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In food industry, hot air jet impingement ovens are used to bake pizza 

shells, crackers, cookies, and to toast ready-to-eat cereals. Despite its significant 

applications and advantages (faster processing and better quality products) in 

food processing industry, there is a very limited understanding of detailed 

transport processes (heat and mass transport) involved in jet impingement 

baking.  

To develop quantitative understanding of transport processes during jet 

impingement baking, we have modeled the flow field and its associated thermal 

transport phenomenon for a cookie shaped and a hot dog geometry using 

numerical simulation and have validated it using experimental data. To predict 

temperature and moisture distribution during baking, we have developed four 

different baking models based on coupled heat and mass transfer. These models 
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differ based on coupling of heat and mass transport terms, vapor transport, 

thermodiffusion and stages of a baking process.   

Results of flow field and its associated thermal transport studies 

demonstrated that numerical simulation approach can be used to predict both 

flow field and thermal transport during jet impingement baking. The results 

highlight that local and average surface heat transfer coefficient values are a 

function of nozzle to plate spacing, jet inlet velocity and geometry of target 

product.   Comparison of temperature and moisture profiles among the models 

show significant differences in temperature and moisture profile. Based on 

comparison of these models, we established that vapor transport process is 

important for modeling of a baking process, while thermo-diffusion process does 

not make a significant contribution to moisture transport. The results also 

demonstrate that introduction of stages in baking based on empirical approaches 

can introduce artificial steps in temperature-time profile. Comparison of 

numerically predicted center point temperature with experimental measurements 

in a potato disk shows that modified model II (with vapor transport and a single 

stage baking process) provides the best match with the experimentally measured 

data.  In summary, we have modeled the complete transport process during jet 

impingement baking, which can predict the baking time, crust thickness, 

temperature and moisture distributions within the food for a given jet velocity and 

air temperature.  
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CHAPTER 2  

 

Specific Objectives 

 
 
Overall objective of this dissertation was to numerically simulate transport 

phenomena during jet impingement baking.   Specific objectives of this research 

are: 

Objective 1  

To carry out numerical simulation of conjugate thermal transport during jet 

impingement baking and validate it using experimental data 

This objective was subdivided into two sub-objectives, which are as follows: 

 Objective 1a: To numerically simulate the flow field for a single jet impinging 

with or without a model food object and its experimental validation 

Here, the aim was numerically predict the flow field of an axisymmetric 

turbulent impinging jet on a flat surface and on a surface of a model food object.  

The results of numerical simulation were compared with experimental flow 

measurement data obtained by Marcoft et al, (1999). 

Objective 1b: To numerically predict the conjugate heat transfer between a 

turbulent hot air jet and a model food object and its experimental validation 

The aim was to model conjugate thermal transport process to numerically 

predict the surface heat transfer coefficient for a model food object. Numerical 

simulation predicted both the flow field and the surface heat transfer coefficient 

for an impinging jet on a model food object. Two different geometries i.e., disk 
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and cylindrical were selected for simulation of cookie and hot dog shaped 

objects. Using numerical simulation, the effect of oven geometry and jet air 

velocity on surface heat transfer coefficient was evaluated. The numerical 

predicted (both local and average heat transfer coefficient) values were validated 

using experimentally measured local and average heat transfer coefficient for the 

above selected model geometries. 

Objective 2  

To develop mathematical models to numerically simulate the coupled heat 

and mass transport in a food product during baking and to validate them 

experimentally 

This aim was further sub-divided into two sub-objectives, which are as follows:  

Objective 2a: To model coupled heat and mass transport process in a 1-d model 

geometry based on three different phenomenological models to simulate baking 

process and to compare the results with experimental measurements: 

In this aim, the baking process was numerically simulated based on three 

different phenomenological baking models. The initial studies were carried based 

on a baking model proposed by Zanoni et al., (1994). This model was modified to 

create two new baking models to simulate a baking process. These new 

proposed models were different from Zanoni’s model based on coupling of heat 

and mass transport equations during baking and modeling vapor transport 

process during baking. Based on these models, the temperature-time and 

moisture-time profile within a food matrix were predicted and compared among 
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different baking models. Further the results of these models were compared with 

the experimental measurements in a potato disk.    

Objective 2b: To model transport processes within a food matrix during baking 

of a 2-d axisymmetric model of a food and compare numerical predictions with 

the experimental measurements: 

In this objective, the three baking models were extended to model the 2-d 

axisymmetric geometry of a cylindrical disc. In parallel with 1-d simulations, the 

numerically predicted temperature and moisture contours were compared across 

the three baking models and further the results were compared with experimental 

measurements. The results of this study have provided a comprehensive 

numerical toolbox to simulate baking processes. Further the discussion on 

various phenomenological models and their respective mathematical formulation 

has enhanced our understanding of physical processes during baking.   
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CHAPTER 4 

Results 
 
The results are presented according to the objectives. 

 
Objective 1  

To carry out numerical simulation of conjugate thermal transport during jet 
impingement baking and validate it using experimental data  

To carry out numerical simulation of conjugate heat transport, 

measurements of jet inlet velocity and inlet temperature were required. In this 

study, experiments were also conducted to measure average surface and local 

heat transfer coefficients. These measurements were made to characterize rate 

of thermal transport for the pilot scale experimental jet impingement unit. These 

experimental results were also used for validation of numerical simulation results. 

