vapor pressure of the air in contact
with the produet.

An explicit finite difference scheme was used to solve the differential equations of
the simulation model. Several important aspects of this method, including different
discretization approaches at the boundaries, were introduced. The error assopiated
with various asswnptions of the simulation mwodel was also invesrigated. Since the
local Leal transfer coellicients for the flow over a eylinder vary with the circumfer-
ential pesition, the internal praduct temperatures for typical processing conditions
and no mass transfer were calenlated for hoth one-dimensional and two-dimensional
situations. The resmits for both scenarios were in close agreements and il was con-
cluded that the error introduced by the assumption of a one-dimensional process was
small. The influence of the choice of the boundary condition, i.e. allowing or vepgleet-
ing mass transizr to the producs, on the computed simulativn resulle was tested by
simulating the temperature and moeisture concentration in a small diamweter praduet

during processing at typical smokehouse conditions, The product lemperatures for
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oth sets of boundary conditions were In good agreement. Beeanse of the dillersnces
with respecl Lo mass transfer to the produet, the surface moisture concentralions
at early processing times were significantly differens. Since the boundary conditions
allowing mass transfer to the product included the additional assumption that no
comdensing maisture dripped off the produet, the set of boundary conditions that did
not. allaw mass transfer to the product was selected for the subsequent simulations.
The energy equation in rhe developed simulation model accounls for the enthalpy
of the diffusing moisture. Since many publications in the literature dealing with the
thermal processing of food products neglect this contribution, the importanee of the
corresponding Lerm was investipaled. For this purpose, the temperature and moisture
concentration response of a small diameter prodoer processed with typical conditions
was simulated without considering the enthalpy term in the encrgy equation, 'Lhe
computed values were compared with simulation reanlts based on the complese en
ergy ecuation. For both the snrface and center temperatures, a maximum difference
of approocamately 5°C was observed for the two cases. Because of the dillerence in
the center remperatures, the processing times needed to reach the specilied conking
temnperature of 68.3°C differed by approximately 10 mwinutes, 1t was comelnded thar
the error introduced by neglecting the enthalpy term was significant. The influence
of the equilibrivim meisture content, the thermal conduetivity and effective molsture
diffusivity af the meat emmlsion and the average hear and mass transfer coefficients
on the simmlation resnlts was investigated in a parametric study. The magnitude
of the effective moisture diffusion coefficient had a large influence on the computed
cooking time. On the other hand. the influence of the mass transfer coefficient was
rather small. It was concluded that the molsture transport was lmited by internal
diffusioa.

A laboralory apparatus was construeted and used for the proeessing of small and
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medium diamneter meat emulsion products. The remperature, humidity and velocily
of the processing air could be controlled. Compressed air was humidified in a bubble
colunn and subsequently heated willh an electrical resistance element. The pressure
loss between the hubble eolumn and the test section containing the meat producls
was fonnd to exhibit a relatively strong influence on the humidities in the test section.
Surface and center temperatnres of the meat products were measured with thermo-
conples. An analog to digital converter board was used to log the data Lo a personal
computer. Becanse of heat conduction along the length of the thermocouples, the
measured temperatures deviated from the real values. In order to estimate the mag-
nitude of this error with a mathematical analysis, the thermocouples were treated as
needle fins. The error for the worst case was found Lo be less chian 2°C However, the
exact value depended on the unknown heal transfer coefficient hetween thermocouple
andd nieal emulsion,

Muistire eoncentration profiles of small and large dinmeter processed products
were measured. The samples were removed from the last thermal processing zones of
commercial continuous smokehouses. A slice was cut from the center section of the
large diameter product and small rectangular pieces were cut with a razor blade from
three clrenmiferential positions, Concentric cork borers were used to cur sample rings
from the small diameter products. The moisture contepts ol the sample pieces were
determined with a standard oven drving method. The maoisture coneentration within
the large diameter sample was canstant in the eenter of the product and decreased
towards the surface. In addition to the decrease towards the product surface, the
moisture profile within the small diameter sample displayed a small decrease towards
the product venter. This behavior was atiributed to the different surlace Lo volume
ratios of the cut concentric rings that were thought to influence the moisture coneen-

trations measured with the oven drving method  The aceuracy of Lhe oven deving
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method for small uniform sample pieces was tested with the Karl Fischer titration
method. The results from Lotk technigues were in close agreement.

