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ABSTRACT 
  

Two important factors affecting oil uptake of food products during deep fat 

frying (DFF) are water content and pressure development. In the past frying 

studies, pressure has not been measured physically but was calculated using 

computer models, which has resulted in some disagreements in the literature 

about its magnitude. The present study tries to explain the complex mass transfer 

mechanisms (fat uptake and moisture loss) taking place during DFF with respect 

to real time pressure variations inside chicken nuggets. Breaded chicken nuggets 

were made with and without 5% MC added to predust. All the frying experiments 

were performed at two temperatures (175ºC and 190ºF) for 0, 30, 60, 120 and 

240 sec. The gauge pressure increased rapidly above the atmospheric pressure 

immediately after the nuggets were introduced into hot oil. This was expected due 

to sudden moisture flash-off. As the temperature of the nugget increased, the 

pressure inside the nugget decreased to negative values (suction). As the nugget 

was removed from the fryer after 240 sec (post-frying cooling phase), the 

pressure decreased further for another 2 to 3 min. The negative pressure values 

caused rapid absorption of surface oil. During the post-frying cooling phase, the 

pressure tends to reach an equilibrium negative value and then starts rising back 

to 0 bars (ambient pressure) in 2 to 3 hour. The highest value of pressure was 

0.0018 bars and the lowest was -0.19 bars. The MC-coated nuggets had lower fat 

uptake and higher moisture retention when compared to control nuggets in the 

core and crust regions for both frying temperatures.  



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

vi 
 

From the scanning microscopic analysis, control nuggets had higher levels 

of randomness in the crust, core and meat layers in terms of microstructure 

development, surface texture, rigidity and pore sizes when compared to MC-

coated nuggets. With an increase in frying temperature, the nuggets had more 

surface damage and increased complexity of microstructure for both treatment 

and control nuggets. The nuggets fried in dyed oil showed oil penetration only 

from 1 mm to 4 mm into the meat layer from the crust. This implied that the oil 

uptake in the frying process was a surface phenomenon when observed under the 

light microscope.  

The present results provided scarce of real time pressure variation data 

during DFF with respect to the simultaneous mass transfer processes taking 

place. This will aid in understanding and elucidating the oil uptake mechanisms, 

oil distribution, microstructure development and other parameters needed for 

optimizing the frying process to obtain healthier, low fat fried foods. 

 
 
 
 
 
 
 
 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

vii 
 

LIST OF TABLES 
 
2.1 Physical characteristics of the control predust………………………….………36 

2.2 Physical characteristics of the methylcellulose predust……………….……….37 

2.3 Physical characteristics of the batter…………………………………….……….38 

2.4 Physical characteristics of the breading………………………………….……...39 

3.1 Percentage pick up for predust, batter and breading…………...………..…….71 

3.2 Moisture content in crust and core at 175 oC …………..………………….……72 

3.3 Moisture content in crust and core at 190oC……………………......……....…..73 

3.4 Fat content in crust and core 175 oC ……………………………………….……74 

3.5 Fat content in crust and core at 190 oC………………………….………….…...75 

A.1 to A 40. Student‟s t-test  for moisture content and fat content………….….…98 

A3.6 Porosity values of Control nuggets fried at 175 C…………………………...138 

A3.7 Porosity values of Control nuggets fried at 190 C…………………………...139 

A3.8 Porosity values of Methylcellulose nuggets fried at 175C………………….140 

A3.9. Porosity values of Methylcellulose nuggets fried at 190C…………………141 

 
 

 

 

 

 

 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

viii 
 

LIST OF FIGURES 

2.1 Blending of meat and mixing marinade, salt and phosphate………………...40 

2.2 Formax plate F-6 for chicken nugget formation………………………………..41 

2.3 Chicken nugget patties…………………………………………………...............42 

2.4 Formed nuggets coming out of Formax chamber………………………………43 

2.5 Predust application on the chicken nuggets by predust applicator…………..44 

2.6 Excess predust removed by sprinklers…………………………………………..45 

2.7 Batter application on the nuggets by flat bed batter applicator……………....46 

2.8 Breading application on the nugget by breading applicator…………………..47 

2.9 Chicken nuggets directed towards fryer for par-frying………………………...48 

2.10 Chicken nuggets packed into boxes…………………………………………...49 

2.11 Pressure (blue) and temperature (brown) sensors into the nugget…..…….50 

2.12 Dissected crust portion of chicken nugget.............................................…...51 

2.13 Dissected core portion of chicken nugget……………………..………………52 

2.14 Scanning electron microscope (Hitachi TM-1000 table top)………………....53 

2.15 Vacuum chamber containing chicken nuggets for freeze-drying……………54  

2.16 Frying chicken nuggets in dyed (Sudan red B) oil…………………………....55 

3.1 Average moisture content values at 175°C……………………………………...76 

3.2 Average moisture content values at 190°C……………………………………..77 

3.3  Average fat content values at 175°C......................................................…....78 

3.4 Average fat content values at 190°C…………..…………………………………79 

3.5 Pressure and temperature profiles of CONTROL moisture at 175°C…..…….80 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

ix 
 

3.6 Pressure and temperature profiles of 65% moisture 175°C……………..…….81  

3.7 Pressure and temperature profiles of 55% moisture at 175°C….…………….82 

3.8 Pressure and temperature profiles of CONTROL moisture at 190°C………...83 

3.9 Pressure and temperature profiles of 65% moisture at 190°C………………..84 

3.10 Pressure and temperature profiles of 55% moisture at 190°C………………85 

3.11 SEM of the crust region fried at 175˚C………………………………….……...86 

3.12 SEM of the crust region fried at 190˚C…………………………………………87 

3.13 SEM of the crust-core interface region fried at 175˚C……………...…………88 

3.14 SEM of the crust-core interface region fried at 190˚C………………….……..89 

3.15 SEM of the meat region fried at 175˚C………………………………..………..90 

3.16 SEM of the meat region fried at 190˚C……….……………………….………..91 

3.17 Frying experiments in Sudan red- dyed…….………………...……………......92 

 

 

 

 
 
 
 
 
 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

x 
 

NOMENCLATURE 
 
Cp      Specific heat (J/kgºC) 

N      Flux (Kg/m2 sec) 

K      Thermal conductivity (W/mºC) 

t       Time (sec) 

T      Temperature (ºC) 

ε      Volume fraction (m3/m3) 

ρ      Density (kg/m3) 

m       Moisture content on dry basis (kg/kg) 

t       Time (sec) 

D      Effective moisture diffusivity (m2/sec) 

L      Length (m) 

µ      Viscosity ( Pa s) 

γ      Surface tension (N m-1) 

U      Speed (ms-1) 

g      Acceleration due to gravity (ms-2) 

P      Pressure (Pa) 

γ      Surface tension (Nm-1) 

θ      Wetting angle (rad) 

r      Pore radius  

h      Height (m)
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CHAPTER I 

INTRODUCTION 

Deep fat frying (DFF) is a multifunctional unit operation of food 

transformation. This process may be defined as cooking food by immersion in 

edible oil or fat at a temperature higher than the boiling point of water (Hubbard 

and Farkas 2000). Deep fat frying is an intensive heat transfer process, which is 

expected to produce significant internal vaporization and pressure generation as 

function of the porous structure of the product (Ni and Datta 1999). Oil uptake is 

a complex process in which the fried materials undergo physical, chemical and 

structural transformations at a very high temperature range of 140 to 180°C for a 

short time period. So, DFF can be considered as a high temperature and a short 

time process (Ziaiifar et al. 2008). 

The USDA Dietary Recommendations for Americans states that 

Americans should consume less than 10% of calories from saturated fatty acids 

and less than 300mg/day of cholesterol (Dietary guidelines for Americans 2005). 

Some fried products contain large amounts of fat, reaching up to 49% of the total 

product (Makinson et al. 1987). Fat content increases considerably after frying 

(Smith et al. 1985). This indicates a health concern with high oil uptake during 

DFF as excess fat consumption is a key contributor to coronary heart disease, 

and breast, colon and prostate cancers (Browner et al. 1991). The amount of fat 

absorbed during DFF, however is an important quality parameter in the fried food 

(Bouchon and Pyle 2005).    
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Consumer demands are moving towards healthier and low-fat products. 

This is creating pressure on the manufacturers to create products with low fat 

(Bouchon and Pyle 2005). In order to create new foods with a low fat content, a 

complete understanding and optimization of the DFF process is needed. But, 

DFF remains a complex operation because there are two mass transfers in 

opposite directions within the material being fried (Blumenthal 1991). The current 

research tries to explain the DFF by relating the real time pressure variation 

inside the product with mass transfer processes and microstructural changes. 

The primary objectives of this research were: 

1. To measure pressure changes inside control and methylcellulose-coated 

chicken nuggets at three different levels of initial moisture contents in 

chicken nuggets by a fiber optic pressure sensor at different frying 

temperatures. 

2. To measure the fat and moisture changes in control and methylcellulose-

coated chicken nuggets at different frying times and temperatures. 

3. To analyze the microstructure of chicken nuggets by scanning electron 

microscopy (SEM). 

4. To observe the fluid transport phenomenon in the chicken nuggets by use 

of thermostable Sudan red dye and light microscopy. 
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CHAPTER II 
 

LITERATURE REVIEW 

Principles of Deep Fat Frying 

Deep fat frying is one of the oldest and most common unit operations used 

in the food preparations. It results in products with a unique flavor-texture 

combination (Varela et al. 1988). The primary reason for the popularity of DFF 

foods may be desirable characteristics like soft, juicy interior and thick and crispy 

outer crust (Garcia 2002). The soft and moist interior along with the crispy crust 

improves the palatability of the DFF foods (Varela 1988). Deep fat frying is 

among the major staple foods in UK (Gamble 1987), Asia (Rho 1986) and North 

America. Among the fried foods, fried chicken is one of the most popular in the 

United States (Ngadi 1997). 

Deep fat frying can be defined as the process of cooking foods by 

immersing food into the frying oil with a temperature of 150 to 200°C, which is 

well above the boiling temperature of water (Farkas et al. 1996). It is a complex 

unit operation involving simultaneous mass transfer of various phases, 

microstructural changes and heat transfer (Bouchon et al. 2003). Frying involves 

a counterflow of water vapor (bubbles) and frying oil at the surface of the product 

(Keller et al. 1986). 

The consumption of battered and breaded products in Europe, Japan, 

Oceania, and other Pacific Rim countries is approximately 91x107 kg (Shukla 

1993). The annual sales of fried chicken in the US are more than $6 billion (Rao 
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1995). In the US, people consume at least 4 to 6 snacks a day and more than 6.5 

billion pounds of snack food annually (Smith et al. 1985). Fat content increases 

considerably after frying. For example, the fat content in French fries increases 

from 0.2 to 14% and it may reach up to 40% in potato chips. In raw fish, the fat 

content is 1.4% and it may reach up to 18% fat after DFF (Smith et al. 1985). 

This indicates a health concern with high oil uptake during DFF as excess fat 

consumption is a key contributor to coronary heart disease and breast, colon and 

prostate cancers (Browner et al. 1991).  

Despite increasing health consciousness in people, DFF products remain 

one of the most sought after products in the US with potato chip sales reaching 

33% of the total snack sales (Garayo and Moreira 2002). Fat uptake is 

considered as a major critical control point in the DFF due epidemic prevalence 

of obesity in developed and developing countries, where the meals with high fat 

and sugar contents are the cheapest (FAO 2002). The annual per capita 

consumption of fats in the US is estimated to be 28.4 kg, which is much higher 

than the recommendations of the Surgeon General‟s Report on Nutrition and 

Health (FAO 2002). Thus, pressure has increased among the food scientists to 

find new ways to reduce the fat content of DFF foods. 

Microscopy 
 
Florescence microscopy 
 

The term florescence means the illumination of a substance excited by 

means of radiation. Usually when a substance is excited by radiation, part of the 
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radiation is absorbed by the substance and the rest is emitted in the form of light 

quanta in the visible wavelength. In the case of a florescence microscope, the 

sample emits light radiations either due to its natural behavior or due to the 

presence of florescent probes or dyes (Aguilera 1999). 

The florescence microscope has two filters for the light beam. The first is 

the exciter filter, which is used to produce monochromatic wavelength of light. It 

is placed prior to the sample. The second is barrier filter, which serves as a 

barrier to the harmful radiations emitted from the sample. It is placed after the 

sample. These filters help to produce and isolate a specific wavelength of light in 

the visible spectrum avoiding intermixing of various colors in the visible spectrum 

(Aguilera 1999).  

Confocal Laser Scanning Microscopy (CLSM) 

Confocal laser scanning microscopy is one of the most advanced 

techniques in microscopy, which involves, focusing at a specific point on the 

specimen sample and getting the images x/y, y/z, and x/z planes. Here the 

specified point of interest on the specimen and the pinhole spot of the 

microscope lie on the same focal plane. Hence, this technique is known as 

confocal (Aguilera 1999). The oil location in the potato chips can be obtained by 

using the florescence mode of the CLSM and surface topography by using the 

reflective mode (Pedreschi 2002). 

A three-dimensional image of the sample can be obtained from the CLSM 

by varying the Z-direction dimension of the sample. Confocal laser scanning 
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microscopy can be regarded as an “optical microtome” because it produces 

images of the focal point (point of interest on the sample) up to a depth of 40 m 

with a step size of 1m. The penetration depth and the step size may vary with 

sample to sample. Confocal laser scanning microscopy provides thin optical 

sections of thick specimen. Thus, physical sectioning of the sample is not 

required in this technique, which reduces the chance of introducing artifacts in 

the sample (Aguilera 1999). The optical sectioning of the crust of potato chips 

provide information regarding the oil location surrounding the cells in the pockets 

surrounding the cells or being intact to the cells (Aguilera et al. 2001). 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is an ideal technique for studying the 

surface as well as the internal topography of the samples. Scanning electron 

microscopy can be used to observe the surface layer of the food fried in non-

dyed oil (Pedreschi et al. 2008). The magnification of the sample can be 

performed from (20X – 100,000X), where X represents the number of times the 

size of the sample. The sample needs to be completely dehydrated and coated 

with gold particles, which enables the easy passage of the electron beam 

through the sample. A high vacuum is created during the process. The source of 

the electrons is usually tungsten filament and lenses (Aguilera 1999). Scanning 

electron microscopy is a useful tool to investigate the microstructure of chicken 

(Brooker 1995). 
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The SEM analysis of boondi (a spherical shaped deep fat fried product 

made from batter) reveals certain interesting facts regarding the microstructure 

(Bhat and Bhattacharya 2001). When the boondi particles were observed under 

low magnification (20X), the surface appeared to be very compact. But when 

they were observed at a higher resolution (2000X), the individual particles of the 

boondi appear ellipsoidal in shape. Each ellipsoidal particle was connected by 

means of carbohydrates or soluble proteins that came out of the boondi particles 

due to the hydration of the chickpea flour during batter preparation (Bhat and 

Bhattacharya 2001). The compact structure of the boondi disappeared during the 

course of frying and the formation of pores increased during the course of frying. 

The flashing of the moisture on the surface of the boondi resulted in the 

formation of pores on the surface. The pore size increased during boondi frying 

in boondi and the pores inside the boondi might have coalesced to form large 

vacuoles during the course of frying. The normal size of the pores in boondi 

would be around 100 m to 400 m (Bhat 2001). 

Dyes for frying experiments 

In order to determine the oil location in food during the process of frying, 

adding a lipid-staining dye, which has similar penetration behavior as that of the 

frying oil into the food (Keller et al. 1986) would be helpful. Sudan red is a 

thermo-stable, fat-soluble dye with similar penetration behavior as the frying oil 

into the food. One gram of Sudan red B (Sigma chemicals, St. Louis, MO) can be 

dissolved in 1 L of oil and heated to 60ºC for 4 hours to make a uniform solution, 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

8 
 

and can be cooled to room temperature (Bouchon 2003). The maximum 

absorbance for Sudan red was obtained to be 509.6 nm (Pedreschi et al. 2008). 

Another method for using Sudan red is to mix 15 g of Sudan red B (color 

index no: 26110, CI solvent red 25, 4 m-tolylazo-m-toulidiene Fluka ltd, CH– 

Buchs) with 1 kg of oil (Ufheil and Escher 1996). In order to dissolve the dye 

completely in oil, the mixture is heated to 180ºC and cooled to room temperature 

after complete dissolution of the dye in the oil. The dye concentration in the oil 

absorbed by potato slices was determined by taking 1 g of the frying oil and 30 g 

of heptane in a glass tube and heating it to 70ºC. This is followed by shaking 

continuously for 20 h and determining the absorbance at 500 nm. A linear plot is 

obtained for absorbance and the concentration of the dye in the oil. The 

concentration of the dye in the dyed oil of the potato chips after frying can be 

found out by using the following equation (Ufheil and Escher 1996). 

Cdo = (Ac * Mhc * Mdo) / (Ado * Mhdo * Mc) 

Where,  

Cdo = content of dyed oil in potato chips (kg/kg) 

Ac = absorbance from the dispersion of potato chips in heptane at 500 nm 

Ado = absorbance from the solution of dyed frying oil in heptane at 500 nm 

Mc = amount of potato chips (kg) for the dispersion of potato chips in 

heptane. 