The first part of this section describes the experimental results for following 

measurements:  

Experimental Measurements 

(a) Maximum jet velocity  

(b) Measurement of average top surface heat transfer coefficient 

(c) Measurement of local maximum in surface heat transfer coefficient 

Maximum Jet Velocity 

Results for variation of the maximum jet velocity with plenum pressure for 

the three different jets (Jets # 7, 8 and 9 as shown in Figure 3.2) under different 

conditions of temperature are shown in Figure 4.1. Velocity was measured using 
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a pitot tube at 20 mm from the jet tube ends.  The results showed an expected 

non-linear increase in velocity with an increase in jet air pressure. The results 

also indicated a small increase in velocity with an increase in jet air temperature 

for a fixed pressure. This trend was expected as density of air decreases with an 

increase in temperature. The theoretical relationship between jet velocity U, 

plenum pressure and density is given by :( )
)(

2
T
PU

ρ
Δ

= . Results of velocity 

measurement experiments using the pitot tube indicated a fair amount of 

uniformity in the maximum velocity under different jets at same conditions of 

temperature and pressure. The velocity values ranged from 18 m/s to 44 m/s as 

the plenum pressure was changed from 250 Pa to 1050 Pa. The experimentally 

determined value of maximum velocity was used to calculate the Reynolds 

number. The range of the Reynolds number value based on jet tube inside 

diameter (17.8 mm) was 12,000-35,000, which indicated that the flow was 

turbulent. Based on literature, a round jet with the Reynolds number greater than 

2500 is generally considered to be turbulent (Gardon and Akfirat, 1965). 
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Figure 4.1 
 

Variation of maximum jet velocity (measured using pitot tube) versus plenum 
pressure chamber at different temperatures 
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Measurement of Average Top Surface Heat Transfer Coefficient 

Experiments for measurement of top surface average heat transfer 

coefficient were carried out at two levels of jet velocity (22 and 42 m/s), and at 

two levels of jet air temperature (65 °C and 150 °C). The experiments were 

carried out using a model cookie shaped object placed in a cavity of a wooden 

plate. The wooden plate was designed with a cut out to insulate sides of the 

model cookie shaped object such that only top surface of the model cookie is 

exposed to jet. Details of experimental designs are discussed in the experimental 

research methods section (Chapter 3). Results for surface heat transfer 

coefficient are shown in Table 4.1. The results show an expected increase in 

surface heat transfer coefficient with an increase in jet impingement velocity. 

Further, results show no significant effect of temperature of hot air impinging jet 

on average surface heat transfer coefficient. 

The next step was to measure local surface heat transfer maxima. To 

design experiments for measurement of local surface heat transfer maxima and 

to analyze experimental results, an error range in measurement of local surface 

heat transfer coefficient was estimated based on a theoretical analysis.  The 

following section presents the analysis for error estimation. 
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Table 4.1 
 

Average top surface heat transfer coefficient for a model cookie system 
obtained at different plenum pressure and temperature 

 
 
Temperature 

(οC) 

Plenum pressure 

(Pa) 

Top surface average heat 

transfer coefficient 

with side areas covered 

(W/m2K)* 

65 250 (22 m/s) 117 

65 1050 (42 m/s) 165 

150 250 (22 m/s) 126 

150 1050 (42 m/s) 180 

 

* Typical Error = ± 15% 
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Estimation of Error in Measurement of the Local Maximum in Heat Transfer   

Coefficient 

 
Error in measurement of local maximum in heat transfer coefficient “h 

max” will depend on a percent error in measurement of heat flux gage output and 

a percent error in measurement of temperature using T- type thermocouples. 

Total error can be represented in form of the following equation. 

Δ h/h= Δ q/q + Δ (ΔT)/ (ΔT)                                                                             (4.1) 

Δ q represents the error in recording heat flux gage output using DAS1800 HR 

board. For 0-10 V output range, the Δ q value is estimated to be 45 mV as 

supplied by the manufacturer (Keithley Metrabyte, OH).  Error in determination of 

temperature is 1 οC per 100 οC range for the T type thermocouples (Omega 

Engineering catalog). For experiments with oven air temperatures below 100 οC, 

the maximum error in recording cookie surface and air temperature will be a sum 

of the errors for each thermocouple (sum of the errors of both thermocouples- 

thermocouple for hot air jets and the thermocouple for the surface temperature of 

the heat flux gage). So the total error in temperature difference measurement in 

this case could be as high as 2 οC.  Based on this analysis it was established that 

error in measurement of temperature is a major contributor to the total error in 

determination of local heat transfer coefficient. As model cylindrical disc heats 

up, temperature difference between the hot air jets and the surface temperature 

of the heat flux gage decreases. The contribution of error term in measurement 
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of local heat transfer maximum increases as  (ΔT) decreases (eqn.  4.1). Based 

on this approach the error in temperature measurement becomes 20 % when the 

temperature difference is about 10 οC, which lead to a total estimated error of 

20.9% in measurement of heat transfer coefficient (h). Based on this analysis, it 

was determined that measurement of local surface heat transfer maximum with 

an impinging jet at 65 οC would result in significant error as the total range of 

increase in temperature from room temperature (25 οC) to 65 οC is small. Beyond 

a model cookie temperature of ~50 οC, the magnitude of error would increase 

significantly above the acceptable level. Based on this estimate, experiments 

were designed to measure local heat transfer maxima using impinging jet at 

temperature of 150 οC at different levels of impinging jet velocity (22, 29, 36 and 

42 m/s). 

