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ABSTRACT

FINITE ELEMENT MODELLING AND SIMULATION OF DRYING
ISOTROPIC AND ANISOTROPIC FOOD SAMPLES

Soydan Karabacak, Meltem
Ph.D., Department of Food Engineering
Supervisor: Assist. Prof. Dr. Deniz Cekmecelioglu
Co-Supervisor: Prof. Dr. Ali Esin

February 2013, 147 pages

The aim of this study was to investigate drying characteristics (temperature gradient, rate of drying
and temperature change, drying time, diffusivity values, shrinkage) of isotropic and anisotropic
foods by observing the changes in temperatures at four different locations and moisture contents
and to build an appropriate model for simulation of temperature and moisture distribution using
finite element method. The lean meat samples (anisotropic) with three fiber configurations (v; flow
normal to fiber, drying along the fiber, hi; flow normal to fiber, h»; flow along to fiber) and minced
meat (isotropic) were dried at two different temperatures (48°C, 70°C) and three different velocities
(0.5, 1.0, 1.7 m/s) of air. Rate of temperature change was found as minced>h2>v=hl while rate of
drying was observed as h2=v>h1>minced. The order of temperature gradient through the lean meat
samples was v<h2<hl. Minced meat showed 1.0-4.4°C higher temperature values but 2.3-6.2%
lower moisture loss than the lean meat in all fiber configurations. A model based on nonlinear
coupled heat and mass transfer considering evaporation due to change in overall moisture content
through the sample was found more appropriate than the model considering evaporation loss only
at the surface. The diffusion coefficients for lean and minced meat were expressed as a function of
temperature and moisture content. At 70°C air temperature, shrinkage should be included in the
model. As a result, finite element modelling considering both anisotropic thermal conductivity and
diffusivity definitions showed good agreement with experimental data and represented anisotropy
effect successfully.

Keywords: Finite Element Modeling, simulation, isotropic food, anisotropic food, meat drying



0z

SONLU ELEMANLAR YONTEMI
iLE
YONLE DEGISMEYEN VE YONE BAGIMLI BESIN QRNEKLERiNiN
KURUTULMASININ MODELLENMESI VE SIMULASYONU

Soydan Karabacak, Meltem
Doktora, Gida Miihendisligi Boliimi
Tez Yoneticisi: Yrd. Dog. Dr. Deniz Cekmecelioglu
Ortak Tez Yoneticisi: Prof. Dr. Ali Esin

Subat 2013, 147 pages

Bu calismada temel amaglar; yone bagimli ve yonden bagimsiz besin orneklerinin nem ve dort
farklt konumundaki sicaklik degisimlerini gozlemleyerek kurutma davranislarini (sicaklik farki,
kurutma ve sicaklik degisimi hizi, kurutma zamani, difiizyon katsayilari, biiziilme) incelemek ve
sonlu elemanlar yontemi ile sicaklik ve nem dagilimimin simiilasyonu i¢in uygun bir model
gelistirmektir. Yone bagimli 6zellikte iiriinii temsilen ii¢ farkl: lif yoniinde (v; hava akis yoniine dik
kurumaya paralel lifler, hihava akis yoniine dik lifler, hy; hava akis yoniinde lifler) hazirlanan nuar
ile yonden bagimsiz 6zellikte {irtinii temsilen kiyma iki farkli sicaklikta (48°C, 70°C) ve ii¢ farkli
hava akis hizinda (0.5, 1.0, 1.7 m/s) tepsili kurutucuda kurutulmustur. Sicaklik degisim hizi
kiyma>h2>v=hl seklinde bulunurken kuruma hizi siralamasi h2=v>hl>kiyma seklinde
gozlenmistir. Nuar Orneklerindeki lokasyonlar arast sicaklik farki sirast  v<h2<hl
seklindedir.Kiymada et orneklerine kiyasla 1.0-4.4°C daha yiiksek sicaklik degerleri ancak 2.3-
6.2% daha diisik nem kayb1 gozlenmistir. Tiim Ornekteki nem degisimine bagh olarak
buharlagmay1 ele alan, dogrusal olmayan 1s1 ve kiitle aktarim esitliklerine dayali modelin sadece
yiizeyde buharlagsmayi ele alan modele gore daha uygun oldugu saptanmustir. Et ve kiyma 6rnekleri
icin sicaklik ve nemin bir fonksiyonu olan difiizyon katsayilari1 hesaplanmistir. Yiiksek kurutma
sicakliklarinda (70°C), biiziilmenin de difiizyon katsayisi hesaplamalarina dahil edilmesi gerektigi
bulunmustur. Yone bagimlhi 1s1 iletkenligi ve difiizyon katsayisi denklemleri kullanilarak
olusturulan sonlu elemanlar modeli deneysel verilerle uyum gostermis ve basarili bir sekilde yone
bagimlilig1 temsil etmistir.

Anahtar Sozciikler: Sonlu Elemanlar Yontemi, simiilasyon, yone bagimli besin 6rnegi, yonden
bagimsiz besin 6rnegi, et kurutma
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CHAPTER 1

INTRODUCTION

1.1 Drying and Drying Methods

Drying is a coupled heat and mass transfer process based on removal of water from solid or semi-
solid foods. Water is also an important parameter for food deterioration since many spoilage
microorganisms, pathogens and deteriorating enzymes need water to be active. Thus, for centuries
people have used numerous techniques to remove water from food in order to prolong shelf life,
generate good flavour and aroma. Additionally, from economical point of view, drying minimizes
storage and transportation costs while eases handling by reducing size, weight and the risk of
microbial contamination of food. Although nowadays meat can be preserved by freezing,
refrigeration and thermal processing, some traditional meat products (fermented sausages, dry-
cured hams, pastrami, jerky etc.) in which drying constitutes the main process are still produced
worldwide in large quantities as they have a unique and popular flavour (Arnau et al., 2007).

Drying processes can be classified according to continuity of drying medium and the material to be
dried. Batch drying occurs when material is placed into a dryer for a specified period of time and
held until reaching desired moisture content while in continuous drying, drying medium and the
material contact each other throughout the dryer, and the dried material exits from one end of the
dryer (Geankoplis, 1993 ). If material is held constant in the dryer and the drying medium flows
through the dryer, the process is called semi-batch drying.

Source of energy varies with respect to drying method. In a widely used air drying, convective
drying occurs by passing heated air over food materials (e.g. herbs, sliced fruits) at atmospheric
pressure to remove the moisture like in tray and spray dryers. Conductive drying is employed in
drum dryers by direct contact of material to the heated walls of dryer, especially applied when the
material is too wet or thin (e.g. starch, instant mashed potatoe, fruit and vegetable pulp, baby food)
(Keey, 1992; Geankoplis, 1993). A limiting factor for this type is the potential food degradation or
case hardening since much higher temperatures are applied than in convective drying.
Electromagnetic radiation is another source of energy as used in infrared drying, generally applied
for surface drying since penetration depth is short (Keey, 1992). Advantages of infrared are less
time required and less damage to the dried material (e.g. nuts, grains, eggs, onion) (Chakraborty et
al., 2010). In dielectric drying, material is placed in electrical field oscillating very rapidly causing
heat generation within the material, especially in liquid part since dielectric constants of liquid are
much higher than solids (e.g. post bake drying of biscuits, preheating of dough, diced apples,
potatoe). In freeze drying, moisture is removed from frozen material by sublimation (e.g. ice-
cream, instant coffee, fruits, bacon) (Keey, 1992; Geankoplis, 1993).

1.1.1. Stages of Drying

The driving force responsible for moisture-transport is a combination of diffusion due to moisture
gradient and difference of vapor-pressure due to temperature gradient. Rate of drying changes with
controlling mechanisms, being internal or external. Drying occurs theoretically in two stages,
constant rate period and one or more falling rate periods (Figure 1.1). Before drying starts, there is
an adaptation period in which surface of the material to be dried is heated or cooled down to wet
bulb temperature of air. Then, at wet bulb temperature, constant rate period starts. During constant
rate drying, moisture migration from interior to the surface is fast enough to maintain saturation at
the surface which behaves as free-water so that the evaporation rate remains constant. External
conditions such as temperature difference between the surface of material and air, flow rate of air,



external heat and mass transfer coefficients control the rate of drying during constant rate period.
Jason (1958) showed that when velocity of air was higher than 1 m/s, external resistances became
negligible. However, Farid and Kizilel (2009) reported that in general, external resistances would
play a significant role in air drying.

< Falling rate %,{_Cnnstant rate =,

0,8 f
0.4
0 o/

0 01 0,2 03 0.4 05 0,6
X (kg Hz0 / kg dry solid)

Drying Rate (kg H:O fhm?)

Figure 1.1. Periods observed during drying (Geankoplis, 1993)

Once the moisture transfer from interior is not enough to make the surface saturated, falling rate
starts. Moisture content of material at the end of constant rate is defined as critical moisture
content. Researches showed that critical moisture contents of many food systems are very close to
initial moisture content which indicates negligible importance of constant rate period in many foods
(Srikiatden and Roberts, 2007; Chirife and Cachero, 1970; Vaccarezza et al., 1974a; Alzamora and
Chirife, 1980). In general, constant rate period is either too short or not present in food systems
since most of the water molecules are present as bound water within the cells or in intracellular
space. Thus, drying mainly occurs in falling rate period (Madamba, 1996; Ayensu, 2004; Srikiatden
and Roberts, 2007; Saravacos and Charm, 1962; Chirife J., 1971).

Falling rate period is controlled by internal transport since there is no more free water layer on the
surface and the rate of evaporation from surface is faster than the moisture migration from interior
(Keey, 1992). Surface starts to dry and temperature increases as evaporation from the surface
decreases. In the first falling rate period, rate of drying decreases as the moisture content of
material decreases due to internal resistance for moisture transfer and less heat flux resulting from
less temperature difference between surface and drying medium. Moisture transfer to the surface
might occur as liquid water or vapor from the interior side of the material. The temperature in
interior sites does not exceed significantly the wet bulb temperature. When partial pressure of water
throughout the material is less than the saturation level, the second falling rate period starts. At this
stage, the temperature difference between air and material surface is so small that heat flux from air
to the material is also very low (Geankoplis, 1993).

1.1.2. Physical Effects of Drying

Drying might also change the porosity of materials. Studies show that some food materials (e.g.
apples) develop significant porosity during drying even if they are nonporous at the beginning
(Srikiatden and Roberts, 2007; Lozano et al., 1983, Zogzas, 1994, Krokid and Maroulis, 1997).
Rizvi (2005), Srikiatden and Roberts (2007) reported that “in a highly porous material or when



significant porosity is developed, mass transfer occurs mainly in the vapor phase and all
evaporation occurs from interior of the material” during falling rate period. However in order to
supply heat for vaporization in the interior sites, heat has to be conducted through the sample which
have low thermal conductivity. Thus, drying rate is very slow at this stage. Most of the food
materials (apple, kiwi, carrot, etc.) show this second falling rate period (Chirife, 1983; Karel and
Lund, 2003). When vapor pressure of material becomes equal to the partial vapor pressure of
drying medium, drying stops. The moisture content at this stage is called equilibrium moisture
content. It can be seen that water binding and porous structure of materials affect moisture transfer
significantly (Srikiatden and Roberts, 2007).

1.1.3. Mechanisms of Water Transport During Drying

Moisture migration can take place by various ways according to passage of water through food and
driving force such as molecular diffusion (liquid and/or vapor transport due to moisture
concentration differences), capillary flow (liquid movement through capillaries), surface diffusion
(liquid movement due to diffusion of moisture to the pore-surface and moving along the surface),
thermal diffusion (vapor movement due to temperature differences), hydrostatic flow (water and
vapor movement due to total pressure differences), or Knudsen flow etc. (Ayensu, 2004; Madamba,

1996).

Baini and Langrish (2008) tried to find out the type and mechanism of drying in fruits which has
not been defined completely yet, by using banana as a model food. They used Knudsen diffusion
which is based on pore size distribution for pore sizes between 2 nm and 50 nm in their model.
Knudsen diffusion is based on an approach that the mean free path of water molecules within the
pores are so large that they collide with the pore wall more frequently than with each other and they
jump one adsorption site to another (Figure 1.2). In this study, Knudsen number for bananas was
found very large meaning that water molecules hit the pore walls very intensely causing surface
diffusion to be the fundamental mechanism in moisture transport. Researchers suggested that
surface diffusion could be represented by Fickian diffusion even though pore size distribution
changed during drying since surface diffusion was still the dominating mechanism. They also
measured diffusivity by using different approaches including temperature and moisture
dependency. It was found that moisture content had more significant effect than temperature and
other components (sugar content) on moisture diffusivity during drying of banana (Baini and
Langrish, 2008).
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Schematic drawing of a molecule in a cylindrical porein ©
the caze of Knudsen diffusion; are indicated the pore
diameter () and the free path of the particle ().

Figure 1.2. Representation of Knudsen flow

Betoret et al. (2007) studied the drying mechanism of apple when vacuum impregnation, osmotic
dehydration and air drying were applied simultaneously. In vacuum impregnation, pressure



gradient and deformation-relaxation mechanism gave rise to transport of extracellular liquid water
and soluble solids to external phase (hydrodynamic flow). In osmotic dehydration, water activity
gradient caused water transport from intracellular to extracellular liquid then to external phase and
soluble solid transport in reverse direction. The same water transport mechanism as in osmotic
dehydration was observed in air drying (Betoret et al., 2007).

1.1.4. Meat Drying

Drying of meat is practised either to produce meat product with unique flavor such as dry-cured
hams, pastrami, jerky, Bresaola (Italy),Biltong (southern Africa),Odka (Somalia), Kuivaliha
(Finland), Qwanta (Ethiopia), Kilishi (Nigeria) etc. (Figure 1.3) or complementary/aroma
ingredient for foods such as instant soup, baby food, pet food etc. (Heinz and Hautzinger, 2007).

Jerky is raw meat or fish which is salted first, sometimes smoked and then dried. It is one of the
popular North American dried meat products and it relies on conventional drying methods. Since
1996, beef jerky has been preferred by astronauts for space flight due to its light weight and high
level of nutrition (The beef jerky blog, http://www.thebeefjerkyblog.com/so-jerky-is-as-jerky-
does/).

The production process of pastrami is complicated and takes several weeks. The main process steps
are two phase salting, washing, air drying, pressing, drying, pressing, covering with a thick layer of
paste called cemen and final drying (Aktas et al., 2005; Heinz and Hautzinger, 2007).
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Figure 1.3. Some examples to dried traditional dried meats; Biltong, Jerky, Pastrami starting from
left

Meat is a fibrous food composed of myofibrils and pH, ionic strength, osmotic pressure, the muscle
state (in rigor mortis or in the relaxation state) and even the usage of starter cultures, affect the
space between myofibrils (Castro-Girdldez et al., 2010; Aktas et al., 2005). Castro-Girdldez and
coworkers studied the effect of salting on pork meat and stated that salting process might cause
shrinkage or swelling according to concentration of salt solution since proteins constituting
myofibrils have electrostatic charge. Commercial starter cultures was also found to be effective in
degradation of myofibrillar proteins especially myosin during pastrami production (Aktas et al.,
2005).

The traditional dehydration methods used for meat are sun drying, solar drying and air drying (e.g.
tunnel drying) (Heinz and Hautzinger, 2007). As drying is the major preservation method used for
meat products like jerky and pastrami, it is necessary to understand the drying behavior of meat to
optimize the process. Thiagarajan and co-workers (2006) studied drying characteristics of beef
jerky in forced air thin layer drying. They found that relative humidity and airflow rate had
significant effect on drying characteristics of beef jerky. The higher air flow rate and lower relative



humidity favored the drying process. Physical properties such as water activity, color and shrinkage
were also affected by relative humidity and air flow rate. Lee & Kang (2003) also investigated the
influence of temperature (50, 60, and 70°C) and moisture content (18, 21, and 24%) on the quality
of jerky products using ostrich meat. They found that drying temperature had significant influence
on protein solubility while change in moisture content did not affect protein solubility when
samples were dried at the same temperature. Finally, the jerky product dried at 60°C, with 24%
w.b. moisture content was found to have the best overall acceptability.

1.2 Isotropic and Anisotropic Foods

‘Isotropy’ or 'isotropic' means that the material displays no change in physical properties in all
directions. 'Anisotropy' or 'anisotropic' (nonisotropic) means that the material displays different
values of a  physical property in  different  directions.  (Bourne,  2002;
http://www.texturetechnologies.com/Bourne-Isotropic-Anisotropic. html)

Some foods are isotropic whereas other foods are anisotropic. For isotropic foods (gels, potato
flesh, liquid foods like milk) properties are not a function of direction while for an anisotropic food
properties such as elasticity, conductivity and diffusivity depend on direction due to pores, fibrous
nature or structural differences throughout the sample. Some examples to anisotropic foods are
(Bourne, 2002):

® Meat and other fibrous foods: Cutting across the fibers will give a different texture than cutting
between the fibers.

e Cooked lasagna: Appears to be softer when cut parallel to the direction of extrusion than
perpendicular.

e Some cheeses: For example, Tilsit cheese constituting lentil-shaped holes requires a higher
force to compress when the long axis of the holes lie parallel to the compressing platen than
when the short axis is parallel to the platen.

e Surimi: It has a flaky structure. A lower force is required to compress or cut surimi when the
flakes are parallel to the blade than perpendicular.

Meat is a fibrous anisotropic food as stated above. Meat tissue is formed by a network of muscular
fibers surrounded by connective tissue. Fibers contain specialized contractile organelles, the
myofibrils (Castro-Girdldez et al., 2010). The amount of contraction or relaxation of myofibrils
with respect to stresses like temperature, moisture loss or pH etc. depends on direction of these
fibers to the stresses.

Studies showed that thermal conductivity value measured changes according to direction of heat
flow, which indicates anisotropy (Table 1.1, Table A.2)

Table 1.1.Thermal conductivity of cow and pig muscles (Hill er al., 1967; Bhattacharya A,
Mahajan R. L., 2003)

k (Wm! K" T (°C)
Cow Across fibers 0.467 36.0
Along fibers 0.434 32.0
Pig Across fibers 0.530 44.8
Along fibers 0.485 42.9

Even though many unprocessed foods are anisotropic, generally effective properties like effective
diffusivity in which dependency to the axes of food are not considered, were used in models, since
it is difficult to solve models by using anisotropic properties.



For many properties, component approach can be applied to find an approximate value of a
property, since the compositions of many foods and properties of these components (water, fat,
carbohydrate (CHO), protein, ash) are present in literature.

For example, for thermal conductivity (W/m.K)(Choi and Okos 1986; Sahin & Sumnu, 2006);

Kwater = 0.57109 + 1.7625%107T - 6.7036*10°6T> (1.1)
kcro = 0.20141 + 1.3874*107T - 4.3312%10°T? (1.2)
Kprotein = 0.17881 + 1.1958*103T - 2.7178*10°T? (1.3)
K = 0.18071 — 2.7604*10-3T — 1.7749*10°'T? (1.4)
Kash = 0.32961 + 1.4011%#1073T — 2.9069*10°5T> (1.5)
Kice = 2.2196 — 6.2489%103T + 1.0454*104T> (1.6)

For heat capacity (kJ/kg.K);

Cp =4.180%Xwater + 1.711%* Xprotein + 1.928%Xpart+ 1.547*Xcno + 0.908*Xqsn  (1.7)
(Choi and Okos, 1986, Stroshine, 2000)

X denotes mass fractions on wet basis. Other equations are presented in Appendix A.

In order to find the overall thermal conductivity, parallel, series or Krischer models can be used
according to structure of material (Sahin & Sumnu, 2006):

Paralel: Series:
. . oy
kpa=zi=1ki*xi —_— 1/kse = & ‘ ‘ ‘ ‘
heat — i=1 "1 heat
X S —>
Xy =—y —
S oG

v represents volume fraction, w represents mass fraction.

Rosello et al. (1997) also showed moisture diffusivity change with direction (Table 1.2.) and
confirmed the hypothesis of anisotropic mass transfer during green bean drying. This was
suggested to be resulted from no mass transfer resistance due to skin in axial direction while there
was such resistance in radial direction together with internal resistance (Rosello et al., 1997).

Table 1.2. Diffusivity (Defr) and activation energy (Ea) values for drying of green beans (Rosello et
al.; 1997)

Model Degr (m?/s) T (°C) Ea (kJ/mol)
Model  without shrinkage, radial | 1.6 x 10-1° 60 43.0
direction

Model with shrinkage, radial direction 1.5x 1010 60 43.5

Model without shrinkage, axial direction | 1.3 x 10° 60 22.0
Model with shrinkage, axial direction 1.2x10° 60 24.8

Thermal properties of foods can be directly measured by experiments. However, these values
become only valid for a given condition. Thus, researchers tried to find more generalized
definitions for thermal properties based on food compositions or as a function of temperature or
moisture content of food material. Among those thermal properties, thermal conductivity and
moisture diffusivity are the most important factors determining the accuracy of model predictions
(Farid and Kizilel, 2009). A considerable attention should be paid to select suitable correlation
equations for a given case. Several empirical equations used in models to represent physical and
thermal properties of food samples are summarized in Appendix A. None of these equations
consider anisotropy except Equation (a.7) in Table A.1. All reflect bulk effective properties. Taking



constant or variant property with respect to moisture or temperature of sample is also highly
important for model accuracy.