Mdo = amount of dyed oil (kg) for the solution of dyed oil in heptane  

Mhdo = amount of heptane (kg) for the solution of dyed oil in heptane. 
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Microstructure 

The primary microstructural changes produced during frying are starch 

gelatinization and protein denaturation (Llorca et al. 2001; Prabhasankar et al. 

2003). The microstructure of chicken is made up of complex, heterogeneous, 

porous, anisotropic structures (Kassama et al. 2003) which are hygroscopic in 

nature. Void structures in the meat are due to the hierarchical arrangement of 

muscle fibers and connective tissues. Porosity of the food crust during frying is 

considered as a major contributor to the surface roughness, which in turn affects 

the oil uptake (Thanatuksorn et al. 2005). The textural, mechanical and sensory 

properties are greatly influenced by the porosity and the pore size distribution of 

the product (Kassama and Ngadi 2004). During DFF, when the meat is 

submerged into the oil, water vapor chooses different paths of evacuation, and 

these paths serve as conduits for oil intrusion (Aguilera 1999). 

During frying steam escapes out of the product by finding selective 

weaknesses in the cellular structure of the product through which oil uptake takes 

place into the food (Gamble et al. 1987). When heated the muscle fibers start 

shrinking in opposite directions at 40 to 60°C (Offer et al. 1989). Aqueous 

solutions inside the muscle evacuate rapidly when the collagen network in the 

muscle starts shrinking at 60 to 70°C (Wilding et al. 1986). Schaller and Powrie 

(1972) reported that the connective tissue between the muscle fibers in chicken 

meat swell before shrinking. 
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Freeze-drying is a method of preserving the structural integrity of the 

material without destroying it (Karathanos et al. 1996). The porosity and pore 

sizes of fried food tend to decrease with the frying time. This may be attributed to 

the physicochemical changes like protein gelation, muscle shrinkage due to 

intense heating. The decrease in porosity with the increase in frying time may be 

due to the fact that the oil absorbed into the food matrix crystallizes to form a 

composite structure with the muscle fibers, which results in the destruction of the 

pores. Pinthus (1995) elucidated that the reason for reduction in pore size with 

frying time is due to oil uptake. Deterioration of the collagen connective tissue 

due to heat causes the shrinkage, swelling, denaturation, gelation and 

agglomeration of protein in addition to moisture loss and oil uptake during DFF 

contribute to the pore structure modification (Kassama and Ngadi 2004). 

Frying usually brings out many desirable changes in the food by the 

formation of an oily crust on the outer layer and soft cooked interior layers (Pedro  

and Aguilera 2001). It has been shown that during frying, most changes take 

place only in the outermost crust of the food but the innermost core remains 

hydrated. The gelatinization of the starch granules results in the development of 

the microstructure during frying (Ufheil and Escher 1996; Aguilera and Gloria 

2000). The micro structural changes in the foods during frying are shrinkage of 

the cells, wrinkling of cell walls around the dehydrated starch gel (Reeve and 

Neel 1960). The penetration of the oil into the food took place through the cell 
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walls and parfrying of the food made easy cell separation, which facilitated the 

release of steam from the cells (Spiruta and Mackey 1961). 

By using fast freezing and cryosectioning after frying, (Aguilera and Gloria 

1997) observed three different microstructural layers in the potato: Outer crust 

layer formed by the damaged cells after frying, middle layer (intermediate layer) 

formed by the shrunken cells after the evaporation of water vapor from the food, 

and inner core which has fully hydrated cells and is intact in nature. 

Keller (1986) directly visualized the porous structure surface region filled 

with dyed oil in French fries. Moreira and Barrufet (1996) used nuclear resonance 

imaging on alginate gels at 170°C and found oil concentrates on the edges and 

the puffed regions areas. Vitac (2000) observed the development of a 

heterogeneous porous structure in cassava chips by scanning electron 

microscopy. Pedreschi et al. (1999), observed that the oil was trapped inside the 

potato cells as a result of cell rupture in the form of an „egg box‟ by confocal 

observations.  

Most of the cooking oil was located in the outer two layers of the food 

(Aguilera and Gloria 1997). The swelling of starch granules in the food particles 

during frying is the primary cause of formation of microstructure in cereals and 

tubes (Aguilera 1999). The results from various frying experiments show that the 

location of the oil was mainly on the crust as well as in the regions around the 

middle layer of cells just beneath the crust, and the core were virtually oil free 

(Keller et al. 1986). The amount of oil on the crust was found out to be six times 
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as compared to the amount of oil in the core region in case of French fries 

(Aguilera and Gloria 1997).  

Heat transfer 

There are two distinct modes of heat transfer during the DFF: conduction 

and convection. Conduction occurs within the food. The magnitude of heat 

transfer greatly depends upon thermal conductivity, thermal diffusivity, specific 

heat and density (Buhri and Singh 1994).  The convective heat transfer occurs 

between the food and the surrounding frying oil. The water vapor bubbles 

escaping out of the food create turbulence inside the frying medium and cause a 

major obstruction for the heat transfer (Levine 1990). The amount of water vapor 

escaping from the food decreases with increasing frying time due to exhaustion. 

Farkas (1994) explained that the heat transfer during DFF in fish muscle 

can be divided into four phases: 

1. Initial heating phase: The temperature of the product increases almost to 

the boiling point of water during the first few seconds of frying. It can be 

considered as the stage just before the vaporization of the product moisture 

begins. 

2. Surface boiling phase: It is the phase where the surface moisture begins 

to evaporate and the formation of the characteristic „crust‟ layer on the surface of 

the product occurs.  

3. Falling rate phase: The stage where the evaporation of surface moisture 

occurs and the moisture from the core region moves towards the outer portion of 
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the food. Physico-thermal changes like protein denaturation, starch 

gelatinization, thickening of crust, internal cooking of food takes place during this 

phase. 

4. Bubble end point: The final stage of frying, where the moisture removal 

rates and the escaping water vapor bubbles from the surface of the product also 

cease gradually. 

(Farkas 1994) has developed second order mathematical differential 

equations to explain the heat transfer in the crust and the core regions of French 

fries considering the properties of crust and core to be uniquely different from 

one another. 

Heat transfer in the core region: 

kii(∂2T/∂x2) + NβxCpβ (∂T/∂x) = (εβρβCpβ + εσρσCpσ) ∂T/∂x 

Heat transfer in the crust region: 

(εγργCpγ + εσρσCpσ) ∂T/∂t = k
i (∂2T/∂x2) + NγxCpγ(∂T/∂x) 

Cpβ = Specific heat of liquid water (J/kgºC) 

Cpσ = Specific heat of solid (J/kgºC) 

Cpγ = Specific heat of water vapor (J/kgºC) 

Nβx = Flux of liquid water in X-direction (Kg/m2 sec) 

Nγx = Flux of water vapor in X-direction (Kg/m2 sec) 

ki  = Effective thermal conductivity of region i (W/mºC) 

t  = Time (sec) 

T = Temperature (ºC) 
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εβ = Volume fraction of liquid water (m3/m3) 

εσ = Volume fraction of solid (m3/m3) 

εγ = Volume fraction of water vapor (m3/m3) 

ρβ = Density of species liquid water (kg/m3) 

ρσ = Density of species solid (kg/m3) 

ργ = Density of species water vapor (kg/m3) 

β, γ, σ = liquid water, water vapor and solid respectively 

Mass transfer 

           The primary modes of mass transfer during the DFF are moisture loss and 

fat uptake. The moisture loss during the DFF can be summarized into three 

different periods: 

1. An initial heating to boiling point of free water and evaporation of 

superficial moisture content.  

2. Evaporation of free or capillary water. 

3. Decrease in the drying rates and increase of the product‟s temperature to 

the frying oil temperature. At this stage no driving force for further 

evaporation exists, and reactions, which are activated by high 

temperatures, continue to occur (Vitac 2000). 

The moisture loss, oil uptake and crust formation in the DFF products is 

primarily in the surface region (Keller et al. 1986; Farkas et al. 1991). The water 

vapor evaporation is quiet rapid initially during frying. This process is obstructed 

by the formation of the thick crust; as a result pressure starts building inside the 
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product due to the accumulation of excess vapor and results in the formation of 

cracks in the crust. These cracks serve as conduits for the oil entry into the 

product (Mittelman et al. 1984). Mallikarjunan (1997) and Alberto et al. (1999) 

observed a reduction in the moisture content with increase in frying time due to 

evaporation. The initial moisture transfer from the chicken drumsticks during 

frying when the frying oil temperature was low was only in the liquid form. But as 

the frying progressed, a moving moisture front separating the wet and the dry 

regions advances into the chicken drum body, which results moisture transfer 

predominantly in vapor mode. The liquid mode of moisture transfer is slower than 

the vapor mode (Mallikarjunan and Chinnan 2009).  

Ngadi et al. (2006) observed a specific pattern for moisture loss and fat 

absorption in chicken nuggets. The drying pattern in breading region showed an 

initial-steep constant moisture loss period for the first 1 min of frying. This was 

followed by a dropping rate period between 1 min and 2 min. Next a second 

constant drying period was observed between 2 to 4 min but this rate was slower 

than the first constant drying period during the 1st min of frying.  The first constant 

drying period and the dropping rate period was attributed to the moisture loss 

from the breading and the second constant drying period was attributed to the 

onset of the core moisture loss from the chicken nuggets. The moisture from the 

core moves towards the breading, thus affecting the breading moisture content 

during the later periods of frying. 
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The moisture loss is rapid during the first 60 seconds of frying and the rate 

of evaporation decreases with time. The loss of moisture from the product can be 

described as a diffusion controlled process which can be explained by the Fick‟s 

second law of diffusion for moisture transfer (Ngadi et al. 1997).  

    (sm)/ t = .(Dsm) 

m = moisture content on dry basis (kg/kg) 

s= density of solid ( kg/m3) 

t = time (sec) 

D = effective moisture diffusivity (m2/sec) 

If the moisture diffusivity and density are assumed constant, then  

   m/t = D2m 

The oil uptake during frying involves a balance between the capillary 

forces and oil drainage during the post-frying cooling period (Ufheil 1996). Frying 

time and temperature are the primary factors that influence oil absorption. Longer 

the frying time, higher the oil absorption. At higher frying temperatures, oil is 

absorbed readily but a subsequent decrease in the frying time reduces the oil 

absorption (Baumann 1995). Bouchon (2001) explained three different oil types 

in DFF products: 1) structural oil (STO): oil absorbed during frying. 2) penetrated 

surface oil (PSO):  oil absorbed into the food during frying after it is removed from 

the fryer. 3) surface oil (SO): oil that remains on the surface. They observed that 

the structural oil constituted only a small portion of the total oil uptake and 
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suggested that most of the oil was picked up at the end of frying. This indicated 

oil uptake and moisture loss to be a synchronous phenomenon. 

Gamble (1987) proposed that most of the oil is pulled into the product 

when the product is removed from the fryer due to the condensation of the steam 

which produces a vacuum effect. Moreira (1997) found that nearly 64% of the 

total oil uptake into the product takes place only during cooling and out of this 

80% remains on the surface and the rest 20% is absorbed into the product. 

Moisture loss seemed to be related to oil uptake as oil was found to be located in 

the places where the moisture was easily lost (Gamble 1987). 

 Adherence and drainage play a vital role in the oil uptake during frying. 

Adherence is the ability of the oil to adhere to the surface of the product. 

Drainage is the removal of the oil from the product due to gravitational forces. 

When the solid is removed from the bath of the wetting liquid, it drags off a liquid 

film of thickness (H) along with it. This is explained by Landau–Levich–Derjaguin 

relation at slow withdrawal velocities (Krozel 2000): 

   H = [0.94 (µU)2/3 ] / [γ1/6 (ρg)1/2] 

At higher magnitude of velocity, the film thickness can be calculated from 

the following relation (Quere 1998): 

   H = µL / γU 

Where, 

L is the length (m) 

µ is the oil viscosity ( Pa s) 
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γ is the surface tension (N m-1) 

U is the speed of removal of the product from the fryer (ms-1) 

ρ is the density of the oil (Kg m-3) 

g is the acceleration due to gravity (ms-2) 

 Quere (1998) stated that Landau Law would explain the fiber coating 

formed as a film in the case of slow withdrawal from viscous liquids such as oils. 

At high velocities, the thickness of film decreases as the withdrawal velocity 

increases. Since the product can drag only viscous boundary layer, surface-

active compounds may increase the oil uptake. 

Batter and breading systems 

Batter and the breaded products are the fastest growing food category 

among consumers especially in markets like the US (Shukla 1993). Food 

coatings seem to be a promising answer to solve the everlasting higher oil 

uptake problem in the DFF foods. The effectiveness of a food coating depends 

on its mechanical and barrier properties, its microstructure and the composition 

of the substrate (Garcia 2002). Adhesion is a critical characteristic in the batter 

and breading system, it is a physical and a chemical bond of the coating with the 

food and itself (Suderman 1983). Adding food hydrocolloids as dry ingredients is 

a practical way to reduce the oil uptake in DFF foods, these ingredients do not 

alter the production procedures (Meyers 1990). The batter coatings tend to serve 

as barriers for the moisture transfer during the DFF and helps in reducing the 

weight loss of the product (Kimber 1987). Batter and breading primarily function 
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in reducing the moisture loss from the product and in turn helps in reducing the 

final oil uptake (Ang 1990). The integrity of a coating is an important property as 

the presence of cracks on the coating may reduce the original barrier property of 

the coating (Donhowe 1993). 

Several hydrocolloids with thermal gelling properties like proteins and 

carbohydrates have been found to reduce the final oil uptake and water loss 

(Debeaufort 1998). Cellulose derivatives including methylcellulose (MC) and 

hydroxymethylcellulose (HPMC) exhibit thermal gelation property. Gel formation 

takes place when these suspensions are heated and the gel reverts below the 

gelation temperature and the original viscosity is recovered (Grover 1993).  

Methylcellulose film is strong and flexible and can be used as a coating in 

pretzels and nuts due to its film forming characteristic (Ward 1993). A 2% MC 

solution showed a superior film forming characteristics on a glass slide when 

compared to HPMC and xanthum gum (DowChemical 1996). Methylcellulose has 

the ability to absorb water up to 40 times its weight (Glickman 1969).  Pinthus 

(1993) observed that dry ingredient addition of MC to the doughnut formulation 

greatly reduced the fat uptake. Methylcellulose was found out to be the best 

barrier for moisture retention and fat uptake among the tested films like 

hydroxypropylmethylcellulose (HPC) and gellan gum films for pastry mix 

(Williams 1999). Mallikarjunan (1997) found that reduction in the moisture loss 

was 31.1, 21.9 and 14.5% for MC, HPMC and corn zein (CZ), respectively and 

reduction of fat was 83.6, 61.4, and 59%, respectively for MC, HPMC and CZ in 
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coated mashed potato balls. Hence, MC was considered as the best barrier for 

moisture retention and fat absorption.  

Pressure 

 As of now, there are no reports about dynamic pressure being measured 

physically during frying, due to experimental difficulties. Only computer models 

have been used as a source of information in order to know the dynamic 

pressure changes inside the DFF products. Ni (1999) and Yamsaengsung (2002) 

found gauge pressure inside DFF potato slabs would be around 1000 Pa after a 

frying period of 10 min. There is also a prediction that the average pressure of 

tortilla chips after a frying period of 60 sec to be 2.84 bar, which is said to be very 

high. At such high pressures, there is a chance for the potato to blow up, which is 

not possible (Halder 2007). 

 According to the pressure prediction model (Ni 1999) for potato slab, the 

peak pressure occurs at the interface of the core, reaching about 0.005 bar in 1 

min of frying and 0.008 bar after a frying period of 16 min. The pressure build up 

inside the product starts after the evaporation rate slows down. Since the crust 

layer has higher evaporation rate, the pressure build up is high on the crust. The 

pressure in the core region is negative during the first 8 min due to condensation 

of water vapor moving into the core region, which is cooler region in comparison 

to the crust. As the core temperature increases, the gauge pressure also tends to 

increase due to higher evaporation rate. The gauge pressure inside the core is 

considered to rise from -0.008 after 4 min of frying to 0.006 at the end of the 16th 
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min of frying. These pressure predictions can be proved correct only after 

experiments are done in which pressure is actually measured. 

 Moreira et al. (1999) presented a physical relationship between the oil 

uptake and porosity in the product. They concluded that the capillary forces were 

responsible for the oil uptake. It was discussed that these capillary forces play a 

major role when there is fluid displacement through micro canals and pores; this 

is purely a surface phenomenon.  

 Moreira et al. (1999) demonstrated that the capillary forces in the pores 

and micro canals of the product caused the oil uptake into the product and it is 

purely a surface phenomenon. Capillarity is the ability of a narrow pore to draw 

the liquid upwards into the product. It usually occurs when the adhesive forces 

between the liquid oil and the solid product overcomes the intermolecular 

cohesive forces between the liquid molecules. This results in the formation of 

concave meniscus at the liquid surface in contact with the vertical product 

surface. The Laplace law can express the pressure difference caused at this 

point of contact. 