The use of magnetie resonance imaging methaods for the determination of moisture
praofiles within meat emulsion products was not successful. Low signal to noise ratios
prevented the extracrion of nseful information from the experiments.

The average heat transfer coefficientss in the processing environments under in-
vestizgation in this research were measured with the lumped capacitance method. A
small solid alumimim probe of 23 mm diameter, closely resembling a real small di-
ameter meat emulsion product, was used to measure the heat transfer coefficient in a
commercial continuously operated smokehouse, in a bateh operated pilot plant smoke-
bouse and in the test section of the laboratory apparatus. A brine-filled aluminum
vessel of 10.2 e diawmeler was ewploved 1o determine the heat transfer eocfficient
in a commereial smokehouse used for Lhe processing of larpe diameter meat prod-
nets. The temperature response of the lumped svstems and the corresponding dry
bulb temperatures were recorded with temperatnre data traces, which are wireless
programmable temperature sensors. The abtained heat transfer coefficients in the
processing environments used for small and large diamerer products ranged from 14
ta 66 W/m?K and from 25 to 411 W/m*K, respectively, The analogy of heat and mass
transfer for sinall mass transler rates was used to compule average mass transfer co-
cfficients from the measured heat transfer cosflicients. The computed values ranged
from L8 x 1077 to 4.0 % 10 ¥ kg/Pam®s.

The meisture lasses of small diamerter full-far and no-fat emulsion produects eon-
tained in moisture-permeable eellnlose casings were measured in the test seetion of
the laboratory apparatus. Two experiments were conducied for each emnlsion ype.
The obtained molsture ratios, 1e the fractions of the initial weight. after 90 minutes

of processing at low relative hompidities were 0.90 and 0.75 for the full-fat and no-fat
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products, respeclively. LThe apreement berween the results from she individnal mins
was very good. A batch type commereial smakehonse was used to monitor the weight
loss of small diameter full-fat produects. The moisture ratios after 90 and 180 minutes
of processing were 0,86 and .79, respectively. The heat and mass transfer coefficients
in this batch type smokehouse were approximately twice as large as those measured
i1 the test seetion of the laboratory apparatus. In addition to these separale moisture
loss experiments, the initial and final masses of the products used iu the temperature
profile experiments were recorded. The transfer of moisture between the product and
the processing air was not lmited by the mass transler resistance of the casing. The
moisture losses during the thermal processing of no-fat produets were significantly
larper han those of full-far produet proeessed in identieal moisture-permeable cellu-
lnse casings and with the same processing conditions. These results, together with
the higher moisture content and effective moisture diffusion eoefficient of the no-fat
produets, indicate that the internal movement of moisture is the limiting factor to
mass transfer. This finding is supported by the results of the experimenls measuring
the mass transfer coefficients from the weight loss of water-lilled woisture-parmeable
cellulose casings in an unsaturated processing environment in which the hear transfor
coeflicient was known, The permeability of the casings was low enongh to prevent
water from dripping off the outside of the material. At the same time, the resistance
to mass transfer was small enongh to maintain a fully wetted outer casing surface.
The measured mass transfer coefficients compared favorably with those caleulaled
from the analogy of heat and mass transfer using the koown heat trapsfer coeflicient.
If the casing had linited the diffusion of moisture, the measured mass transfer coef-
Lcients would have been smaller than Lhose obtained from the analogy of heat and
mass transfer.