1.2.1 Effect of Cellular Structure of Food on Drying

Tissue structure and composition of foods appreciably affect the thermal and physical properties
(e.g. water diffusion coefficient) during air drying (Fito et al., 2001). Water transport in a cellular
tissue depends on the pathway that water follows through food, which in turn depends on
temperature. The resistance to moisture migration depends on the structure (capillary pressure;
permeability of cells, fiber configuration, pore size and distribution, connection of pores with each
other and also with external fluid), composition of food and type of moisture-material binding
(chemical, physical or mechanical). In order to understand the mechanism lying under moisture
migration, numerous studies have been conducted on moisture pathway through food during drying
and some of them are described below.

Water in the cells should pass first through cell membrane, then cell wall to reach the intercellular
and finally the extracellular matrix. The main driving force for this flow is the difference in water
potential between media. Cell membranes are intact at low temperatures, however higher
temperatures result in rupture of cell membrane and water flows through intercellular space and the
lacunae created by the dead cells (Halder et al, 2000) (Figure 1.4).

Cell Membrane

Ruptured Cell

Intercellular Space » Membrane

Cell Wall

(a) (b)
Figure 1.4. Schematic showing the cell membrane structure at (a) temperatures below 52°C (low
temperatures); (b) temperatures above 52°C (high temperatures) (Halder et al., 2010)

The potato slices left in ambient air at atmospheric pressure lost ~80% of their water over 5 days.
However, with pressure-driven flow up to 1.5 MPa at 100% relative humidity, only 2% of total
water can be driven out (Halder et al., 2000). Halder et al. (2000) defined the possible reasons for
this as “(1) the rest of the water (98%) is not present in the capillaries; (2) the capillary pressure
(which is negative or attractive) is higher than the applied pressure and therefore more water cannot
flow out of the pores; (3) the water is present in the blind pores (Figure 1.5)” or in the cells.
However, researchers stressed that at least 70% of the water is intracellular in meat (Honikel and
Hamm, 1994) and vegetables (Nobel, 2009; Asquith et al., 2007) at room temperature, not in
capillaries or pores.



True solid

Flow through pore Blind pore

Figure 1.5. Schematic view for three different types of pores that can be present in a porous
material (Halder et al., 2010)

Halder er al. (2000) also showed that ~95% of the water is intracellular in potato tissue at lower
temperatures, and this water becomes extracellular at temperatures above 52°C due to rupture of
cell membrane. Thus, drying at higher temperatures results in higher moisture diffusivities. Similar
results were also observed in several studies (Vega-Galvez et al., 2008; Bondaruk ez al., 2007,
Thuwapanichayanan et al., 2011) (Figure 1.6).

c 9WC

Figure 1.6. SEM micrographs of banana slices dried at different temperatures
(Thuwapanichayanan et al., 2011)



Combination of different drying techniques can have impact on final product. Moreno et al. (2012)
studied the presence of the synergistic effect of osmotic dehydration (OD), ohmic heating (OH) and
vacuum impingement (VI) on drying of strawberries. They showed the highest water removal with
OD-OH treatment at 50°C, while the largest solid uptake with VI-OH at 50°C. The osmotic
dehydration caused plasmolysis and in turn collapse of the cell (Figure 1.7).

50 um

Figure 1.7. SEM micrographs of parenchyma tissue from fresh and treated strawberries with a 65
Brix sucrose solution at 50 C. (a) Fresh control, (b) OD, (¢) OD-OH and (d) Vi-OH. IS:
intercellular space. CR: cell rupture. CW: cell wall (Moreno et al., 2012)

Anisotropy also affects the way that food sample shrink. The stresses due to temperature and
moisture gradients within the product lead to non-uniform shrinkage according to microstructure of
food. When these stresses exceed the force binding the cells, crack formation occurs, which in turn
change again micro and macrostructure of the sample (Wang and Brennan, 1995; Xiao and Gao,
2012).

1.2.1.1. Effect of Pretreatments on Cellular Structure During Drying

Some pretreatments applied prior to drying might alter the effect of drying on cellular structure. For
example, immersing the food in a solution containing NaCl, CaCl,, NaxS20s has been found to
reduce the amount of damage given to cell structure as reported by Vega-Galvez et al. (2008)
(Figure 1.8). Moreover, Xiao et al. (2009) showed that citric acid pretreatment prior to air
impingement drying of sweet potato has enlarged the pores and resulted in formation of starch
granules on the surface, which made diffusion of moisture easier (Xiao and Gao, 2012). Drying of
carrot slices in ethano-modified supercritical carbon dioxide also gave rise to pore formation and
enlargement, decreasing the process time compared to regular air drying (Brown et al., 2008).
Deng & Zhao (2008a and b) reported that osmoconcentration pretreatment caused calcium
penetration, collapse of cell wall and structure deformation due to surface tension and pressure
difference inside and outside the cells (Figure 1.9).



Figure 1.8. SEM micrographs of fresh and rehydrated red pepper samples with and without
pretreatment dried at different temperatures (Vega-Galvez et al., 2008)

Figure 1.9. Scanning electron micrograph of fresh and dried apple (Fuji) (Deng & Zhao, 2008 a
and b)
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1.3 Finite Element Modeling (FEM)

Numerical modeling is an efficient and powerful tool for simulation of real systems. For simple
cases, differential equations can be solved analytically. However, under complex conditions, it
becomes difficult, in some cases impossible to solve a model by analytical methods.

Numerical methods can give information for a broad range of conditions within a short time
whereas traditional experiments give results under specific conditions, and but a number of
experiments should be done in order to make a generalization, which is inconvenient due to cost
and time limitations. However, the experimental approach is inevitable for validating the models.
Once proved experimentally, the model can be used for varying conditions.

Of these numerical methods, finite difference, finite element, finite volume and mesh free methods
are widely used. Since the invention of the finite element method (FEM)in the 1950s, FEM has
become the most popular and widely used method in engineering computations. FEM divides the
matrix into discrete elements, called discretization. The network of these individual elements is
called mesh. Sample discretizations for one, two and three dimensional systems are shown in
Figure 1.10 - 1.12. The interpolation functions are then built upon the mesh, which ensures the
compatibility of the interpolation (Li & Liu, 2002).

The advantages and disadvantages of FEM over FDM (Finite Difference Method) are summarized
by Puri & Anantheswaran (1993) and Wang & Sun (2003) as below:

Advantages:

1. Spatial variation of material properties can be handled easier.

2. Irregular shapes can be modeled with greater accuracy.

3. The method gives better agreement to non-linear problems.

4. Element sizes can be easily varied.

5. Spatial interpolation is much more meaningful.

6. Mixed-boundary-value problems are easier to handle.

Disadvantages:

1. The element equations are usually much more complex compared to the grid-point equations of
the FDM.

2. The method can take longer CPU time and larger memory storage space, as compared to FDM
since it is numerically more intensive.

Figure 1.10. Finite element schemes for one-dimensional problems
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Figure 1.11. Finite element schemes for two-dimensional problems. (a) Nine-point finite element.
(b) Five-point finite element. (Lin ez al, 1997 )
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Figure 1.12. Finite element scheme for three-dimensional problems. (a) Nine-point finite element.
(b) Five-point finite element. (Lin et al, 1997)
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FEM can be used in electromagnetics, nanotechnology, civil engineering (stress-strain, deformation
calculation etc.), tissue engineering, biomechanics, orthopedics, simulation of total heart function,
surgery, acoustic scattering, electrostatics of materials, the areas of which are hard to represent and
solve by analytical methods.

Preliminary steps of finite element formulation are given below for solution of the time dependent
differential equation below;

ou  9%u . . .
5= aez Uisa dependent variable such as temperature or concentration.

Approximate solution is defined as;
U@ =) 0,@UW0)

ou aU; o0 _ dgi
—= ;— and =)2—U;
at Zw‘ at ox dx !

@ is the base function defined according to dimensions of domain and element type
like rectangular, triangular etc., i and j represents nodes in an element;

Jy ' 31; %)@ ;dx =0 apply integration by parts for %Qj ;
Lou ou Loudo;
—@.dx —— =7
o T Y [+ , 9x dx
1 ou; au do; d(?)
[ZJ; @L@jdx]ﬁ—a(aﬁ + Zf dx dx x|U; =0
0,0, 0,0, .. Uy ] . D1xP1x  DoxBiy o U,
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. U ao, . .
U, » = @,, = —n is the number of nodes in mesh.
1 at 1x dx

Then boundary conditions applied and Crank-Nicolson approximation can be used for solution.

According to type of material, variables, processes and what is desired to model (temperature,
moisture distribution, strain-stress...etc), proper modeling system should be selected. In many food
systems, FEM forms satisfactory models in comparison to the experimental data if there is no
formation of considerable discontinuity through the domain, which is not desired in most of the
cases.

1.3.1 Applications in Food Processing

Modeling provides information to describe, analyze and optimize the process while decreasing the
requirement for experimentation for every changing parameter. Among the numerical methods, the
finite element method (FEM) is an efficient tool especially for irregular geometries, complex
boundary conditions and heterogeneous materials, which are difficult to solve analytically. FEM
enables theoretical prediction of transient food temperature, moisture, internal chamber pressure in
vacuum cooling, effect of acoustic properties on ultrasound process, release of latent heat, sudden
changes in thermal conductivity during freezing, behavior of microwaved food, potency for crack
formation during noodle production, migration of additives from food package and others.
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FEM is useful for estimating the thermal behavior of foods under complex conditions such as
variation in initial temperature, non-linear and anisotropic thermal & physical properties, irregular-
shaped bodies and time dependent boundary conditions (Puri & Anantheswaran, 1993; Wang &
Sun, 2003). Summary of FEM studies are given in Table 1.3.

Table 1.3. Some studies using of the Finite-Element Method in Food-Processing (Puri &
Anantheswaran, 1993)

Processes Food Model Time References
dep.*
Drying Corn kernels 2-D Heat v Gustafson &&
Segerlind, 1977
Bulk Barley 3-D Heat v Alagasundaram et
al., 1990
Soybean kernels 1-D Heat & Mass v Upadhyaya et al,
1989
Drying and | Soybean & | Axi Heat, Mass and v Haghighi et al,
thermal stress barley kernels Elasticity 1988a, b, 1990)
Moisture transfer | Raisin, peanuts, | 2-D Mass v Hong et al., 1986
in mixtures almonds, banana
Dehulling Black-eye peas Axi Mass v Chhinnan & Bakshi
(1984)
Cooling Broccoli 2-D Heat v Jiang et al., 1987
Tomato 2-D Heat v Pan & Bhowmik,
1991
Freezing Lamb&Beef 2-D Heat v Comini et al., 1974
Carcasses
Ground beef 2-D Heat v Purwadaria &
Heldman, 1980
Sterilization Fluid Foods 2-D Heat McCarthy &
Merson, 1989
Pasteurization Beer Axi Heat v Engelman & Sani,
1983
Canning Mushroom 3-D Heat & Mass v Sastry, 1986
Agartine Mushroom 3-D Heat & Mass v Sastry et al., 1985
degredation
Microwave Potato Axi Heat v Chen et al., 1996
heating
Mechanical Fruits and | Axi Elasticity and v Rumsey & Fridley,
Damage Vegetables Viscoelasticity 1977
Analysis
Fruits Axi Elasticity Gustafson et al.,
1977a, b
Cell damage Biological tissue | Axi Elasticity Cardenas-Weber et

al., 1989, 1991

1.3.1.1. Heating

Heating and cooling are common processes which improve quality and safety and extend shelf life
of food products. Modeling of these processes has been studied for a long time. Gustafson et al.
(1977, 1979) modeled the influence of heating and cooling on stresses in non-homogeneous regions
(endosperm and germ) of the corn kernel by finite-element method considering two-dimensional
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time-dependent heat-conduction equation. The material properties were assumed to be independent
of temperature and moisture content. Shrinkage of kernels due to moisture migration was
considered negligible. However, the validation of the model with experimental data was not
included.

Momentum, continuity, and energy equations in axisymmetric coordinates were solved using the
finite-element software FIDAP to describe pasteurization of beer in a bottle by Engelman (1982).
The penalty-function approach for approximate solution of continuity equation was applied in order
to reduce the computation time. Nine-node, isoparametric quadrilateral elements were used for the
velocity and temperature fields, while linear triangular elements were used for pressure.

Naveh et al. (1983a, b, ¢) studied overshooting of temperature in cans and jars when the steam-off
condition prevailed and estimated the sterility of cream style corn in a jar and meat. Two-
dimensional transient heat-conduction equation was solved considering axisymmetric coordinates
and constant temperature and convective type boundary conditions using linear and quadratic
rectangular and triangular elements. This model provided heating for different size of jars and
effectiveness of sterilization process.

Temperature distribution of model foods in axisymmetric coordinates during microwave heating
was determined by Lin et al. (1989) solving the transient heat-conduction equation. Microwave-
heat absorption was included in the model as a heat-source term. Rectangular and cylindrical
shaped model foods were used. In general, the model was favorable with experimental data but the
predicted temperatures at the center in the cylindrical shaped model foods were not compatible
with experimental values. This was suggested due to the incomplete description of microwave
propagation within cylindrical shaped foods. The results showed that thermal diffusivity, dielectric
properties, power output of microwave significantly affected temperature distribution within the
food.

Chen et al. (1990) solved axisymmetric heat-conduction equation to describe heating
characteristics of potato in cylindrical shape using Lambert’s law. Heat-generation equation was
added to model to describe microwave interaction. The results of FEM were in good agreement
with experimental values.

Kumar et al. (1990) have used FEM to find temperature distribution and cold-spot within the
upright metal can heated in a steam retort. In order to refine mesh, trial-and-error technique was
used. Steady state voltage distribution and unsteady state temperature distribution within particulate
food during ohmic heating was also modeled by FEM, using linear triangular elements (DeAlwis
and Fryer, 1990).

Heat transfer in meat patties during single-sided pan-frying without and with turn-over was
modeled using FEM considering moisture loss rate, cooking time, and crust formation as a
functions of pan temperature and/or turn-over frequency and time (Ikediala et al., 1996). The heat
of reaction due to denaturation and fat melting and shrinkage/swelling of meat patty were
neglected. A two-dimensional axisymmetric transient heat conduction equation involving the heat
removed due to moisture loss was solved using convective boundary conditions. The symmetrical
half portion of the meat patty (Figure 1.13a) was discretized into quadrilateral elements (Figure
1.13b). Crank-Nicholson scheme was applied for the simulations time stepping. Good agreement
was obtained between predicted and experimental temperature values.

Geedipalli et al. (2007) developed a model considering coupled Maxwell’s equations for
electromagnetics and heat transfer equation during microwave heating of food rotating on turntable.
Transient simulation of the heating process was carried out using finite element based
computational software considering the rotation of the turntable by repeating the computations for
discrete angular positions of the turntable. This resulted in a 37-43% increase in uniformity by
using turntable for the duration of 30 s. However, it was observed that the temperature uniformity
across different layers of the food was not improved by turntable. Researchers suggested that if a
system which moves the food from top to bottom (and vice versa) could be built, it could
potentially increase the uniformity.
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Figure 1.13. Representation of mesh involving quadrilateral elements augmented at the bottom and
up surfaces: (a) cross section of a meat patty with (b) a symmetric half discretized into 180
elements (in parenthesis) and 209 nodes. All dimensions in mm (Ikediala et al., 1996)

Radio-frequency (RF) heating is arisen from interaction between the electric field produced by the
electrodes of a capacitor and the dipoles and ionic-charges present within a food product. Marra
and co workers (2007) analyzed formation of non-uniform temperature distribution during radio-
frequency heating of cylindrical meat batters, by modeling of both electromagnetic and thermal
phenomena with FEM. Meat batters were selected as a model food, with dielectric and physical
property data available as a function of temperature. Quasistatic electromagnetic equation coupled
with the heat transfer by conduction, plus a generation term as a function of local E-field were
solved using Gauss law with 256,150 domain elements (tetrahedrons). On the external surfaces of
the beaker, convective heat transfer was considered as a boundary condition. FEM predictions for
electrical field modulus and dielectric loss factor, which were agreed with experimental are given
in Figure 1.14.

16



5 — I o e
== B =

" o

|
L]
1

r [om]

N TN

zlem]

Figure 1.14. Example of output results, referred to numerical simulation of 900 s of heating of
luncheon roll emulsion in RF oven at 200 W. Distribution of the E-field modulus within the sample
(above figure), Distribution of the relative dielectric loss factor, within the sample (below figure)
(Marra et al., 2007)

1.3.1.2. Cooling& Freezing

A time-dependent axisymmetric heat-conduction equation was solved by FEM to model the stalk
performance (most perishable part of broccoli) during pre-cooling of broccoli using quadrilateral
elements (Polivka and Wilson, 1976). Respiration effect was included using a heat-generation term.
The results showed that FEM adequately simulated the precooling process.

Simulation of temperature of apples during cooling was studied by solving one dimensional time
dependent heat transfer equations with FEM using two node linear elements (Misra and Young,
1979). The main assumptions were constant drying conditions (relative humidity and temperature)
and no respiration and moisture exchange between apple and ambient air. The model results were
in good agreement with analytical results.
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Hayakawa and Succar (1982) modelled one dimensional heat transfer and moisture loss in
spherical-shaped fresh produce by FEM using Galerkin’s technique. They solved heat-conduction
equation including heat generation due to respiration of produce. Variable density & thermal
conductivity as a function of temperature and convective boundary conditions were used. Integral
of the evaporation at the surface was included to model as overall moisture loss.

Potluri (1985) studied cooling of loin carcasses and estimated surface-heat-transfer coefficients by
2-D time dependent diffusion equation of FEM and linear triangular elements. The time-dependent
equations were solved using the Crank-Nicolson method. It was assumed that heat transfer was
mainly by conduction. The evaporation term was introduced using modified heat-transfer
coefficient. Important results obtained were that FEM could be used to predict carcass temperature
and heat-transfer coefficient, which enable control of ambient temperature during cooling using
simple inputs as weight and fat content of carcass.

Two-dimensional time dependent heat conduction equation with generation (respiration) was
solved by ANSYS software using FEM to determine temperature distribution of tomato (Pan &
Bhowmik, 1991). Good agreement was observed between predicted and experimental results of
temperature and moisture loss in tomatoes. Tri Ho et al. (2007) used FEM to describe simultaneous
O and CO;, gas transport as well as respiration in the tissue to determine O, and CO; diffusivities
in pear fruit tissue.

Two dimensional temperature distribution during freezing of lamb and beef carcasses in air-blast
tunnel was modeled by FEM, using variable thermal conductivity for dry and liquid parts in
elliptical and trapezoidal geometries (Purwadaria and Heldman; 1980, 1982). The heat conduction
equation during freezing and thawing was solved by Galerkin method in FEM formulation
considering temperature dependent physical properties of material (Abdalla and Singh, 1985).
Three-dimensional heat transfer equations around caverns (openings excavated in tuff at the
Cappadocia Region of Turkey) for various geometries were solved by FEM in order to find their
potential use for frozen food storage (Unver & Agan, 2003). It was found that energy loss due to
heat transfer was three times lower in favor of underground storage cavern opened in tuff both
experimentally and numerically.

1.3.1.3. Other Processes

Besides heating and cooling, FEM was also used to describe other processes like migration of some
chemicals, mechanical damage on food products, ultrasound etc. Degradation of agaratine in
canned mushrooms was modeled by solving three dimensional transient-heat-conduction and mass-
diffusion equations in an irregular domain considering time-dependent convective-type boundary
conditions (Sastry et al., 1985). Kinetic data on the degradation of agaratine as a function of
temperature was also incorporated to FEM. The model satisfactorily represented the experimental
data.

Roduit et al. (2005) developed a diffusion model to simulate migration of additives from multilayer
polymeric package during its contact with food under isothermal conditions to investigate
applicability of FEM in order to avoid costly time-consuming migration tests. The packaging layers
were based on five different, predefined confinement geometries (rectangular, cylindrical,
spherical, truncated cone, spherical segment) describing the properties and dimensions in which
food was wrapped. It was found that the modeling programme worked properly only if appropriate
data describing the kinetics and thermodynamics of the migrant was considered. While diffusion
coefficients in polymers were available in literature, partition coefficients of migrants between
different polymers were hardly accessible, which limits the use of models.

Finite element modeling has also the potential to describe complex mechanical behavior of many
food products. Liu and Scanlon, (2003) studied the mechanical change of bread crumb under
compression and indentation. The crumb was discretized into quadrilateral axisymmetric
continuum elements of uniform size. It was found that overall stress—strain curves of low-density
bread crumb under compression and indentation were well estimated by FEM. However, the load—
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displacement curves generated from spherical indenters were under-predicted, while those from
cylindrical indentation were well predicted.

Mechanical damage to fruits and vegetables usually occurs during harvesting, handling, and
processing. This process is another topic handled by FEM. For example, stresses during the
mechanical handling of melons by robots were estimated by FEM in axisymmetric, three-
dimensional coordinates using quadrilateral elements (Cardenas-Weber et al., 1991). The predicted
and measured data were reasonably agreed. The model showed that the loads induced by grippers
had low potential to cause bruising of melons. Fruit bruising in longitudinal and transverse
directions by parallel plates was also analyzed by nonlinear finite element analysis in another study
(Sadrnia et al., 2008)

A two dimensional FEM was developed to investigate the influence of cell wall material and
thickness, transducer configuration, rotation of a metallic stirrer blade and heat transfer fluid on the
cell acoustic response during ultrasound process (Gachagan et al., 2004). Experimentally measured
pressure fields were found in good correlation with the predicted fields.

1.3.2 FEM in Drying

Modeling of a drying system is essential for improving process control and product quality. A
proper model provides information on the shortest time of drying, optimal dimensions of the dryer,
etc. It also minimizes the cost of expensive pilot scale tests while satisfactorily indicating the
characteristics and safety of dried products.