P1 – P2  =  (2 γcos θ) / r  

Pi is the pressure at a point i (Pa) 

γ is the surface tension of the oil (Nm-1) 

θ is the wetting angle between oil and fried product (rad) 

r is the pore radius  

The hydrostatic pressure relation is: 
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    P2 – P3 = - ρgh   

(P2 – P3 )is the hydrostatic pressure difference (Pa) 

ρ is the density of the oil (Kgm-3) 

g is the acceleration due to gravity (ms-2) 

h is the height of the capillary motion (m) 

 The pressure difference (∆P) between the two points 1 and 3 of the pore 

is:  

    ∆P = P1 – P3  =  (2 γcos θ) / r = - ρgh 

 The oil absorption depends upon the radius of the pores. The small pores 

create high capillary pressure, which results in higher oil content (Moreira 1997). 

Lower the contact angle between the oil and the product surface higher the 

adhesion forces and higher the oil uptake. The surface tension of the oil (γ) 

reduces with increase in temperature. This results in the reduction of capillary 

pressure (Moreira 1998). The solid food matrix is an obstacle to the water bubble 

growth. This leads to an over pressure inside the food during frying. The extent of 

overpressure depends upon the structure and material of the food. Vitac (2000) 

found this overpressure to be 0.45 bar inside an alginate gel, which contained 

10% starch during frying. The over pressurization depends upon the initial 

structure of the material. If its structure is weak, the material may break allowing 

the liquid and steam to escape.  

 When there is a large free water content in the product, there is more 

susceptibility of water loss from the product. This leads to overpressure during 
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frying and tends to serve as an obstacle to the oil absorption. When the product 

is removed from the fryer, the core temperature tends to decrease, steam 

condenses, which leads to reduction in pressure inside the product abruptly. This 

pressure drop creates a „vacuum effect‟ due to difference in the outside and 

inside pressures and leads to oil penetration into the inner layers of the product 

(Gamble 1987; Moreira 1996). Vitac (2000) measured a pressure dip of 0.35 bar 

in the food model gel (alginate with 10% starch) after few seconds of removal 

from the fryer. He concluded “It is the vacuum which is the most important force 

that is responsible for oil uptake in porous media.”  

 The major cause for the oil uptake into the food during DFF is the capillary 

pressure (Gamble 1987; Moreira 1996). The oil flowing into the pores was 

controlled by the pore radius and oil interfacial tension. The rate of oil absorption 

is higher in the early stages of frying, as there would be a higher difference in the 

oil concentrations between the surroundings and the product during this period.  

Bouchon‟s (2005) model on mass transfer during frying (water loss period or 

drying) and cooling (oil uptake period) explains the oil uptake by means of 

Washburn equation derived from the Hagen-Poiseuille equation for laminar flow 

of oil (Q) through a uniform pore (perfect cylinder of radius r):  

  Q = (dh/dt )π r2  = (π r4 /8µh) ∆P 

∆P is the pressure difference between the surface pore point 1 (P1) and the 

deepest pore point (P3) in Pa 

r is the pore radius (m) 
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µ is the oil viscosity (Pas) 

h is height of the oil in the pore (m) 

Moreira (1996) considered only the capillary pressure difference, but 

Bouchon et al. (2005) also considered the water pressure in the pore during 

cooling into consideration. The Washburn equation was modified enriching the 

total driving pressure with two terms in addition to capillary pressure (Ziaiifar 

2008). 

 dh/dt = (r4 /8µh) ( Patm – Pv + [(2 γcos θ) / r ± ρgh cos α)] 

Patm – Pv, represents the unbalanced atmospheric pressure due to change of the 

water vapor pressure Pv during cooling 

± ρgh cos α is the influence of gravity on oil drainage 

α angle between normal axis of the product surface and vertical axis 

 Hence, it was evident that the oil ascent into the pores would take place 

only when the pressure difference is positive.  
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CHAPTER II 

MATERIALS AND METHODS 

Primary ingredients for chicken nugget formulation 

The chicken nuggets for this project prepared at a commercial food 

processing company. The primary ingredients for the chicken nugget formulation 

were boneless chicken (breast and thigh meat), batter, and breading ingredients 

(Kerry Inc., Beloit, WI). The skin portion of the meat was not added to the 

formulation. 

Predust ingredients and formulation 

The predust (No. G7102) was obtained from an ingredient manufacturer 

(Kerry Inc., Beloit, WI). The coating included two treatments. The first set had a 

predust (No. 53650, Kerry Inc., Beloit, WI) coating with 5% MC food grade gum, 

commercially known as Methocel A4M. The second set of nuggets did not have 

the MC coating in the predust (Kerry Predust Control G7102, Kerry Inc., Beloit, 

WI) formulation and this set of nuggets were the control nuggets. Both Kerry 

Predust 53650 and control G7102 had the same ingredients - bleached wheat 

flour, wheat gluten, dried egg whites, salt and spice extract except for MC added 

to the former. The addition of 5% methylcellulose did not change calories, taste 

or odor of the food, because MC is metabolically inert and indigestible (Dow 

Chemical, Midland, MI, U.S). The physical characteristics of the predust samples 
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as per the manufacturer are given in the Table 2.1 for MC predust and Table 2.2 

for C predust. 

Batter ingredients and formulation 

The batter (No. G4113, Kerry Inc., Beloit, WI) contained yellow corn flour, 

bleached wheat flour, salt, leavening (sodium acid pyrophosphate, sodium 

bicarbonate), guar gum, nonfat milk, spices and eggs. The physical 

characteristics of the batter as per the manufacturer are given in the Table 2.3. 

Breading ingredients and formulation 

The breading (No. G3684, Kerry Inc., Beloit, WI) had enriched wheat flour 

(wheat flour, niacin, reduced iron, thiamine mononitrate, riboflavin, folic acid), 

leavening (sodium bicarbonate, sodium aluminum phosphate), salt, soybean oil, 

dried yeast and sugar. The physical characteristics of the breading samples as 

per the manufacturer are given in the Table 2.4. 

Preparation of chicken nuggets 

 The chicken nuggets were prepared at a food processing company. The 

primary ingredients for the uncooked chicken meat constituted breast meat 

(48%), boneless, thigh meat (42%), water (9.1%), salt (0.5%) and phosphate 

(0.4%) together constituting about 31.75 kg. The chicken used was boneless and 

skinless in order to reduce inhomogeneities.  

 The thawed meat (4°C) was mixed with marinade, salt and phosphate for 

protein extraction and ground through 0.95 cm thickness in a blender (Figure 

2.1). The ground chicken was frozen in the same blender to -2.2°C, in order to 
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facilitate easy movement of the chicken into the forming plate (Formax, Inc, 

Mokena, IL) (Figure 2.2). The frozen chicken was then put into the feed hopper. 

The chicken was passed through the forming plates by means of two augers and 

a piston. The Formax (F-6, Formax Inc, Mokena, Illinois) has a hydraulic 

compression system, which helps in accurate filling of the chicken in to the 

forming plates. This results in formation of chicken patty that is around 4.2 cm in 

diameter, 1.27 cm in thickness and weighs approximately 18 g (Figure 2.3, 2.4). 

The Formax forms about 10 to 12 chicken patties in 1 min. The Formax was 

attached to a flat bed predust, batter and breading applicator and a par fryer. The 

breaded chicken nuggets were directed to a fryer for par frying. The nuggets 

were par fried at 175°C and 190°C for 26 to 30 sec with regular soybean oil. The 

whole process of the nugget formation on this process line took 2 to 3 minutes. 

The MC nuggets were prepared in the 1st batch followed by the second batch of 

control nuggets. The equipment was washed thoroughly after the first set of 

nuggets was formed in order to prevent mixing of the two different predust 

applications. 

Coating of chicken nuggets 

The predust was applied by a flat bed predust applicator (Figure 2.5) after 

the chicken nuggets were formed by the Formax plates. Excess predust was 

removed by means of sprinklers (Figure 2.6). In both batches, 6 nuggets were 

weighed before and after predusting to determine the percentage of predust pick 

up with respect to nugget weight. 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

28 
 

 The batter solution was prepared by mixing batter (No. G4113, Kerry Inc, 

Beloit, WI) with water at 50 g/100 ml and poured into the flat bed batter applicator 

attached in series to the predust applicator (Figure 2.7). Some of the nuggets 

were weighed after battering application to determine the percentage of batter 

pickup (Figure 2.8). The breaded samples were directed towards the fryer for par 

frying (Figure 2.9). The parfrying helped to stabilize the coating on the nuggets. 

The set up was designed in such a way that the final batter pickup percentage by 

the nuggets was less than 30%. 

 The parfried nuggets were stacked into horizontal shelves, which were 

named with specific treatment name and frying temperature. The stacks were 

chilled to -10°C in a freezer (Martin Baron, Irvindale, CA) by means of carbon 

dioxide until the next set of nuggets were formed. This was followed by running 

the chicken nugget samples on a metal detector to determine the traces of 

metals. This is an important critical control point in the manufacture of chicken 

nuggets. The samples were rejected if the metal traces were detected. Finally, 

the nuggets were packed, labeled with specific treatment name, the parfrying 

temperature and sent to the blast freezer for storage. The frozen samples were 

shipped to Texas Tech in insulated boxes with dry ice (solid carbon dioxide 

coolant) (Figure 2.10). 

Pressure Measurement 

Design Title: Effect of initial moisture content on the gauge pressure created 

inside chicken nuggets during DFF. 
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Hypothesis: Initial moisture content and gauge pressure plays a vital role in the 

final oil uptake during DFF.  

Independent variables: Type of coating, moisture level, frying temperature 

Dependent variables: Pressure and nugget temperature  

Constants: Frying time, ingredients 

Experimental design: 

Coatings: Methylcellulose (MC), control (C)  [2] 

Frying time: 240 sec and cooling period of 240 sec [1] 

Temperatures: 175°C, 190°C  [2] 

Moisture levels: control 75%, 65%, and 55%  [3] 

Replications: 5  

No. of trials: 3 

  The effect of initial moisture content on the gauge pressure created inside 

the chicken nuggets during DFF was measured by means of a fiber optic 

pressure sensor (FISO Technologies Inc, Québec, Canada). The sensor was 

attached to a FTI-10 Fiber optic conditioner and controlled by FISO Commander-

2 software (Version R9, FISO Inc, Québec, Canada). The pressure sensor is 

designed for measuring high temperature, short time processes like frying. The 

maximum temperature tolerance limit for the sensor was 450°C. Pressure was 

measured in bars at one-sec intervals. The ambient gauge pressure was 

considered as 0 bars for all experiments. The pressure sensor was inserted into 

a chicken nugget from its lateral side up to a length of 1.5 cm to the center.  
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 The temperature changes in the nugget and frying oil were monitored 

simultaneously along with the pressure using K-type thermocouple attached to a 

data logger (NI USV 9161, National Instruments, Austin, TX) controlled by Lab 

View software (Version 8.2.1, National Instruments, Austin, TX). The temperature 

was recorded for every 1 sec. The thermocouple was inserted in the opposite 

direction to the pressure sensor on the lateral side of the chicken nugget up to 

1.5 cm and care was taken such that both sensors did not touch each other 

(Figure 2.11). 

 The frozen chicken nuggets werethawed for at least 4 hrs in a domestic 

refrigerator at a temperature of around 4°C. The thawed nuggets were placed in 

the basket of domestic fryer (General Electric 1800W, Arkansas City, KS). Frying 

was performed in 3.8 L of hydrogenated vegetable oil (Crisco Oil, Orrville, OH) at 

175 and 190°C. The frying oil was heated to the required temperature for 1 hr 

prior to running the experiments.  

 The lower moisture levels of 65% and 55% were obtained by dehydrating 

the 75%-moisture content nuggets in a microwave (General Electric Arkansas 

City, KS) for 2 and 4 min respectively. The moisture analysis was performed by 

drying oven using an AOAC method (No. 934.01, AOAC 1995). Pressure and 

temperature changes inside the chicken nuggets were monitored during the 

frying period (4 min) and for another 4 min during post-frying cooling period when 

the nuggets were removed from the frying oil. Pressure changes during the post-

frying cooling period were considered important for oil absorption and excess oil 
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drainage. Preliminary experimental procedure was followed during these 

experimental observations.  

Moisture and Fat analysis 

Design Title: Effect of MC coating on moisture and fat content of chicken 

nuggets. 

Hypothesis: Methylcellulose-coated chicken nuggets have a higher moisture 

retention and lesser fat uptake than the control samples. 

Independent variable: Type of coating, temperature, frying time and 

temperature. 

Constants: Ingredients. 

Experimental design: 

Coatings: Methylcellulose (MC), control (C)  [2] 

Frying time: 0, 30, 60, 120, and 240 sec [5] 

Temperatures: 175°C, 190°C  [2] 

Replications: 5  

No: of trials: 3 

Dissection and grinding of chicken nuggets 

Fried chicken nuggets were dissected to separate the core and crust 

portions by using a disposable scalpel (Figure 2.12, 2.13). Since it was observed 

from the preliminary observations that the top and bottom crust layers have the 

same moisture and fat contents, both the top and the bottom crusts were 

combined for analysis. Since the amount of crust obtained from each sample was 
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less than required, the crust portions from 5 replications of a trial were combined 

together, which made the final replications of crust to 3 and core to 15. The crust 

and the core portions were ground separately using a coffee blender after 

freezing the sample with liquid N2 (Mr. Coffee S55, Maitland, FL, USA) in order to 

homogenize the samples. The powdered samples were kept in zip-lock bags and 

stored at -80°C in order to avoid oxidation process of the samples. The grinding 

process was performed at frozen temperatures by using liquid nitrogen. 

Moisture content determination: 

  The moisture content determination in the core and crust samples was 

performed by vacuum-oven method by following AOAC (method 934.01, AOAC, 

1996). Pre dried aluminum pans were engraved with random numbers and 

weighed using analytical balance. Powdered samples of 5+0.5 g were weighed in 

the pan and kept in a natural vacuum oven (Lindberg Blue M, 2000, NC, USA) for 

18 hr at 105°C and 25 mm Hg pressure. The final moisture content on dry basis 

was calculated by taking the difference between wet and the dry sample weights. 

Fat content determination: 

 The fat content determination was performed by Soxhlet extraction by 

following the AOAC (method 991.36, AOAC, 1996). Non-adsorbent cotton pads 

(0.5 to 1 g) were placed on the pre-dried sample in an aluminum pan and sealed 

from its edges and folded into rectangular shape to prevent sample loss during 

the process of fat extraction. The sealed samples were placed back into the 

conventional oven and dried for 30 min. This ensures the samples to achieve a 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

33 
 

constant weight and removed additional moisture. After removing from the oven, 

the samples were weighed to obtain a dried pre-extraction weight (Pre EE). The 

samples were placed in Soxhlet tubes and the fat extraction was performed using 

petroleum ether for at least 18 hours. 

 After extraction, the samples were removed from the Soxhlet tubes and 

dried for at least 30 min in a exhaust hood. These samples were further dried in a 

conventional drying oven at 105°C for at least 4 hours. The dried samples were 

cooled in a desiccator and weighed again to obtain the post extraction weight 

(Post EE). The final fat percentage in the samples was calculated by:   

  Fat % = [(Pre EE wt– Post EE wt)/ Wet Wt] * 100 

  Pre EE wt :– weight before the fat extraction 

  Post EE wt :– weight after the fat extraction 

  Wet wt :– weight before drying 

Scanning Electron Microscopic (SEM) Analysis 

Experimental design: 

Coatings: Methylcellulose (MC), Control (C)  [2] 

Frying time: 0, and 240 sec [2] 

Temperatures: 175°C, 190°C  [2] 

Replications: 3 

SEM Analysis: 

 The SEM was performed using a low vacuum (25 Pa) back scattering 

Scanning electron microscope (Hitachi TM-1000 table top microscope) (Figure 
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2.14) with a constant voltage of 15K volt. All the images were taken at 80X 

magnification (where X represents the number of times the size of the sample). 

Chicken nugget samples were fried and dissected by disposable scalpel to 

approximately 1 cm x 1 cm x 0.25 cm pieces. Specifically, crust portion, the 

interface of crust and core, and the meat portions were scanned. Samples were 

inserted into vacuum chamber in the microscope by means of glass slide. In 

order to preserve the structural identity of the samples, which were freeze dried 

by using a Kinney Vacuum, KSE-2A-M evaporator. The samples were freeze-

dried for 48 hr on a pre-cooled copper metal block, which was placed inside a 

vacuum chamber (Figure 2.15). The pressure inside the vacuum chamber was   

5 x 10-6 Torr. The complete process of sample preparation was performed at 

freezing temperatures without thawing the samples to avoid artifacts. Samples 

and the copper metal block were frozen for 15 min in a liquid nitrogen bath before 

placing in the vacuum evaporator chamber. SampIe images obtained from the 

SEM were saved in „.tiff‟ format. 

Frying experiments in Sudan red dyed oil 

Experimental design: 

Coatings: Methylcellulose (MC), control (C)  [2] 

Frying time: 30,60, 120, 240, and 480 sec [5] 

Temperatures: 175°C, 190°C  [2] 

Replications: 3 

Dye: Sudan red B 
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Hypothesis: The oil uptake into the foods during DFF is a surface phenomenon. 