The dry densities of full-fat and no-fat emulsions were determined by submerging
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the corresponding products into a graduated cylinder Elled with water. The initial
moisture contents of the samples were known from the preparation of the two emulsion
typues. The measurcd dry densitivs for the full fat and no-fal emulsions were 434 and
135 kpy/m®

Mensurements of the effective maisture diffusion corficient were attempted with
a pmlzed Geld-pradient nuelear wappetie resnpanee method. The self-diffusion cocfhi-
cients obtained with this method have been said to be related to the mutual diffusion
corflicients, and hence the effective diffusion eneflicients. Hawever, the observed self-
diffusivities showed a dependence on the relarively short times of observation during
the magnetic resonance experiments (16.6 ms and 133 ms) and could therefore not
be related to the effective moisture diffusion coefficients found during the processing
of meat cmulsion produets,

A nonlinear parameter estimation program was used in conjunction with the sim-
ulation model to lind the values of the effective moisture dilfusion coeflicient and the
heat transfer cocfficient that provided the hest fit of measured and simulated data.
Avernge effective moisture diffusion coeflicients were calenlaned for those experniments
that nsed meat ennlsions coming from the same batch, i.c. it was argued that the
variations in the estimated resules were caused by limitations in the experimental data
and/or the simulation model. The effective moisture diffusion coetficients estimated
for Lhe po-fat emulsions were larger than those obtained for the [ull-fal praducts.
From the small diameter temperature profile experiments, an average effective diffu-
sivity of Doy = 2.61 % 10 ** w*/s was found for the no-fat produets, compared to
a value of Dy — 1.48 = 10 * m*/s for the full-fat samples. For the moisture loss
experiments in the test section of the laboratory apparatus, an effective diffusivity of
D —3.73 x 107" m*/s for the no-fat product was estimated. The estimared effec-

tive moisture diffusion ecoefficicnts compare very well with the range of diffusivitics
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reported by Agrawal [1976]. The experimental results uwsed with the parametar estima-
tion program comprised several dependent variables (temperature profiles, mmsture
losses and moisture profiles) and were recorded in different processing environments
(i.e. the test section of the laboratory apparatus, batch type and continuously oper-
ated siokehouses) for different emulsion compositions (full-fat, low-fat and no-fat).
In addition, the data were obtained from experiments condneted in this research and
from findings reported in the literamare.

Overall, the experimentally determined hear and mass transfer during the pro-
cessing of evlindrieal mear emulsion produets was in good agreement with the resulbs
predicted by the simmlation model developed in this research, In particular, the mea-
sured moisture concenrtration profiles in small and large diameter products agreed
very well with the simulated values. The differences between measured and simu-
luted data in the temperature profile and moisture loss experiments were Lhought ta
be caused by the limitations of the simulalion model, Many parameters influenee
the heat and mass transfer during the thermal processing of meat emulsion products.
The simulation model considered many of these complicating effecrs, for example the
changing houndary conditions during the initial processing stages and the dependence
of the product density and thermal conductivicy on the moisture concentration. How-
ever, it is possible that ather parameters which were not considered in the simulation
model influence the heat and mass transfer during processing. The identifieation al
these variables and Lheir ineorporation into the simulation model is a possible area

of rescarch for future investigations.

7.2 Recommendations for Future Work

Possible extensions of the research presented in (his study ionclude modilications to

the laboratory apparatus used for the processing of small and medinm dianmeter meat
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exmilsion products and refnemenls of the simulation model.

The laboratory apparatus used to investipate the heat and mass transfer during the
processing of eylindrical meat emulsion products was deseribed in Section 5.1, Varying
relative humidities in the test seetion of the apparatus were obtained by saturating
an pit stream in a bubble column at temperatures below the desired processing dry
bulh temperature. followed by a sensible heat inpus. Therefore, the huwmidification of
the processing air was accomplished without steam injection and the apparatus conld
be moved to the location of the magnetic resonance machine used in the maisture
profile experiments (Section 5.7). The relative humidity in the tesl section was n
funetion of the water temperature in the bubble columun, the dry bully temperature
in Lhe Lest section and the pressure dillecence hetween the bubble column and the
test seerion. The bubble column was made from a palyvinvlchloride tube. At higher
temperatures, the malerial became soft and leakages ocenrred ar the varlous pipe
se] hose canneetioms, Henee, the temperatures of the water inside the column were
restricted to values below approximarely 80°C (140°T7). Therefore, the humidities in
the test section with dry bulb temperatures of approximately 80°C were constrained
to values below 40%. If the bubble column were made from a different material, for
example steel or aluminum, hipher relalive bumidities eould be obtained in the tess
section and used in the processing of meal emulsion produets.