For a drying process, with a small Biot number, a uniform temperature profile in foods can be
assumed in simulation and the solution of a single mass transfer equation can thus be adequate to
describe the process while for a drying process with a large Biot number, a coupled heat and mass
transfer should be taken into account in the model. For temperature, moisture and pressure
distribution during drying of a composite food system, it was shown that coupled transfer equations
give good agreement with experimental data while uncoupled model produced drastically different
values. (Wu & Irudayaraj, 1996, Wang & Sun, 2003).

Marchant (1976) modeled grain drying using forced air convection by FEM. Information of
velocity and pressure distribution was found important for an optimal design in addition to the
coupled heat and mass transfer. The variational technique was used to solve pressure drop in a two
dimensional region. Quadratic triangular elements were used in a fully developed flow. Although
the predicted values by Marchant (1976) had good agreement with other simulated data, the model
obtained by considering three dimensional equations were found more accurate (Khompis et al.,
1984). The three dimensional model gave opportunity to find the pressure distribution across a
plane close to the inlet having significantly higher non-uniformity than the cross-section away from
the inlet.

Rumsey and Fortis (1983) simulated the pressure and flow distribution by FEM during drying of
walnuts. Quadrilateral elements were used to model two dimensional steady, isotropic air flow. The
predicted and experimental results showed good agreement in both high and low air velocity
regions. The model was then used to improve uniformity of flow thoughout the dryer by simulating
different design conditions, such as reducing the angle of the false bottom, increasing static
pressure under an expanded metal-screen floor. The uniformity of drying was found to be improved
by these considerations.

Syarief et al. (1987) used FEM to determine moisture diffusivity of corn kernel as a function of
kernel component analysis and moisture content. Moisture migration was assumed to be only by
diffusion, not coupled with temperature and in two dimensional region. Quadrilateral elements
were used in the model. In order to find the parameters in exponential equation representing
diffusion coefficient, the bilinear approximation function for elements was used. The model
resulted in different diffusivity values for germ and endosperm of the kernel. The diffusion
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coefficient of germ was found 3.6-4.9 times higher than that of endosperms. The FEM was
suggested to be an efficient tool in the determination of the diffusivity coefficient.

Air flow distribution within particulate materials during drying of grains in two and three
dimensional regions was solved by ANSYS software using FEM with four node isoparametric
elements for two dimensional and eight node isoparametric elements in three dimensional
simulations (Talbot, 1989). Talbot’s results demonstrated the effectiveness of ANSYS and FEM to
represent the air flow patterns through porous media.

Alagasundaram et al.(1990) predicted temperature distribution of grains in a bin during drying and
aeration by using non-linear, non-isotropic finite element formulation. A 3-D transient heat-
conduction equation was solved using linear and quadratic hexahedron elements. The predictions
by quadratic-elements were found more compatible with measured values than the linear-element
predictions.

Thin film dehydration was modeled by Bowser and Wilhem (1995) by FEM. The model
simultaneously considered shrinkage and one dimensional heat and mass transfer within thin films
dried on a surface with convective boundary conditions. Unsteady state heat and moisture diffusion
equations with convective boundary conditions were solved. Physical properties were dependent on
temperature. The main difference of this study from previous ones was consideration of shrinkage
in the model.

Aversa et al. (2007) examined the influence of some of the most important operating variables,
namely velocity, humidity and temperature of air on the performance of carrot drying. They tried to
increase the accuracy of modeling by the use of FEM. Although there are similar modeling studies
present in literature, due to the model formulation this research deserves more attention.
Bidimensional heat and moisture transfer equations considering the variable properties for both air
and food as a function of local values of temperature and moisture content were solved. Later, the
same research group improved their model by including air flow in their formulations (Curcio et
al., 2008). Simultaneous transfer of momentum, heat and mass occurring in a convective drier,
where hot dry air flows under turbulent conditions around carrot slab, was studied. The mass, heat
and momentum transfer equations considered in the study are shown below in equations (1.18-
1.10). Two dimensional cylindrical coordinates were chosen and angular dimension were
neglected. Half of the sample was considered due to symmetry (Figure. 1.15). Since physical and
transport properties of both air and food are expressed in terms of the local values of temperature
and/or moisture content, the system was represented by unsteady, non-linear partial differential
equations (PDE) which can only be solved by means of a numerical method. Convection within the
food sample was neglected, assuming low internal evaporation. The diffusion of vapor within the
dehydrated material towards the food surface, was also neglected since this mechanism was
suggested to be the only significant for highly porous media, whereas it can be neglected in the
case of vegetables since typical void fraction values are less than 0.3 (May and Perre, 2002). The
mass transfer in the product, therefore, was assumed to be only by diffusion; and heat transfer, only
by conduction. Shrinkage effects were assumed to be negligible when it was less than 20%.

ac

StV (=DsVC) =0 (1.8)
CpsOT

% —V.(=keVT) =0 (1.9)

The unsteady-state momentum balance was coupled to the continuity equation;

p‘;(zg +p,u.Ve = V. [(na + z—:) (Ve)] + (Clkgg) [mP(u) - (@) (v. u)] - % (1.10)

where p, is the air density and m, is its viscosity, both expressed in terms of the local values of
temperature and of water content; P is the pressure within the drying chamber; u is the velocity
vector; ¢y, Ok, Og, Cis and cy are constants whose value depends on the k—gturbulence model used
(Curcio et al., 2008, Verboven et al., 2000). Nonlinear PDEs were solved by COMSOL
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Multiphysics 3.3. Lagrange FE of order 2 was selected for all variables except from pressure for
which an order of one was selected. Newton’s method was used for nonlinear equations. It was
found that air characteristics affected drying performance only when external resistance to mass
transfer was the rate controlling step.
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Figure 1.15. Discretization of food and air domains into triangular finite elements (detail of the
mesh ) (Curcio et al., 2008)

The effect of air temperature on the performance of the drying process applied to fresh-cut
vegetable slices (carrot) was also studied by De Bonis and Ruocco (2008). Two dimensional
transient coupled heat and moisture transfer equations were solved by FEM. Moisture content
dependent physical and thermal properties of carrot were taken from the literature (Ruiz-Lopez et
al., 2004) as in the study of Aversa et al. (2007). Unlike studies of Aversa et al. (2007) and Curcio
et al. (2008), laminar flow was prevailed during drying and the evaporation term was added to
governing partial differential equations. For the food sample, the governing equations are presented
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below (1.11-1.13). Discriterization was similar to study of Curcio ez al. (2008). Due to addition of
evaporation term to the equation, the boundary conditions became different from Curcio et al.

(2008).

Continuity liquid water; Continuity water vapor;

% +V.(=DVC) = —KC, (L.11) "ait +V.(=D,,VC,) = KC, (1.12)

Energ)(;;T
psCps 5 = V. (=k;VT) = —q (1.13)

Cooling rate due to evaporation;
q = Ahye, MK, (1.14)

where K is rate of production of water vapor mass (1/s) found by minimization of error between
experimental and predicted values for each experimental condition. v, 1 and s represent vapor,
liquid and substrate.

All of these model studies show that a proper construction of partial differential equation, initial
and boundary conditions, dimension setting, use of variable or constant property of material
selection, element and mesh definition are important for robustness of the constructed model.

1.4 Aim of the Study

Drying is a common preservation method for foods used since ancient times. With the help of

drying models, it is possible to;

v' find optimal set of operating conditions to improve final quality and stability of foods which
can be adversely affected by high values of moisture leading to microbial spoilage and
enzymatic reactions,

v’ analyze the behavior of industrial dryers over a wide range of process fluid dynamics
conditions, material types and dimensions,

within in a short time.

It is important to predict the dehydration rate, temperature distribution in the food materials during
drying since both affects quality and safety of food (Farid and Kizilel, 2009). Studies showed that
temperature differences though the food is significant in steam drying (Li et al., 1998), freeze
drying (Du et al., 1997; Carn and King, 1997), air drying (Arzan and Morgan, 1967) and frying of
potato chips (Farid and Chen, 1998),

Most of the unprocessed and processed food materials have anisotropic nature. Their properties
vary with direction due to their nonuniform structure like in porous and fibrous foods. Drying
characteristics and final textural properties of food materials are known to be changed with respect
to direction of food material to air flow due to this anisotropic nature. However, generally it is
difficult to consider anisotropic nature in model systems due to nonexistence of empirical equations
defining anisotropic physical or thermal properties. Even if such equations are obtained; it is
difficult to solve the model equations analytically since inclusion of anisotropic properties makes
the model much more complicated. Thus, a more common approach is to use effective properties of
materials in the model studies.

In this respect, to fulfill the gap in the literature, the aims of this research are as follows;

- to observe the effect of drying parameters (temperature and flow rate of air) and structure (fiber
direction, anisotropic/isotropic nature) on temperature distribution and moisture content of meat
slabs prepared from lean meat in three different fiber directions and minced meat prepared from
the same lean meat as models for anisotropic and isotropic food samples, respectively. The
main drying characteristics considered in the study were magnitude of temperature difference,
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rate of drying and temperature change, drying time, diffusivity values and shrinkage. The
results serving this aim are given in Chapter 3;

to model both temperature and moisture distribution in the same meat samples using FEM
considering anisotropic variable thermal conductivity definitions as a function of temperature,
of which values were taken from literature and to observe effect of drying parameters
(temperature and velocity of air) and structure (fiber direction, anisotropic/isotropic nature) on
predicted temperature distribution and predicted moisture content of meat samples, and finally
to make comparison with the experimental data in order to validate the model. The results
serving this aim are given in Chapter 4;

to refine the model considering both anisotropic variable thermal conductivity definitions taken
from the literature and anisotropic variable diffusion coefficient values as a function of moisture
content and temperature obtained from the experimental results, and finally to make comparison
with the experimental data in order to find adequacy of FEM to describe drying of anisotropic
and isotropic food samples. The results serving this aim are given in Chapter 5.
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CHAPTER 2

MATERIAL AND METHODS

2.1. Materials

Low fat lean meat with orderly fibrous structure from round of beef was used as a model for
anisotropic food. It was cut along and against fibers with use of ultrasonic knife (Sonicblade JK-01,
PRC). According to flow, three configurations were used in experiments (Figure 2.1). Double
minced meat prepared from the same lean meat was used as a model for isotropic sample.

2.2. Parameters
Independent and dependent parameters used in experiments are summarized in Table 2.1.

Table 2.1. Parameters used in drying experiments

Independent Parameters* Dependent Parameters

Air temperature Temperature of sample with respect to time
and location

Air flow rate Moisture content of sample with respect to
time

Fiber direction to air flow Shrinkage

Time of drying

*Humidity of air was not used as a parameter. It was continuously monitored to control whether
there was any drastic change which might affect the experimental results.

hl: flow nommal to fiber

—»
Air flow 1] v; flow normal to fiber;
» drving along the fiber
D
VaAZ T
M’ ' h2; flow along the fiber
x .

Figure 2.1.Fiber configurations in lean meat samples
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2.3. Experimental Methods

2.3.1. Experimental Setup

Samples were dried in a laboratory scale tray dryer (1.5 X 0.28 X 0.28 m’, Armfield Limited,
D.27412 England) (Figure 2.2a-b). It consists of an adjustable fan, adjustable electrical heater and
sample chamber. Temperature and velocity of air were adjusted by setting knobs of fan and heater.
Air flowed 1.5 m to reach sample holder unit. Hygrometer was placed just before the sampling
chamber to record relative humidity and temperature of air. After setting the temperature and
velocity, it was waited for temperature of inlet air to reach a constant value before placing the
sample into the dryer. The approximate meaning of each knob of dryer control unit is given in
Table 2.2.

Table 2.2. Values of control unit switches

Knobs* Temperature ("C)

Velocity 2 4 6 8 10
2 (0.3 m/s) 38 48 58 68 78
4 (0.7 m/s) 38 45 52 58 65
6 (1.0 m/s) 37 44 50 55 60
8 (1.3 m/s) 38 42 46 50 54
10 (1.7 m/s) 35 38 42 45 48

*According to inlet temperature of air, indicated temperature values might change by +5°C.

Figure 2.2a.Configuration of dryer
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2.3.2. Sample Preparation

Lean meat samples were prepared by cutting the bulk lean meat along or across the fibers
according to Figure 2.1 in dimensions of approximately 6x3x1 #0.2 cm?® (length x width x
thickness). For double minced meat, a mold was prepared with dimensions of 6-3-1 cm (length x
width x thickness). Lean and minced meat samples were placed on a foam preventing heat and
mass transfer at the bottom of sample, which was hang up in the sample chamber (Figure 2.2a-b).

2.3.3. Temperature Measurement

K-type thermocouples (Omega data logger thermometer/datalogger HH306A, Taiwan) attached to
a data logger were used for recording temperature values at 4 different locations in the meat
samples: midpoint, 2/3 of length from center in the middle of thickness, -2/3 of length from center
on the front surface, center point at the bottom surface (Figure 2.3). During drying, temperatures at
those points were automatically recorded once a minute.

B]Lz A-I;J A;I;Z ATI; mid point of sample (center)
AT2; 2/3 of length from center
/i el BT1; mid point at the bottom surface
| e (insulated)
. Tt .;: R BT2; -2/3 of length from center on the
e /*‘ front surface exposed to air

v
BT1

Figure 2.3.Thermocouple locations on sample

2.3.4. Moisture Content Measurement

Initial moisture content of samples was measured by overnight incubation of sample at 105°C in an
oven. Weight of samples was recorded every 10 minutes during drying by an analytical balance
(Radwag PS 360/C/2, Poland), to which the sample was attached via string (Figure 2.2). Before
recording, the dryer was stopped for a very short time to avoid misreading due to oscillation of
string and thereafter the weight was recorded. A thin insulation material (foam) was put under the
balance in order to prevent transmission of heat from the dryer to the balance and lessen vibration
and oscillation of string during drying.

2.3.5. Equilibrium Moisture Content Measurement

Equilibrium moisture content was calculated from the data of weight change during drying. First,
moisture content based on bone dry solid (g/g bds) was plotted with respect to time. Two models
were selected to represent moisture content change with respect to time as Henderson and Pabis
(1961) (equation 2.1) and two term approach by Hendersen (1974) (equation 2.2). Exponential
decay equations designated below were fitted using non linear regression tools of Sigma plot 2000
for Windows Version 6.00. The value when time goes infinity was taken as equilibrium moisture
content (Xeq). Henderson and Pabis (1961) model was already used for moisture content change by
many researchers (Roberts and Tong, 2003; Chen X. D., 2007; Azzouz et al., 2002; Zhang and
Litchfield, 1991; Djendoubi ez al., 2009). Hendersen (1974) was also used in literature (Sharaf-
Eldeen et al. 1980, Kaya et al. 2010).
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X=X+ade™ 2.1)
based on Henderson and Pabis (1961) equation below;

X —Xeq (—kt)

——— =aexp(—

XL‘ - Xeq

X =X,,+ade ot +befat (2.2)
based on two term approach by Hendersen (1974) below;

X =Xeq

—= —kot) +b —k,t

X, — Xoq aexp(—kot) exp(—kyt)

2.3.6. Properties of Air

Velocity and temperature of air in the dryer was kept at desired values, by a control unit on the
dryer. The velocity of air was measured by a vane type anemometer (Prova AVM-03, Taiwan).
Temperature, % relative humidity and dew point of air was continuously measured and recorded by
hygrometer (Comet S3121, Czech Republic) every 5 minutes. The temperature and velocity of inlet
air were selected as a range of 30-75°C and 0.4-1.8 m/s (Curcio et al., 2008).

2.3.7. Shrinkage measurement

Initial and final surface areas (after 270 minutes drying) were measured by placing sample on
milimetric paper. Shrinkage ratio was then found by simple mathematical comparison. In this
study, only the areas of meat samples whose surfaces were exposed to air were examined. For this
examination, pixarea 1.03 software program was used to calculate the area. (ShareMe,
http://shareme.com/download/pixarea.html)

2.4. Model Construction

During drying, heat is transferred from air to the surface of sample via convection and from surface
to interior sides by conduction. Meanwhile, moisture is transported from interior of sample to the
surfaces due to driving forces of concentration and vapor pressure difference via capillary flow
through fibers or diffusion. When the surfaces of sample reach saturation and wet bulb temperature,
water starts to evaporate from sample. To simulate this phenomena, 2D coupled mass and heat
transfer in x-y direction represented with nonlinear partial differential equations shown below (2.3-
2.5) was used and solved by finite element modeling. Insulated boundary condition at the bottom
and convective boundary conditions at other surfaces of the sample were taken into account (Figure
2.4). Two different nonlinear partial differential equations were used for temperature simulation
(Equation 2.4-2.5). Model 1 considered evaporation only at surface exposed to air, thus loss of heat
due to evaporation was involved in the boundary conditions (Equation 2.6, 2.8, 2.9, 2.10) (Chen et
al., 1999; Aversa et al., 2007) while loss of heat due to evaporation was involved in governing
differential equation of heat transfer (Equation 2.5, 2.11) in model 2 (Srikiatden and Roberts,
2007).

ac
Model 1; pCp ‘;—f = V. (k.VT) (2.4)
Model 2; pCp 2 = V. (k.VT) — q, 2.5)

29



2; Heat/Mass Flux BC

e
. —> 1; Heat/Mass Meat Sample
Air flow Flux BC (subd=0main)
yaz ———» (0,0)
f Insulated BC
X

Figure 2.4. Ilustration of model system. BC; Boundary Condition

For Model 1;
Heat/Mass Flux BC: kVT = h X (T, — T) — q,
Deff xVC = kc X (Cbulk - C)

ac
Gy = —Desr X 3 X A (surface 2)

Gy = —Dggr X g—i X A (surface 3)

Qy = Degp X 3—i XA (surface 1)

A:latent heat of evaporation

For Model 2;
At the subdomain, qy is identified as;

ac .
qy = A% e if temperature exceeds or equal wet bulb temperature.

Heat/Mass Flux BC: kVT = h X (T — T)
Dopp X VC =k, X (Chyi — C)

For both models,
Insulated BC: kVT =0
Deff X VC = 0

Assumptions:

* Heat transfer in the product is by conduction;
* Mass transfer in the product is by diffusion;

* Change in z direction is neglected;

*Fat transport is negligible;

*The crust is as thin as that it does not hinder transport of water to the surface;

* No internal heat generation and no chemical reaction;

* Dissolved matter lost with water can be neglected in material and energy balance;

* The initial distribution of water content and temperature is uniform;
Shrinkage during drying (less than 20 %) is negligible;

3; Heat/Mass
Flux BC

(2.6)
2.7)

(2.8)
(2.9)
(2.10)

@.11)

2.12)
(2.13)

2.14)
(2.15)

* A bidimensional rectangular domain (~6 cm of length with a thickness ranging from 1.0 to 1.2

cm) was considered;

* Air is supplied continuously to the product, and its flow is parallel to its surfaces; (Aversa et al.,

2007).

Variable properties of the samples with respect to dependent variables (temperature or
concentration) were used. For density, an average value 1070 kg/m? was used for lean meat; 950
kg/m?® was used for minced meat (Perez & Calvelo et al., 1984; Proud and Lund, 1983). Perez and
Calvelo (1984) showed that density did not change drastically with a moisture content (wet base)

range of 0.40-0.75.
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Heat capacity (Cp) was calculated according to empirical equation below (2.16) (Choi and Okos,
1986). The composition of meat samples was taken from the study of Pham and Willix (1989) and
used on a wet basis;

Cp =418 x X, + L711 X X,,,., + 1.928 X Xz, + 1.547 X Xy + 0.908 X Xy (2.16)
All fractions are on wet basis (Choi and Okos, 1986).

Heat capacity equation (2.16) was converted to equation (2.17) since moisture content (c) was in
kg/m? in the model;

Cp = 10° x [(4.18 x i) + 2.17)

(1.711XXpro+1.928XX £q;+1.547XX o +0.908XX g5, ) [ J

1_(Xw0_%) kg XK
For diffusion coefficient of meat, Trujillo et al. (2005) found four different models using different
assumptions. The model (2.18) selected as the most proper one by Trujillo ef al. (2005) was used to
define diffusion coefficient;

_ﬁ _23643,8
D=D,*e RT = 5,09 X 1076 x ¢~ T
(2.18)
E.; kJ/mol  R; 8.31434 kJ/(mol*K)

For thermal conductivity, the equations below (2.19-2.22) were used (Pham & Willix, 1989;
Equation (a.7) in Appendix Table A.1). For anisotropic nature of lean meat, relevant k values were
adapted to the model as ky and ky according to fiber direction (Table 2.3).

k = k¢ + d.(T-Ty) (2.19)
For heat transfer perpendicular to fibers;

ki =0.421+ 0.001*(T[K]-272.1) [W/(m.K)] (2.20)
For heat transfer parallel to fibers;

k| = 0.450 + 0.0009*(T[K]-272.1) [W/(m.K)] 2.21)
For minced meat; k = 0.466 + 0.0011*(T[K]-272.1) [W/(m.K)] (2.22)

Table 2.3. Anisotropic thermal conductivity values used in the model

For h1 configuration

For h2 configuration

For v configuration

k. 0
k_0k¢

_k[[ O
k= 0 k.

k. 0

Semi-empirical correlations below (2.23-2.24) for forced convection were used in order to calculate
heat and mass transfer coefficients (h and k). Chilton-Colburn analogy also held (2.24b). All
properties were calculated at the film temperature. Properties of air (viscosity, density, heat
capacity, Prandtl Number, thermal conductivity, diffusion coefficient) with respect to temperature
were entered to the model. The model then calculated the value of a property at the film
temperature, which change with the sample temperature by piecewise cubic or linear interpolation
and used it to calculate the values of heat and mass transfer coefficients. Moisture concentration
and wet bulb temperature of air was calculated from psychometric chart using measured values of
relative humidity and dry bulb temperature (http://www.ringbell.co.uk/info/humid.htm).