 The fluid transport phenomenon in the chicken nuggets was monitored by 

frying the chicken nuggets in oil mixed with thermostable, fat-soluble Sudan red 

B dye. It was found to have similar penetration behavior as that of frying oil and 

insoluble in water (Figure 2.16). Dyed oil was prepared by dissolving 1 g of 

Sudan red B (Sigma-Aldrich, St. Louis, MO, USA) for every 1 L of oil. The oil was 

heated to 60°C and the dye was mixed in the oil to make a uniform solution for 4 

hr. The chicken nuggets were fried from 0.5 to 8 min to observe the fluid 

transport phenomenon across the cross section of the transversely dissected 

nuggets by light microscope (Olympus® SZH Stereoscope) at 15 to 30X 

magnifications in reflective mode.  

Statistical Methods 

 For each experimental condition the statistical analysis was performed at 

least three times and mean values were reported. Data was evaluated using 

Student‟s t-test (P < 0.05) to determine the significant differences between the 

control samples and MC samples on pick up %, moisture and fat content. 
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Table 2.1. Physical characteristics of the control predust as per the 
manufacturer 
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Table 2.2. Physical characteristics of the methylcellulose predust as per the 
manufacturer 
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Table 2.3. Physical characteristics of the batter as per the manufacturer 
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Table 2.4. Physical characteristics of the breading as per the manufacturer. 
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Figure 2.1 Blending of meat and mixing marinade, salt and phosphate in 
chicken nugget production. 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

41 
 

 
 
Figure 2.2 Formax plate F-6 for chicken nugget formation. 
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Figure 2.3 Chicken nugget patties.  
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

43 
 

 
 
Figure 2.4 Formed nuggets coming out of Formax chamber. 
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Figure 2.5. Predust application on chicken nuggets by flat bed predust 
applicator. 
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Figure 2.6 Excess predust removed by sprinklers. 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

46 
 

 
 
Figure 2.7. Batter application on the nuggets by flat bed batter applicator. 
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Figure 2.8. Breading application on the nuggets by flat bed breading 
applicator. 
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Figure 2.9. Chicken nuggets directed towards fryer for par-frying. 
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Figure 2.10. Chicken nuggets packed into boxes. 
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Figure 2.11. Pressure (blue) and temperature (brown) sensors inserted into 
the nugget in opposite directions. 
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Figure 2.12. Dissected crust portion of chicken nugget. 
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Figure 2.13. Dissected core portion of chicken nugget. 
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Figure 2.14 Scanning electron microscope (Hitachi TM-1000 table top). 
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Figure 2.15 Vacuum chamber containing chicken nuggets for freeze-drying. 
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Figure. 2.16. Frying chicken nuggets in dyed (Sudan red B) oil.  
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CHAPTER III 
 

RESULTS AND DISCUSSIONS 
 
Effect of MC on batter and breading pick up 
 
 The effect of MC on the pick up of predust, batter and breading in nuggets 

is shown in the Table 3.1. The pick up percentage values for predust, batter and 

breading were 6.00, 14.22 and 10.27%, respectively for control nuggets. In case 

of MC coated nuggets, the pick up percentage values for predust, batter and 

breading were 7.05, 17.38 and 11.16%, respectively. This indicates 17.50, 22.22, 

8.66% higher pick up in predust, batter and breading in MC-coated nuggets than 

the control nuggets. The MC nuggets showed a higher pick up for predust, batter 

and breading due to MC‟s ability to absorb water up to 40 times its weight 

(Glickman 1969). 

Moisture analysis 
 
 Tables 3.2 and 3.3 show the effect of MC on the moisture content (dry 

basis) (mean ± standard deviation) in the crust and the core regions of chicken 

nuggets fried for 0, 30, 60, 120 and 240 sec at temperatures 175°C and 190°C, 

respectively. The graphical representation of the drying patterns in the crust and 

core portions of control and MC nuggets can be seen in the Figures 3.1 and 3.2. 

Error bars indicate the standard error calculated for mean using standard 

deviation for 15 samples of core and 3 samples of crust.  

 The frying experiments at 175°C (Table 3.2) showed a decrease in 

moisture content in the crust layer from 0.95 g/g to 0.52 g/g in 240 sec in control 
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nuggets and 0.95 g/g to 0.67 g/g in the MC coated nuggets (Figure 3.1). This 

indicated 15.79% less moisture in the crust of MC nuggets than control nuggets 

during frying. The core layer also showed similar moisture loss pattern in control 

and MC nuggets. In the control nuggets, moisture content decreased from 3.67 

g/g to 3.24 g/g in 240 sec. In core of MC coated nuggets, the moisture content 

decreased from 3.70 g/g to 3.34 g/g in 240 sec. This indicated a 2% less 

moisture loss in the core of MC coated nuggets than control nuggets. Similarly in 

the nuggets fried at 190°C (Table 3.3), the MC nuggets showed 14.1% lower 

moisture in the crust and 0.28% lower moisture loss in the core region than the 

crust and core of control nuggets. 

Higher rate of moisture loss was observed during the first 60 sec of frying 

due to high evaporation rates of moisture from the product. The pressure 

variations in the control and the MC-coated chicken nuggets were also higher 

during this period. Steep negative slopes were observed in the moisture loss 

graphs during the first 30 sec and the steepness in the slopes reduced to 

become more curvilinear with the increase in the frying time. Similarly, high 

positive slopes were observed in the pressure graphs during the initial frying 

period. This degree of steepness in the slopes was higher in the control nuggets 

than the MC-coated nuggets in both the moisture and pressure graphs. As 

discussed in the pressure section (see Figures 3.5 to 3.10), the control nuggets 

had higher magnitudes of positive pressure for longer time periods than the MC-
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coated nuggets, which may be the reason for higher moisture loss by control 

nuggets.   

 From the Student‟s T-test, it was observed that there were no significant 

differences (P>0.05) in the initial moisture content at 0th sec for both control and 

MC nuggets in the crust region for nuggets fried at 175°C (Table A21). The initial 

means were 0.948 and 0.947 g/g for control and MC respectively. No significant 

differences (P>0.05) in moisture content were observed between the means at 

30 sec as well (Table A 22).  But at frying times of 60 sec (Table A 23), 120 sec 

(Table A 24) and 240 sec (Table A 25), significant differences (P<0.05) were 

observed between the means of control and MC-coated nuggets.  

In core region of fried nuggets at 175°C, no significant difference (P>0.05) 

was found between the mean moisture content values of control and MC-coated 

nuggets at 0 sec (Table A1), which were 3.67 and 3.70 g/g, respectively. But 

significant differences (P<0.05) between the mean moisture content values were 

observed at 30 sec (Table A2), 60 sec (Table A3), 120 sec (Table A4) and 240 

sec (Table A5) frying times. A similar pattern was observed in the nuggets fried 

at 190°C. 

 Thus, the MC coating showed a significant effect on reducing the moisture 

loss from the chicken nuggets. The crust layer had a higher moisture loss than 

the core layer for both treatments at all temperatures and frying times. The drying 

pattern in all the treatments showed a curvilinear decrease similar to the drying 

pattern observed by (Ngadi et al. 2006) in chicken nuggets. The pattern involved 
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an initial steep constant moisture loss period followed by a falling rate period and 

finally a second constant moisture loss period with lesser drying rate when 

compared to the initial constant moisture loss period.  

Reduction in fat uptake and moisture loss was attributed to the formation 

of a protective layer in the surface of samples during initial stages of frying due to 

thermalgelation of MC above 60°C. Moisture from the interior moves towards the 

frying surface in the form of vapor. Evaporation takes place at a very high rate at 

the surface and the vapor tends to move in all directions and excess vapor tends 

to move towards the cooler core region (Mallikarjunan et al. 1997). This vapor 

condenses and reduces the pressure below the ambient pressure. A similar 

migration of liquid water to the surface into the meat was seen by (Oroszvari et 

al. 2006).  

Fat analysis 

 The Tables 3.4 and 3.5 show the effect of MC on fat content (dry basis) 

(mean ± standard deviation) in the crust and core regions of chicken nuggets 

fried for 0, 30, 60, 120 and 240 sec at 175°C and 190°F. The graphical 

representation of the drying patterns in the crust and core regions of control and 

MC nuggets can be seen in the Figures 3.3 and 3.4. The error bars indicate the 

standard error calculated for mean using standard deviation for 15 samples for 

core and 3 samples for crust. 

 At 175°C, the fat content in the crust of control and MC showed no 

significant difference (P>0.05) between the means at 0 sec (Table A 31) and 30 
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sec (Tables A 32). But significant differences between the means were observed 

for 60 sec (Table A 33), 120 sec (Table A 34) and 240 sec (Table A 35) frying 

times. At 240 sec frying time, the fat uptake was from 0.18 to 0.43 g/g in control 

nuggets and 0.16 to 0.34 g/g in MC-coated nuggets. This indicated a 26.4% less 

fat uptake in the crust of MC-coated nuggets than control nuggets. 

At 0 sec, no significant difference (P>0.05) was observed between the 

mean fat content of core region (Table A11). Significant differences (P<0.05) 

between the mean fat content values were observed at frying times 0.5 min 

(Table A 12), 1 min (Table A 13), 2 min (Table A 14), and 4 min (Table A 15). At 

240 sec, the fat uptake in control nuggets was from 0.28 to 0.45 g/g and in MC-

coated nuggets was from 0.28 to 0.41g/g (Figure 3.3). This indicated 14.3% less 

fat uptake in the core of MC-coated nuggets than the control nuggets. Similarly, 

at 190°C frying temperature the fat uptake was 42% less in the crust region, and 

5.3% less in the core region of MC-coated nuggets than control nuggets.  

The fat uptake was relatively higher in the crust region compared to the 

core region. MC-coated nuggets showed lower fat uptake in both crust and the 

core regions when compared to the control nuggets. The rate of fat uptake was 

higher during the first 60 sec of frying and reduced with the frying time. 

Incorporation of 5% MC in the predust has better film-forming characteristic 

(DowChemical, Midland, MI 1996) than predust without MC. Ufheil et al (1996) 

found that the absorption of oil into the food starts only during cooling. But from 

the pressure section, negative pressures were observed inside the chicken 
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nuggets during the frying stage itself, indicating the potential of oil uptake into the 

food during the frying stage itself. The higher magnitude of negative pressure 

created for a longer period of time may be responsible for the increase in the 

positive slope, curvilinear nature and high fat uptake of the control nuggets than 

the MC-coated nuggets compared to control in the fat uptake graphs (Figure 3.3, 

3.4). The contribution of MC was more in reducing the oil uptake than moisture 

retention (Pinthus et al. 1993), which was similar to the observations the present 

study. Oil is absorbed into the product from the superficial oil layer on the crust 

during cooling when the depressurization occurs (Ziaiifar et al. 2008).   

Pressure and temperature profiles in chicken nuggets 
 

 The Figures 3.5 to 3.10 show the average gauge pressure and 

temperature variation in the MC-coated and control chicken nuggets and 

temperature variation of frying oil for 5 different replications. Three different initial 

moisture levels obtained for both control and MC-coated chicken nuggets were 

75% (control), 65% and 55%. The pressure and temperature profiles were 

observed for a period of 8 min (4 min of frying period and 4 min post-frying 

cooling period) at 175°C and 190°C. 

The pressure profiles for all the treatments had a general trend of sudden 

increase above the ambient pressure (0 bar) for a few seconds after placing the 

nuggets into the hot oil. Pressure remained above zero for longer time for 

nuggets that had high initial moisture content (control moisture nuggets) and for 

nuggets that had no MC coating (control nuggets). Pressure gradually decreased 
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to negative values, indicating creation of a vacuum inside nuggets. A large part of 

the frying process took place at negative pressure (vacuum). When the nuggets 

were removed from the fryer, the pressure inside the nuggets continued to 

decline for 2 to 3 min. Then a minimum value was reached, after which the 

pressure slowly started to return to the ambient value (0 bar). Some trials were 

conducted for several hours, indicating that after a nugget is taken out of the 

fryer, it takes 2 to 3 hrs for pressure to increase from negative values to ambient 

pressure.   

Temperature of the nuggets showed a steady rise for the first 2 min of 

frying and became constant there after, oil temperature dropped for few seconds 

when the frozen nuggets were introduced into the fryer and rose back to the 

required frying temperature (175°C or 190°C) after few seconds. 

At 175°C frying temperature, pressure profiles of 75% initial moisture 

content control nuggets (Figure 3.5), showed an initial rise above the ambient 

value (0 bar) for 94 sec and gradually decreased to negative values during the 

frying process (until the 240th sec). The pressure continued to decrease during 

the post-frying cooling period (until the 480th sec) up to -0.051 bar until the 387th 

sec and started to rise back to 0 bar. Highest magnitude of positive pressure was 

0.00166 bar at the 42nd sec. In the 65% initial moisture content control nuggets 

(Figure 3.6), no initial rise of pressure above the ambient value was observed. 

Negative pressure was observed after the 1st sec of frying. The whole frying 

process took place in vacuum. The pressure continued to decrease during the 
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post-frying cooling period up to -0.057 bar till 476th sec and started to rise back to 

0 bar. In the 55% initial moisture content (Figure 3.7) control nuggets, the whole 

frying process took place in vacuum with no initial rise above 0 bar. The pressure 

continued to decrease during the post frying cooling period up to -0.1921 bar at 

430th and started to rise back to 0 bar thereafter.  

At 190°C frying temperature, pressure profiles of 75% initial moisture 

content (Figure 3.8) control nuggets, showed an initial rise of pressure above the 

ambient value for 14 sec, and gradually decreased to negative values during the 

frying period. The pressure continued to decrease during the post-frying cooling 

period up to -0.0501 bar at 469th sec and started to increase back to 0 bar 

thereafter. Highest magnitude of positive pressure was 0.002 bar at the 4th sec. 

In the 65% initial moisture content (Figure 3.9) control nuggets, no initial rise of 

pressure above the ambient value was observed since the 1st sec of frying.  

Negative pressure exists in the interior of the nuggets for almost the whole frying 

process. The pressure continued to decrease during the post-frying cooling 

period to -0.0566 bar until 465th sec and started to rise back to 0 bar thereafter. 

In the 55% initial moisture content (Figure 3.10) control nuggets, the whole frying 

process took place in vacuum with no initial rise above ambient pressure. The 

pressure continued to decrease during the post-frying cooling period to -0.0991 

bar at 431st and started to rise back to 0 bar.  

The higher rate of moisture loss from the control nuggets might be 

responsible for higher magnitudes of positive pressure for a longer period of time 
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and higher magnitude of negative pressure for a longer period of time when 

compared with the MC-coated nuggets for all the moisture levels except for MC-

coated nuggets at 65% (Figure 3.9) and 55% moisture content (Figure 3.10) fried 

at 190°C. The effective barrier property exhibited by the MC might be responsible 

for lower moisture loss and lower magnitude of positive and negative pressure in 

MC-coated nuggets.  These results may be correlated to the higher moisture 

retention and lower fat uptake by the MC-coated nuggets during the fat and 

moisture analysis. Previous studies of (Halder et al. 2007) gave much importance 

to oil uptake during cooling due to capillary suction and water vapor 

condensation. But present results indicated that negative pressure exists in the 

nugget core during most of the frying process except for the first few seconds, 

which may be attributed to oil uptake taking place throughout the frying process. 

 The MC added to the predust has a thermal gelation property, which 

results in the formation of film around the sample (Anon, 1987; Henderson, 

1988). This property might have been responsible for the MC-coated nuggets  

having lower magnitudes of positive and negative pressure than control nuggets.  

Initial and the final moisture content have a major impact on the oil uptake during 

DFF (Gamble and Rice, 1988).  

It is clearly evident from Figures 3.5 to 3.10 that as the temperature of the 

nugget increases, the pressure inside the nugget decreases which allows the 

process of oil uptake. This may be considered as the stage at which the oil 

enters the crust portion of the chicken nuggets and gets adhered to it. As the 
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nugget is removed out of the fryer, i.e. after 240th sec, it can be observed that the 

pressure decreases further for another 2 to 3 min. This stage may be understood 

as the stage where a part of the oil which is adhered to the outer surface of the 

nugget getting absorbed into it. Then the pressure tends to reach an equilibrium 

negative value and then starts increasing back to 0 bar (ambient pressure) in 2 to 

3 h (as observed from the preliminary results). This period may be considered as 

the period of oil drainage.  

During post-frying cooling no vigorous escape of vapor took place at the 

surface and pressure drop inside the product may be due to the condensation of 

water vapor. This may cause pressure driven flow of oil from the outer layer of 

food to the inner layer. The pressure driven flow and the capillary flow together 

cause the rapid uptake of oil (Halder et al 2007). Vacuum produced by the steam 

condensation at the evaporation front during cooling phase reduces the capillary 

flow of oil into the food (Gamble and Rice 1988). In the present experiments the 

maximum pressure created inside the chicken nuggets during frying was 0.0018 

bar (180 Pa). These results did not match with the predictions of (Yamsaengsung 

and Moreira 2002), who predicted a pressure of 284 KPa inside tortilla chips 

during frying. Such high pressures would blow up the fried product, as noted by 

(Halder et al. 2007). 