 

Local Maximum in Heat Transfer Coefficient for Cookie Shaped Objects 

 

Results for variation of local maximum in the heat transfer coefficient as a 

function of impinging jet velocity are presented in Figure 4.2. The results 

demonstrate that local maximum surface heat transfer coefficient increases with 

an increase in jet velocity (plenum pressure). As discussed in the previous 

section, error in measurement of local heat transfer coefficient is a function of 

temperature difference between a heat flux gage and a hot impinging air. As the 

temperature difference decreases the error in measurement of local surface heat 

transfer maxima increases. It was estimated that maximum error was in the 

range of ~ 20 % for a 10οC difference in temperature between a heat flux gage 
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and an impinging jet. Based on this estimate, to represent the worst-case 

scenario, error bars with 20% error range are shown in Figure 4.2.  To establish 

statistical significance of change in local heat transfer coefficient as a function of 

impinging jet velocity, a single factor ANOVA (Analysis of Variance) was carried 

out. Result of the statistical analysis is shown in Table 4.2.  For ANOVA, 

triplicate repeat values of local heat transfer at four different jet velocities were 

paired in groups of two jet velocities and a single factor ANOVA analysis was 

conduced with a confidence interval (alpha=0.05) of 95%. The results show that 

for differences larger than 14 m/s in jet velocity, a significant difference (P<0.05) 

in local heat transfer coefficient was observed for all groups of jet velocities.  

Figure 4.3 compares local surface heat transfer maximum with 

measurements of average top surface heat transfer coefficient as a function of 

impinging jet velocity. The results show that the local maximum heat transfer 

coefficient is higher than the average top surface heat transfer coefficient 

measured under same experimental conditions. To establish statistical 

significance of difference between local maxima and average heat transfer 

coefficient, a single factor ANOVA (Analysis of Variance) using triplicate repeat 

values for each group was carried out. Statistical analysis is summarized in 

Table 4.3. Results clearly show that the local heat transfer coefficient values are 

significantly different from the average top surface heat transfer coefficient 

values. Together, these results indicate that jet impingement system will have 

some degree of non-uniformity in distribution of surface heat transfer coefficient 
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along the surface of cookie shaped model geometry. This can potentially have 

implications for uniformity of baking. 
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Figure 4.2 
 
Variation of local maximum heat transfer coefficient with velocity for 

50 mm diameter cookie placed under jet # 7 at 150 οC 
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Table 4.2  

 
ANOVA analysis for local heat transfer coefficient at different jet 

velocities  

 
  Alpha=0.05   
    
Comparison pairs p value Significant difference

Local h values    
Vel=22, 42 m/s 0.013901 Yes  

     
Vel=22,36m/s 0.022191 Yes  

     
Vel=22,29m/s 0.184275 No  

     
Vel=29,42m/s 0.01886 Yes  

     
Vel=29,36m/s 0.033428 Yes  

     
Vel=36,42m/s 0.142982 No  
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Figure 4.3 
 

Comparison of local maximum heat transfer coefficient (h max)  
with average heat transfer coefficient for a cookie shaped objects  

with side areas covered  
(only top surface exposed) under jet # 7 at 150 οC 
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Table 4.3 
 

ANOVA analysis for comparison of local and average heat 
transfer coefficient at two levels of jet velocity with alpha =0.05 

 

 

 

Jet Velocity Avg. h 

(W/m2K) 

Local hmax 

(W/m2K) 

p Value Significant 

Difference 

Inlet Velocity 

=22 m/s 

126 176 0.006329 Yes 

Inlet Velocity= 

42m/s 

181 211 0.006322 Yes 
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 Numerical Simulation and Comparison with Experimental Results 

 

Objective 1a: Numerical Simulation of Flow Field 

 
Contours of velocity magnitude obtained using numerical simulation of 

flow field as described in the methods section for an isothermal impinging jet on a 

flat plate at z/d =5 are shown in Figure 4.4. The results indicate formation of a 

potential core in the initial region of a jet flow. As the jet develops further, results 

show narrowing of the potential core region. This is in full agreement with the 

studies carried by Gardon and Akfirat, (1965) and Martin, (1977).  

Further, to validate the numerical simulation results, velocity contours 

obtained using numerical simulation were compared with the results of 

experimental study for a single impinging jet carried by Marcoft et al., (1999). In 

this experimental study velocity measurement were made using a LDA (Laser 

Doppler Anemometry) system on a jet impingement oven with a z/d spacing of 5. 

Velocity field was mapped at discrete plains at specific z positions. Velocity 

values at specific z positions (72% and 11.11% height from the impinging plate of 

the total nozzle to plate spacing in a z/d =5 geometry) obtained from the 

numerical simulation were compared with experimentally measured velocities at 

the same z position. Figure 4.5 (a, b) compares numerically predicted axial 

velocity of an impinging jet as a function of radial distance with experimentally 

measured jet velocity at two z levels (z positions, i.e. 72%, 11.11%) respectively. 