RXLc

1
Nu = = 0.664 x Re®5 x Pr3 (2.23)
(Geankoplis C.J., 1993; Chua K. J. et.al., 2002)
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2
. 2
Sh = Xele — (0,664 x Re®S x Sc3 (2.24a) or  k, = 2L (2.24b)
Desr pxCp

(Geankoplis C.J., 1993; Van der Sman R.G.M., 2007)

The diffusion coefficient of air was calculated by the equation below (2.25) (Bolz and Tuve,
1976;http://www.cambridge.org/us/engineering/author/nellisandklein/
downloads/examplessfEXAMPLE_9.2-1.pdf);

Dgyw =—2.775%1076 4+ 4.479 x 1078 X T 4+ 1.656 x 10710 x T? (2.25)

To construct the model by finite element method, COMSOL Multiphysics 3.3a with heat transfer
module was used. For linear system solvers, the default solver as the Umfpack Direct Solver was
used. Temperature was read with respect to time at four locations, where experimental data were
taken. Average moisture content was found using integration coupling variables in the FEM in
order to make comparison with experimental data. Triangular elements augmented at sides with
heat flux boundary condition were used (Figure 2.5). For augmented mesh at sides with heat flux
boundary condition, maximum element size was defined as 1x1073.

Figure 2.5. Mesh configuration of the model system

2.5. Comparison

In order to observe a difference in parameters of a sample according to drying conditions
(temperature, velocity and structure effect on temperature and moisture of sample), single factor
analysis of variance (ANOVA) was used with confidence level of 0.95. The adequacy of each
model used for determination of diffusivity was evaluated by the coefficient of determination (R?)
and root mean square error (RMSE) between experimental moisture loss and predicted moisture
loss using the diffusion coefficient calculated. Experimental and predicted sample temperature and
moisture content were also statistically compared using difference measure test withcoefficient of
determination (R?) and root mean square error (RMSE).

RMSE = \/% X Z:;l(predictedi — observed,;)? (2.26)
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CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Temperature Distribution

At four different conditions (Table 3.1), temperatures at four different locations in the sample were
measured as stated in materials and methods chapter (Chapter 2). The meanings of thermocouple
abbreviations are repeated below for better understanding (Figure 3.1.).

ATI; midpoint of sample (center)

AT2; 2/3 of length from center

BT1; mid point at the bottom surface (insulated)

BT2; -2/3 of length from center on the front surface exposed to air

Air flow direction
EEE—

BT2 ATH AT2
A A

Figure 3.1. Thermocouple locations on sample

Temperatures at four points (AT1, AT2, BT1, BT2) on minced meat and lean meat samples at four
different drying conditions (Table 3.1) are illustrated in Figures 3.2a-d.

Table 3.1.Drying conditions used in experiments

Abbreviations (knob Temperature (°C) Drying air velocity (m/s)
positions on the dryer)

v 3. T4* 48+1 0.5

v.6_T5 48+1 1.0

v_10_T_10 48+1 1.7°

v.3 T 10 7012 0.5

*v for velocity, T for temperature of air
4 maximum attainable temperature in the dryer
b maximum attainable velocity in the dryer
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The temperature and moisture contents of samples were average of two replicates. The results of
lean meat (for any fiber configuration) and minced meat showed the same trend for temperature
distribution. For all types of meat samples and in all drying conditions, the surface temperature
(BT2) had higher value than the temperature at other locations (AT1, AT2 and BT1) throughout
whole drying process (270 min) (Figure 3.2a-d) since the surface was directly in contact with hot
air. The temperature at BT2 was in a range of 36.2-57.1°C at the end of drying (270 min) (Table
3.2) for different drying conditions. Among the four locations, temperature at a position of 2/3 of
length from the center in the middle of thickness (AT2) had the lowest value (31.5-53.5°C at the
end of drying) while the temperature at the midpoint (AT1, at the same thickness with AT2) had
higher value (33.8-55.3°C) for all drying conditions and meat samples (Figure 3.2a-d). This showed
that there was slight change in temperature with x direction (through the length) and also slightly
asymmetric distribution of temperature with respect to y-axisdue to flow. Such kind of slightly
asymmetric temperature distribution was also represented by De Bonis M.V. and Ruocco (2008)
especially at low velocity of air. Moreover, the center of bottom surface (BT1) and midpoint (AT1)
showed very close temperature values confirming that there was negligible heat loss from the
bottom and insulation at the bottom was achieved. It was concluded that temperature change was
higher near the surfacesand slowed down considerably throughinterior sides of meat causing almost
equal temperature at the center and midpoint of bottom surface due to internal resistances like low
thermal conductivity.

During recording of weight, very little fluctuation (~0.8°C) in temperature readings at the surface
(BT2) for only drying at 70°C occurred due to turning off of dryer and interruption of air flow for a
very short time. After turning on the dryer, the temperature of air rapidly recovered to the original
condition within 5 min, thus the effect of data acquisition for weight change on temperature was
neglected.

Table 3.2. Temperature readings at four locations of four different meat samples at the end of
drying (270 min)

Sample Drying parameter(T Sample Temperature at the end of drying
+1°0) AT1 AT2 BT1 BT2
Lean meat _hl 48°C 0.5 m/s 33.9 31.5 33.8 36.2
48°C 1.0 m/s 36.1 34.6 36.1 38.1
48°C 1.7 m/s 38.3 37.4 37.9 38.9
70°C 0.5 m/s 52.7 49.5 51.9 56.4
Lean meat _h2 48°C 0.5 m/s 36.5 34.9 36.4 38.7
48°C 1.0 m/s 37.8 36.1 37.8 39.6
48°C 1.7 m/s 40.5 39.8 40.7 42.3
70°C 0.5 m/s 52.3 49.8 51.7 53.7
Lean meat _v 48°C 0.5 m/s 35.3 33.5 34.9 36.8
48°C 1.0 m/s 37.2 35.5 37.2 38.1
48°C 1.7 m/s 39.4 38.1 39.3 40.3
70°C 0.5 m/s 55.3 53.6 54.9 56.5
Minced meat 48°C 0.5 m/s 38.4 35.2 37.8 39.9
48°C 1.0 m/s 40.5 39.1 40.1 42.3
48°C 1.7 m/s 42.3 40.8 41.7 43.2
70°C 0.5 m/s 54.9 53.5 54.4 57.1
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Figure 3.2d. Temperature distribution of minced meat

3.2. Effect of Air Temperature on Temperature of Samples

Air temperature is an effective parameter on sample temperature. When temperature values
measured during drying at 48°C and 0.5 m/s were compared with drying at 70°C and 0.5 n/s,
significantly higher temperatures were observed at drying with higher temperature in both meat
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samples with three different fiber configuration and minced meat (Figure 3.2.a-d). Maximum
temperatures at the surface (BT2) was 56.4, 53.7, 56.5 and 57.1°C for lean meat with hl, h2, v fiber
configurations and minced meat, respectively during drying at 70°C, while these values were 36.2,
38.7, 36.8 and 39.9°C during drying at 48°C (Table 3.2).

In order to observe the effect of air temperature and other parameters (flow rate, fiber direction
etc.) on temperature of samples clearly, the rate of temperature change was calculated considering
first order dynamics as shown below (Cekmecelioglu and Uncu, 2012);

T=T,.(1—e*rt) 3.1

where T is the change in temperature (°C) with respect to initial temperature as T(t)-To; Tr is the
maximum temperature of sample at an inifinite drying time with respect to initial temperature; kr is
the rate constant of temperature change (min''). The constants of equation (3.1) was found by using
data of both AT1 (Table 3.3a) and BT2 (Table 3.3b) locations.

Higher kr values were calculated for drying with higher air temperature meaning that the rate of
temperature change was higher with higher air temperature (Table 3.3a-b).The kr values for lean
meat with hl, v, h2 fiber configurations and minced meat were 0.0153, 0.0154, 0.0162 and 0.0167
min’!, respectively during drying at 70°C and 0.5 m/s while 0.0081, 0.0084, 0.014 and 0.011min-'at
48°C and 0.5 m/s (Table 3.3a).Additionally, maximum temperature values (T,) with respect to
initial temperature was also found higher (~36-41°C) at 70°C than at 48°C (~20-23°C).

Table 3.3a.First order kinetics model parameters for temperature change at the center (AT1) during
drying of different meat samples

Drying at Types of Meat

48°C, 0.5 m/s minced hl v h2

Tn 23.04 19.62 21.29 2191
kr 0.011 0.0081 0.0084 0.014
R? 0.980 0.973 0.965 0.967
SEE 0.7837 0.7419 0.9155 0.9458
48°C, 1.0 m/s

Tn 28.10 22.37 2291 21.65
kr 0.0147 0.0098 0.0099 0.0138
R? 0.981 0.983 0.981 0.975
SEE 0.7251 0.6952 0.7626 0.8316
48°C, 1.7 m/s

Tn 29.08 24.02 22.87 24.51
kr 0.0180 0.010 0.0102 0.0146
R? 0.996 0.990 0.990 0.991
SEE 0.4773 0.5954 0.5677 0.5638
70°C, 0.5 m/s

T 41.79 37.94 37.55 36.31
kr 0.0167 0.0153 0.0154 0.0162
R? 0.996 0.996 0.985 0.985
SEE 0.6563 0.6265 1.1013 1.0825
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Table 3.3b. First order kinetics model parameters for temperature change at the surface (BT2)
during drying of different meat samples

Drying at Types of Meat

48°C, 0.5 m/s minced hl v h2

Tn 23.97 20.10 21.44 23.66
kr 0.012 0.0101 0.0107 0.0149
R? 0.987 0.990 0.976 0.981
SEE 0.6618 0.4854 0.7928 0.7743
48°C, 1.0 m/s

Tn 27.60 21.60 22.76 21.56
kr 0.0151 0.0121 0.0115 0.0150
R? 0.992 0.994 0.980 0.972
SEE 0.5961 0.4095 0.7815 0.8980
48°C, 1.7 m/s

Tn 26.99 24.70 23.04 23.97
kr 0.0178 0.0120 0.0115 0.0160
R? 0.998 0.993 0.989 0.994
SEE 0.4402 0.5125 0.6308 0.4492
702C, 0.5 m/s

Tn 40.43 37.86 36.84 36.84
kr 0.0193 0.0192 0.0195 0.0185
R? 0.995 0.993 0.990 0.993
SEE 0.6951 0.7461 0.8832 0.7679

3.3. Effect of Air Flow Rate on Temperature of Samples

It was observed that when flow rate of air increased, temperature (T) of samples at each location
(AT1, AT2, BT1, BT2) was also slightly increased (Figure 3.3a-d) for lean and minced meat
samples since heat transfer coefficient, and thus heat transfer by convection increased. The kr
values representing rate of temperature change increased from 0.011 to 0.0180 min'! for minced
meat, from 0.0081, 0.0084, 0.014 to 0.01, 0.0102, 0.0146 min'for hl, v, h2 configurations,
respectively when velocity of air increased from 0.5 m/s to 1.7 m/s at 48°C (Table 3.3a). Maximum
temperature values (Tm) with respect to initial temperature were also found ~3+0.5°C higher for
lean meat samples and 6°C higher for minced meat when velocity of air increased from 0.5 m/s to
1.7 m/s at 48°C.

Additionally, from temperature distribution graphs of drying at 1.7 m/s for lean meat and minced
meat samples (Figure 3.2a-d), it was noticed that temperature gradient became less through the
sample dried with higher air velocity (curves resembling temperature at different locations became
closer with higher velocity). This was interpreted as high velocity of air resulted in more uniform
temperature through the sample. The temperature differences between BT2 and AT2 giving the
maximum temperature difference and between AT1 and AT2 showing the temperature change in x
direction were found less with higher velocity of air for all types of meat samples (Table 3.4). The
maximum temperature difference and temperature change in x direction decreased ~1-3°C and 0.7-
1.5°C, respectively when velocity of air increased from 0.5 to 1.7 m/s.
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Table 3.4. Average maximum temperature difference and temperature difference in x direction for
different meat samples at four drying conditions

Max T difference! (2C) AT,? (°C)
Drying at (BT2-AT2) (AT1-AT2)
hl \% h2 minced hl \% h2 minced
48°C, 0.5 m/s 5.1 32 35 4.2 2.1 1.5 1.4 2.6
48°C, 1.0 m/s 4.2 2.7 3.2 3.5 1.2 1.4 1.3 1.3
48°C, 1.7 m/s 1.7 1.8 2.5 32 0.6 0.9 0.7 1.6
70°C, 0.5 m/s 7.6 4.2 4.7 4.6 2.9 1.7 2.7 1.3

'Average of maximum temperature difference with respect to time
2Average of temperature difference in x direction with respect to time

When the effect of air temperature was compared with the effect of flow rate, it was concluded that
air temperature was a more effective parameter than flow rate of air on temperature of sample since
Tm and kr values at 70°C (38.4°C, 0.016 min'! in average) was much higher than the values at all
other drying conditions even at the highest velocity, 1.7 m/s (25.1°C, 0.013 min'! in average) for all
samples (Table 3.3a).
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Figure 3.3a. Temperature change at different points of lean meat with hl fiber configuration
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Figure 3.3d. Temperature change at different points of minced meat during drying at 48+1°C but
different velocities; (—*%—) 0.5 m/s; (—%—) 1.0 m/s; (~*) 1.7 m/s

3.4. Effect of Fiber Direction on Temperature of Samples

Drying was conducted using samples which were cut with different directions (h1: flow normal to
fibers, h2: flow along the fibers and v: flow normal to fibers and drying along the fibers in Figure
2.1) in order to see whether there was fiber direction effect on temperature distribution of samples
and drying rate.

The highest temperature at the surface and the lowest at AT2 location was observed in all meat
samples with different fiber configurations (Figure 3.2a-d). However, the temperature difference
with respect to locations was found less in v fiber condition than other fiber conditions due to
probably more easily air flow through and into the sample which led to more uniform temperature
within samples (Figure 3.4a-c). The lean meat samples with h2 fiber configuration also showed less
temperature difference with respect to locations than the ones with hl fiber configuration due to
probably more easily flow of air through the sample. Considering the values in Table 3.4 after
drying at 48°C vs. 0.5 m/s, 48°C vs. 1.0 m/s and 70°C vs. 0.5 m/s, lean meat with v fiber
configuration showed 3.2, 2.7, 1.8°C differences respectively, while h2 fiber configuration showed
3.5, 3.2, 2.5 °C and hl showed the highest values as 5.1, 4.2, 7.6 °C, which supported the
statements above. The order of temperature gradient through the samples can be written as
v<h2<hl.

At the highest attainable flow rate of air (1.7 m/s) in the dryer, all three different fiber conditions
showed very small temperature difference with respect to locations, almost uniform temperature
within the samples was observed (Figure 3.4 D). Maximum temperature difference and temperature
difference in x direction of lean meat samples were also found close to each other at 1.7 m/s (Table
3.4).

When rate constants (kt) for temperature change were compared (Table 3.3a), it was observed that
km2>kre= ki for all drying conditions, meaning that h2 fiber configuration showed faster increase
in temperature than other fiber configurations. Table 3.1 also showed that in all drying conditions
(except at 70°C) and locations, h2 had ~1-3°Chigher temperatures than v and hlat the end of
drying; and v had 0.5-2°C higher temperatures than h1.
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Figure 3.4. Temperature distribution of samples with three different fiber configurations; hl: flow
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3.5. Temperature Comparison for Minced Meat vs. Fiber Configuration

Temperatures with respect to time at four locations on lean meat and minced meat samples were
analyzed for each drying condition. At the end of each drying condition for each location, the
temperatures of minced meat were found ~1.0-4.4°C higher than the temperatures of lean meat
samples (Figure 3.5a.-d). During drying at 0.5 m/s and 48°C, among all meat samples, minced meat
had the highest and lean meat with h1 configuration had the lowest temperatures throughout drying
and the difference between the temperatures of minced and lean meat became more significant
towards the end of drying (Figure 3.5a). When velocity of air increased to 1.0 m/s (Figure 3.5b) and
1.7 m/s (Figure 3.5c), minced meat again showed the highest and hl configuration showed the
lowest temperature throughout drying but the difference between temperature curves of samples
became more distinctive with respect to low velocity condition (0.5 my/s). It was difficult to make a
comment on temperature of samples during drying at 70°C (Figure 3.5d) since curves seemed
mostly overlapping. In general, minced meat and v fiber had on average ~2-3°C higher
temperatures than other fiber configurations at 70°C. However, it could be said that the structure
effect on temperature of samples became less significant with higher air temperature (70°C).

From both kr and T values of minced meat (Table 3.3a), it was found that in every drying

condition minced meat had higher krand T values than lean meat samples. Only at 48°C and 0.5
m/s, minced meat showed slightly less kr value than h2 but 1.1°C higher T, value.
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In all lean meat samples, a bending point was observed within the first 30 minutes of drying at all
locations (Figure 3.2a-c). However, minced meat showed either none or very slight bending (Figure
3.2d), and smoother temperature curves were observed in minced meat, presumably due to
existence of more uniform structure. Higher R? values also supported this finding by better fitting

to first order dynamics for minced meat (Table 3.3a)
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3.6. Effect of Air Temperature and Flow Rate on Moisture Content of Meat Samples

The weight (W) of sample was converted to dry base moisture content as;
X=(W-Wds)/Wds (ds; dry solid) 3.2)

The dry solid percentage was used as 0.24 which was experimentally found according to section
2.3.4 and agreed with literature (Willix et al., 1998). Change in average moisture content of all
meat samples with respect to time was drawn for different drying conditions. Moisture content
decreased exponentially with time (Figure 3.6). Initially higher moisture removal was observed
then slowed down, and finally expected to reach equilibrium moisture content as in the study of
Planinic et al. (2005).

As seen in Figures 3.6a-b, a higher moisture loss and drying rate were observed during drying at
70°C and 0.5 nv/s. It was followed by drying at 48°C and 1.7 nmv/s and the lowest rate and moisture
loss were observed at low temperature and velocity (48°C, 0.5 m/s) condition. Celen et al. (2010)
found that air temperature increased the drying rate of mushrooms significantly but when thickness
of sample increased, the effect of temperature on drying rate ceased. Other researches, who studied
drying of various foods also achieved higher drying rates and lower total drying times with higher
air temperature (Djendoubi et al., 2009; Kashaninejad and Tabil, 2004; Kaya et al., 2007a, 2007b,
2008c, 2010, Kurozawa et al., 2012, Planinic et al., 2005, Vega-Galvez et al., 2012; Yadollahinia
and Jahangiri, 2009).

When natural logarithm of moisture content (dry base) was plotted with respect to time (Figure
3.6¢), the slope of the linear regression equations gave information about the rate of drying
(g/gbds.min) (Table 3.5).The rate of drying was found as 1.39, 1.68, 1.99 and 1.83 10 g/gbds.min
for minced meat, h1, h2 and v fiber configuration respectively during drying at 70°C and 0.5 m/s
while drying at 48°C and 1.7 m/s led to lower rate of drying values as 1.26, 1.40, 1.50 and 1.51 1073
g/gbds.min for minced meat, hl,h2 and v fiber configuration, respectively. When drying time
required to decrease moisture content from 76% to 20% (acceptable moisture % for jerky
production by Lee & Kang, 2003) was calculated based on linear regression equations (Figure
3.6¢), it was found that increasing velocity from 0.5 to 1.7 m/s decreased drying time by 1.2-4.2 hr
(2.3 hr on average) while increasing temperature from 48°C to 70°C decreased by 3.6-6.3 hr (4.8 hr
on average) for different meat samples (Table 3.6).

It could be concluded that temperature was more effective parameter than flow rate on moisture
content change as in case of change in temperature of sample but increasing flow rate from 0.5 to
1.7 m/s also decreased total drying time and led to higher drying rates(increased from 1.00-1.43 to
1.39-1.83 10-3 g /gbds.min) at the same air temperature (48°C) (Table 3.5-3.6) (Kaya et al., 2010;
Vega-Galvez et al., 2012; Azzouz et al., 2002; Yadollahinia and Jahangiri, 2009).

In general, the constant rate period was not significant in all samples and drying conditions except
for drying with the lowest flow rate (0.5 m/s) (Figure 3.6b). This agreed with the results of other
studies. In general, constant rate period is either too short or not existed in food systems since most
of the water molecules are present as bound water within the cells or in intracellular space. Thus,
drying mainly occurs in falling rate period in food and biological materials (Madamba, 1996;
Ayensu, 2004; Srikiatden and Roberts, 2007; Saravacos and Charm, 1962; Chirife J., 1971; Rosello
et al., 1997; Djendoubi et al., 2009; Planinic et al., 2005; Azzouz et al., 2002).
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Figure 3.6a. Change in moisture content (dry base) with respect to drying time during drying of
meat samples at four different drying condition
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Figure 3.6b. Drying rate change with respect to moisture content (dry base).
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Figure 3.6¢c. Exponential change in moisture content (dry base) with respect to drying time, fiber
direction and structure.