Scanning electron microscopic analysis (SEM) 

The SEM images of crust, crust-core interface and core regions of chicken 

nuggets are shown in Figures 3.11 to 3.16. The primary basis of SEM analysis 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

66 
 

was to observe the effect of frying time, frying temperature and MC-coating on 

development of microstructure in the DFF chicken nuggets. Control and MC- 

coated chicken nuggets were deep fat fried for 0 (par fry only) and 4 min (par fry 

+ full fry) at 175˚C and 190˚C. Par frying was performed at 175˚C and 190˚C. 

 Figure 3.11, shows the crust region of control and MC-coated nuggets 

fried for 0 and 4 min at 350˚F. At 0 min, the crust of control nugget, appeared to 

be randomized with huge pores, cracks and fissures with rough surface texture 

(Figure 3.11a).  The coating seems to be less intact for control. In MC coated 

nuggets, the coating was more intact and the surface appears to be rigid, smooth 

and compact with smooth texture (Figure 3.11b). Surface rigidity in chicken 

nuggets appears to be due the MC coating, which is believed to reduce the 

residual debris (Mukprasirt et al. 2000) by binding the meat and batter during 

frying (Bernal and Stanley 1989).  After 4 min of frying, the control nugget shows 

thermally damaged cells and cell debris (Figure 3.11c). The surface gaps and 

pores seem to be filled with oil.  Similar surface cracks, pores and damaged cells 

appear to have been created in MC coated nuggets after 4 min of frying, 

although the texture is smoother than the control nuggets (Figure 3.11d). The 

control nuggets showed higher porosity before frying corresponding to high 

moisture loss and cell damage, and low porosity after frying corresponding to 

high fat uptake. With increase in the frying temperature, at 375˚F (Figure 3.12), 

the nuggets showed more surface damage, increase in porosity and increase in 

complexity of microstructure. Control nuggets showed higher discoloration (dark 
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in appearance) at all frying times and temperatures compared to the MC coated 

nuggets.  Reduction in the pore size in 4 min fried samples may correspond to 

the fat uptake into the pores, (Kassama and Ngadi 2004), made similar 

observation in pore size reduction in DFF samples.  

Figure 3.13, shows the crust core interface in the 350˚F fried chicken 

nuggets. At 0 min, the control nugget (Figure 3.13a), show a partial demarcation 

of crust and core layers, but this is not seen in the MC coated nugget (Figure 

3.13b). This may be the reason behind the higher pick up % values observed for 

MC coated nuggets in Table 3.1. Transverse cracks and large pores are already 

visible in control nugget, indicating moisture loss, but surface topography 

appears smooth with very less pores in MC coated nuggets, which is an 

indication of moisture retention.  At 4 min frying time, the control and MC 

nuggets, (Figure 3.13c) and (Figure 3.13d) respectively have shown clear 

demarcation of upper thick crust and a lower porous, loose and lamellar core 

layer. The outer part of the core layer appears more composite and inner part 

appears more porous indicating the oil migration only till the outer layer of the 

core and compensating to the average fat uptake in the chicken nuggets, as 

seen in the Sudan red dye experiments.  The control nugget seemed less porous 

and composite than the MC coated nuggets. This may be due to collapsing of 

pores due to oil uptake as seen in the fat analysis and depressurization as seen 

in pressure analysis during the DFF. This observation agrees with (Rahman 
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2001) and (Kassama and Ngadi 2004).  Similar observations are seen in 375˚F 

fried samples (Figure 3.14) and the core layer as well Figures 3.15 and 3.16.   

In the 4 min fried samples, most of the pores in MC coated chicken nugget 

sections seemed to be open (Figure 3.13d & 3.14d). But the pores in the control 

nuggets appeared to be closed (Figure 3.13c & 3.14d). This might be due to the 

creation of higher magnitude of negative pressure inside the control nuggets than 

the MC coated nuggets during the post frying cooling period, which might be a 

reason behind the higher fat uptake by the control nuggets. The prevalence of 

higher magnitude of negative pressure for a longer period of time in the control 

nuggets can be observed in the pressure graphs of control moisture content 

chicken nuggets (Figure 3.5). The opposite is the case with 0 min fried (par fried 

only for 30 sec) samples. Most of the pores in the MC coated samples seemed to 

be closed (Figure 3.13b & 3.14b) and the control samples seemed to be open 

(Figure 3.13a & 3.14a). This might be due to the creation of higher magnitude of 

positive pressure for a longer period of time during the initial few seconds of 

frying when the nuggets were introduced into the fryer inside the control nuggets. 

This might be responsible for higher moisture loss by the control nuggets as 

indicated in the moisture loss graphs. 

Frying experiments in Sudan red dyed oil 

The migration of frying oil into the chicken nuggets was observed by frying 

the nuggets in oil dyed with lipid soluble, heat stable and water insoluble Sudan 

red dye. The migration of oil and Sudan Red were similar into the food. So, it can 
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be used as a marker that is identical to localize oil in fried foods (Keller et al 

1986). The nuggets were fried in oil for 0.5,1,2,4 and 8 min durations at 350°F 

and 375°F temperatures. The Figure 3.17 shows the localization of the dyed oil in 

the C and MC chicken nuggets. The primary aim of these experiments was to 

determine, whether the oil uptake was a surface phenomenon.  

The observation of the figure shows that the oil deposition in the chicken 

nuggets was mainly around the crust region, and interface between the crust and 

core. The oil did not reach up to the center of the nuggets. The dyed oil content 

in the outer most layer of core corresponds to greater average fat uptake in crust 

and lower fat uptake into the core region of the nuggets as mentioned in the fat 

analysis section (see Figures 3.3 and 3.4). The oil penetrated up to a depth of 2 

mm in all the treatments. Slightly higher oil penetration was observed in control 

nuggets when compared to the MC nuggets. This might be due to higher 

magnitude of negative pressure in the control chicken nuggets. Similar 

observation on oil penetration limiting to the crust less than 1mm depth was 

made for French fries by (Farkas and Singh 1991) and (Keller et al 1986). The 

moisture loss, and dye penetration into the nuggets increased with the increase 

in frying temperature, and time. The thin layer of crust appeared to act as a 

barrier to mass transfer during DFF. Thus, the oil was mostly localized around 

the corners and edges of the crust and broken slots (Pinthus and Saguy 1994). 

Most of the cooking oil will be located in the outer two layers of the food (Aguilera 

and Gloria 1997). The results from various frying experiments for DFF potato 
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products show that the location of the oil was mainly on the crust as well as in the 

regions around the middle layer of cells just beneath the crust, and the core was 

virtually oil free (Keller et al. 1986; Aguilera et al. 2001; Bouchon and Aguilera 

2001). 

With increasing frying time, surface shrinkage and cracks were observed, 

which may be due to the evaporation of moisture from the nuggets (Figure 3.17) 

The 0.5 min fried nuggets showed high moisture content with raw appearance 

when compared to the nuggets fried for longer times. A shrinkage in the crust 

indicated by reduced thickness of red layer can be observed at 480 sec frying 

time for both treatments and frying temperatures due to dehydration. The amount 

of cracks and dried patches increased with frying time.  
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Table 3.1. Percentage pick up for predust, batter and breading pickup for 

control and MC coated chicken nuggets (n = 6). 

________________________________________________________________ 
Treatment  Predust  Batter   Breading 
________________________________________________________________ 
Control (g)  1.08b+0.03  2.56b+0.04  1.85a+0.05 

MC (g)    1.27a+0.06  3.13a+0.06  2.01a+0.07 

% Pick up Control 6.00   14.22   10.27 

% Pick up MC 7.05   17.38   11.16 
 
% Difference  17.5   22.22   8.66 
________________________________________________________________ 
 

a,b Means with the same letter are not significantly different within a row (P > 

0.05), “a” represents the larger mean and “b” represents the smaller mean. 
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Table 3.2.  Moisture content (dry basis) (mean ± standard deviation) in crust 

and core of chicken nuggets * fried at 175 oC for 0, 30, 60, 120 and 240 sec.  

Chicken nuggets were coated with control** (C) and methylcellulose*** 

(MC) treatments.  

             Moisture content (d.b.) 

Nugget region Frying time (sec) C MC 

Crust 0 0.95a ± 0.08 0.95a ± 0.21 

 30 0.94a ± 0.03 0.93a ± 0.07 

 60 0.68b ± 0.09 0.88a± 0.10 

 120 0.63b ± 0.03 0.83a ± 0.03 

 240 0.52b ± 0.01 0.67a± 0.09 

Core 0 3.67a ± 0.19 3.70a± 0.15 

 30 3.40b ± 0.27 3.49a± 0.19 

 60 3.37b ± 0.19 3.45a ± 0.16 

 120 3.31b ±0.17 3.43a±0.14 

 240 3.24b ±0.09 3.34a ±0.13 

________________________________________________________________ 
* N = 15 per treatment for Core.  N = 3 per treatment for Crust. 

**Control treatment (C): chicken nuggets were immersed in pre-dust without 5% 

MC. 

***MC: chicken nuggets were immersed in pre-dust with 5% MC. 

a,b Means with the same letter are not significantly different within a row (P > 

0.05), “a” goes on the larger mean and “b” goes on the smaller mean. 
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Table 3.3 Moisture content (dry basis) (mean ± standard deviation) in crust 

and core of chicken nuggets * fried at 190oC for 0, 30, 60, 120 and 240 sec.  

Chicken nuggets were coated with control** (C) and methyl cellulose*** 

(MC) treatments.  

             Moisture content (d.b.) 

Nugget region Frying time (sec) C MC 

Crust 0 0.92a ± 0.07 0.92a ± 0.02 

 30 0.87a ± 0.03 0.91a ± 0.03 

 60 0.65b ± 0.03 0.87a± 0.03 

 120 0.56b ± 0.02 0.80a ± 0.04 

 240 0.51b ± 0.01 0.64a± 0.03 

Core 0 3.58a ± 0.26 3.67a± 0.14 

 30 3.36b ± 0.13 3.45a± 0.14 

 60 3.34b ± 0.10 3.42a ± 0.09 

 120 3.27b ±0.08 3.38a±0.13 

 240 3.18b ±0.05 3.27a ±0.09 

________________________________________________________________ 
* N = 15 per treatment for Core.  N = 3 per treatment for Crust. 

**Control treatment (C): chicken nuggets were immersed in pre-dust without 5% 

MC. 

***MC: chicken nuggets were immersed in pre-dust with 5% MC. 

a,b Means with the same letter are not significantly different within a row (P > 

0.05), “a” goes on the larger mean and “b” goes on the smaller mean. 
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Table 3.4.  Fat content (dry basis) (mean ± standard deviation) in crust and 

core of chicken nuggets * fried at 175 oC for 0, 30, 60, 120 and 240 sec.  

Chicken nuggets were coated with control** (C) and methylcellulose*** 

(MC) treatments. 

                      Fat content (d.b.) 

Nugget region Frying time (sec) C MC 

Crust 0 0.18a ± 0.08 0.16a ± 0.04 

 30 0.21a ± 0.12 0.18a ± 0.09 

 60 0.35a ± 0.07 0.28b± 0.01 

 120 0.40a ± 0.02 0.32b ± 0.04 

 240 0.43a ± 0.04 0.34b± 0.03 

Core 0 0.28a ± 0.03 0.28a± 0.02 

 30 0.36a ± 0.02 0.31b± 0.02 

 60 0.39a ± 0.01 0.35b ± 0.03 

 120 0.43a ±0.02 0.37b±0.04 

 240 0.45a ±0.03 0.41b ±0.02 

________________________________________________________________ 
* N = 15 per treatment for Core N = 3 per treatment for Crust. 

**Control treatment (C): chicken nuggets were immersed in pre-dust without 5% 

MC. 

***MC : chicken nuggets were immersed in pre-dust with 5% MC. 

a,b Means with the same letter are not significantly different within a row at (P > 

0.05), “a” goes on the larger mean and “b” goes on the smaller mean. 
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Table 3.5.  Fat content (d.b.) (mean ± standard deviation) in crust and core 

of chicken nuggets * fried at 190 oC for 0, 30, 60, 120 and 240 sec.  Chicken 

nuggets were coated with control** (C) and methylcellulose*** (MC) 

treatments.  

                     Fat content (d.b.) 

Region Frying time (sec) C MC 

Crust 0 0.19a ± 0.06 0.18a ± 0.09 

 30 0.24b ± 0.02 0.21a ± 0.01 

 60 0.35b ± 0.02 0.25b± 0.01 

 120 0.45b ± 0.03 0.32a ± 0.02 

 240 0.46b ± 0.01 0.36a± 0.01 

Core 0 0.29a ± 0.03 0.28a± 0.04 

 30 0.38b ± 0.02 0.33a± 0.02 

 60 0.40b ± 0.01 0.37a ± 0.04 

 120 0.42b ±0.01 0.39a±0.03 

 240 0.44b ±0.03 0.41a ±0.02 

________________________________________________________________ 
* N = 15 per treatment for Core.  N = 3 per treatment for Crust. 

**Control treatment (C): chicken nuggets were immersed in pre-dust without 5% 

MC. 

***MC: chicken nuggets were immersed in pre-dust with 5% MC. 

a,b Means with the same letter are not significantly different within a row (P > 

0.05), “a” goes on the larger mean and “b” goes on the smaller mean. 
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Figure 3.1. Average moisture content values dry basis (d.b) of crust and 
core of control and methylcellulose (MC) coated chicken nugget samples 
fried at 175°C for 0, 30, 60, 120, and 240 sec frying times. Error bars 
indicate the standard error of mean. 
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Figure 3.2. Average moisture content values dry basis (d.b) of crust and 
core of control and methylcellulose (MC) coated chicken nugget samples 
fried at 190°C for 0, 30, 60, 120, and 240 sec frying times. Error bars 
indicate the standard error of mean. 
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Figure 3.3. Average fat content values on dry basis (d.b) of crust and core 
of control and methylcellulose (MC) coated chicken nugget samples fried at 
175°C for 0, 30, 60, 120, and 240 sec frying times. Error bars indicate the 
standard error of mean. 
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Figure 3.4. Average fat content values dry basis (d.b) of crust and core of 
control and methylcellulose (MC) coated chicken nugget samples fried at 
190°C for 0, 30, 60, 120, and 240 sec frying times. Error bars indicate the 
standard error of mean. 
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Figure 3.5 Pressure and temperature profiles of control moisture nuggets 

fried at 175°C 
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Figure 3.6 Pressure and temperature profiles of 65% moisture nuggets fried 

at 175°C 
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Figure 3.7 Pressure and temperature profiles of 55% moisture nuggets fried 

at 175°C 
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Figure 3.8 Pressure and temperature profiles of control moisture nuggets 

fried at 190°C 
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Figure 3.9 Pressure and temperature profiles of 65% moisture nuggets fried 

at 190°C 
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Figure 3.10 Pressure and temperature profiles of 55% moisture nuggets 

fried at 190°C 
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Figure 3.11: Scanning electron microscopic analysis of the crust region for 
control and methylcellulose-coated (MC) chicken nuggets fried at 175˚C. 
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Figure 3.12: Scanning electron microscopic analysis of the crust region for 
control and methylcellulose-coated (MC) chicken nuggets fried at 190˚C. 
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Figure 3.13: Scanning electron microscopic analysis of the crust-core 
interface region for control and methylcellulose-coated (MC) chicken 
nuggets fried at 175˚C. 
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Figure 3.14: Scanning electron microscopic analysis of the crust-core 
interface region for control and methylcellulose-coated (MC) chicken 
nuggets fried at 190˚C. 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

90 
 

 
 
Figure 3.15: Scanning electron microscopic analysis of the meat region for 
control and methylcellulose-coated (MC) chicken nuggets fried at 175˚C. 
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Figure 3.16: Scanning electron microscopic analysis of the meat region for 
control and methylcellulose-coated (MC) chicken nuggets fried at 190˚C. 
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Figure 3.17. Frying experiments in Sudan red-dyed oil for frying times 0, 30, 
60, 120, 240 sec and 480 sec respectively at 175 and 190 oC. 
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CHAPTER V 
 
CONCLUSIONS 
 

The MC was effective in increasing the percentage pick up of predust, 

batter and breading of the chicken nuggets by 0.95, 3.16 and 0.89% more than 

the control nuggets. In the moisture analysis, the MC coated nuggets showed a 

lower moisture loss from both core and the crust layers for all the frying 

temperatures (175°C and 190°C) than the control nuggets. MC nuggets showed 

a lower moisture loss of 15.79 and 2% in the crust and core regions respectively 

at 175°C than control nuggets. At 190°C MC nuggets showed a lower moisture 

loss of 14.13 and 0.28% in the crust and core regions respectively than control 

nuggets. In the fat analysis, the MC nuggets showed a lower fat uptake than the 

control nuggets for all frying temperatures (175°C and 190°C) for both the core 

and crust regions. Methylcellulose nuggets showed a lower fat uptake of 26.38, 

14.29% in the crust and core regions respectively at 175°C and 42, 5.3 % in the 

crust and core regions respectively at 190°C than control nuggets. 

In the pressure analysis, control nuggets showed higher magnitude of 

positive pressure for a longer duration of time after insertion of nugget into the 

fryer than the MC nuggets indicating higher moisture loss form the nugget. 