The results indicate a good agreement between the numerical predictions of the 
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flow field and the experimentally obtained impinging jet velocities at different 

stages (different z positions) of an impinging jet.  
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Figure 4.4 
 

Isothermal velocity (Total Velocity) contours of an axi-symmetric jet 
impinging on a target plate at z/d=5 at maximum jet velocity of 25 m/s, and jet 

inlet temperature of 298 K 
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Figure 4.5 

 
Comparison of the numerically obtained axial velocity with experimental 
axial velocity data (Marcoft et al, 1999) as a function of radial distance at 
various z/d positions (a) z/d= 1.4 (65 mm from the target plate), (b) z/d = 

4.4 (10 mm from the plate) 
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Object 1(b)  

To numerically predict the conjugate heat transfer between a turbulent hot 
air jet and a model food object and its experimental validation 
 

Numerical Simulation of an Impinging Jet on Model Cookie Shape 

Geometry 

 
Isovelocity (total) contours and isotherms obtained from numerical 

simulation of a single jet impinging on a cookie are shown in Figures 4.6, 4.7 

and 4.8 at time t = 200 s.  Velocity contours in Figure 4.6 clearly demonstrate 

presence of potential core along the centerline of the jet and the stagnation point 

at the center of an impinging jet. These results are in agreement with the results 

reported by Gardon and Akfirat (1965), Martin (1977), and Heather et al (1999).  

Figure 4.7 shows isotherms for heating of a model cookie with the 

thermophysical properties of aluminum. The result shows uniform temperature in 

the aluminum cookie. When a model cookie with thermophysical properties 

typical of a food material is used in this simulation, result shows of substantial 

temperature gradients within the cookie (Figure 4.8). This difference in the 

response of a model aluminum cookie and a model food cookie is expected due 

to significant internal resistance to heat transfer for a food cookie as compared to 

an aluminum cookie. As shown by Nitin and Karwe (2001), the Biot number Bi (= 

hH/kcookie) for an aluminum cookie during jet impingement is much smaller than 

0.1, which represents negligible internal resistance to heat transfer, whereas the 

Bi value for a real cookie is usually much greater than 0.1.  
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Based on this simulation, we calculated the surface heat transfer 

coefficient for a model cookie object. Variation of surface heat transfer coefficient 

along the model cookie surface obtained from numerical simulation at different 

values of nozzle-to- plate spacing (z/d= 2, 3, 5) are shown in Figures 4.9, 4.10, 

and 4.11 respectively. The results show the radial variation of surface heat 

transfer coefficient along the top surface of the model cookie at four different jet 

velocities (i.e. 10, 20, 30, 40 m/s).  This variation of surface heat transfer 

coefficient was same at t = 20, 50, 100, 200, 400 s. Variation of top surface heat 

transfer coefficient values shows the existence of local maximum at the 

stagnation point for the case of z/d= 2 and 3 at all four jet velocities. These 

results are in agreement with the results reported by Martin (1977) and Huber & 

Viskanta (1994a, 1994b). In case of z/d =5, the local maximum was observed at 

stagnation point for the jet velocities of 10 and 20 m/s. For the case of jet 

maximum velocities of 30 and 40 m/s, the maximum in heat transfer was slightly 

off center (away from the stagnation point).  This shift in local maximum can be 

explained by radial acceleration of an impinging jet after impinging near the 

stagnation point combined with a decrease in jet centerline velocity due to 

increased entrainment at higher values of z/d. As a result the local maximum in 

heat transfer coefficient is slightly off center.  

For a fixed z/d position, magnitude of the heat transfer coefficient 

increased with an increase in jet air velocity, as expected. The local and surface 

average heat transfer coefficient values also increased with a decrease in z/d 
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value (Lytle and Webb, 1994). Thus higher rates of heat transfer can be obtained 

by bringing the jets closer to the object.  
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Contour plot of total velocity in a turbulent impinging jet at z/d= 3 

Figure 4.6 
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Figure 4.7 
 

Isotherms in air and in aluminum model cookie placed under a hot air 
impinging jet at z/d=2 and maximum jet velocity of 10m/s 
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Figure 4.8 
 

Isotherms  in air and in a cookie made up of representative food 
material placed under a hot air impinging jet at z/d=2 and 

maximum jet velocity of 10m/s 
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Figure 4.9 
 

Variation of local surface heat transfer coefficient as a function of position 
on top surface of cookie at different jet inlet velocities for z/d =2, 

Tjet=450K 
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Figure 4.10 

Variation of local surface heat Transfer coefficient as a function of 
position on top surface of cookie at different jet inlet 

velocities for z/d =3, Tjet=450K 
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Figure 4.11 
 

Variation of local surface heat transfer coefficient as a function of 
position on top surface of cookie at different jet inlet 

velocities for z/d =5, Tjet=450K 
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Comparison of Numerically Predicted Surface Heat Transfer with 

Experimental Measurements 

 
Local Heat Transfer Coefficient 

Comparison of experimental data of local heat transfer coefficient at a 

stagnation point, with numerically determined values with and without heat flux 

gage modification at z/d=3 are shown in Figure 4.12 (a and b). Experimental 

measurements provided the local average heat transfer coefficient over the area 

of the heat flux gage (10mm x 8 mm). To numerically calculate average heat 

transfer coefficient over the same area as the heat flux gage, numerically 

predicted local heat transfer coefficient values were averaged for 5 mm radial 

distance from the axis of symmetry. Results show that the numerical predicted 

values of local heat transfer coefficient are in agreement with the experimental 

measurements (within ± 15 %).  