Table 3.5. Model parameters for rate of drying (R?>0.99)

. K, of meat samples (10 g/ gbds.min)
Drying at v h2 hI minced
48°C, 0.5 m/s 1.43 1.41 1.25 1.00
48°C, 1.0 m/s 1.49 1.48 1.28 1.29
48°C, 1.7 m/s 1.51 1.50 1.40 1.26
70°C, 0.5 m/s 1.83 1.99 1.68 1.39
* km is the rate constant (g / g bds.min) for change in moisture content
Table 3.6. Drying times to decrease moisture content to 20% (wet base)

. Drying time (hr)
Drying at v h2 hi minced
48°C, 0.5 m/s 14.7 14.8 17.2 21.1
48°C, 1.0 m/s 13.8 14.0 16.2 16.2
48°C, 1.7 m/s 13.4 13.6 14.6 16.8
70°C, 0.5 m/s 11.1 10.4 12.6 14.8

3.7. Effect of Fiber Direction and Structure on Moisture Content of Samples

In order to investigate the effect of fiber direction and structure on moisture content, change in
moisture content and drying rate of different meat samples at the same drying condition with
respect to time was drawn (Figure 3.7a-b). Lean meat with v and h2 fiber configuration showed
3.5-5% higher moisture loss than the samples with h1 fiber configuration (Figure 3.7a) at the end of
drying (270 min) at all drying conditions except for drying at 1.7 m/s. This might be due to easier
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air flow leading to more efficient convection and evaporation of moisture through the sample with
v and h2 fibers than hl. The result was also compatible with the study of Rosello et al. (2007).
They found the axial diffusion coefficient to be larger than the radial one. When radial direction
was accepted as perpendicular to flow and axial direction parallel to flow, then h1 was needed to
have lower anisotropic diffusion coefficient since it consisted of diffusion coefficients used for
perpendicular flow. At an air velocity of 1.7 m/s, drying rate of lean meat samples showed no
significant difference with fiber direction (Figure 3.7b), probably due to much more easily and
faster diffusion of water to air, which diminished diffusion coefficient difference with respect to
flow direction.

Minced meat showed on average 2.3-6.2 % lower moisture losses than the lean meat samples with
any fiber direction (Figure 3.7a) at any drying condition. This was probably resulted from
diffusivity difference and more difficult moisture loss due to the destruction of fiber structure while
preparing minced meat.

Rate of drying values also supported these findings (Table 3.5, Figure 3.6¢). The rate constants in a
descending order can be written as km(h2) = km(v) > km(hl) > km(minced). Drying times to
decrease moisture content to 20% was also in the same order as t(minced) > t(hl) > t(v) = t(h2)
(Table 3.6).
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Figure 3.7a. Change in moisture content (dry base) with respect to drying time, fiber direction and
structure
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Figure 3.7b. Change in drying rate with respect to moisture content (dry base), fiber direction and
structure

3.8. Calculation of Equilibrium Moisture Content and Diffusion Coefficient

Equilibrium moisture content was calculated as defined in materials and methods section 2.3.5.
Exponential decay equations of the moisture removal curves (Figure 3.6a and 3.7a) designated
below was found by Sigma plot 2000 for Windows Version 6.00. The result of the equations when
time goes infinity was taken as equilibrium moisture content (Xeq). The resulting equilibrium
moisture contents are presented in appendix B (Table B.1).

X=X, +ae™ (3.3)
X =X,,+ade ot +befat (3.4)

For drying of an infinite slab, effective diffusion coefficient was determined by solution of Fick’s
second law of diffusion (Geankoplis, 1993; Crank, 1975).

XX, 8 N\ 1 Defr
L 7eqa _ 2 - — 22 €17
o ano o P ( 2n+1)*m o t) (3.5)
If drying takes long time, slab thickness is small and hence dimensionless Fourier number is greater
than 0.1, the series solution is simplified to its first term as;

X—Xeq _ ;. (8 _ . (Persr™’
In <Xi_Xeq) =in (T[z) t< 4.12 ) (36)

where L is the length of diffusion pathway. Since there was diffusion at only upper side of the meat
samples, the overall thickness of samples (0.01 m) was used as L. Effective diffusion coefficient

was calculated from slope of a plot of In <;:_Xeq

: ) with respect to time and the results are tabulated
i~ %eq

as model A and B in Table 3.7. To check for validity, Fourier number was calculated and found
after ~60 minutes of drying and it was greater than 0.1.
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Alternatively, diffusion coefficient was also calculated using Model 1 and 2 defined in the studies
of Baini and Langrish (2008) and Akpinar and Dincer (2005) (Table 3.7). While applying these
models, equilibrium moisture content calculated by equation (3.3) was used.

When diffusion coefficients calculated using equilibrium moisture content obtained from equation
(3.3) (model A) and (3.4) (model B) were compared (Table 3.7), it was observed that equation (3.3)
gave better agreement since diffusion coefficient increased with increasing air flow rate and
temperature at the same flow rate as supported by other studies (Kaya ef al., 2010; Vega-Galvez et
al., 2012). As discussed in section 3.6, fiber direction effect on moisture loss was diminished with
higher velocity especially above 1 m/s. This finding was also supported by acquisition of almost
the same diffusion coefficient values for lean meat samples at the highest velocity condition (1.7
m/s) in model A (Table 3.7). However, diffusion coefficients of model B showed no trend with
respect to air temperature or flow rate. Thus, it was concluded that equation (3.3) was more suitable
to represent moisture content change with respect to time and it could be used for calculation of
equilibrium moisture content.

When compared diffusion coefficients, model A and model 1 showed close values, while model 2
calculated very different values. Literature values of diffusion coefficient were between 5.48 1012 —
1.17 107 for meat and 1 10" -5.56 107 for beef (Panagiotou et al., 2004). Model 2 was
significantly different than literature data. Other models produced closer diffusion coefficients
(1.11 10° - 5.54 10°) but those were slightly larger than literature values, probably since our
system was two dimensional.

Table 3.7. Diffusion coefficient values of meat samples at different drying conditions by using
different models

Diffusion coefficient™ (m?%s) drying at
Model Sample 48°C 0.5m/s | 48°C 1.0 m/s | 48°C 1.7 m/s | 70°C 0.5 m/s
Model A Lean meat_hl 2.82 E-09 3.71 E-09 4.18 E-09 3.26 E-09
by using Xeq | Lean meat_h2 3.27E-09 3.41 E-09 4.23 E-09 3.62 E-09
from Eqn | Lean meat_v 3.31 E-09 3.84 E-09 4.28 E-09 4.28 E-09
3.3! Minced meat 3.88 E-09 4.31 E-09 5.54 E-09 4.60 E-09
Model B Lean meat_hl 2.82 E-09 2.96 E-09 1.25 E-09 1.54 E-09
by using Xeq | Lean meat_h2 1.11 E-09 1.55 E-09 1.79 E-09 1.82 E-09
from Eqn | Lean meat_v 1.27 E-09 1.95 E-09 2.88 E-09 1.74 E-09
3.42 Minced meat 1.63 E-09 2.57 E-09 1.70 E-09 1.53 E-09
Model 13 Lean meat_hl 1.76 E-09 2.28 E-09 2.55 E-09 2.01 E-09
Lean meat_h2 2.01 E-09 2.09 E-09 2.55 E-09 2.22 E-09
Lean meat_v 2.04 E-09 2.35 E-09 2.58 E-09 2.60 E-09
Minced meat 2.40 E-09 2.62 E-09 3.36 E-09 2.83 E-09
Model 23 Lean meat_hl 7.32 E-08 2.51 E-07 8.06 E-07 2.08 E-07
Lean meat_h2 2.94 E-07 3.44 E-07 1.71 E-05 4.49 E-07
Lean meat_v 2.19 E-07 4.06 E-07 4.94 E-06 1.41 E-06
Minced meat 1.82 E-07 1.35 E-06 2.04 E-06 3.97 E-07

*For all models, RZ>0.99

' RMSE<0.13
2RMSE<0.15

3Model 1 and Model 2 were defined in Baini and Langrish (2008) and Akpinar and Dincer (2005).
For model 1, RMSE<0.014 for model 2; RMSE<0.017
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3.9. Shrinkage

Shrinkage was expressed as percent change in surface area of samples exposed to air after drying of
270 min. Shrinkage area was found maximum after drying at 70°C and 0.5 m/s and closely
followed by drying atl.7 m/s and 48°C for lean meat and minced meat samples (Table 3.8). The
lowest area was observed at the lowest temperature and velocity (48°C, 0.5 m/s). Surface area
became smaller as moisture removed. The data in Table 3.8 was average of four samples, two of
them being from the same experiment. The thickness reduction was difficult to measure precisely,
especially for lean meat samples due to nonuniform thickness through the sample after drying and
very small values needed to be measured. It was found to be less than 10% at all drying conditions
on average.

When shrinkage area was compared with respect to fiber configuration and structure of sample, a
lower shrinkage area was observed in samples with flow normal to fibers (hl), due to lower
moisture removal than the other two fiber configurations. Shrinkage at samples with flow along the
fibers (h2) was found slightly higher than the shrinkage of the samples with flow normal the fibers,
drying along the fibers (v) even though moisture removal was almost the same in both fiber
configurations. It was suggested that shrinkage could be affected from moisture removal in a
different proportion according to structure and fiber configuration. For minced meat, much lower
values were observed than the results of lean meat samples, which agreed with moisture removal
figures. Some values were excluded during averaging of shrinkage area since some individual
values varied from replications for lean meat samples probably due to nonuniformity of sample or
crust formation etc.

Table 3.8.Shrinkage percent at different drying conditions

Parameters Shrinkage %

hl v h2 Minced meat
48+1°C 0.5 m/s 15.74 17.70 21.90 9.68
48+1°C 1.0 m/s 18.48 20.26 22.10 10.83
48+1°C 1.7 m/s 20.02 22.32 23.76 11.22
70£1°C 0.5 m/s 21.65 23.25 24.81 12.15

3.10. Monitoring Properties of Air

Temperature, relative humidity and dew point of inlet air were continuously monitored by a
hygrometer and recorded with data logger. Two examples representing drying of minced meat and
lean meat samples with h2 fiber configuration are given in Figure 3.8-3.9. Only the data after
steady state was attained in the dryer (starting point of drying) was drawn in the graphs. No drastic
change was observed in the properties of air during drying of any sample at any drying condition.
There was only instant change when turned the dryer off for weight measurement during drying at
70°C (Figures 3.9-3.10). However, the temperature recovered at a very short time. The relative
humidity was changed between ~3-7% with respect to different drying condition. These results was
used to calculate moisture concentration (kg/m?) of inlet air to be used in the model studies.

51



Temperature of inlet air Relative Humidity of inlet air

80 6
amn_s m_ B s A n
70 T e 5
60 PR PR IR S .
B
z
4
40 2
—4—48°C0.5m/s —e—48°C0.5m/s
30 —=—70°C0.5m/s 4 —=—70°C0.5m/s
—4—48°C1.0m/s —4—48°C1.0m/s
20 ==48°C 1.7 m/s 0 ==48°C1.7m/s
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t(min) t(min)

Figure 3.8. Temperature and relative humidity of air through drying of minced meat

Temperature of inlet Relative Humidity of inlet
80 9
8
e T 7
6 D oteocoran antaiateret oY
660 0\05 adkohy ph s hohhhhbhyhyaraihis o aasihidld
F &
50 47 TR T
i 3
—4—48°C0.5m/s
4 —=—70°C0.5m/s 2 ——48°C0.5m/|
—4—48°C 1.0m/s —=—70°C 0.5 m/s
——48°C 1.7m/s ! —a—48°C1.0m/s
30 T T T T T - 0 ===48°C1.7m/s
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Ymin) t(min)

Figure 3.9. Temperature and relative humidity of air through drying of lean meat with h2 fiber
configuration
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CHAPTER 4

MODEL RESULTS AND DISCUSSION-1

4.1. Model Results

Two dimensional, non-linear coupled heat and mass transfer equations (2.3-2.5) were solved by
finite element method using COMSOL Multiphysics 3.3a with heat transfer module software.
Insulated boundary condition at the bottom and convective boundary conditions at the surfaces
exposed to air were used in models (Equations 2.6-2.15). For solution, 430 mesh points and 754
triangular elements were used. Model 1 was solved within 3-5 minutes, whereas model 2 was
solved within 10-15 minutes by Intel ® Core ™ 2Duo CPU 2.2 Ghz with 3GB Ram. FEM software
windows for each entry are given in Appendix C.

4.1.1. Prediction of Temperature and Moisture, Comparison of Models

The model results for temperature and moisture distribution of lean meat with h2 fiber
configuration after drying of 18000 s at 48°C, 0.5 m/s are given in Figure 4.1-4.2. Other meat
samples showed similar temperature and moisture distributions only with a change in maximum
and minimum values according to drying conditions and sample type. Two different models
showed different trend in temperature distribution. While model 1 gave convex isothermal zones
from corners, model 2 gave concave zones from center of bottom (Figure 4.1a-b). Surface profile
of temperature distribution in model 2 was similar to previous studies conducted with carrot slices
and chicken patties (De Bonis M.V. and Ruocco, 2008; Chen ef al., 1999)

Moisture distribution was found to be almost the same as in both models (Figure 4.2a- b). Initial
moisture content was accepted as uniform by 76%. The highest moisture removal was observed at
the surfaces exposed to air. Almost all the water at the surface was removed after 18000 s, only
0.0003 % water left. However, only 2 % water was removed from bottom center. More moisture
retained in the interior of meat sample as expected due to diffusional resistances.
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Figure 4.1a. 2-D Temperature distribution (x-y direction) in lean meat sample with h2
configuration during drying at48+1°C 0.5 m/s at drying time of 18000 s (300 min), according to
model 1. Red dots represented thermocouple positions used in experiments.
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Figure 4.1b. 2-D Temperature distribution (x-y direction) in lean meat sample with h2
configuration during drying at48+1°C 0.5 m/s at drying time of 18000 s (300 min), according to
model 2. Red dots represented thermocouple positions used in experiments.
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Figure 4.2a. 2-D moisture content distribution (x-y direction) in lean meat sample with h2
configuration during drying 48+1°C 0.5 m/s at drying time of 18000 s (300 min), according to
model 1. Red dots represented thermocouple positions used in experiments.
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Figure 4.2b. 2-D moisture content distribution (x-y direction) in lean meat sample with h2
configuration during drying at 48+1°C 0.5 m/s at drying time of 18000 s (300 min), according to
model 2. Red dots represented thermocouple positions used in experiments.

Predicted temperature values of minced meat at four locations using model 1 and model 2 were
given in Figure 4.3a and 4.3b as example, other meat samples showed similar trend. Temperature at
the center (AT1) and temperature at the bottom surface (BT1) showed almost equal values in both
models, which was conforming experimental results. Temperature change was high at the surfaces
exposed to air flow but slowed down considerably inside the meat causing almost equal
temperature at the center and midpoint of bottom surface due to internal resistances like low
thermal conductivity. The highest temperature was observed at the surface (BT2), being similar to
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experimental results. However, model system gave higher temperature value at the location of AT2
than the temperature at the center (AT1), which was contrary to experimental results. Among four
locations, experimental results showed the lowest temperature at location of AT2, which might be
resulted from lower heat transfer coefficient at the right hand side of the sample due to change in
velocity profile over the sample. A correction factor could be used while calculating heat transfer
coefficient for the right hand side of the sample. Aversa et. al. (2007, 2008) and De Bonis M.V.
and Ruocco (2008) also showed that slightly asymmetric temperature distribution occurred during
drying of carrot slice due to flow and velocity profile around the sample. However, this asymmetric
distribution of temperature became invisible with higher velocity (2.7 m/s) as in the study of De
Bonis M. V. and Ruocco (2008).

The predicted temperatures in model 1 at four locations during drying experiments showed
difference at the beginning of drying. However, curves indicating temperature at different locations
approached each other with time and homogenized near stationary phase (Figure 4.3a). Such a case
occurred in all drying conditions. However, temperature differences with respect to locations were
remained the same in model 2 (Figure 4.3b), which was more compatible with experimental
results (Figure 3.2).
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Figure 4.3a. Predicted temperature change at four different locations (ATI1, AT2, BT1, BT2) in
minced meat during drying at 48+1°C 1.0 m/s by using model 1
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Figure 4.3b. Predicted temperature change at four different locations (AT1, AT2, BT1, BT2) in
minced meat during drying at 48+1°C 1.0 m/s by using model 2

When compared the results of uncoupled heat transfer model with coupled heat and mass transfer
model represented with model 1 and 2, it was observed that model of coupled heat and mass
transfer (Figure 4.4.al-a2) gave better agreement with experimental data than the model using only
heat transfer (Figure 4.4.a3) due to exclusion of evaporative heat loss in uncoupled model. The
same result was also observed in the study of Chen et. al. (1999).

The predicted temperatures of lean meat with hl fiber configuration at 48°C and 0.5 m/s using
model 1 were given in Figure 4.4.al. The predicted temperatures of other meat samples at different
drying conditions were presented in Appendix D. It was observed that predicted temperatures of
model 1 showed a slight decrease at the beginning of drying. At higher velocity of air, the decrease
was less observable but at low velocity, low temperature condition (48°C, 0,5 m/s), this
temperature decrease was remarkable contrary to experimental results. Model 1 gave such a
decrease as evaporation was started with initialization of process in solution. However, as the
product was heated, moisture started to move to the surface. Once the surface was saturated, then
drying started. In order to eliminate this decrease at the beginning in model 1, an ‘if’ statement was
added to program -if temperature exceeded wet bulb temperature, use q, = D.sr X VC X Aas
boundary condition at the exposed surfaces-. Thus, this problem of temperature decrease at the
beginning of drying was solved (Figure 4.4.a4). However, the computation time increased by 6 h.
In model 2, again the same ‘if clause’ - if temperature exceeded wet bulb temperature, use q, =

ac . . . .
A * o0 was defined for the subdomain. However, the computation time was at most 15 minutes.

Model 2 was found more appropriate to simulate temperature distribution during drying of meat
due to requirement of less computation time and compatible temperature distribution with literature
as concave isothermal zones from center of bottom.
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Figure 4.4.al. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 0.5 m/s by
using model 1 (coupled heat & mass)

45 45
40 40
I
35 35
=) 30 = c 30
=25 — 25
20 20 //
15 // ——AT1_fem 15 ——AT2_fem
10 ——AT1 10 ——AT2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
45 45
40 40
35 35
G 30 s 30
F 25 Fs
20 20
15 / ——BT1 fem 15 ——RBT2_fem
10 —— BT 10 ——BT2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)

Figure 4.4.a2. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 0.5 m/s by
using model 2 (coupled heat & mass)
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Figure 4.4.a3. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 0.5 m/s as a
result of uncoupled heat transfer equation.
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Figure 4.4.a4. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) during drying at 48+1°C 0.5 m/s by using model 1 boundary
conditions after wet bulb temperature was reached

The predicted temperatures of model 2 were given in Figure 4.3.a2 and Figure 4.5-4.8. Model 2
showed slighly higher temperatures than experimental data in all conditions. The difference below
10% with experimental was accepted as indication of good fit in the study of Boquet et al. (1978).
According to this information, root mean square error (RMSE) values less than 4°C after drying at
48°C and 5.5°C after drying at 70°C are in acceptable range. At the highest attainable temperature
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of dryer (70°C 0.5 m/s), predicted (the legend written as fem) and experimental values were found
almost equal in all types of samples (lean meat with h1, h2, v fiber configuration and minced meat)
(Figure 4.5a, 4.6b, 4.7b, 4.8b). RMSE values are also less than 5.5°C (Table 4.1) and in acceptable
range except for AT2 location. Linear regression results of predicted temperature versus observed
showed R? (coefficient of determination) greater than 0.99 during drying at 70°C 0.5 m/s (Table
4.1). At higher velocity (48°C, 1.0 and 1.7 m/s), it seemed that the difference between predicted and
experimental values became more distinguishable (Figure 4.5b-c, 4.6c-d, 4.7c-d, 4.8c-d) than low
velocity condition (0.5 m/s) for lean meat samples. In general, RMSE values were still in
acceptable range, less than 4°C except for AT2 but closer to the limit than drying at 0.5 m/s. Anova
studies also resulted in no significant difference between observed and predicted except for the
predicted AT2 values but calculated P value became also closer to confidence interval (0.05) at
higher velocity of air (48°C 1.0 m/s and 1.7 ny/s). Predicted values were the same as experimental
at the beginning of drying but became higher at later stages in conditions with higher velocity. This
was probably resulted from less moisture removal, so less heat loss due to latent heat of
evaporation was observed in predicted than in experimental results which was discussed in section
4.3.

Minced meat showed better agreement with experimental values than lean meat samples for all
fiber configurations (Figure 4.8a-d). Except for AT2 location, RMSE of predicted temperature of
minced meat with respect to observed was less than 2.5°C in general,much lower than the
acceptance limit (4°C for drying at 48°C and 5.5°C for drying at 70°C) but in lean meat samples it
can be as high as 4.8°C (Table 4.1). It was seen that predicted moisture removal curves also fit the
experimental results in minced meat. As a result of difference measure test, it could be said that
main component of difference between predicted and observed temperature was from systematic
error which meant that model could be improved for lean meat samples.