Control nuggets also showed higher magnitude of negative pressure (suction 

pressure creation or vacuum effect) for a longer duration of time than the MC 

nuggets, indicating higher fat uptake by the control nuggets. The maximum 

pressure created inside the nuggets during frying was 0.0018 bar these results 
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also do not agree with the predictions of Yamasaengsung and Moreira, of 2.84 

bar pressure created inside tortilla chips during frying, such high pressures would 

blow up the fried product, which is does not happen practically. The present 

results showed that almost the complete frying process took place at negative 

pressures (vacuum) except for the first few seconds (depending on initial 

moisture content). This can be attributed to oil uptake taking place throughout the 

frying process, rather than only during post frying cooling. Nuggets with high 

initial moisture content showed higher positive and negative magnitudes of 

pressure for long time indicating that higher the initial moisture, higher the fat 

uptake. 

In the SEM analysis, control nuggets showed higher porosity before frying 

corresponding to high moisture loss and cell damage, and low porosity after 

frying corresponding to high fat uptake. The nuggets fried in dyed oil showed an 

oil penetration only up to 1mm to 4mm into the meat layer from the crust, 

indicating the oil uptake in the frying process to be a surface phenomenon, when 

observed under the light microscope. 
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APPENDIX 
 

STATISTICAL ANALYSIS DATA  
 
Variable 1 = control, Variable 2= MC 
Table A.1. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.673171 3.701191   

Variance 0.0397 0.024739   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 27    

t Stat -0.42751    

P(T<=t) one-tail 0.336199    

t Critical one-tail 1.703288    

P(T<=t) two-tail 0.672399    

t Critical two-tail 2.05183     
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Table A.2. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 30 sec of frying time.  
 
t-Test: Two-Sample Assuming Unequal 
Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.403189 3.49402   

Variance 0.071377 0.03825   

Observations 15 15   
Hypothesized 
Mean Difference 0    

df 26    

t Stat -1.06249    

P(T<=t) one-tail 0.148892    

t Critical one-tail 1.705618    

P(T<=t) two-tail 0.297784    

t Critical two-tail 2.055529     
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Table A.3. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.377693 3.454961   

Variance 0.037353 0.024839   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 27    

t Stat -1.19999    

P(T<=t) one-tail 0.120283    

t Critical one-tail 1.703288    

P(T<=t) two-tail 0.240565    

t Critical two-tail 2.05183     
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Table A.4. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.31371 3.438151   

Variance 0.030064 0.020429   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 27    

t Stat -2.14486    

P(T<=t) one-tail 0.02056    

t Critical one-tail 1.703288    

P(T<=t) two-tail 0.041119    

t Critical two-tail 2.05183     
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Table A.5. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.243354 3.341338   

Variance 0.008502 0.018111   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 25    

t Stat -2.32624    

P(T<=t) one-tail 0.014204    

t Critical one-tail 1.708141    

P(T<=t) two-tail 0.028408    

t Critical two-tail 2.059539     
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Table A.6. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion  between control and methylcellulose coated chicken nuggets fried 
at 190C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.586173 3.676734   

Variance 0.071492 0.02063   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 21    

t Stat -1.15559    

P(T<=t) one-tail 0.130413    

t Critical one-tail 1.720743    

P(T<=t) two-tail 0.260827    

t Critical two-tail 2.079614     
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Table A.7. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.358798 3.457764   

Variance 0.018444 0.019817   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 28    

t Stat -1.95954    

P(T<=t) one-tail 0.030037    

t Critical one-tail 1.701131    

P(T<=t) two-tail 0.060073    

t Critical two-tail 2.048407     
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Table A.8. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion  between control and methylcellulose coated chicken nuggets fried 
at 190C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.337295 3.42232   

Variance 0.011726 0.008079   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 27    

t Stat -2.33992    

P(T<=t) one-tail 0.013465    

t Critical one-tail 1.703288    

P(T<=t) two-tail 0.02693    

t Critical two-tail 2.05183     
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Table A.9. Student’s t-test with P -Value = 0.05 for moisture content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.278783 3.389587   

Variance 0.007635 0.01851   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 24    

t Stat -2.65399    

P(T<=t) one-tail 0.006947    

t Critical one-tail 1.710882    

P(T<=t) two-tail 0.013893    

t Critical two-tail 2.063899     
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Table A.10. Student’s t-test with P -Value = 0.05 for moisture content of 
core portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 3.186788 3.27951   

Variance 0.003025 0.008293   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 23    

t Stat -3.37546    

P(T<=t) one-tail 0.001305    

t Critical one-tail 1.713872    

P(T<=t) two-tail 0.002609    

t Critical two-tail 2.068658     
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Table A.11. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.281564 0.281104   

Variance 0.000784 0.000614   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 28    

t Stat 0.047589    

P(T<=t) one-tail 0.481191    

t Critical one-tail 1.701131    

P(T<=t) two-tail 0.962381    

t Critical two-tail 2.048407     
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Table A.12. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.3643 0.311288   

Variance 0.000528 0.001516   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 23    

t Stat 4.541288    

P(T<=t) one-tail 7.3E-05    

t Critical one-tail 1.713872    

P(T<=t) two-tail 0.000146    

t Critical two-tail 2.068658     
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Table A.13. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.392855 0.34714   

Variance 0.000252 0.000958   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 21    

t Stat 5.088405    

P(T<=t) one-tail 2.43E-05    

t Critical one-tail 1.720743    

P(T<=t) two-tail 4.87E-05    

t Critical two-tail 2.079614     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

114 
 

Table A.14. Student’s t-test with P -Value = 0.05 for fat content of core 
portion  between control and methylcellulose coated chicken nuggets fried 
at 175C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.425081 0.373686   

Variance 0.000535 0.001256   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 24    

t Stat 4.703264    

P(T<=t) one-tail 4.42E-05    

t Critical one-tail 1.710882    

P(T<=t) two-tail 8.83E-05    

t Critical two-tail 2.063899     
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Table A.15. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 240 sec of frying time.  
 
t-Test: Two-Sample Assuming Unequal 
Variances 

    

  
Variable 

1 
Variable 

2  

Mean 0.45115 0.411315  

Variance 0.000802 0.00053  

Observations 15 15  
Hypothesized Mean 
Difference 0   

df 27   

t Stat 4.22882   

P(T<=t) one-tail 0.00012   

t Critical one-tail 1.703288   

P(T<=t) two-tail 0.000241   

t Critical two-tail 2.05183    
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Table A.16. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.292012 0.284695   

Variance 0.001277 0.001326   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 28    

t Stat 0.555442    

P(T<=t) one-tail 0.291502    

t Critical one-tail 1.701131    

P(T<=t) two-tail 0.583003    

t Critical two-tail 2.048407     
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Table A.17. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.380275 0.33015   

Variance 0.00054 0.000584   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 28    

t Stat 5.791431    

P(T<=t) one-tail 1.61E-06    

t Critical one-tail 1.701131    

P(T<=t) two-tail 3.21E-06    

t Critical two-tail 2.048407     
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Table A.18. Student’s t-test with P -Value = 0.05 for fat content of core 
portion  between control and methylcellulose coated chicken nuggets fried 
at 190C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.401327 0.365766   

Variance 0.00019 0.001649   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 17    

t Stat 3.210975    

P(T<=t) one-tail 0.002563    

t Critical one-tail 1.739607    

P(T<=t) two-tail 0.005125    

t Critical two-tail 2.109816     
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Table A.19. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 120 sec of frying time.  
 
t-Test: Two-Sample Assuming Unequal 
Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.42094 0.393167   

Variance 0.000261 0.00095   

Observations 15 15   
Hypothesized 
Mean Difference 0    

df 21    

t Stat 3.091034    

P(T<=t) one-tail 0.002768    

t Critical one-tail 1.720743    

P(T<=t) two-tail 0.005536    

t Critical two-tail 2.079614     
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Table A.20. Student’s t-test with P -Value = 0.05 for fat content of core 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.443738 0.406629   

Variance 0.000781 0.00062   

Observations 15 15   
Hypothesized Mean 
Difference 0    

df 28    

t Stat 3.839355    

P(T<=t) one-tail 0.000323    

t Critical one-tail 1.701131    

P(T<=t) two-tail 0.000645    

t Critical two-tail 2.048407     
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Table A.21. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 175C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.948883 0.947119   

Variance 0.006643 0.047993   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 0.013066    

P(T<=t) one-tail 0.495198    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.990396    

t Critical two-tail 3.182446     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

122 
 

Table A.22. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 175C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.938096 0.934141   

Variance 0.001178 0.005672   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 0.082772    

P(T<=t) one-tail 0.469623    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.939247    

t Critical two-tail 3.182446     
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Table A.23. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 175C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.68742 0.884799   

Variance 0.007964 0.012005   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat -2.41924    

P(T<=t) one-tail 0.036411    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.072823    

t Critical two-tail 2.776445     
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Table A.24. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 175C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.632324 0.837018   

Variance 0.000923 0.001004   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat -8.07644    

P(T<=t) one-tail 0.000638    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.001277    

t Critical two-tail 2.776445     
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Table A.25. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 175C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.525727 0.678148   

Variance 0.000211 3.06E-05   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat -16.9772    

P(T<=t) one-tail 0.000223    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.000445    

t Critical two-tail 3.182446     
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Table A.26. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.91966 0.924661   

Variance 0.004911 0.000865   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat -0.11398    

P(T<=t) one-tail 0.458226    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.916451    

t Critical two-tail 3.182446     
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Table A.27. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.871969 0.918829   

Variance 0.000888 0.000993   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat -1.87145    

P(T<=t) one-tail 0.067303    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.134605    

t Critical two-tail 2.776445     
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Table A.28. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.652027 0.87697   

Variance 0.001058 0.001   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat -8.58955    

P(T<=t) one-tail 0.000505    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.001009    

t Critical two-tail 2.776445     
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Table A.29. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.565825 0.79994   

Variance 0.000663 0.001724   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat -8.30109    

P(T<=t) one-tail 0.001831    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.003663    

t Critical two-tail 3.182446     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

130 
 

Table A.30. Student’s t-test with P -Value = 0.05 for moisture content of 
crust portion between control and methylcellulose coated chicken nuggets 
fried at 190C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.509535 0.638525   

Variance 0.000161 0.000797   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat -7.21834    

P(T<=t) one-tail 0.002741    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.005482    

t Critical two-tail 3.182446     
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Table A.31. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.179683 0.160004   

Variance 0.007266 0.001764   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 0.35868    

P(T<=t) one-tail 0.371796    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.743591    

t Critical two-tail 3.182446     
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Table A.32. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 30 sec of frying time.  
 
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.206465 0.176455   

Variance 0.016666 0.008564   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat 0.327244    

P(T<=t) one-tail 0.379946    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.759893    

t Critical two-tail 2.776445     
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Table A.33. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.352696 0.279632   

Variance 0.004586 7.24E-05   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 2    

t Stat 1.854212    

P(T<=t) one-tail 0.102437    

t Critical one-tail 2.919986    

P(T<=t) two-tail 0.204874    

t Critical two-tail 4.302653     
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Table A.34. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.40235 0.319678   

Variance 0.000339 0.002278   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 2.799145    

P(T<=t) one-tail 0.033951    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.067901    

t Critical two-tail 3.182446     
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Table A.35. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 175C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.43069 0.340548   

Variance 0.001243 0.000705   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat 3.536811    

P(T<=t) one-tail 0.012041    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.024082    

t Critical two-tail 2.776445     
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Table A.36. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 0 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.187282 0.175345   

Variance 0.00458 0.007836   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat 0.185543    

P(T<=t) one-tail 0.430916    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.861832    

t Critical two-tail 2.776445     
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Table A.37. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 30 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.237746 0.212145   

Variance 0.000227 0.000111   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat 2.411759    

P(T<=t) one-tail 0.036707    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.073415    

t Critical two-tail 2.776445     
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Table A.38. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 60 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.351084 0.247292   

Variance 0.000644 0.000219   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 6.120123    

P(T<=t) one-tail 0.004384    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.008769    

t Critical two-tail 3.182446     
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Table A.39. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 120 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.44665 0.318766   

Variance 0.001223 0.000232   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 3    

t Stat 5.807838    

P(T<=t) one-tail 0.00508    

t Critical one-tail 2.353363    

P(T<=t) two-tail 0.01016    

t Critical two-tail 3.182446     
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Table A.40. Student’s t-test with P -Value = 0.05 for fat content of crust 
portion between control and methylcellulose coated chicken nuggets fried 
at 190C for 240 sec of frying time.  
 

t-Test: Two-Sample Assuming Unequal Variances 

     

  
Variable 

1 
Variable 

2   

Mean 0.455892 0.35906   

Variance 8.7E-05 0.000156   

Observations 3 3   
Hypothesized Mean 
Difference 0    

df 4    

t Stat 10.76536    

P(T<=t) one-tail 0.000211    

t Critical one-tail 2.131847    

P(T<=t) two-tail 0.000422    

t Critical two-tail 2.776445     
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 POROSITY DATA 
 
Table A3.6. Porosity values of Control nuggets fried at 175C for 0 and 4 min 
respectively. 
 
C 175C 0 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 30.703 125.638 7 

Meat layer 48.648 267.551 12.23 

Crust layer 36.221 240.229 10.568 

 
C 175C 4 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 33.784 131.576 6.936 

Meat layer 35.465 269.052 10.152 

Crust layer 33.784 262.533 9.914 
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Table A3.7. Porosity values of Control nuggets fried at 190C for 0 and 4 min 
respectively. 
 
C 190C 0 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 26.0745 241.391 10.801 

Meat layer 79.0155 502.057 28.209 

Crust layer 51.686 267.027 11.0912 

 
 
 
C 190C 4 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 35.4659 212.175 10.552 

Meat layer 27.3 159.531 6.594 

Crust layer 18.9 261.531 10.621 
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Table A3.8. Porosity values of Methylcellulose nuggets fried at 175C for 0 
and 4 min respectively 
 
 
MC 175C 0 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 31.761 137.514 7.127 

Meat layer 49.167 208.57 12.339 

Crust layer 23.1 182.126 8.3271 

 
MC 175C 4 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 35.7 177.324 10.211 

Meat layer 51.357 206.424 10.808 

Crust layer 44.29 275.386 13.721 
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Table A3.9. Porosity values of Methylcellulose nuggets fried at 190C for 0 
and 4 min respectively 
 
 
MC 190C 0 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 42.546 147.987 10.034 

Meat layer 79.449 239.354 15.358 

Crust layer 37.522 174.33 9.0267 

 
MC 375 4 min 
 

REGION Minimum 
diameter (µm) 

Maximum 
Diameter (µm) 

Porosity % 

Cross section 37.744 288.034 14.272 

Meat layer 48.313 228.233 11.1481 

Crust layer 41.1416 233.25 12.3588 
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Figure A3.12 Pore distribution in cross section of MC and C nuggets fried at 175C 

for 0 min 
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Figure A3.13 Pore distribution in meat layer of MC and C nuggets fried at 175C for 

0 min 
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 Figure A3.14 Pore distribution in crust layer of MC and C nuggets fried at 175C for 

0 min 
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Figure A3.15 Pore distribution in cross section of MC and C nuggets fried at 190C 

for 0 min 
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 Figure A3.16 Pore distribution in meat layer of MC and C nuggets fried at 190C for 

0 min 
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 Figure A3.17 Pore distribution in crust layer of MC and C nuggets fried at 190C for 

0 min 
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Figure A3.18 Pore distribution in cross section of MC and C nuggets fried at 175C 

for 4 min 
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Figure A3.19 Pore distribution in meat layer of MC and C nuggets fried at 175C for 

4 min 
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Figure A3.20 Pore distribution in crust layer of MC and C nuggets fried at 175C for 

4 min 
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Figure A3.21 Pore distribution in cross section of MC and C nuggets fried at 190C 

for 4 min 
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Figure A3.22 Pore distribution in meat layer of MC and C nuggets fried at 190C for 

4 min 
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Figure A3.23 Pore distribution in crust layer of C and C nuggets fried at 190C for 4 

min 
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ABSTRACT 

  
Two important factors affecting oil uptake of food products during deep fat frying 

(DFF) are water content and pressure development. In the past frying studies, 

pressure has not been measured physically but was calculated using computer 

models, which has resulted in some disagreements in the literature about its 

magnitude. The present study tries to explain the complex mass transfer 

mechanisms (fat uptake and moisture loss) taking place during DFF with respect 

to real time pressure variations inside chicken nuggets. Breaded chicken nuggets 

were made with and without 5% methylcellulose (MC) added to predust at a food 

processing company. All the frying experiments were performed at two 

temperatures (175ºC and 190ºC) for 0, 30, 60, 120 and 240 sec. The gauge 

pressure increased rapidly above the atmospheric pressure immediately after the 

nuggets were introduced into hot oil. This was expected due to sudden moisture 

flash-off. As the temperature of the nugget increased, the pressure inside the 

nugget decreased to negative values (suction). As the nugget was removed from 

the fryer after 240 sec (post-frying cooling phase), the pressure decreased 

further for another 2 to 3 min. The negative pressure values caused rapid 
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absorption of surface oil. During the post-frying cooling phase, the pressure 

approached an equilibrium negative value and then started rising back to 0 bars 

(ambient pressure) in 2 to 3 hour. The highest value of pressure was 0.0018 bars 

and the lowest was -0.19 bars. The MC-coated nuggets had lower fat uptake and 

higher moisture retention when compared to control nuggets in the core and 

crust regions for both frying temperatures. From the scanning microscopic 

analysis, control nuggets had higher levels of randomness in the crust, core and 

meat layers in terms of microstructure development, surface texture, rigidity and 

pore sizes when compared to MC-coated nuggets. With an increase in frying 

temperature, the nuggets had more surface damage and increased complexity of 

microstructure for both treatment and control nuggets. The nuggets fried in dyed 

oil showed oil penetration only from 1 mm to 4 mm into the meat layer from the 

crust. This implied that the oil uptake in the frying process was a surface 

phenomenon when observed under the light microscope. 