Results of numerical approach, simulating the effect of attachment of heat 

flux gage on the surface of a model cookie (for this simulation we modeled the 

effect of difference in thermal conductivity of heat flux gage and a model cookie), 

show a better agreement with the experimental data as compared to the results 

without the heat flux gage. The details of the error estimation using heat flux 

gage are discussed in Nitin (2001). These deviations can be partially attributed 

due to difference in the thermal conductivity of the aluminum model cookie and 

that of the heat flux gage (Deo and Karwe, 1998), due to the bonding cement, 

etc.  
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Average Surface Heat Transfer Coefficient 

Comparison of experimentally measured average surface heat transfer 

coefficient results with the numerical simulation is shown in Figure 4.13. Results 

demonstrate a good agreement (within ± 15 %) between experimentally 

measured average heat transfer coefficient and numerically predicted results. 

Details of the error analysis for average heat transfer measurements are 

discussed in Nitin and Karwe, (2001). 

To validate that the surface heat transfer coefficient values measured 

using aluminum disks indeed represent the heat transfer coefficient values for a 

real cookie (neglecting any mass transfer), numerical simulations were carried 

out using thermophysical properties of aluminum and a food material. Radial 

variation of the surface heat transfer coefficient obtained for two model materials 

(aluminum and food) are shown in Figure 4.14. The results demonstrate that 

surface heat transfer coefficient values for an aluminum cookie and a real food 

material cookie were the same (Fig. 4.14a), although the surface temperature 

values for the two cookies were vastly different (Fig. 4.14b). This validates the 

theoretical prediction that surface heat transfer coefficient is independent of the 

thermophysical properties of a product. 
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Figure 4.12   

Comparison of experimentally measured local average   heat transfer  coefficient around stagnation point using heat flux gage with 
results of numerical simulation (a) without heat flux gage; (b) with 

heat flux gage at different jet inlet velocities and Tjet=450 K 

 



 178     

 

 

0

50

100

150

200

250

0 10 20 30 40 5

Jet Velocity (m/s)

A
ve

ra
ge

 S
ur

fa
ce

 H
ea

t T
ra

ns
fe

r C
oe

ffi
ci

en
t

h 
(W

/m
2 K

) 

 Experimental      
 
 Numerical  
 Simulation 

0

 

Figure 4.13 
 

Comparison of experimentally measured average surface heat transfer 
coefficient with results of numerical simulation at different jet 

inlet velocities and Tjet=450 K 
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Figure 4.14 
  

Numerical Simulation of Jet Impinging on a Model Cylindrical Object 
Numerically obtained (a) variation of local surface heat transfer coefficient 

and (b) surface temperature, for cookies with thermophysical 
properties of aluminum and typical food material 
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Isovelocity contours of an impinging jet on a model cylindrical object of 1 

cm diameter for the case of z/d =3 are shown in Figure 4.15. Similar isovelocity 

contours for 1.5 cm and 2 cm diameter model cylinders are shown in Figures 

4.16, and 4.17. Simulation results show that flow field of an impinging jet for a 

curved geometry is quite different in many regards as compared to a model 

cookie. The thickness of stagnation domain is narrower as compared to a model 

cookie system shown in Figure 4.6. The other major difference is the expected 

separation of flow near the bottom of the model cylinder, suggesting non-uniform 

heat transfer rates along the curved surface of cylinder. Comparison of 

isovelocity contours shown in Figures 4.15, 4.16, 4.17 indicate no significant 

changes in the overall flow profile with changes in diameter, indicating similar 

trends in surface heat transfer variation for different cylindrical geometries. 

Numerically obtained average surface heat transfer coefficients for model 

cylindrical geometry of diameter 1 cm, 1.5 cm and 2 cm as a function of 

impinging jet velocity are shown in Figure 4.18. The results show an increase in 

average heat transfer coefficient with an increase in jet velocity as expected. 

Comparison among different cylindrical geometries shows no significant 

difference in surface heat transfer coefficient for 1 cm and 1.5 cm diameter 

cylinders. Numerically obtained average surface heat transfer coefficient for 2 cm 

cylinder was only slightly higher than 1 cm and 1.5 cm diameter cylinders, at all 

jet velocity values. This trend is supported by very similar flow profile for all three 

geometries under same conditions of jet inlet velocity. 
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 Results for variation of local surface heat transfer coefficient along the 

cylindrical surface are shown in Figure 4.19 (a), (b), and (c) for three different 

cylindrical geometries with diameters of 1 cm, 1.5 cm, and 2 cm respectively. The 

results show a significant variation of local heat transfer coefficient along the 

cylindrical surface as compared to results with model cookie system. In Figure 

4.19 (a), (b) and (c) the distance (x coordinates) represents the projection of the 

curved surface on axial coordinate (axis of symmetry). The maximum in local 

surface heat transfer coefficient was observed at stagnation point for all three 

geometries. In all cases, we observed a drop in local heat transfer coefficient 

along the surface of a model cylinder, with a sharper drop along the bottom edge 

of the cylinder. This result is in agreement with the results obtained from the 

isovelocity contours indicating a separation region towards the bottom edge of 

the curved geometry. This implies that the surface heat transfer coefficient can 

have large variations for a cylindrical hotdog shaped geometry. This variation 

may lead to non-uniform heating/ baking of the food material.
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Figure 4.15 
 

Isovelocity contours of an impinging jet on a 1 cm diameter cylinder 
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Figure 4.16 
 

Isovelocity contours of an impinging jet on a 1.5 cm diameter cylinder 
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Figure 4.17 
 