Table 4.1. RMSE; root mean square error for predicted vs. experimental temperature of meat
samples during drying at different conditions

Drying RMSE (2C)
Sample parameter | ATI | AT2 |BT1 | BI2 R?
Lean meat _hl 48°C 0.5 m/s 1.6 4.4 1.7 1.1 0.947-0.991
48°C 1.0m/s | 2.6 43 2.2 1.7 0.934-0.970
48°C 1.7m/s | 3.8 4.8 3.7 4.8 0.891-0.919
70°C 0.5 m/s 1.6 5.6 1.8 1.0 0.990-0.999
Lean meat _h2 48°C 0.5 m/s 1.2 3.1 4.5 09 0.982-0.996
48°C 1.0m/s | 2.9 4.7 2.6 3.2 0.951-0.977
48°C 1.7m/s | 2.5 3.8 1.9 2.6 0.953-0.976
70°C 0.5m/s |23 6.1 2.7 35 0.985-0.998
Lean meat _v 48°C 0.5 m/s 1.3 2.9 1.6 1.0 0.930-0.985
48°C 1.0m/s | 2.7 4.6 2.3 3.8 0.920-0.961
48°C 1.7m/s | 2.7 4.0 2.4 3.7 0.922-0.940
70°C 0.5 m/s 1.1 3.7 1.1 1.9 0.991-0.997
Minced meat 48°C 0.5 m/s 1.0 4.2 1.3 1.1 0.945-0.984
48°C 1.0m/s | 2.0 3.7 1.8 1.9 0.958-0.979
48°C 1.7 m/s 1.3 3.0 1.2 1.7 0.954-0.982
70°C 0.5m/s | 2.5 4.7 2.2 2.3 0.989-0.998
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Figure 4.5a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 70+1°C 0.5 m/s by
using model 2
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Figure 4.5b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 1.0 m/s by
using model 2
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Figure 4.5c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 1.7 m/s by
using model 2
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Figure 4.6a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 0.5 m/s by using model 2
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Figure 4.6b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at

70+£1°C 0.5 m/s by using model 2
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Figure 4.6¢c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at

48+1°C 1.0 m/s by using model 2
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Figure 4.6d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 1.7 m/s by using model 2
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Figure 4.7a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 0.5 m/s by using
model 2
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Figure 4.7b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 70+1°C 0.5 m/s by using

model 2
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Figure 4.7c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.0 m/s by using

model 2

65




45 45
40 40
35 35
530 L
F 25 / R
20 20
15 ——AT1_fem 15 ——AT2_fem
10 ——AT1 10 —AT2
0 50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)
45 45 —
40 40
35 35
=30 5 30
) =
Py / =25
20 20
15 ——BT1_fem 15 —BT2_fem
10 ——BT1 10 ——BT2
0 50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)

Figure 4.7d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.7 m/s by using

model 2
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Figure 4.8a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced

meat with respect to drying time at48+1°C 0.5 m/s by using model 2
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Figure 4.8b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced
meat with respect to drying time at 70£1°C 0.5 m/s by using model 2
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Figure 4.8c.Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced meat
with respect to drying time at 48+1°C 1.0 m/s by using model 2
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Figure 4.8d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced
meat with respect to drying time at 48+1°C 1.7 m/s by using model 2

Among four locations, experimental results showed the lowest temperature at location of AT2,
which might be due to lower heat transfer coefficient at the right hand side of the sample due to
lower velocity values at that side. However, results of model gave higher value. A correction factor
could be used while calculating heat transfer coefficient at right hand side of the sample. When it
was assumed that there was no heat transfer on right hand side of sample, predicted values for also
AT2 agreed with experimental results (Figure 4.10).
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Figure 4.9. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 70£1°C 0.5 m/s by using
model 2 with no convection at right side of sample
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4.1.2. Prediction of Moisture Content

Predicted and experimental moisture values at the end of 270 min drying were given in Table 4.2
and moisture content changes of different meat samples at four drying conditions tested with
respect to time were given in Figure 4.10-4.13. In all drying conditions, where lean meat with
different fiber configuration was used, predicted moisture content was equal (at higher velocity-1.7
m/s or high temperature-70°Ccondition) or slightly lower (at 48°C, 0.5 m/s) than experimental
within the first hour of drying (Figure 4.10-4.13). However, at later stages moisture removal in
model system was slowed down and became lower than experimental values. Initial slower
moisture loss in experimental results might be due to sample heating especially at low velocity of
drying air. Predicted moisture profiles was actually compatible with predicted temperature profiles
since predicted temperature values were almost the same at the beginning but became higher at
later stages due to less water removal. Similar results were obtained in the study of Aversa et. al.
(2007) (Figure 4.14). In the study of Curcio et al. (2008) who modelled coupled heat and mass
transfer with flow in carrot drying, similar moisture content change was found in the model system
with experimental data at 50°C while incompatibility was observed at lower drying temperatures
such as 35°C.

In all cases, the difference between final predicted and experimental values were less than 10%
(Table 4.2). Linear regression results of predicted moisture versus observed showed R? value
greater than 0.99. Anova studies also resulted in no significant difference between observed and
predicted except for drying of lean meat with v fiber configuration at 48°C, 1.0 m/s and 1.7 m/s.
Root mean square error (RMSE) values in Table 4.3 indicated that lean meat samples hl
configuration showed better agreement (lower RMSE) than other configurations (h2, v) with
experimental. However, the model system for minced meat showed almost the same values as
experimental data (Figure 4.13) and much lower RMSE values than lean meat samples. In general,
the error with experimental did not exceed 1.5% (wet base) for minced meat while it could be as
large as 5% in lean meat samples. Only for drying at 48°C and 1.0 my/s, slightly higher predicted
moisture content was observed than experimental in minced meat probably due to difference in
structure or composition of sample. The difference between final predicted and experimental
moisture values was in a range of 0-2.7% for minced meat while it was 2.5-7.9% for lean meat
samples (Table 4.2). It could be concluded that predicted moisture content of minced meat was in
good agreement with experimental. As a result of difference measure test, it could be said that the
main component of difference between predicted and observed was from systematic error which
meant that the model could be improved for lean meat samples. For this reason, different diffusion
coefficients might be applied for lean meat samples in order to obtain a better agreement.
Anisotropic nature might also be applied for diffusion coefficient using the same ratios as in
anisotropic thermal conductivity values.

Table 4.2. Experimental and predicted moisture content % at the end of drying (270 min)

hl h2 A4 minced
Drying! | Exp.2 | Pred.} Exp. Pred. Exp. Pred. Exp. Pred.
48°C 51.6 54.4 48.0 54.0 48.5 53.9 52.0 53.6
0.5 m/s
48°C 51.1 53.6 46.8 52.9 44 .4 53.1 50.0 52.7
1.0 m/s
48°C 46.6 52.9 45.5 52.1 453 52.4 52.3 52.3
1.7 m/s
70°C 45.1 48.8 40.7 48.6 41.3 48.0 47.5 47.6
0.5 m/s
linitial moisture content is 76%
’Experimental
3Predicted
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Table 4.3. RMSE; root mean square error of predicted moisture content (dry base) of meat samples
at different drying conditions (R?>0.99 in all cases)

RMSE (g water/g bds)* drying at

Sample 48°C 0.5 m/s 48°C 1.0 m/s 48°C 1.7 m/s 70°C 0.5 m/s
Lean meat _hl 0.07 0.066 0.17 0.097
Lean meat _h2 0.15 0.15 0.17 0.22
Lean meat _v 0.15 0.24 0.21 0.2
Minced meat 0.057 0.11 0.028 0.032

*In order to find RMSE as a wet base percentage, the value should be multiplied by 24 (percentage
of BDS found experimentally)
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Figure 4.10. Moisture content change in lean meat with flow normal to fibers (hl) with respect to

drying time
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Figure 4.11. Moisture content change in lean meat with flow along to fibers (h2) with respect to
drying time
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Figure 4.13. Moisture content change in minced meat with respect to drying time

1.00 B oxporimanial Tem3424, ficknesse cm w— hocrafical Toe343K, thicknasse1 om

A wepenmantal T=323%, fiicknesse1.8 om o inooreical T eEE3K, trizonass= 1.8 om

o
o
K
E [ ] [ ]
2 aeo = =
g 0.50
= o
0.40
0.30
0.20 T - T : : .
0 05 1 15 2 25 3 3s

Time (h)
Figure 4.14. Change in predicted and experimental moisture content in the research of Aversa et.
al. (2007)

4.2. Effect of Flow Rateon Predicted Temperature and Moisture Content of Samples

The time required to reach a stationary temperature value became shorter with higher velocities of
air since steeper temperature curves was observed with higher velocity (Figure 4.15-4.16).
However, the temperature at stationary phase did not change drastically with higher velocities.
Experimentally, it was found that temperature increased slightly with increasing air velocity under
unsteady state conditions, which was also agreed with model data since until reaching stationary
phase, rate of change in temperature was increasing with increasing velocity (Figure 4.16).
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The change in predicted moisture content with respect to time was found to be different with
different air flow rates at the same air temperature. Moisture removal in the model system was
higher with increasing flow rate (Figure 4.17), compatible with experimental findings. However,
temperature was more effective parameter on moisture removal than flow rate since even the
highest attainable velocity in the dryer (48°C, 1.7 m/s) resulted in lower moisture loss than drying
at 70°C, 0.5 mv/s. This conclusion also agreed with experimental results.
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Figure 4.15. Predicted temperature change at four different locations in lean meat with flow
normal to fibers (hl) with respect to drying time (results of model 2)
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Figure 4.17. Change in predicted moisture content in lean meat with flow normal to fibers, drying
along the fibers (h2) with respect to drying time
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4.3. Effect of Fiber Direction and Structure on Predicted Temperature and Moisture Content

The predicted temperatures of different meat samples at the same drying conditions were presented
in Figure 4.18-4.21. In all drying conditions, predicted temperature values of minced meat were
higher than temperature of lean meat with all fiber configurations and the lowest temperature was
observed in lean meat with hl fiber configuration, which was compatible result with experimental
data. Thus, it could be concluded that anisotropic representation of thermal conductivity as
explained in section 2.4 (Table 2.3), was applicable to define real food systems in finite element
modeling. Temperature of lean meat with h2 fiber configuration was almost the same as v
configuration at low temperature and flow rate condition (48°C, 0.5 m/s). However, at 70°C,
temperature of v fiber configuration was slightly higher than h2 configuration (Figure 4.19),
whereas at higher velocity as 1.0 m/s (Figure 4.20) h2 started to exceed temperature of v fiber
configuration and almost reached minced meat temperature at the highest velocity (1.7 m/s) (Figure
4.21).

In all drying conditions, similar moisture content change was observed in both lean meat and
minced meat samples (Figure 4.22). Experimental moisture content of different meat samples at the
same drying condition showed 4-7% difference at the end of 270 min (Table 4.2). However, this
difference was less than 1.2% for predicted moisture content. It could be concluded that no
difference was observed according to fiber configuration and structure in predicted moisture, which
was not compatible with experimental. This was resulted from that the same diffusion coefficient
was used in all types of samples. Even the diffusion coefficient equation taken from literature
(Equation 2.18; Trujillo et al., 2005) used in the model was a function of sample temperature, it
was seen that diffusion coefficient did not change so much with respect to temperature within the
range reached in the model even though slight change in temperature profiles were observed with
different fiber configurations and isotropic samples. In order to observe anisotropy effect in
moisture content change, it was suggested that different diffusion coefficients according to
structure should be used in the model.
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Figure 4.18. Predicted temperature change at four different locations with respect to drying time
during drying at 48+1°C 0.5 m/s by using model 2
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Figure 4.19. Predicted temperature change at four different locations with respect to drying time
during drying at 70£1°C 0.5 m/s by using model 2
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Figure 4.20. Predicted temperature change at four different locations with respect to drying time
during drying at 48+1°C 1.0 m/s by using model 2
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Figure 4.21. Predicted temperature change at four different locations with respect to drying time
during drying at 48+1°C 1.7 m/s by using model 2
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Figure 4.22. Predicted moisture content change with respect to drying time
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CHAPTER 5

MODEL RESULTS AND DISCUSSION-2

5.1. Redefinition of Diffusion Coefficient

Selection of most proper diffusivity is very important for all processes in which mass transfer is
significant. Different approaches either experimental, analytic or numerical, were applied for
calculation of diffusion coefficient (Baini and Langrish, 2008;Akpinar and Dincer, 2005;Ruiz-
Lopez and Garcia-Alvarado, 2007, Ramos et al., 2010). Diffusion coefficient found by equation
(3.4)in chapter 3.6 based on simplified version of Fick’s law for sufficiently long drying times was
not enough to be used in the model studies since it did not depend on any process parameters like
temperature or moisture content. This single number for diffusion coefficient could be valid only
for the end of drying, not enough to model overall process as supported also in the studies of Chen
(2007).When finite element model defined in material and methods chapter(section 2.4) was
applied using diffusion coefficients found in section3.8 model A (Table 3.7), the predicted moisture
loss became too much and far from experimental results(Figure 5.1). The reason of this was the use
of a single value for diffusion coefficient that can be only valid through the end of drying, during
overall process. Actually, diffusion coefficient should be much lower at the beginning of drying
than the one calculated due to low temperature of sample. Thus, diffusion coefficient was redefined
as a function of temperature and/or moisture content (dry base) of sample using equations below
(5.1-5.2). As well as there were different definitions of diffusion coefficient for dependence to
moisture content (Azzouz et al., 2002;Baini and Langrish, 2008; Ruiz-Lopez and Garcia-Alvarado,
2007), all were based on exponential dependence. Definition used by Baini and Langrish (2008)
study was chosen since it was found as the most proper definition within seven different models for
diffuson coefficient.

Doy = Do * exp(—2) 5.1)
D.spr = Dy * exp (— i—‘;) (A.exp(X) + B) (5.2)
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Figure 5.1.Moisture content change in lean meat with flow normal to fibers (hl) with respect to
drying time during drying at 48+1°C 0.5 m/s

79



In most of the studies consisted of diffusivity estimation based on Arrhenius type equation (5.1),
sample temperature was assumed constant due to ease of handling (Hernandez et al., 2000; Lewicki
et al., 1998; Mulet, 1994; Rosello et al., 1992; Ruiz-Lopez et al., 2004). Even though drying
medium temperature or average temperature of sample throughout the drying by taking integral
with respect to time (Trujillo er al., 2005) were used in literature for T in Arrhenius equation of
diffusivity, it was not totally correct approach as stated in studies of Chen (2007) and Ruiz-Lopez
and Garcia-Alvarado (2007). Thus, in this study sample temperature was considered. Diffusivity
definitions above (Equation 5.1, 5.2) were replaced Der in equation (3.5). Equation 3.5
wasredefined as below,

X-Xeq 8\ 1 5 5 Do*exp(—28)
Xi—Xeq = ﬁz o @n+1)? exp —@n+1)*n 412 t (5.3)
n=
E
X-X, 8 © 1 Do*eXp(——a)(A-eXp(X)+B)
Xi—XZ - FZ o (@n+1)? exp <—(2n D RT4L2 t (5.4)
n=

Unknown coefficients of equations were solved by nonlinear regression tool (MinErr) of MathCAD
in a way that standard error between predicted and experimental dimensionless moisture content
near zero and coefficient of determination near 1 by taking first 20 terms into consideration in
equations (5.3-5.4). Example of statements written to MathCAD was presented in
AppendixE. Temperature and moisture data were taken from the experimental results of drying at
the highest temperature (70°C) since change in temperature and moisture were the highest at that
condition. Temperature at the surface (BT2 location) was accepted as T in equations (5.1) and (5.2)
again due to higher change observed with respect to time than in other locations. In other
conditions noise coming from experimental data would be higher since change in temperature and
moisture was much lower. Trujillo ef al. (2005) also suggested that surface temperature could
represent sample temperature. When diffusivity was calculated by using both temperature at the
center and at the surface, it was observed only maximum 0.2 fold change occured in the results
(Appendix F), but standard error became 2.5 fold greater so taking temperature at the surface was
more appropriate (Table F.1).

The diffusivity definitions for lean meat samples with three different fiber configurations were
presented below (Table 5.1). The diffusivity values found for lean meat samples were in agreement
with literature as in a range of 1 10! =5.56 10-'%(Panagiotou et al., 2004).Standard error was less
than 0.01 and coefficient of determination was greater than 0.99 in all three fiber configurations.
Since the model results using diffusivity definition found in the study of Trujillo et al. (2005) was
in good agreement with experimental data of minced meat (figured in chapter 4), new definitions of
diffusivity were not found necessary for minced meat.

Table 5.1. Diffusivity equations of lean meat with three fiber configurations

Diffusivity equation Standard | R? Eqn.no
error
6960
D(h1) = 4.356 * eXp(_T) 0.0041 0.998 5.5a
7019
D(h1) = 1.48 * exp <—T) (0.074 exp(X) + 2.875) 0.0014 0.999 5.5b
D(h2) = 1.807 * exp(_iﬁ) 0.0099 0.996 | 5.6a
0.0028 0.998 5.6b

6902
D(h2) = 1.153 xexp <—T) (0.132 exp(X) + 3.395)

5369 0.01 0.995 5.7
D(v) = 0.047 * exp(— T) :

0.0094 0.995 5.7b

6899
D(v) = 1.141 x exp <—T) (0.161 exp(X) + 3.229)
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5.2. Model Construction

The model 2 defined in Chapters2.4 and 4.1 was used in FEM studies since it produced better
agreement with experimental and needed less computation time. For heat capacity, density, heat
transfer coefficients and thermal conductivity, the same values/definitions as defined in section 2.4
were used. For diffusivity of lean meat, anisotropic definitions represented below (Table 5.2) were
introduced to FEM in order to be able to observe anisotropy effect on moisture loss which could
not be observed when only one diffusivity definition from literature (Trujillo et al., 2005) for all

lean meat samples and minced meat was used as stated in Chapter 4.5.

Table 5.2. Anisotropic diffusivity values used in the model

For h1 configuration For h2 configuration For v configuration
_[Dp1 0] _[Dpz 0] _[Dy 0]
P=10 Dbyl P=10" byl P=10 Dyl

5.3. Prediction of Temperature

Diffusivity definition (Equation 5.2) as a function of both sample temperature and moisture content
(dry base) gave slightly more compatible results with experimental data than diffusivity definition
as a function of only sample temperature (Figure 5.2). Thus equations (5.5b-5.6b-5.7b) were used

in the rest of modelling studies presented in this chapter.
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Figure 5.2. Change in temperature and moisture content of lean meat with flow normal to fibers
(h1) with respect to time during drying at 48+1°C and 0.5 m/s. For a and b, equation (5.5a) and
(5.5b) were used respectively.
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The difference between surface temperature and other locations became larger than the results
obtained using single isotropic diffusivity in chapter 4 (Figure 5.3). The predicted temperature
distibution was symetric according to (0,0) point as in Figure 4.1b. However, experimental results
showed that slightly asymmetric temperature distribution probably due to lower velocity profile at
the right hand side of the sample due to flow as discussed in previous chapter section 4.2. On the
other hand, the difference between predicted and experimental temperature at AT2 location became
lower than found in chapter 4 (Figure 5.4-5.6). When compared RMSE values of Table 4.1 with
RMSE of Table 5.3 for sample temperature, averagely 1-2°C less RMSE values were observed in
the model used in this chapter except for drying at 70°C. It could be said that the approach used in
this chapter using anisotropic diffusivity was more compatible with the experimental.
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Figure 5.3. Temperature change in lean meat with flow normal to fibers (h1) with respect to drying
time during drying at 48+1°C 0.5 m/s

In general, the predicted temperature values were in good agreement with experimental results for
lean meat samples in all three fiber configurations except for drying at the highest temperature
(70°C) (Figure 5.4b-5.5b-5.6b).The difference between predicted and experimental became as
large as 5°C at 70°C while it was around 2°C in other drying conditions (Table 5.3). At the highest
attainable air temperature (70°C), the predicted temperatures were slightly lower than experimental
due to higher moisture loss, thus higher heat loss due to evaporation in model (Figure 5.7-5.9). At
higher velocity (1.0, 1.7 m/s), faster increase in sample temperature was observed than
experimental at the beginning of drying since high velocity resulted in high heat transfer
coefficient. At later stages of drying, temperature curves of predicted and experimental became
closer (Figure 5.4c-d, 5.5¢-d, 5.6¢c-d).
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Figure 5.4a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 0.5 m/s
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Figure 5.4b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow normal to fibers (hl) with respect to drying time during drying at 70£1°C 0.5 m/s
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Figure 5.4c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow normal to fibers (h1) with respect to drying time during drying at 48+1°C 1.0 m/s
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Figure 5.4d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow normal to fibers (h1) with respect to drying time during drying at 48+1°C 1.7 m/s
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Figure 5.5a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 0.5 m/s
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Figure 5.5b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow along to fibers (h2) with respect to drying time during drying at 70+1°C 0.5 m/s
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Figure 5.5c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.0 m/s
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Figure 5.5d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat

with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.7 m/s
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Figure 5.6a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 0.5 m/s
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Figure 5.6b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
70+1°C 0.5 m/s
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Figure 5.6¢c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 1.0 m/s
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Figure 5.6d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 1.7 m/s
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Table 5.3. RMSE; root mean square error of predicted temperature of meat samples during drying
at different conditions

Drying RMSE (2C)
Sample parameter | ATl |AT2 | BT1 | BI2 R’
Lean meat _hl 48°C 0.5 m/s 0.7 3.1 0.7 0.6 0.952-0.994
48°C 1.0 m/s 1.7 2.6 1.3 1.3 0.930-0.960
48°C 1.7m/s | 2.6 33 2.4 4.2 0.900-0.910
70°C 0.5m/s | 4.4 1.7 4.5 3.8 0.979-0.994
Lean meat _h2 48°C 0.5 m/s 0.9 1.2 1.4 0.7 0.986-0.994
48°C 1.0m/s | 0.8 2.3 1.0 1.5 0.974-0.983
48°C 1.7 m/s 1.2 1.5 1.4 1.5 0.966-0.974
70°C 0.5m/s | 4.0 0.9 4.3 1.5 0.981-0.994
Lean meat _v 48°C 0.5 m/s 1.5 1.2 1.9 0.86 0.950-0.988
48°C 1.0 m/s 1.6 2.7 1.37 2.8 0.931-0.949
48°C 1.7 m/s 1.7 1.9 1.6 2.8 0.924-0.942
70°C 0.5m/s | 5.6 2.8 6.5 3.0 0.976-0.992

5.4. Prediction of Moisture Content

The predicted moisture content values were in good agreement with experimental results for lean
meat samples in all fiber configurations except for drying at70°C (Figure 5.7-5.9). The difference
between predicted and experimental moisture content was in a range of 0.4-1.3% on wet basis
(Table 5.4) which supported compatibility and were much lower than the results of previous
chapter (2-5%) (Table 4.2) except for drying at 70°C. The difference at 70°C might be resulted
from unnegligible shrinkage effect at high temperatures, which was discussed in next section.
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Figure 5.7. Moisture content change in lean meat with flow normal to fibers (hl) with respect to
drying time
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Figure 5.8. Moisture content change in lean meat with flow along to fibers (h2) with respect to
drying time
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Figure 5.9. Moisture content change in lean meat with flow normal to fibers, drying along the
fibers (v) with respect to drying time
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Table 5.4. RMSE; root mean square error of predicted moisture content (dry base) of meat samples

at different drying conditions (R%> 0.99 in all cases)

RMSE (g water/g bds) drying at
Sample 48°C 0.5 m/s 48°C 1.0 m/s 48°C 1.7 m/s 70°C 0.5 m/s
Lean meat _hl 0.028 0.032 0.019 0.23
Lean meat _h2 0.025 0.042 0.056 0.14
Lean meat _v 0.035 0.053 0.029 0.18

*In order to find RMSE as a wet base percentage, the value should be multiplied by 24 (percentage
of BDS found experimentally)

5.5. Effect of Shrinkage

Good correlation between predicted and experimental could not be observed for drying at 70°C and
0.5 m/s. Most possible reason for that was the effect of shrinkage and change in thickness, which
was neglected. Thus, shrinkage term was added to equation(5.4)and diffusion coefficients was
estimated again for drying at high temperature using nonlinear fitting of equation (5.9) in
MathCAD as explained in section 5.1. For shrinkage, a simple definition stated in literature
(Azzouz et al., 2002; Ruiz-Lopez and Garcia-Alvarado, 2007; Srikiatden and Roberts, 2007) was
used (5.8).