INTRODUCTION 

A joint publication by the U.S. Department of Agriculture, and Health and Human 

Services recommends that Americans should consume less than 10% of calories 

from saturated fatty acids and less than 300mg/day of cholesterol (Dietary 

guidelines for Americans, 2010). Fat content increases considerably after frying 

(Smith et al., 1985). This indicates a health concern with high oil uptake during 

DFF as excess fat consumption is a key contributor to coronary heart disease, 

and breast, colon and prostate cancers (Browner et al., 1991).  Consumer 



                                                    Texas Tech University, Sravan Lalam, May 2011                                                    
                                                         

159 
 

demands are moving towards healthier and low-fat products. This is creating 

pressure on the manufacturers to create products with low fat (Bouchon and 

Pyle, 2005). In order to create new foods with a low fat content, a complete 

understanding and optimization of the transport mechanisms during the deep fat 

frying (DFF) process is needed. 

Deep fat frying is an intensive heat transfer process, which is expected to 

produce significant internal vaporization and pressure generation as a function of 

the porous structure of the product (Ni and Datta 1999). Deep fat frying can be 

defined as the process of cooking foods by immersing food into the frying oil with 

a temperature of 150 to 200°C, which is well above the boiling temperature of 

water (Farkas et al., 1996).  

The water vapor evaporation is quiet rapid initially during frying. This 

process is obstructed by the formation of the thick crust; as a result pressure 

starts building inside the product due to the accumulation of excess vapor and 

results in the formation of cracks in the crust. These cracks serve as conduits for 

the oil entry into the product (Mittelman et al., 1984). Alberto et al. (1999) and 

Mallikarjunan et al. (1997) observed a reduction in the moisture content with 

increase in frying time due to evaporation. The initial moisture transfer from the 

chicken drumsticks during frying when the oil temperature was low was only in 

the liquid form. But as the frying progressed, a moving moisture front separating 

the wet and the dry regions advances into the chicken drum body, which results 
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moisture transfer predominantly in vapor mode. The liquid mode of moisture 

transfer is slower than the vapor mode (Mallikarjunan et al., 2009).  

The primary microstructural changes produced during frying are starch 

gelatinization and protein denaturation (Prabhasankar et al., 2003). The 

microstructure of chicken is made up of complex, heterogeneous, porous, 

anisotropic structures (Kassama et al., 2003) which are hygroscopic in nature. 

The porosity and pore sizes of fried food tend to decrease with the frying time. 

Pinthus et al., (1995) elucidated that the reason for reduction in pore size with 

frying time is due to oil uptake. Keller et al., (1986) Keller et al., (1986) directly 

visualized the porous surface region filled with dyed oil in French fries. (Moreira, 

1996) used nuclear resonance imaging on alginate gels at 170°C and found oil 

concentrates on the edges and the puffed regions areas. Vitac (2000) observed 

the development of a heterogeneous porous structure in cassava chips by 

scanning electron microscopy. Pedreschi et al.(1999), observed that the oil was 

trapped inside the potato cells as a result of cell rupture in the form of an „egg 

box‟ by confocal observations. The amount of oil on the crust was found out to be 

six times as compared to the amount of oil in the core region of French fries 

(Aguilera and Gloria, 1997). The results from various frying experiments show 

that the location of the oil was mainly on the crust as well as in the regions 

around the middle layer of cells just beneath the crust, and the core were virtually 

oil free (Keller et al., 1986). The oil uptake during frying involves a balance 

between the capillary forces and oil drainage during the post-frying cooling period 
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(Ufheil and Escher, 1996). Gamble et al (1987) proposed that most of the oil is 

pulled into the product when the product is removed from the fryer due to the 

condensation of the steam which produces a vacuum effect. Moreira et al (1997) 

found that nearly 64% of the total oil uptake into the product takes place only 

during cooling and out of this 80% remains on the surface and the rest 20% is 

absorbed into the product.  

 As of now, there are no reports about dynamic pressure being measured 

physically during frying, due to experimental difficulties. Only computer models 

have been used as a source of information in order to know the dynamic 

pressure changes inside the DFF products. Ni and Datta (1999)and 

Yamsaengsung and Moreira (2002b) found that gauge pressure inside DFF 

potato slabs would be around 0.01 bar after a frying period of 10 min. There is 

also a prediction that the average pressure of tortilla chips after a frying period of 

60 sec to be 2.84 bar, which is said to be very high. At such high pressures, 

there is a chance for the potato to blow up, which is not possible (Halder et al., 

2007). The oil absorption depends upon the radius of the pores. The small pores 

create high capillary pressure, which results in higher oil content (Moreira et al., 

1997). The solid food matrix is an obstacle to the water bubble growth. This leads 

to an over pressure inside the food during frying. The extent of overpressure 

depends upon the structure and material of the food. Vitac (2000) found this 

overpressure to be 0.45 bar inside the alginate gel, which contained 10% starch 

during frying. The over pressurization depends upon the initial structure of the 
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material. If the structure is weak, the material may break allowing the liquid and 

steam to escape. Vitac (2000) also measured a pressure dip of 0.35 bar in the 

food model gel (alginate with 10% starch) after few seconds of removal from the 

fryer. He concluded that vacuum is the most important force responsible for oil 

uptake in porous foods.  

The current research tries to explain the DFF by relating the real time 

pressure variation inside the product with mass transfer processes and 

microstructural changes. The primary objectives of this research were-to 

measure pressure changes inside control and methylcellulose-coated chicken 

nuggets at three different levels of initial moisture contents by a fiber optic 

pressure sensor at different frying temperatures; to measure the fat and moisture 

changes in control and methylcellulose-coated chicken nuggets at different frying 

times and temperatures; to analyze the microstructure of chicken nuggets by 

scanning electron microscopy (SEM); and to observe the fluid transport 

phenomenon in the chicken nuggets by use of thermostable Sudan red dye and 

light microscopy. 

 

Materials and methods 

The chicken nuggets for this project were prepared at a commercial food 

processing company. The primary ingredients for the chicken nugget formulation 

were boneless chicken (breast and thigh meat), batter, and breading ingredients 

(Kerry Inc., Beloit, WI). The skin portion of the meat was not added to the 
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formulation. The predust (No. G7102) was obtained from an ingredient 

manufacturer (Kerry Inc., Beloit, WI). The coating included two treatments. The 

first set had a predust (No. 53650, Kerry Inc., Beloit, WI) coating with 5% MC 

food grade gum, commercially known as Methocel A4M. The second set of 

nuggets did not have the MC coating in the predust (Kerry Predust Control 

G7102, Kerry Inc., Beloit, WI) formulation and this set of nuggets were the control 

nuggets. The addition of 5% methylcellulose did not change calories, taste or 

odor of the food, because MC is metabolically inert and indigestible (Dow 

Chemical, Midland, MI, U.S). The batter (No. G4113, Kerry Inc., Beloit, WI) and 

breading (No. G3684, Kerry Inc., Beloit, WI) were used. The chicken nuggets 

were prepared at a food processing company. The primary ingredients for the 

uncooked chicken meat constituted breast meat (48%), boneless thigh meat 

(42%), water (9.1%), salt (0.5%) and phosphate (0.4%) together constituting 

about 31.75 kg. The chicken used was boneless and skinless in order to reduce 

inhomogeneities. The chicken nuggets that are around 4.2 cm in diameter, 1.27 

cm in thickness and weigh approximately 18 g were prepared. The nuggets were 

par fried at 175°C and 190°C for 26 to 30 sec with regular soybean oil. The 

parfrying helped to stabilize the coating on the nuggets. The MC nuggets were 

prepared in the 1st batch followed by the second batch of control nuggets. The 

equipment was washed thoroughly after the first set of nuggets was formed in 

order to prevent mixing of the two different predust applications. Finally, the 

nuggets were packed, labeled with specific treatment name and the parfrying 
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temperature, and sent to the blast freezer for storage. The frozen samples were 

shipped overnight to Texas Tech University in insulated boxes with dry ice (solid 

carbon dioxide coolant). 

Pressure Measurement  

The effect of initial moisture content on the gauge pressure created inside the 

chicken nuggets during DFF was measured by means of a fiber optic pressure 

sensor (FISO Technologies Inc, Québec, Canada). The sensor was attached to a 

FTI-10 Fiber optic conditioner and controlled by FISO Commander-2 software 

(Version R9, FISO Inc., Québec, Canada). The pressure sensor is designed for 

measuring high temperature, short time processes like frying. The maximum 

temperature tolerance limit for the sensor was 450°C. Pressure was measured in 

bars at one-sec intervals. The ambient gauge pressure was considered as 0 bars 

for all experiments. The pressure sensor was inserted into a chicken nugget from 

its lateral side up to a length of 1.5 cm to the center. The sensor tip had a 

diameter of 2 mm. 

 The temperature changes in the nugget and frying oil were monitored 

simultaneously along with the pressure using K-type thermocouple attached to a 

data logger (NI USV 9161, National Instruments, Austin, TX) controlled by Lab 

View software (Version 8.2.1, National Instruments, Austin, TX). The temperature 

was recorded for every 1 sec. The thermocouple was inserted in the opposite 

direction to the pressure sensor on the lateral side of the chicken nugget up to 

1.5 cm and care was taken such that both sensors did not touch each other 
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(Figure 1). The frozen chicken nuggets were thawed for at least 4 hrs in a 

domestic refrigerator at a temperature of around 4°C. The thawed nuggets were 

placed in the basket of domestic fryer (General Electric 1800W, Arkansas City, 

KS). Frying was performed in 3.8 L of hydrogenated vegetable oil (Crisco Oil, 

Orrville, OH) at 175 and 190°C. The frying oil was heated to the required 

temperature for 1 hr prior to running the experiments. The lower moisture levels 

of 65% and 55% were obtained by dehydrating the 75%-moisture content 

nuggets in a microwave (General Electric Arkansas City, KS) for 2 and 4 min 

respectively. The moisture analysis was performed by drying oven using an 

AOAC method (No. 934.01, AOAC 1995). Pressure and temperature changes 

inside the chicken nuggets were monitored during the frying period (240 sec) and 

for another 240 sec during post-frying cooling period when the nuggets were 

removed from the frying oil. Pressure changes during the post-frying cooling 

period were considered important for oil absorption and excess oil drainage.   

Moisture and Fat analysis  

Chicken nuggets were fried for 0, 30, 60, 120, and 240 sec at temperatures of 

175°C and 190°C. Since, it was observed from the preliminary observations that 

the top and bottom crust layers have the same moisture and fat contents, both 

the top and the bottom crusts were combined for analysis. The moisture content 

determination in the core and crust samples was performed by vacuum-oven 

method by following AOAC (Method 934.01, AOAC, 1996). The final moisture 

content on dry basis was calculated by taking the difference between wet and the 
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dry sample weights. The fat content determination was performed by Soxhlet 

extraction by following the AOAC (Method 991.36, AOAC, 1996).  

Scanning Electron Microscopic (SEM) Analysis   

The SEM analysis was performed using a low vacuum (0.00025 bar) back 

scattering Scanning electron microscope (Hitachi TM-1000 table top microscope) 

with a constant voltage of 15K volt. All the images were taken at 80X 

magnification (where X represents the number of times the size of the sample). 

Chicken nugget samples were fried and dissected by disposable scalpel to 

approximately 1 cm x 1 cm x 0.25 cm pieces. Specifically, crust portion, the 

interface of crust and core, and the meat portions of samples fried for 0 sec (only 

par fried) and 240 sec at 175°C, 190°C were scanned. The structural identity of 

the samples was preserved by freeze drying the samples for 48 hr in a Kinney 

Vacuum, KSE-2A-M evaporator. The pressure inside the vacuum chamber was 5 

x 10-6 Torr. The complete process of sample preparation was performed at 

freezing temperatures without thawing the samples to avoid artifacts.  

Frying experiments in Sudan red dyed oil   

The fluid transport phenomenon in the chicken nuggets was monitored by frying 

the chicken nuggets in oil mixed with thermostable, fat-soluble Sudan red B dye. 

The dye was insoluble in water and found to have similar penetration behavior as 

that of frying oil (Keller et al., 1986). Dyed oil was prepared by dissolving 1 g of 

Sudan red B (Sigma-Aldrich, St. Louis, MO, USA) for every 1 L of oil. The oil was 

heated to 60°C and the dye was mixed in the oil to make a uniform solution for 4 
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hr. The chicken nuggets were fried from 30 to 480 sec at 175°C, 190°C to 

observe the fluid transport phenomenon across the cross section of the 

transversely dissected nuggets by light microscope (Olympus® SZH 

Stereoscope) at 15 to 30X magnifications in reflective mode.  

Statistical Methods   

For each experimental condition the statistical analysis was performed and mean 

values were reported. Data was evaluated using Student‟s t-test (P<0.05) to 

determine the significant differences between the control samples and MC 

samples on pick up percentage, and moisture and fat content. 

RESULTS AND DISCUSSIONS 

Effect of MC on batter and breading pick up  

The effect of MC on the pick up of predust, batter and breading in nuggets is 

shown in the Table 1. The pickup of predust, batter and breading was 17.5, 22.2, 

8.7% higher in predust, batter and breading of MC-coated nuggets than of the 

control nuggets. The MC nuggets showed a higher pick up for predust, batter and 

breading due to MC‟s ability to absorb water up to 40 times its weight (Glickman, 

1969). 

Moisture analysis  

The graphical representation of the drying patterns in the crust and core portions 

of control and MC nuggets is shown in the Figures 2 and 3. Error bars indicate 

the standard error calculated for mean using standard deviation for 15 samples 

of core and 3 samples of crust. The frying experiments at 175°C showed a 
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decrease in moisture content in the crust layer from 0.95 g/g to 0.52 g/g in 240 

sec in control nuggets and 0.95 g/g to 0.67 g/g in the MC coated nuggets. This 

indicated 15.8% less moisture in the crust of MC nuggets than control nuggets 

after frying for 240 sec. The core layer also showed similar moisture loss pattern 

in control and MC nuggets. There was 2% less moisture loss in the core of MC 

coated nuggets than control nuggets. Similarly, in the nuggets fried at 190°C, the 

MC nuggets showed 14.1% lower moisture in the crust and 0.28% lower 

moisture loss in the core region than the crust and core of control nuggets. 

Higher rate of moisture loss was observed during the first 60 sec of frying 

due to high evaporation rates of moisture from the product. The pressure 

variations in the control and the MC-coated chicken nuggets were also higher 

during this period as discussed subsequently. Steep negative slopes were 

observed in the moisture loss graphs during the first 30 sec and the steepness in 

the slopes reduced to become more curvilinear with the increase in the frying 

time. Similarly, high positive slopes were observed in the pressure graphs during 

the initial frying period. This degree of steepness in the slopes was higher in the 

control nuggets than the MC-coated nuggets in both the moisture and pressure 

graphs. As discussed in the pressure section (see Figures 6 to 11), the control 

nuggets had higher magnitudes of positive pressure for longer time periods than 

the MC-coated nuggets, which may be the reason for higher moisture loss by 

control nuggets.   
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 From the Student‟s T-test, it was observed that there were no significant 

differences (P>0.05) in the initial moisture content at 0th sec for both control and 

MC nuggets in the crust region for nuggets fried at 175°C. The initial means were 

0.948 and 0.947 g/g for control and MC respectively. No significant differences 

(P>0.05) in moisture content were observed between the means at 30 sec as 

well.  But at frying times of 60 sec and later, significant differences (P<0.05) were 

observed between the means of control and MC-coated nuggets. Similar pattern 

was seen in the other treatments 

 Thus, the MC coating showed a significant effect on reducing the moisture 

loss from the chicken nuggets. The crust layer had a higher moisture loss than 

the core layer for both treatments at all temperatures and frying times. The drying 

pattern in all the treatments showed a curvilinear decrease similar to the drying 

pattern observed by (Ngadi et al., 2006) in chicken nuggets. Moisture from the 

interior moves toward the frying surface in the form of vapor. Evaporation takes 

place at a high rate at the surface and the vapor tends to move in all directions 

and excess vapor tends to move towards the cooler core region (Mallikarjunan et 

al., 1997). This vapor condenses and reduces the pressure below the ambient 

pressure, which would be a driving force for oil uptake. A similar migration of 

liquid water to the surface of meat was seen by (Oroszvari, 2006). 