Measurements of product surface and center temperatures in the test scetion were
conducterd with preassembled subminiature type T (copper/constantan) thermocou-
ples of 0,308 mm (0.020 inch) diameter (Section 3.1). Because of conduction alony
the length of the thermocouple, the measured temperatures were affected by a bias
error. The mapmitude of this error was nvestigated with a mathewatical analysis,
Leeating the Lthermocouples as needle fins (Section 5.2). It was found that the error

wis a strong function of the conlach resisianee between the thecmooouple and the
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meatl emnulsion, the thermal conductivity of the thermoconples and their lengths, For
reasonable values of the contact resistance. the hias error for both thermocouples in
the medinm diameter products and the surface thermocouple in the small diameter
proclucts was negligible. The errar associated with the thermocouple in the center of
the small diameter praducts was estimated to be as large as 2°C (3.6°F). 'Lhis error
conld be reduced by the nse of a thermoconuple assembly with a lower average Lhermal
condnetivity. For example, the voltage signal in type J couples is penerated by the
joining of iron and constantan wires. Hence, the relatively high theral conduetivity
of the copper wire in the type T thermocouples could be avoided. Tvpe T thermo-
comples ean be used to messnre temperatures ranging from 0°C to T60°C (32°F to
100°F) and would therefore be suitable [or Lhe Lemperatures under investigation in
this study.

T'he woisture profile experiments (Seetion 5.3) were condneted on samples that
were obtained from commercial processing equipment. Llence, the provessing sched-
ule inclnded a smoking operation (Chapter 1). The thermal processing in all other
experiments conducted in this research consisted of the application of hot luunid air
without added smoke. The results from the parameter estimation studies (Cliapter )
indicated that the sinoke has no detectable influence on the transfer of heat and mass.
‘Lo verify this finding, the transport phenomena in meat emnlsion pradncts processed
with and withemr the application of smake nnder otherwise identical conditions could
be investigated. The barch type smalehonse nsed for the moisture loss experimenls
wonld be suitable processing environment for these measurements.

Some of the variations between the mensured and simulated moisture losses [or
the full-fac products in the test section of the laboratory apparatus wers thought Lo
be cansed by the weighing procedure used in the experiments, Io intervals of 10 min-

utes, the products were removed from the test seclion, weighed aud returned to their
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ariginal position. One weighing operation took approximately 45 seconds. A contin-
noms recording of the mass of the meat emmlsion product during processing would
climinate the possibility that the periodic removal from the test section sipnificantly
influenees the measured moisture ratios. This continuous weiphing could be aceom-
plished by using a wire attached to an electronic balance which would auspend the
meat emulsion product into the test section.

An explicit finite difference method was used to solve the differential equations
of the simulation model. At each timestep, the system of equations deseribing the
boundary conditions for heut and mass trapsfer was solved with a nonlinear equation
sulver subroutine. However, due to the explicit scheme used at the mrerior gridpoints,
relatively small limesteps had to be used in arder to avaid nmmerical instabilities.,
When uging the nonlinear parameter estimation program, the simulation model is
ealled many times with different paramerer settings. The time needed to lind the
optimal set of paramerers conld be decreased by using an implicic linite difference
stheme with larger time steps as a means of solving the simulation model.

In the current confipuration, the computer code used to salve the simlation model
cousists of several program subroutines in addition to data input and output files. The
incorparation of aAll program madules inta ane unit with a user-friendly interfuce would
greatly increase the nsahility for researchers wha want to emplay the developed model
for further parameter studies withonr the necd of frequent recompiling and linking of
the various program subroutines,

Several applications for the simulation model developed in this research exist,
for example the desipn of new processing equipment and the oplimization of exist-
ing thermal procvessing schedules. This optinpizalion can reduce the mannfacturing
costs by identifying those processing conditions that process a prodnet with the least

amount of energy in the shortest possible time.