L=c+d.X* (5.8)

At the t=0, X* (dimensionless moisture content) and L (thickness of slab) was equal to 1 and 0.01,
respectively. So,

c=0.01-d

(oo} Ea
X—Xq 8 1 D, * exp (_E) (A.exp(X) + B)
X=0—o=— ———exp| —(2n + 1)?n?
X,: — Xeq 2 (Zn + 1)2
n=0

4(001—d +d.X")?

(5.9)
The new definitions of diffusion coefficients for lean meat samples with three fiber configurations

was given in equations (5.10-5.12) below considering shrinkage (Table 5.5). Again anisotropic
diffusivity values were introduced to model as in Table 5.2.

Table 5.5. Diffusivity equations of lean meat with three fiber configurations

Diffusivity equation™ Standard | R? Eqn no
error
7153 .0092 . 1
D(h1) = 1.94  exp <——T )(0.13 exp(X) + 1.113) 0.009 0996 3.10
6791
D(h2) = 1.467 * exp <_T) (0115 exp(X) + 0.343) | 0086 ] 0997 1511
6530 0.0096 0.996 5.12
D(w) = 0.337 = exp <— T) (0.286 exp(X) +0.1)

*Shrinkage was considered.

Figures 5.10-5.12 reflected high compatibility between predicted and experimental moisture
content during drying at 70°C for lean meat samples in three fiber configurations. It was observed
very slight difference in h2 and v fiber configurations which might be arisen from difference in
sample composition, structure or experimental conditions. The difference between predicted and
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experimental moisture content was in a range of 0.5-2.4 % on wet basis (Table 5.6) which
supported compatibility.
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Figure 5.10. Moisture content change in lean meat with flow normal to fibers (hl) with respect to
drying time during drying at 70+1°C and 0.5 m/s after inclusion of shrinkage
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Figure 5.11. Moisture content change in lean meat with flow along to fibers (h2) with respect to
drying time during drying at 70+1°C and 0.5 m/s after inclusion of shrinkage
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Figure 5.12. Moisture content change in lean meat with flow normal to fibers, drying along the
fibers (v) with respect to drying time during drying at 70+1°C and 0.5 m/s after inclusion of
shrinkage

Table 5.6. RMSE; root mean square error of predicted moisture content (dry base) of meat samples
during drying at 70°C 0.5 m/s(R%> 0.99 in all cases)

Sample RMSE
Lean meat _hl 0.021
Lean meat _h2 0.10
Lean meat _v 0.089

The predicted temperature values were also in better agreement with experimental at 70°C after
inclusion of shrinkage in diffusivity calculations (Figure 5.13-5.15). The RMSE values (Table 5.7)
became ~2°C lower than found without shrinkage (Table 5.2), which supported better
compatibility. Only the temperature at AT2 showed difference as previously discussed due to slight
effect of flow on velocity profile, thus on heat transfer coeffcient.
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Figure 5.13.Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 70£1°C, 0.5 m/s after
inclusion of shrinkage
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Figure 5.14.Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 70£1°C, 0.5 m/s after
inclusion of shrinkage
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Figure 5.15. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
70+£1°C, 0.5 m/s after inclusion of shrinkage

Table 5.7. RMSE; root mean square error of predicted temperature of meat samples during drying
at 70°C 0.5 m/s

RMSE 2
Sample ATI | AT2 | BTI | BI2 R
Lean meat _hl 1.9 5.1 1.6 1.5 0.973-0.987
Lean meat _h2 1.5 5.0 1.4 3.4 0.975-0.986
Lean meat _v 1.7 3.1 1.74 1.88 0.976-0.985

5.6. Fiber Direction Effect on Predicted Moisture Content and Temperature

In previous chapter, anisotropy effect could not be observed in predicted moisture content values
when the same temperature dependent diffusivity equation from literature (2.18) was used (Figure
4.23) since temperature differences between samples could not produce enough difference in
diffusion coefficients and thus moisture content of different meat samples at the same drying
conditions. When anisotropic diffusivity values were used as defined in section 5.1, lower moisture
loss was observed in minced meat than in lean meat samples and lean meat with hl fiber
configuration showed lower moisture loss than lean meat with other fiber configurations (h2 and v).
The same result was also observed experimentally, which supported that anisotropic representation
of diffusivity values was applicable to define real food systems in finite element modeling.
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Figure 5.16. Predicted moisture content change with respect to drying time

In all drying conditions, the predicted temperature values of minced meat were higher than
temperature of lean meat with all fiber configurations (Figure 5.17-5.20) and the lowest
temperature was observed in lean meat with hl fiber configuration, which was compatible result
with experimental data. Thus, it could be concluded that anisotropic representation of thermal
conductivity as explained in section of Material and Methods chapter 2.4 (Table 2.3), was
applicable to define real food systems in finite element modeling.
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Figure 5.17. Predicted temperature change at four different locations with respect to drying time

during drying at 48+1°C, 0.5 m/s

335

330

325

320

315
2310
-

ho

305 7
300 p 4

==t
hi

295 , ae

20 4 =>=minced 290 —>=minced
285 285
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t(min) t(min)
BT1 BT2
340
335
330
325
320
<315
F 310
o5 % ——h2
300 —=—hi
295 I oV
290 —»—minced
285
0 50 100 150 200 250 300
t(min) t(min)

Figure 5.18. Predicted temperature change at four different locations with respect to drying time

during drying at 70£1°C,0.5 m/s
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Figure 5.19. Predicted temperature change at four different locations with respect to drying time
during drying at 48+1°C, 1.0 m/s
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Figure 5.20. Predicted temperature change at four different locations with respect to drying time
during drying at 48+1°C, 1.7 m/s
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

In this study, there were two main purposes. First aim was to observe change in drying
characteristics (degree of temperature difference, rate of drying and temperature change, drying
time, diffusivity values, shrinkage) during drying of meat samples at different conditions and to
investigate existence of difference arising from structure and fiber configuration of meat samples.
Second aim was to model distribution of temperature and moisture content within the sample by
using finite element method (FEM) and compare the solutions of FEM with experimental results
and thus to observe anisotropy if exists.

In order to observe effect of structure and fiber configuration, lean meat with three fiber
configurations and double minced meat were chosen as anisotropic and isotropic samples,
respectively. In all drying conditions and samples, the highest temperature was observed at the
surface. Temperature changed faster near surfaces while this change became slower after mid
thickness. Slightly asymmetric temperature change was observed with respect to y-axis due to
velocity profile around the sample. Order of temperature values was as follows
BT2>AT1=BTI1>AT2.Minced meat showed either no or very slight bending in temperature curves
with respect to time within 30 minutes of drying, which was significantly observed in lean meat
samples, presumably due to existence of more uniform structure in minced meat.

Increase in temperature and velocity of air resulted in higher temperature and moisture loss of
samples with respect to drying time but temperature was found more effective parameter than
velocity. Velocity was more effective at the beginning of drying since external resistances like heat
and mass transfer coefficients were rate controlling. Rate of temperature change was compared
using first order dynamics equation (3.1) and rate constants (k) in descending order were kr(70°C,
0.5 m/s) > kr(48°C, 1.7 m/s) > kr(48°C, 1.0 m/s) > kr(48°C, 0.5 m/s). The same order with respect
to drying conditions was also observed in comparison of rate of drying. It was observed that
increasing velocity from 0.5 to 1.7 m/s decreased drying time 1.2-4.2 hr while increasing
temperature from 48°C to 70°C decreased 3.6-6.3 hr. Temperature difference between locations
was also found to be less with higher velocity of air. When air velocity increased from 0.5 to 1.7
ny/s, temperature difference between locations decreased from ~3°C to ~1°C.

In general, either no or very short constant rate was observed in all samples since most of the water
was present as bound water within the samples. Short constant rate was observed only for drying at
low temperature, low velocity condition (48°C, 0.5 m/s) since removal of free moisture was slower
and constant rate became visible.

Anisotropy effect was observed in lean meat samples. The lean meat with flow normal to fibers but
drying along the fibers (v) showed less temperature gradient within the sample than other fiber
configurations due to more easily air flow through and into the sample which led to more uniform
temperature within sample. The order of temperature gradient through the lean meat samples was
found as v<h2<hl. At the highest attainable flow rate of air in the dryer, all three different fiber
conditions showed very small temperature difference with respect to locations. When rate constants
(k) for temperature change were compared, it was observed that Krmincea)> krm2> krw= kra,
meaning that minced meat showed faster increase in temperature than lean meat samples while h2
fiber configuration showed faster increase in temperature than other fiber configurations. Lean
meat samples with h1 fiber configuration showed lower temperature values and lower moisture loss
than the samples with other fiber directions (v and h2).The rates of drying in a descending order
was found as km(h2)=km(v)>km(hl)>kn(minced). Minced meat showed higher temperature due to
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lower moisture loss, so far less shrinkage than lean meat samples, which might be resulted from
more difficult moisture loss due to the structure of minced meat.

Equilibrium moisture content for each drying condition was found efficiently by defining simple
exponential decay equation of moisture loss with respect to drying time based on moisture data
attained experimentally. Diffusion coefficients were calculated by considering first term of
equation (3.5) based on Fick’s law. However, it was found that diffusivities found by this
procedure was high and could only be valid at the end of drying and not enough to represent
moisture loss at initial stages of drying. Diffusivity should be as a function of temperature or
moisture content of sample in order to be able to define overall drying process.

The model based on coupled heat and mass transfer equations was first constructed by considering
anisotropic thermal conductivity but the same diffusion coefficient as a function of temperature for
all type of samples with two different approaches. First approach was based on heat loss due to
evaporation only at the surface, second approach was based on heat loss due to change in overall
moisture content through the sample. Both of them could only be valid after reaching wet bulb
temperature. Second approach was found more proper since it had much shorter computation time,
more compatible results with experimental data and temperature distribution in literature.

Model 2 gave similar temperature distribution with experimental data except for AT2 location
probably resulted from slightly different velocity profile around the sample due to flow. Minced
meat showed good agreement with experimental data for both temperature and moisture
distribution, however the model needed to be refined for lean meat samples. When sought for
anisotropy effect on predicted temperatures, this model produced similar results for change in
tempeature distribution for different types of samples with experimental data. On the other hand, no
difference was observed in moisture loss with respect to drying time for lean meat and minced meat
samples, which showed that use of the same diffusion coefficient was not adequate to represent
anisotropy effect on moisture loss even if it was a function of sample temperature since the change
in sample temperature was not large enough to cause a difference in moisture loss.

For refining of the model in order to observe anisotropy effect on moisture loss, diffusion
coefficients were computed for lean meat samples as a function of temperature and both
temperature & moisture content by nonlinear fitting of experimental data considering change in
surface temperature at 70°C. The diffusivity as a function of both temperature and moisture content
was found to be slightly more appropriate than the one as a function of only temperature. The
predicted temperature and moisture content found using both anisotropic thermal conductivity and
diffusion coefficient definitions showed good agreement for lean meat samples with all three fiber
configurations except for drying at the highest temperature (70°C). In order to improve the model
for drying at high temperatures, it was suggested that shrinkage should be introduced to diffusivity
calculation. After inclusion of the shrinkage, predicted temperature and moisture content at 70°C
became also compatible with the experimental values. From the aspect of anisotropy effect, it could
be concluded that the model considering both anisotropic thermal conductivity and diffusion
coefficient represented well the difference in temperature and moisture content according to
different fiber configurations of lean meat compared to experimental results. Additionally, the
model showed good agreement with experimental to represent the difference between anisotropic
(lean meat) and isotropic samples (minced meat).

For further studies, shrinkage could be incorporated not only to diffusion coefficient but also to
finite element model by considering moving boundaries with respect to time in order to observe
better fitting with local temperature values. Secondly, coupled heat, mass and fluid dynamics
equations could be solved in order to be able to observe slightly asymmetric temperature
distribution within the sample.
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APPENDIX A

PROPERTIES OF FOOD MATERIAL

Table A.1. Properties of Food Material

| Equation/data

| Food Sample

Reference

a. Thermal Conductivity (k)

1 Kwater = 0.57109 + 1.7625%1073T - 6.7036*106T> General (0-90°C) | Choi and
keno = 0.20141 + 1.3874*10°3T - 4.3312*10°6T2 Okos, 1986;
Kprotein = 0.17881 + 1.1958*10-3T - 2.7178*10°T? Sahin  and
K = 0.18071 — 2.7604*10-3T — 1.7749*10"T? Sumnu,
Kash = 0.32961 + 1.4011%103T — 2.9069*10-5T> 2006
Kice = 2.2196 — 6.2489*103T + 1.0454*10“T>
2 K =K, X, + KXy + K, X, Cooked beef Baghe-
K, =594 x 1071 +9.57 X 107*T (whole and Khandan M.
Kr =179 x 107! — 2.23 x 107*T ground chuck) S., Okos M.
K, =172x10"1 +2.81 x 10T R., 1981
3 k=a+b*T + c¢*T? + d*T? Pork and beef Willix et al.,
dripping 1998
4| () = 1.82 — 1.66exp(—0.852%) Apple, pear, Rahman,
ko” "1-eq Xi squid, beef, potato | 1992
5 k =0.481 4 0.000865T dark meat, 0-20°C ‘White and dark Sweat et al,
k =0.476 + 0.000605T white meat, 0-20°C chicken meat 1973
k =1.14 —0.0146T — 0.986 x 10~*T?
dark meat, -75 to -10°C
k =1.07 + 0.0149T — 1.04 x 10~*T?
white meat, -75 to -10°C
6 k=0.056 + 0.57*Xy Biological Spells, 1960
materials with
more than 50%
moisture
7 for subfreezing range; Different meat Pham &
k=a+bT+c/T samples(-40 - Willix, 1989
1 1 30°C), parallel
k=l +b(T = T7) + C(T B a) and perI;))endicular
k=ke+ d(T - Tfr) above freezing heat is appl.led,
constants given
on Table A.2
8 k =0.216 + 0.0024 (moisture% wetbasis) Salami, sausage Ziegler et
al., 1987
9 Ky Xy constants given Rahman,
K, =A- Bexp(—CX—WO) on Table A.3 1992
10 | k values for large range of foods general Krokida et
al.,  2001;
Bowman et
al., 1975
b. Heat Capacity (C,)
1 C, = 4.180%Xpaer + L1.711% Xprotein + 1.928%Xp+ | general Choi and
1-547*XCH0 + 0.908*Xagh OkOS, 1986
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Table A.1 (continued)

2 Cp=A+BT+CT? general Sahin &
constants for each component given p.140 on Sumnu,
reference. 2006

c. Heat Transfer Coefficient (h)

1 h = Bi*k/Lo Beef loaf Proud &

Lund, 1983

2 h=8.3u®”" (Tu=2.5%) Carcass Willix et al.,
h=21u (Tu>20%) 2006
h=12.5u’® (for cooling)

3 Nuge=0.102*Re%67Pr0333 - 5000<Re<50000 Forced convection | Wang &

Sun, 2002
d. Diffusivity/Diffusion coefficent (D)
1 Diffusivity values for large range of foods general Panagiotou
et al., 2004
2 D= Doe(_%) constants given Trujillo et
on Table A.4 for al., 2007
beef
3 v _x 8 = 1 (mt1ya?r general Trujillo et
m _ “eq _ _z e_% al., 2007
Xi—Xpq T (2n + 1)?
n=0
Equilibrium Moisture Content (m,)
1 RH = exp(_5222'47 X m,~1:0983) chicken meat Chen et al.,
RT 1999

Table A.2 Empirical curve-fitting parameters for Equation (a.7) in Table A.1 (Pham & Willix,

1989)
kf b c d
Material W/mK | WmK W/m W/mK?
Group I
Leg muscle perpendicular 0.450 | -0.0063 | 0.69 0.0009
Leg muscle minced 0.466 |-0.0043 | 0.71 0.0011
Hearts 0.390 |-0.0046 | 0.71 0.0009
Hearts minced 0.407 | -0.0065 | 0.68 0.0008
Liver 0.417 |-0.0073 | 0.65 0.0006
Liver minced 0.425 |-0.0067 | 0.67 0.0012
Brains 0.494 |-0.0039 | 0.84 0.0003
Kidneys 0.507 | -0.0075 | 0.78 0.0012
Thymus 0.497 |-0.0047 | 091 0.0012
Thymus minced 0.487 | -0.0053 | 0.85 0.0009
Group 11
Leg muscle perpendicular 0421 |-0.0037 | 0.67 0.0010
Group III
Fat 0.219 | -0.0003 | 0.05 -0.0005
Fat minced 0.212 | -0.0000 | 0.06 -0.0004
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Table A.3 Parameters and Precision of the Equation (a.9) in Table A.1 for Different Foods
(Rahman, 1992)

Material | Process n A B C r’ SD

Apple Air drying 15 | 0.155 -0.021 -3.713 0.999 1.73
Beef Cooking 41 | 1.832 1.737 0.814 0.995 9.05
Pear Air drying 15 | 1.120 1.166 2.368 0.999 0.89
Potato Air drying 10 | 1.245 1.279 1.654 0.999 0.09
Squid Air drying 39 | 1.200 1.350 1.750 0.991 9.91

n, no of data points; r?, regression coefficient; SD, mean percent deviation

Table A.4 Parameters of Arrhenius equation (d.2) in Table A.1 (Trujillo et al., 2007)

Model A Model B Model Bo Model C
Slope -3382.212 -3023.82 -3757.256 -2964.14
Ea -28119.71 -25140.04 -31237.83 -24643.8
Intercept -10.70998 -11.85469 -9.970738 -12.1888
Dy 2.23E-5 7.11E-6 4.67E-05 5.09E-06
Correlation 0.991 0.9872 0.8617 0.9888
coefficient (1)

Model A; constant temperature, constant volume
Model B& Bo; constant volume
Model C; variable volume

Table A.5 Composition of Meat Samples (Pham and Willix,1989)

Material Water Protein Fat Ash
Lean meat paralel 73.6 19.9 4.7 1.1
Lean meat perpendicular 72.5 19.3 7.2 0.9
Lean meat minced 73.9 18.6 4.5 1.0
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APPENDIX B

EQUILIBRIUM MOISTURE CONTENT VALUES

Table B.1 Equilibrium moisture content values calculated from nonlinear regression of
experimental results.

Xeq (g/g bds) based on

Sample Drying Equation 3.3 Equation 3.4

condition R2>0.999 SEE<0.02 R2>0.999 SEE<0.007
Lean meat_hl 48°C 0.5 m/s 1.6594 1.6594

48°C 1.0m/s 1.8563 1.7087

48°C 1.7 m/s 1.6227 7.23 107

70°C 0.5 m/s 1.4195 2.24 107°
Lean meat_h2 48°C 0.5 m/s 1.5915 1.32107?

48°C 1.0m/s 1.5589 0.588

48°C 1.7 m/s 1.649 0.772

70°C 0.5 m/s 1.2753 1.23107?
Lean meat_v 48°C 0.5 m/s 1.6099 0.316

48°C 1.0m/s 1.5153 0.7809

48°C 1.7 m/s 1.6379 1.334

70°C 0.5 m/s 1.4421 3.17 10°
Minced meat 48°C 0.5 m/s 2.0253 1.29

48°C 1.0m/s 1.7773 1.3966

48°C 1.7 m/s 2.0889 1.28

70°C 0.5 m/s 1.7813 0.3056

ISEE; Standard error of estimate
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APPENDIX C

COMSOL FINITE ELEMENT MODELING SOFTWARE WINDOWS

r h
Application Mcde Properties u

Properties

Default element type: .i_agrange - Quadratici - .