Fat analysis  

The graphical representation of the fat uptake patterns in the crust and core 

regions of control and MC nuggets can be seen in the Figures 4 and 5. The error 
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bars indicate the standard error calculated for mean using standard deviation for 

15 samples for core and 3 samples for crust. At 240 sec frying time, the fat 

uptake was from 0.18 to 0.43 g/g in control nuggets and 0.16 to 0.34 g/g in MC-

coated nuggets. This indicated a 26.4% less fat uptake in the crust of MC-coated 

nuggets than control nuggets and 14.3% less fat uptake in the core of MC-coated 

nuggets than the control nuggets for frying at 175°C. Similarly, at 190°C frying 

temperature the fat uptake was 42% less in the crust region and 5.3% less in the 

core region of MC-coated nuggets than control nuggets. Similar, patter of 

significant difference between the means as that of moisture loss was observed 

in the fat uptake. 

The fat uptake was relatively higher in the crust region compared to the 

core region. MC-coated nuggets showed lower fat uptake in both crust and the 

core regions when compared to the control nuggets. The rate of fat uptake was 

higher during the first 60 sec of frying and reduced with the frying time. 

Incorporation of 5% MC in the predust has better film-forming characteristic 

(DowChemical, 1996) than predust without MC. Ufheil and Escher, (1996) found 

that the absorption of oil into the food starts only during cooling. But as discussed 

in the pressure section, negative pressure values were observed inside the 

chicken nuggets during the frying stage itself, indicating the potential for oil 

uptake into the food during the this stage. The higher magnitude of negative 

pressure created for a longer period of time may be responsible for the increase 

in the positive slope, curvilinear nature and high fat uptake of the control nuggets 
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than the MC-coated nuggets compared to control in the fat uptake graphs. The 

contribution of MC was more in reducing the oil uptake than moisture retention 

(Pinthus et al., 1993), which was similar to the observations in  the present study. 

Oil is absorbed into the product from the superficial oil layer on the crust during 

cooling when the depressurization occurs (Ziaiifar et al., 2008).   

Pressure and temperature profiles in chicken nuggets  

The Figures 6 to 11 show the average gauge pressure and temperature variation 

in the MC-coated and control chicken nuggets, and temperature variation of 

frying oil for 5 different replications. Three different initial moisture levels obtained 

for both control and MC-coated chicken nuggets were 75% (control), 65% and 

55%. The pressure and temperature profiles were observed for a period of 8 min 

(4 min of frying period and 4 min post-frying cooling period) at 175°C and 190°C. 

The pressure profiles for all the treatments had a general trend of sudden 

increase above the ambient pressure (0 bar) for a few seconds after placing the 

nuggets into the hot oil. Pressure remained above zero for longer time for 

nuggets that had high initial moisture content (control moisture nuggets) and for 

nuggets that had no MC coating (control nuggets). Pressure gradually decreased 

to negative values, indicating creation of a vacuum inside nuggets. A large part of 

the frying process took place at negative pressure (vacuum). When the nuggets 

were removed from the fryer, the pressure inside the nuggets continued to 

decline for 2 to 3 min. Then a minimum value was reached, after which the 

pressure slowly started to return to the ambient value (0 bar). Some trials were 
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conducted for several hours, indicating that after a nugget is taken out of the 

fryer; it takes 2 to 3 hrs for pressure to increase from negative values to ambient 

pressure.   

Temperature of the nuggets showed a steady rise for the first 2 min of 

frying and became constant thereafter, oil temperature dropped for few seconds 

when the frozen nuggets were introduced into the fryer and rose back to the 

required frying temperature (175°C or 190°C) after few seconds. 

At 175°C frying temperature, pressure profiles of 75% initial moisture 

content control nuggets (Figure 6), showed an initial rise above the ambient 

value (0 bar) for 94 sec and gradually decreased to negative values during the 

frying process (until the 240th sec). The pressure continued to decrease during 

the post-frying cooling period (until the 480th sec) up to -0.051 bar until the 387th 

sec and started to rise back to 0 bar. Highest magnitude of positive pressure was 

0.00166 bar at the 42nd sec. In the 65% initial moisture content control nuggets 

(Figure 7), no initial rise of pressure above the ambient value was observed. 

Negative pressure was observed after the 1st sec of frying. The whole frying 

process took place in vacuum. The pressure continued to decrease during the 

post-frying cooling period up to -0.057 bar till 476th sec and started to rise back to 

0 bar. In the 55% initial moisture content (Figure 8) control nuggets, the whole 

frying process took place in vacuum with no initial rise above 0 bar. The pressure 

continued to decrease during the post frying cooling period up to -0.1921 bar at 

430th and started to rise back to 0 bar thereafter.  
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At 190°C frying temperature, pressure profiles of 75% initial moisture 

content (Figure 9) control nuggets, showed an initial rise above the ambient 

value for 14 sec, and gradually decreased to negative values during the frying 

period. The pressure continued to decrease during the post-frying cooling period 

up to -0.0501 bar at 469th sec and started to increase back to 0 bar thereafter. 

Highest magnitude of positive pressure was 0.002 bar at the 4th sec. In the 65% 

initial moisture content (Figure 10) control nuggets, no initial rise of pressure 

above the ambient value was observed since the 1st sec of frying.  Negative 

pressure exists in the interior of the nuggets for almost the whole frying process. 

The pressure continued to decrease during the post-frying cooling period to -

0.0566 bar until 465th sec and started to rise back to 0 bar thereafter. In the 55% 

initial moisture content (Figure 11) control nuggets, the whole frying process took 

place in vacuum with no initial rise above ambient pressure. The pressure 

continued to decrease during the post-frying cooling period to -0.0991 bar at 

431st and started to rise back to 0 bar.  

The higher rate of moisture loss from the control nuggets might be 

responsible for higher magnitudes of positive pressure for a longer period of time 

and higher magnitude of negative pressure for a longer period of time when 

compared with the MC-coated nuggets for all the moisture levels except for MC-

coated nuggets at 65% (Figure 10) and 55% moisture content (Figure 11) fried at 

190°C. The effective barrier property exhibited by the MC might be responsible 

for lower moisture loss and lower magnitudes of positive and negative pressure 
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in MC-coated nuggets.  These results may be correlated to the higher moisture 

retention and lower fat uptake by the MC-coated nuggets during the fat and 

moisture analysis. Previous studies of (Halder et al., 2007) gave much 

importance to oil uptake during cooling due to capillary suction and water vapor 

condensation. But present results indicated that the negative pressure exists in 

the nugget core during most of the frying process except for the first few 

seconds, which may be attributed to oil uptake taking place throughout the frying 

process. 

 The MC added to the predust has a thermal gelation property, which 

results in the formation of film around the sample (Anon, 1987; Henderson, 

1988). This property might have been responsible for the MC-coated nuggets 

having lower magnitudes of positive and negative pressure than control nuggets.  

Initial and the final moisture content have a major impact on the oil uptake during 

DFF (Gamble and Rice, 1988).  

It is clearly evident from Figures 6 to 11 that as the temperature of the 

nugget increases, the pressure inside the nugget decreases which allows the 

process of oil uptake. This may be considered as the stage at which the oil 

enters the crust portion of the chicken nuggets and gets adhered to it. As the 

nugget is removed out of the fryer, i.e. after 240th sec, it can be observed that the 

pressure decreases further for another 2 to 3 min. This stage may be understood 

as the stage where a part of the oil which is adhered to the outer surface of the 

nugget getting absorbed into it. Then the pressure tends to reach an equilibrium 
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negative value and then starts increasing back to 0 bar (ambient pressure) in 2 to 

3 h (as observed from the preliminary results). This period may be considered as 

the period of oil drainage.  

During post-frying cooling no vigorous escape of vapor took place at the 

surface and pressure drop inside the product may be due to the condensation of 

water vapor. This may cause pressure driven flow of oil from the outer layer of 

food to the inner layer. The pressure driven flow and the capillary flow together 

cause the rapid uptake of oil (Halder, 2007). Vacuum produced by the steam 

condensation at the evaporation front during cooling phase reduces the capillary 

flow of oil into the food (Gamble and Rice, 1988). In the present experiments the 

maximum pressure created inside the chicken nuggets during frying was 0.0018 

bar. These results did not match with the predictions of (Yamsaengsung and 

Moreira, 2002b), who predicted a pressure of 2.84 bar inside tortilla chips during 

frying. Such high pressures would blow up the fried product, as noted by (Halder 

et al., 2007). 

Scanning electron microscopic analysis (SEM)  

The SEM images of crust, crust-core interface and core regions of chicken 

nuggets are shown in Figures 12 to 17. The primary basis of SEM analysis was 

to observe the effect of frying time, frying temperature and MC-coating on 

development of microstructure in the DFF chicken nuggets. Control and MC- 

coated chicken nuggets were deep fat fried for 0 (par fry only) and 4 min (par fry 

+ full fry) at 175˚C and 190˚C. Par frying was performed at 175˚C and 190˚C. 
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 Figure 12 shows the crust region of control and MC-coated nuggets fried 

for 0 and 4 min at 350˚F. At 0 min, the crust of control nugget, appeared to be 

randomized with huge pores, cracks and fissures with rough surface texture 

(Figure 12a).  The coating seems to be less intact for control. In MC coated 

nuggets, the coating was more intact and the surface appears to be rigid, smooth 

and compact with smooth texture (Figure 12b). Surface rigidity in chicken 

nuggets appears to be due the MC coating, which is believed to reduce the 

residual debris (Mukprasirt et al., 2000) by binding the meat and batter during 

frying (Bernal, 1989).  After 4 min of frying, the control nugget shows thermally 

damaged cells and cell debris (Figure 12c). The surface gaps and pores seem to 

be filled with oil.  Similar surface cracks; pores and damaged cells appear to 

have been created in MC coated nuggets after 4 min of frying, although the 

texture is smoother than the control nuggets (Figure 12d). The control nuggets 

showed higher porosity before frying corresponding to high moisture loss and cell 

damage, and low porosity after frying corresponding to high fat uptake. With 

increase in the frying temperature, at 375˚F (Figure 13), the nuggets showed 

more surface damage, increase in porosity and increase in complexity of 

microstructure. Control nuggets showed higher discoloration (dark in 

appearance) at all frying times and temperatures compared to the MC coated 

nuggets.  Reduction in the pore size in 4 min fried samples may correspond to 

the fat uptake into the pores. Kassama and Ngadi (2004), made similar 

observation in pore size reduction in DFF samples.  
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Figure 14 shows the crust-core interface in the 350˚F fried chicken 

nuggets. At 0 min, the control nugget (Figure 14a), show a partial demarcation of 

crust and core layers, but this is not seen in the MC coated nugget (Figure 14b). 

This may be the reason behind the higher pick up % values observed for MC 

coated nuggets in Table 1. Transverse cracks and large pores are already visible 

in control nugget, indicating moisture loss, but surface topography appears 

smooth with very less pores in MC coated nuggets, which is an indication of 

moisture retention.  At 4 min frying time, the control and MC nuggets, (Figure 

14c) and (Figure 14d), respectively have shown clear demarcation of upper thick 

crust and a lower porous, loose and lamellar core layer. The outer part of the 

core layer appears more composite and inner part appears more porous 

indicating the oil migration only till the outer layer of the core and compensating 

to the average fat uptake in the chicken nuggets, as seen in the Sudan red dye 

experiments.  The control nugget seemed less porous and composite than the 

MC coated nuggets. This may be due to collapsing of pores due to oil uptake as 

seen in the fat analysis and depressurization as seen in pressure analysis during 

the DFF. This observation agrees with (Rahman, 2001) and (Kassama and 

Ngadi, 2004).  Similar observations are seen in 375˚F fried samples (Figure 15) 

and the core layer as well (Figures 16 and 17).   

In the 4 min fried samples, most of the pores in MC coated chicken nugget 

sections seemed to be open (Figure 14d & 15d). But the pores in the control 

nuggets appeared to be closed (Figure 14c & 15c). This might be due to the 
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creation of higher magnitude of negative pressure inside the control nuggets than 

the MC coated nuggets during the post frying cooling period, which might be a 

reason behind the higher fat uptake by the control nuggets. The prevalence of 

higher magnitude of negative pressure for a longer period of time in the control 

nuggets can be observed in the pressure graphs of control moisture content 

chicken nuggets (Figure 6). The opposite is the case with 0 min fried (par fried 

only for 30 sec) samples. Most of the pores in the MC coated samples seemed to 

be closed (Figure 14b & 15b) and in the control samples seemed to be open 

(Figure 14a & 15a). This might be due to the creation of higher magnitude of 

positive pressure for a longer period of time during the initial few seconds of 

frying when the nuggets were introduced into the fryer inside the control nuggets. 

This might be responsible for higher moisture loss by the control nuggets as 

indicated in the moisture loss graphs. 

Frying experiments in Sudan red dyed oil  

The migration of frying oil into the chicken nuggets was observed by frying 

the nuggets in oil dyed with lipid soluble, heat stable and water insoluble Sudan 

red dye. The migration of oil and Sudan Red were similar into the food. So, it can 

be used as a marker that is identical to localized oil in fried foods (Keller et al., 

1986). The nuggets were fried in oil for 0.5,1,2,4 and 8 min durations at 350°F 

and 375°F temperatures. The Figure 18 shows the localization of the dyed oil in 

the C and MC chicken nuggets. The primary aim of these experiments was to 

determine, whether the oil uptake was a surface phenomenon. The observation 
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of the figure shows that the oil deposition in the chicken nuggets was mainly 

around the crust region, and interface between the crust and core. The oil did not 

reach up to the center of the nuggets. The dyed oil content in the outer most 

layer of core corresponds to greater average fat uptake in crust and lower fat 

uptake into the core region of the nuggets as mentioned in the fat analysis 

section. The oil penetrated up to a depth of 2 mm in all the treatments. Slightly 

higher oil penetration was observed in control nuggets when compared to the MC 

nuggets. This might be due to higher magnitude of negative pressure in the 

control chicken nuggets. Similar observation on oil penetration limiting to the 

crust less than 1mm depth was made for French fries by (Farkas and Singh, 

1991) and (Keller et al., 1986). The moisture loss, and dye penetration into the 

nuggets increased with the increase in frying temperature, and time. The thin 

layer of crust appeared to act as a barrier to mass transfer during DFF. Thus, the 

oil was mostly localized around the corners and edges of the crust and broken 

slots (Pinthus and Saguy, 1994). Most of the cooking oil will be located in the 

outer two layers of the food (Aguilera and Gloria, 1997). The results from various 

frying experiments for DFF potato products show that the location of the oil was 

mainly on the crust as well as in the regions around the middle layer of cells just 

beneath the crust, and the core was virtually oil free (Aguilera et al., 2001; 

Bouchon and Aguilera, 2001; Keller et al., 1986). 

With increasing frying time, surface shrinkage and cracks were observed, 

which may be due to the evaporation of moisture from the nuggets (Figure 3.17). 
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The 0.5 min fried nuggets showed higher moisture content with raw appearance 

when compared to the nuggets fried for longer times. A shrinkage in the crust 

indicated by reduced thickness of red layer can be observed at 480 sec frying 

time for both treatments and frying temperatures due to dehydration. The amount 

of cracks and dried patches increased with frying time.  

CONCLUSIONS 

The MC was effective in increasing the percentage pick up of predust, 

batter and breading of the chicken nuggets by 17.5%, 22.2% and 8.7%% more 

than the control nuggets. In the moisture analysis, the MC coated nuggets 

showed a lower moisture loss from both core and the crust layers for all the frying 

temperatures (175°C and 190°C) than the control nuggets. MC nuggets showed 

a lower moisture loss of 15.8 and 2% in the crust and core regions respectively at 

175°C than control nuggets. At 190°C, MC nuggets showed a lower moisture 

loss of 14.1 and 0.28% in the crust and core regions, respectively than control 

nuggets. In the fat analysis, the MC nuggets showed a lower fat uptake than the 

control nuggets for all frying temperatures (175°C and 190°C) for both the core 

and crust regions. Methylcellulose nuggets showed a lower fat uptake of 26.4, 

14.3% in the crust and core regions, respectively at 175°C and 42, 5.3 % in the 

crust and core regions, respectively at 190°C than control nuggets. 

In the pressure analysis, control nuggets showed higher magnitude of 

positive pressure for a longer duration of time after insertion of nugget into the 

fryer than the MC nuggets indicating higher moisture loss form the nugget. 
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Control nuggets also showed higher magnitude of negative pressure (suction 

pressure creation or vacuum effect) for a longer duration of time than the MC 

nuggets, indicating higher fat uptake by the control nuggets. The maximum 

pressure created inside the nuggets during frying was 0.0018 bar these results 

also do not agree with the predictions of Yamasaengsung and Moreira (2002), of 

2.84 bar pressure created inside tortilla chips during frying.The present results 

showed that almost the entire frying process took place at negative pressures 

(vacuum) except for the first few seconds (depending on initial moisture content). 

This can be attributed to oil uptake taking place throughout the frying process, 

rather than only during post frying cooling. Nuggets with high initial moisture 

content showed higher positive and negative magnitudes of pressure for long 

time indicating that higher the initial moisture, higher the fat uptake. 

In the SEM analysis, control nuggets showed higher porosity before frying 

corresponding to high moisture loss and cell damage, and low porosity after 

frying corresponding to high fat uptake. The nuggets fried in dyed oil showed an 

oil penetration only up to 1mm to 4mm into the meat layer from the crust, 

indicating the oil uptake in the frying process to be a surface phenomenon, when 

observed under the light microscope. 
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