Isovelocity contours of an impinging jet on a 2 cm diameter 
cylinder 
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Variation of average surface heat transfer coefficient as a function of jet 
maximum velocity for three cylindrical diameters of 1 cm, 1.5 cm, 2 cm 
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(W/m2K) 

Figure 4.19 
 

Variation of local surface heat transfer coefficient as a function of axial 
position for three cylindrical geometries of (a) 1 cm, (b) 1.5 cm and (c) 2 

cm diameter  
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Comparison of Numerically Predicted Average Surface Heat Transfer 

Coefficient with Experimental Measurement 

 
Results of average surface heat transfer coefficient predicted by numerical 

simulation for cylindrical geometry were compared with experimental results 

obtained using aluminum model cylinders (hot dog geometry) of different 

dimensions. Experimental study was carried out using the same experimental 

approach as described for the cookie shaped object. Comparison of the 

experimental results with numerical predicted values is shown in Table 4.4. 

Results show a good agreement between numerical prediction and experimental 

results. Numerical simulation results indicate an increase in surface heat transfer 

coefficient with an increase in the diameter of a model cylindrical geometry, 

which is expected as increase in diameter will tend to decrease the distance 

between an impinging jet and a target cylinder. This decrease in nozzle to target 

distance tends to increase both the local and average heat transfer coefficient as 

observed in case of a cookie shaped geometry. Similar trend was also observed 

in the local heat transfer coefficient for cylindrical geometry with an increase in 

diameter of a cylinder.  

The other reason for an increase in average surface heat transfer 

coefficient is based on understanding that an increase in diameter will reduce the 

curvature of a cylindrical surface, resulting in more uniform surface heat transfer 

over a larger area. This trend was not observed in experimental data. It could 

have been due to some experimental error resulting from placement of this 

cylinder in an oven system or due to bad thermocouple contact, etc. Despite this 
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discrepancy in overall, numerical prediction results matches with experimental 

data within ± 20%, which is good as experimental system itself has an error 

range of ± 15 %.  
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Table 4.4 

Comparison of numerically predicted average surface heat transfer 
coefficient with experimental data obtained for three cylindrical geometries 

of 1 cm, 1.5 cm and 2 cm diameter 
 

              Average Surface Heat Transfer Coefficient, h (W/m2K) 

Velocity 
m/s 

1 cm cylinder 1.5 cm cylinder 2 cm cylinder 

  Simu
lation 

Experi
mental 

Simu
lation

Experi
mental 

Simul
ation 

Experime
ntal 

1 22 137 150 137 124 145 134 

2 42 218 235 218 195 240 200 

  

 

 



 190     

Comparison of Center Temperature For Real Food Material (Hot Dog) with 

Numerical   Simulation of Conjugate Heat Transfer Problem in a Food 

Matrix with Impinging Jet 

The aim of this study was to compare experimental measurements of 

center temperature in a real food system with numerical predicted results based 

on thermal transport modeling. In this study, we solved the conjugate heat 

transfer problem for a cylinder shaped food material (thermophysical properties 

of hot dog) with an impinging jet. In this numerical simulation, the thermophysical 

properties for a hot dog were used. They were: Cp (Specific heat)= 3300 J/kg, 

Density=1200 kg/m3,  and Thermal Conductivity =0.4 W/m K (Choi and Okos, 

1985). The conjugate heat transfer was used to predict the center temperature of 

the hot dog based on conduction within the food matrix. Results of this simulation 

were compared with the experimental measurement of hot dog center 

temperature. Temperature time profiles for a real hot dog and that obtained from 

the numerical simulation based on conjugate heat transfer are shown in Figures 

4.20 and 4.21 at 65 °C and 100 °C jet inlet temperature respectively. Results 

indicate good agreement for the case when the jet air temperature was below 

100 °C. For the case where jet air temperature was above 100 °C, the results 

indicate that the predicted temperature is higher than that observed 

experimentally. This is expected as in case of real food system, a part of thermal 

energy is used in evaporation and mass transfer processes. This indicates the 

importance of coupled heat and mass transfer processes to predict the 

temperature –time profiles in real food system.  
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Figure 4.20 
 

Comparison of numerically predicted temperature time history at the center of 
model food with that of real food system for maximum jet temperature of 65 ° 

C 
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Figure 4.21 
 

Comparison of numerically predicted temperature time history at the center 
of model food with that of real food system for maximum jet temperature of 

150 ° C 
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Objective 2 

To develop mathematical models to numerically simulate the coupled heat 

and mass transport in a food product during baking and to validate them 

experimentally  

 

Objective 2a: To model coupled heat and mass transport process in a 1-d model 

geometry based on three different phenomenological models to simulate baking 

process and compare the results with experimental measurements: 

 
Comparison of Predicted Temperature-Time Profile 

 In the previous section (Figures 4.20 and 4.21), we concluded that the 

predicted temperature-time profile based on heat transfer model alone did not 

agree with the experimental observations in a model food especially when 

temperature > 100°C. To overcome this limitation, we developed coupled heat 

and mass transfer models to describe the baking process. The differences 

among these models are discussed in Chapter 3. In this specific objective, 1-d 

models of coupled heat and mass transfer processes were developed to simulate 

baking of a model cookie. This approach will provide a direct comparison of the 

predictions of all three models in a relatively simple geometry. For each of the 

model coupled heat and mass transfer equations were formulated using finite 

volume method based on conservation of mass and energy. These coupled 

equations were solved using explicit finite difference scheme. Cookie of 1 cm 

thickness was divided into 20 finite volume units (each slice of 0.05 cm). Mass 
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and energy conservation equations for these 20 units were solved using explicit 

formulation with a time step of 0.1 seconds.  