Analysis bype: :Transient -
Weak constraints: :OFF -
[ QK ] [ Cancel l [ Help ]

—————————————

Figure C.1. Selection of application mode as transient for time dependent system

-
Rectangle ﬁ

Size Rotation angle

Width: 0,06 a: 0 (deqgrees)
Height: |0.01

Puasition

Base: :Center v: Skyle: :Sulid v:
b H 0 Mame: R.1

'H 0.005

Figure C.2. Drawing of sample
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-

Free Mesh Parameters

2
3
4

Boundary selection

-

[7] select by group

[ Seleck Remaining ]

[

Seleck Meshed ]

Global | Subdomain | Boundary | paink | Advanced

Parameters | Distribution

Boundary mesh parameters
Maximum element size: |1T=._-3 [

Element growth rate: | |

Mesh curvature Fackar:
Mesh curvature cukoff:

[ Reset to Defaults ][

Remesh ]

l

Mesh Selected

Cancel

-
(o]

Apply

Help

Figure C.3. Mesh definition in order to have augmented mesh around boundary 1,3,4

”
%9 Constants u
Mame  Expression Value  Description
Hpro 19.9/100 0.199 |protein conkent "
W ak 4.7/100 0.047 |Fat conkent il
Mcho 0.7/100 0.007 |cho content
Mash 1.1/100 0.011 |ash content
ldanon  |2386.8e3 2.386... [latent heat of evaporation [1ka]
ch 0.00706 0.00706 |bulk water concenkration in air [kg/m™3]
co 0.76%rho 813.2  |initial water concentration in sample [ka/m... |[E
R 3.31434 [k1/(mal*K]] d314.34 |gas law constant [kI/(mal*)
rho 1070 1070 |density of meat
Do 5.09E-6 [m2/s] (5. 09e-6|diffusion coefficient [m™2/5]
Ea 24643.8 [kI/mol] 2.46438¢activation energy [kI/mol]
Text 343[K] 343[K] |external temperature | 4
el 0.5 0.5 welocity of air[m)fs]
=
']
= E (o] ] ’ Cancel ] [ Apply l [ Help

Figure C.4. Constants window
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-
Functions u
Defined functions Function definition
Re " Function name: [keair |
cpair Interpolation method: [Linear v]
Fra :
Extrapolation method: ’Interpnlatinn Function v}
vsca Value outside range: | |
rhoair
lda b Fx)
255.4 0.0225 -~
273.2 0.02423
283.2 0.02492
311 0.027 -
3358.8 0.02925 T
366.5 0.03115
394.3 0.03323
-
i
[ MEwW. .. ] [ Delete ]
[ oK l [ Cancel ] [ Apply ] [ Help l

Figure C.5. Functions defined for air properties

>
Subdomain Expressions M
Subdomain selection
I Mame Expression Uit
kmeatx 0.45+0,0009%(-272. 1+ T)[W/(m*K~2]] Wim-K) o
kmeaty 0.421+0.001%(-272. 1+ T)[W/[m*E"2)] Wj{m k)
ldso 0.466+0.001 1*%(-272. 1+ T)[W/(m™K"2)] Wj(m k)
D4 D0*exp(-Eal(R*T]) mjs =
I Cpmeat 1000%(4, 18*c/rho[malfm~3]+(1.711*Xpra... |3](kg -K)
TCmeat 0.01*(100-100*0, 76-cfrho[molfm~~31)) 1
- TF 0.5%(T+Text) K |
[ Select by group | b

K ][ Cancel ][ Apply ][ Help ]

Figure C.6. Subdomain expressions
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* :
Boundary Expressions u

Boundary selection
- MName Expression Unik
; D4 DO*exp(-Eaf(R*T)) m?)s -
o TF 0.5*[T+Text) K ¥
SC vscal TF)/(rhoair{ TF)*Diair) [
Dair 2.7752-006+4.479=-008*TF[ 1 /K ]+1.656e-010%TF~2[1[k~2] |1 =
i Rea 0.06%rhoair(TF1*velfvsca(TF) [
hair 11.067*kair( TF/*Rea~0.5%Pra(TF)~(1/3) 1 L
lecair 11.067*Dair*Rea™0.5*5c™{1/3) [
= |danonz 2503000-2439%(-273+TF[1JK]) 1
0.0193%rhoai T -
[F] Select by group edeq air(TF)*vel/vsca(TF) [
4| m | r
1
Ll ’ OK ] [ Cancel ] [ Apply ] [ Help

Figure C.7. Boundary expressions

F Y
Subdomain Integration Variables u
Destination
Subdomain selection
- Mame Expression Integration order Global destination
conc c/(6.9e-4*rho*0.24) 4 ] -
]
| v
- £
[ Select by group %
I [ oK ] [ Cancel ] [ Apply ] [ Help ]
—

Figure C.8. Subdomain integration variable definition in order to calculate average moisture
concentration with respect to time (24%; dry weight percentage found experimentally)
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r ™
Subdomain Settings - General Heat Transfer (htgh) M

Equatian

6[5pCpaTIat + V{-kVT)=Q, T = temperature

Conduction | Convection. | Out-of-Plane | Init I Element | ooy |

Subdomain selection Enable conductive heat transfer
- Thermal properties and heat sources|sinks
Library material: v
Quantity Value/Expression Unit Description
[ [t it Time-scaling coefficient
(71 ke (isctropic) [lameat | WIm-K) Thermal conductivity
) | (anisotropic) kmeatx 0 'ti'krnea.ﬁf WIm-K) Thermal conductivity
| P [rho ka/m®  Density
- \ S [Cpmeat | Ji(ka+K) Heat capacity
Group: =0 e e
L - Q lda(TFy*ct*(T>=300, wjm®  Heat source
I [7] select by graup Opacity: .‘o“]da(TF)*ct*(T>=300. 1)+0*{T<300.1])]
pa T

Active in this domain

[ [ QK ][ Cancel H Apply ][ Help ]

Figure C.9. Subdomain settings for heat transfer (Q is heat loss due to evaporation for model 2
defined in materials and methods chapter)

-
Subdomain Settings - General Heat Transfer (htgh) M

Equation

btspCPaTIat + V{-kVT) =0Q, T = temperature

Subdomains | Groupsl | Conduction | Convection I Qut-of-Plans | Init | Element | Co |

Subdomain selection Initial value

- Tity) 5288 K Temperature

Graup: [ -
|| | [[] Select by group
Active in this domain

I oK H Cancel ][ Apply ][ Help

Figure C.10. Initial temperature of sample
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s B
Boundary Settings - General Heat Transfer (htgh) u
Equation
-n{-kUT) =gy +h{T; (- T)
M Boundary Condition | Highly Conductive Layer | Element: | Calo

Boundary selection Boundary sources and constraints

- Library coefficient: =

2 - ]

3 Boundary condition: | Heat flux -

+ Quantity Value/Expression Unit Description
Ty o W2 Inward heat flux
h |hair Wi(m2.k) Heat transfer coefficient
Tk [Text | K External temper ature
Ta [273.15 | K Temperature
Radiation type: [ Mone ]

; : £ o 1 Surface emissivity
Group: - .
: - Tk o K Ambient temperature
[ Select by group T Zepsilon_ﬁtgh*sigma_ '«\u']‘m2 Surface radiosity exprassion
[] Interior boundaries Member of group(s): | |1
[ QK ] [ Cancel ] [ Apply ] [ Help ]

Figure C.11. Boundary settings for heat transfer for boundaries 1,3,4 defined Figure 2.4

s Y
Boundary Settings - General Heat Transfer (high) ﬂ
Equation
-n{-kvT)=0
Boundaries Boundary Condition | Highly Conductive Layer | Element | ColorjStyle
Boundary selection Boundary sources and constraints
1 - Library coefficient: [
3 Boundary condition: | Thermal insulation ~ |
i Quantity Value/Expression Unit Description
9n o Wim? Inward heat flux
h o W(mZ2.k) Heat transfer coefficient
Tinf [73.15 | K External temperature
Ty 273.15 | K Temperature
R.adiation type: [Mone |
= = £ [o | Surface emissivity
Group: -
= ! Tl ] | K Ambient kemperature
[ Select by group T é_psiloljwh.tgﬁ*s_ig_ma__ Wim2 Surface radiosity expression
[ Interior boundaries Member of group(s): | 1!

[ QK ][ Cancel ][ Apply ][ Help ]
—

Figure C.12. Boundary settings for heat transfer for boundary 2 defined Figure 2.4
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Subdomain Settings - Diffusion (di)

Equation

6tsacfat + ¥+{-D¥c) =R, ¢ = concentration

“Subdomains | Groups|

c | Init | Element |'C-:E-::'|

Subdomain selaction

| 1

[7] select by group

Active in this domain

I —

Species 1

Library material: [

v] [ Load...

Quantity
B i
(@) D (isotropic) |§J4

Value/Expression Unit

() D (anisotropic) il_g£1
R o

Description

I 1 Time-scaling coefficient
i s Diffusion coefficient
] m?js Diffusion coefficient

| moljm?.s) Reaction rate

QK ][ Cancel ][ Apply ][ Help

Figure C.13. Subdomain settings for mass transfer
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Subdomain Settings - Diffusion (di)

Equation

Subdomains | Groups

8, 8cfat + V{-DVc) =R, c = concentration

Init | Element

Subdomain selection

| 1 -

23
1| | Group: | vJ

[] select by group
Active in this domain

Initial value

cty) |eo

| moljm? Concentration, ¢

Ok ][ Cancel H Apply H Help

Figure C.14. Initial water concentration of sample
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Boundary Settings - Diffusion (di)

Equation

-N = Ny (e, -c); N=-DVc

Boundaries | Groups

Boundary selection Boundary conditions

: & Boundary condition: [Flux ,]
5 Quantity Value,/Expression Unit Description
4 [ b | mojm®  Concentration

My b molfim?.s) Inward Flux

k. sl | mis Mass transfer cosfficient

. = % b | moljm®  Bulkconcentration
Group: [—v
[] select by group
[ Interior boundaries
[ QK ] [ Cancel ] [ Apply ] [ Help

Figure C.15. Boundary settings for mass transfer at boundaries 1,3,4 defined Figure 2.4
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Boundary Settings - Diffusion (di)

I

Equation

nN=0;N=-DVc

Boundary selection Boundary conditions
1 -
3 Quantity
4 “0
NEI
kC
= )
Group: v]
[7] Select by group
[ Inkerior boundaries

Boundary condition: [Insulation!Swﬂmetrv v]

Value,/Expression Unit
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Description

{_’-:J mol,fm3 Concenkration
———
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Mass transfer coefficient

Bullz concentration

[ QK J[ Cancel H Apply H

Help

Figure C.16. Boundary setting for mass transfer at boundary 2 defined Figure 2.4
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Domain Plot Parameters ﬁ

| General| Surface | Line/Extrusion | Pointl

(@) Surface plot

Color data

Predefined quantities: _'

Expression: |cone

Unit:

Subdomain selection

1

Surface Settings...

[ QK H Cancel H Apply H Help ]

Figure C.17. Domain plot parameter selection after solving the model in order to observe average
concentration at the subdomain
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Cross-Section Plot Parameters u
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y-3xis data

Expression: T |
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¥-axis data
@ Auto

()] Expressian,..

Line Settings...
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Figure C.18. Cross sectional plot parameter selection after solving the model in order to observe
temperature values at the probe locations
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APPENDIX D

RESULTS OF FEM USING MODEL 1
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Figure D.1a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 70+1°C 0.5 m/s by

using model 1

Figure D.1b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 1.0 m/s by

using model 1

45 45
40 40
35 35
530 g 30
25 25
20 20 /
15 ——AT1_fem 15 ——AT2_fem
10 —ATL 10 ——AT2
0 50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)
45 45
40 40
35 35 ///M T
530 g 30
25 =25
20 20
15 ——BT1 fem 15 ——BT2 _fem
10 ——BT1 10 ——BT2
0 50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)

129




45 45
40 40
35 35
o) 30 30
=25 / =25
20 20
15 ——AT1 _fem 15 ——AT2_fem
10 —AT1 10 ——AT2
50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)
45 45
40 40
35 35
530 g3
F 25 - 25
20 20 %
15 ——BT1_fem 15 ——BT2_fem
——BTL ——BT2
10 10
50 100 150 200 250 300 50 100 150 200 250 300
Time (min) Time (min)

Figure D.1c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers (hl) with respect to drying time during drying at 48+1°C 1.7 m/s by
using model 1
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Figure D.2a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 0.5 m/s by using model 1
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Figure D.2b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
70+£1°C 0.5 m/s by using model 1

45 45
40 40
35 35
530 530
F 25 Fs
20 20
15 ——AT1_fem 15 ——AT2_fem
10 ATl 10 ——AT2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
45 45
40 40
35 35
g 30 g3
=25 =25
20 20 ///
15 ———BT1_fem 15 ———BT2_fem
10 — 10 ——BT2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)

Figure D.2c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 1.0 m/s by using model 1
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Figure D.2d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow normal to fibers, drying along the fibers (v) with respect to drying time during drying at
48+1°C 1.7 m/s by using model 1
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Figure D.3a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 0.5 m/s by using
model 1
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Figure D.3b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 70+1°C 0.5 m/s by using

model 1
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Figure D.3c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.0 m/s by using

model 1
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Figure D.3d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in lean meat
with flow along to fibers (h2) with respect to drying time during drying at 48+1°C 1.7 m/s by using

model 1
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Figure D.4a. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced

meat with respect to drying time at 48+1°C 0.5 m/s by using model 1
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Figure D.4b. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced

meat with respect to drying time at 70+1°C 0.5 m/s by using model 1
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Figure D.4c. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced
meat with respect to drying time at 48+1°C 1.0 m/s by using model 1
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Figure D.4d. Temperature change at four different locations (AT1, AT2, BT1, BT2) in minced
meat with respect to drying time at 48+1°C 1.7 m/s by using model 1
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APPENDIX E

NONLINEAR FITTING STATEMENTS IN MATHCAD SOFTWARE PROGRAMME

E1. Nonlinear fitting statements for diffusivity definition as a function of only sample temperature
(equation 5.3) of lean meat with flow normal to fibers (h1) during drying at 70°C and 0.5 m/s.

L :=0.01
0 17.25 1
600 25.75 0.956845238
1200 30.55 0.909970238
1800 33.8 0.863095238
2400 38.15 0.821886447
3000 41.5 0.776900183
3600 43.55 0.735634158 5
4200 45.45 0.70467033 0 29025
4800 47.25 0.671875 1 | 298.75
5400 47.7 0.641884158 2 | 303.55
6000 49.15 0.610977564 3| 306.8
6600 50.35 0.586595696 4131115
7200 51.35 0.560325092 S| 3145
7800 52.05 0.536916200] ~— — [ ©8]316:55

t= TC := y = T:=TC+27:T =[7 | 318.45
8400 52.35 0.513450092

8 | 320.25

9000 52.85 0.490041209 5T 3207
9600 53.25 0.468463828 il 322 15
10200 53.45 0.446886447 111 323.35
10800 53.9 0.423477564 12| 324.35
11400 542 0.403788919 13[ 325.05
12000 54.45 0.390682234 14] 325.35
12600 54.7 0.369104853 15] 325.85
13200 54.9 0.348500458
13800 55.15 0.328811813
14400 55.45 0.311927656
15000 55.7 0.297847985
15600 56.1 0.279132326
16200 56.4 0.262248168
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8 20 1
ymodel (t,T,a,b) := —- — e

T |p=0 20+ 1)2
1:=0..27

SSE(a,b) := Z(yi — ymodel (ti,Ti,a,b))2
i

a:=4.:-

b = 697¢

Given

SSE(a,b) = @

output := MinFErr(a,b)

4.356
output = 3
6.96x 10

SSE(output o-output l) =4.148x 10
SSE(a,b) = 0.011

3

9
r = corr (y,ymodel(t,T,output 0,output ID
r =0.999

2 =0.998

a-e
—ne )t
4L

0.8

ymodel(ti, T;, output (), output 1)

0.6

0.4

0.2

— output |

Do := output 0 T
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0

1.679-10

-10

3.321-10

-10

4.801-10

-10

6.121-10

-10

8.405-10 -

—
o

1.067-10 -

1.231-10 -

1.404-10 -

1.587-10 -

1.636-10 -

1.804-10 -

Sl N|o|la|l ~a|w]|v| 2o

1.955-10 -

—_
N

2.089-10 -

2.188-10 -

al =
Al W

2.231-10 -

—_
(&)

2.306-10 -

©| O] ©] ©| ©| V| ©f ©| o ©o| ©
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E2. Nonlinear fitting statements for diffusivity definition as a function of only sample temperature
and moisture content (dry base) (equation 5.4) of lean meat with flow normal to fibers (h1) during
drying at 70°C and 0.5 m/s.

- —
L:=0.01T := TC + 272

0 17.25 1 3.1667
600 25.75 0.956845238 3.0913
1200 30.55 0.909970238 3.0094
1800 33.8 0.863095238 2.9275
2400 38.15 0.821886447 2.8555
3000 415 0.776900183 2.7769
3600 4355 0.735634158 27048 5
4200 45.45 0.70467033 2.6507 529025
4800 47.25 0.671875 2.5934 129875
5400 477 0.641884158 2.541 2 | 303.55
6000 49.15 0.610977564 2.487 3| 30658
6600 50.35 0.586595696 2.4444 431115
7200 51.35 0.560325092 2.3985 5| 3145
7800 52.05 0.536916209 23576 631655
U1 5400 | 7€ 5235 Y T | 0513450002 ¥ | 23166| | || 31845
8 | 320.25
9000 52.85 0.490041209 2.2757 5T 5207
9600 53.25 0.468463828 2.238 TIRX
10200 53.45 0.446886447 2.2003 — R
10800 539 0.423477564 2.1594 12| 324.35
11400 542 0.403788919 2.125 13| 325.05
12000 54.45 0.390682234 2.1021 14] 325.35
12600 54.7 0.369104853 2.0644 15/ 325.85
13200 54.9 0.348500458 2.0284
13800 55.15 0.328811813 1.994
14400 55.45 0311927656 1.9645
15000 55.7 0.297847985 1.9399
15600 56.1 0.279132326 1.9072
16200 56.4 0.262248168 1.8777

-b

2 2 a‘eT ‘(c‘ex+d)
-2n+1)" 7 ‘—zt

20
1
ymodel (t,T,x,a,b,c,d) ;:i. - e 4L
2
T |pn=0 2n+1

i=0.27
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SSE(a,b,c,d) = Z(yi — ymodel (ti,Ti,xl,a,b,c,d))Z

i

a:=1.¢
b = 697:
¢ :=0.0%
d:=3.7
Given

SSE(a,b,c,d) =0
output := MinErr(a,b,c,d)

1.48

7.019% 103
0.074
2.875

output =

SSE(output o-output ; ,output , , output 3) =1.391x 10

SSE(a,b,c,d) = 0.447

3

9
r := corr (y, ymodel (t, T, x, output 0’ output l,output 2 output 3))

r=0999 r>=0999

ymodel(ti , T, x;, outputy, output |, output o, output 3)

— output
Do := output 0°¢

X
Du := output ye output 3

0.8

0.6

0.4

0.2
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Du =

4.634

4.507

4.378

4.26

4.164

4.067

3.984

3.925

3.867

3.816

3.767

Sl N|o|a|l a|w]|Nv| 2o

3.73

-
N

3.691

3.659

al =
Al W

3.627

-
&)

3.597

0

4.648-10 -

9.249-10 -

1.341-10 -

1.713-10 -

2.359-10 -

3-10 -

3.466-10 -

3.957-10 -

4.479-10 -

4.619-10 -

5.097-10 -

Sl N|o|a|l s|w]|v| 2o

5.526-10 -

-
N

5.909-10 -

6.19-10 -

al =
Al W

6.315-10 -

—_
o

6.527-10 -
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(Do-Du) =

0

2.154-10 -

4.168-10 -

5.872:10 -

7.299-10 -

9.824-10 -

1.22:10 -

1.381-10 -

1.553-10 -

1.732-10 -

1.763-10 -

1.92:10 -

Sl N|o|a|l ~a|w]|Nv| 2o

2.061-10 -

-
N

2.181-10 -

2.265-10 -

al =
Al W

2.291-10 -

-
o

2.348-10 -
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APPENDIX F

DIFFUSIVITY VALUES AT DIFFERENT PROBE LOCATIONS

Table F.1. Diffusivity values based on equation (5.3) for lean meat with h1 fiber configuration at
the temperatures of AT1 and BT2 locations

%
AT1 BT2 difference

1.77E-10 1.68E-10 -4.87
3.22E-10 3.32E-10 3.07

4.66E-10 4.80E-10 2.98

5.56E-10 6.12E-10 10.05
6.92E-10 8.41E-10 21.41
8.61E-10 1.07E-09 23.88
1.04E-09 1.23E-09 18.71

1.22E-09 1.40E-09 15.27
1.39E-09 1.59E-09 13.93
1.46E-09 1.64E-09 11.83
1.65E-09 1.80E-09 9.53
1.80E-09 1.96E-09 8.55
1.95E-09 2.09E-09 7.24
2.09E-09 2.19E-09 4.94
2.17E-09 2.23E-09 2.76

2.25E-09 2.31E-09 2.35

2.35E-09 2.37E-09 0.94

2.42E-09 2.40E-09 -0.79
2.48E-09 2.47E-09 -0.52
2.56E-09 2.52E-09 -1.56
2.61E-09 2.56E-09 -1.92
2.68E-09 2.60E-09 291
2.72E-09 2.64E-09 -2.95
2.78E-09 2.68E-09 -3.60
2.84E-09 2.73E-09 -3.97
2.90E-09 2.78E-09 -4.31
2.97E-09 2.85E-09 -4.04
3.06E-09 2.90E-09 -5.04
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