Contour plots of the temperature-time profile of three baking models are shown in 

Figure 4.22. Figure 4.22(a), (b), (c) represent results based on Zanoni’s model 

(Zanoni et al, 1993), modified baking model I and II respectively. The results 

represent temperature time history at different grid points on a 1-dimensional 

model grid.  
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(b) Modified Baking Model I 

(c) Modified Baking Model II 
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Figure 4.22 

 
Contour plots of temperature-time profile predicted by three different baking models for 

a 1-d geometry. (a) Zanoni’s Model; (b) Modified Baking Model I; (c) Modified Baking 
model II 

Grid Points Time * 10 (s) 
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 Results based on all three models illustrate a rapid rise in the surface 

temperature of a cylindrical disk during baking, followed by a slower rise in 

temperature within a cylindrical disk.  Comparison of the results among three 

baking models highlight significant differences in predicted temperature-time 

data. Results based on Zanoni’s model and modified baking model I show a 

stepwise increase in the surface temperature as compared to a smooth 

continuous increase predicted by the modified baking model II. This stepwise 

increase in temperature is observed as a result of a phase change process at 

100 °C, during which the temperature at that particular control volume is 

maintained constant until the moisture content in the control volume drops below 

a critical pre-determined value (e.g. equilibrium moisture content in Zanoni’s 

model and drop in water activity below 1 in modified model I). This imposed 

condition during baking creates a stepwise increase in temperature-time profile. 

Since in case of modified baking model II, this condition is not used and the 

baking process is modeled based on using a same set of equations during all 

stages of baking, we do not observe a stepwise trend in a temperature-time 

profile.  

 In all three models, a similar rise in surface temperature is predicted, with 

significant differences among models in prediction of temperature gradients 

within a cylindrical disk. The contour plots show a steep gradient in temperature 

based on Zanoni’s and modified baking model I as compared with modified 

baking model II. This steepness in temperature gradient with respect to time is 
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also caused by a stepwise rapid increase in surface temperature while the 

temperature of interior node rises slowly.  

 To further illustrate differences in these models, the above results are also 

represented using a 2-d plot of temperature-time profile at specific grid locations 

within a cylindrical disk. The direct comparison of these plots further validates the 

trends discussed above. The results (Figure 4.23(a. b. c)) clearly illustrate the 

differences in the temperature-time profile predicted by these three models. 
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(c) Modified Baking Model II 
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Figure 4.23 

  
Plot of temperature-time profile predicted by three different baking models 

for a 1-d geometry at different depth locations  
a) Zanoni’s Model 

 

b) Modified Baking Model I 
c) Modified Baking model II 
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Comparison of Predicted Moisture-Time Profile  

 Figure 4.24 (a, b, c) show contour plots of predicted moisture-time profile 

based on Zanoni’s baking models, modified baking model I and modified baking 

model II, respectively. These predicted moisture profile illustrate significant 

differences among these three models. Based on Zanoni’s model, baking 

process has a rapid evaporation of moisture content once the temperature 

becomes equal to the phase change temperature.  This change results in a sharp 

drop in moisture content within a food matrix as illustrated by the contour plot in 

Figure 4.24(a). This is expected, as Zanoni’s model does not consider any 

resistance to vapor formation and transport within the food matrix. On the other 

hand, the moisture-time profiles predicted by modified baking model I and II have 

a gradual drop in moisture content within the food matrix (Figures 4.24(b) and 

(c)) with increase in temperature (time of baking). This is due to the fact these 

modified models account for vapor transport rate in modeling loss of moisture 

from a food material during baking. 
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(c) Modified Baking Model II 
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 Figure 4.24 
 

Contour plots of moisture-time profile predicted by three different 
baking models for a 1-d geometry 

a) Zanoni’s Model 
b) Modified Baking Model I 
c) Modified Baking model II 
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 To further illustrate the moisture-time history at discrete locations within 

the food matrix, Figure 4.25 shows a 2-d plot of moisture content versus time. 

The results presented in this format clearly illustrate the differences in the 

moisture –time profiles predicted by Zanoni’s model as compared with modified 

baking models.  Based on these plots, the Zanoni’s model predicts a much larger 

crust thickness (layer of material with moisture content less than the critical 

moisture content) as compared to predicted crust thickness based on modified 

models I and II. Further, Zanoni’s model does not predict a significant drop in the 

moisture content at the center of the model food object as compared with 

modified models I and II. The rate of drop in moisture content due to vaporization 

in Zanoni’s model is not affected by a decrease in water activity as the slope of 

moisture loss as function of time at a specified location is independent of the 

moisture level. In case of modified baking models I and II, a drop in rate of 

moisture loss is observed as the water content drops below a water activity of 1.  

 Figure 4.26 shows a plot of normalized average moisture content (ratio of 

moisture content (t) with respect to moisture content at t=0) as a function of time 

based on above discussed models. The plot clearly demonstrates more rapid 

loss of moisture content based on Zanoni’s model as compared with modified 

model I and II.  This is expected, as Zanoni’s does not consider any resistance to 

vapor transport process.  
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Figure 4.25 
 

Plot of moisture-time profile predicted by three different baking models for a 1-d 
geometry at different depth locations  

(a) Zanoni’s Model 
(b) Modified Baking Model I 
(c) Modified Baking model II 
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Figure 4.26 

 
Comparison of decrease in normalized average moisture 

content of baked 1-d model geometry based on three 
different baking models  
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Soret Effect 

  To evaluate contribution of the Soret effect (thermo-diffusion) on 

predicted temperature and moisture profiles, we have compared results of 

modified Zanoni’s model (Zanoni’s model with addition transport terms to model 

thermo-diffusion process) with 1-d formulation of Zanoni’s model. The details of 

this modification are discussed in Chapter 3. Results of predicted temperature 

and moisture profile are compared between Zanoni’s and modified Zanoni’s 

model.  Comparison of predicted temperature profiles with (Figure 4.27) or 

without contribution (Zanoni’s Model; Figure 4.28) of the Soret effect shows no 

significant difference. Similarly comparison of moisture profile with (Figure 4.29) 

and without (Zanoni’s Model; Figure 4.30) contribution of the Soret effect shows 

no significant difference. These results indicate that contribution from 

thermodiffusion process is limited and it does not significantly effect the predicted 

temperature-moisture profile during baking.  Thus for future simulation of baking 

process, thermo-diffusion transport was not considered. 
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Figure 4.27 

 
Predicted temperature-time profile based on modification of Zanoni’s 

baking model with Soret effect 
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Figure 4.28 
 

Predicted temperature-time profile based on Zanoni’s Baking Model  
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Figure 4.29 

 
Predicted moisture-time profile based on modification of Zanoni’s 

baking model with Soret effect 

 

 

 

 



 

 

211     

 

Figure 4.30 
 

Predicted moisture-time profile based on Zanoni’s Baking Model  
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Comparison of Numerically Predicted Temperature Profile with 

Experimental Measurements 

 

 Figure 4.31 compares numerically predicted temperature-time profile 

based on the above-discussed models (Zanoni, Modified Baking Model I and II) 

with the experimental measurement at the center of a 5 cm diameter potato disk 

with 1 cm thickness. The results demonstrates that based on 1-d approximation 

of this geometry, all of the above baking models under-predict the increase in 

temperature with time as compared with the experimental results. Earlier in 

Figures 4.20 and 4.21, the results demonstrated that modeling of baking 

process based on heat transfer alone, over-predicts the center temperature of a 

cylindrical hot dog as compared with experimental measurements. This is 

expected as the entire thermal energy is used for increasing the temperature of 

the food material with no contribution towards mass transport process including 

surface moisture evaporation and vapor transport within the food. In case of 1-d 

models based on both heat and mass transport, the numerical results predict 

lower temperature values as compared to experimental measurement. This 

suggests that 1-d approximation of cylindrical disk may not be a suitable 

approximation, as 1-d model does not account for the net energy transferred 

from the side surface of a cylindrical disk. This difference may account for under-

predicting the center temperature based on these three models.  
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 Figure 4.31 
 

Comparison of the experimental data with the numerically predicted 
temperature values for the center point of a 1-D model geometry. The 

numerical data was predicted based on three different baking 
models
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2-D Axisymmetric Models of Baking 

 To overcome some of the limitations associated with a 1-d approximation 

of a model cylindrical disk, the 1-d models of baking were extended to 2-d 

axisymmetric models. Details of the 2-d axisymmetric models are discussed in 

Chapter 3. Using 2-d axisymmetric grid geometry, numerically predicted 

temperature and moisture profiles were compared among three baking models. 

In addition the numerically predicted temperature profiles at a center point of a 

potato disk were compared with the experimental measurements.  

Comparison of Temperature Profile Based on Three Baking Models 

 Figure 4.32 shows temperature contours within a cylindrical disk based on 

Zanoni’s model at following specified intervals of time (1 min, 2 min, 5 mins and 

10 mins.) As observed in case of 1-d model, the temperature at the surface 

increases rapidly. Top and side surface temperatures of a model cylindrical disc 

approaches the temperature of the oven, while center temperature rises slowly 

and approaches 100 °C (Phase change temperature or boiling point of water).  

 Figures 4.33 and 4.34 show the numerically predicted temperature 

contours based on modified model I and II respectively.   
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Figure 4.32 (a-b) 
Numerically predicted temperature contours within a cylindrical disk 
(2-d axisymmetric disc) based on Zanoni’s model at intervals of (a) 1 

and (b) 2 minutes after baking 
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Figure 4.32 (c-d) 
 

 
Numerically predicted temperature contours within a cylindrical disk (2-d 
axisymmetric disc) based on Zanoni’s model at intervals of (a) 5 and (b) 

10 minutes after baking 
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 Numerically predicted temperature contours within a cylindrical disk (2-
d axisymmetric disc) based on Modified Baking Model I at intervals of (a) 

1 and (b) 2 minutes after baking  
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Figure 4.33 (c-d)  
Numerically predicted temperature contours within a cylindrical disk (2-
d axisymmetric disc) based on Modified Baking Model I at intervals of (c) 

5 and (d) 10 minutes after baking 
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Figure 4.34 (a-b) 
Numerically predicted temperature contours within a cylindrical disk (2-
d axisymmetric disc) based on Modified Baking Model II at intervals of 

(a) 1 and (b) 2 minutes after baking 
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Figure 4.34 (c-d)  
Numerically predicted temperature contours within a cylindrical disk (2-
d axisymmetric disc) based on Modified Baking Model II at intervals of 

(a) 5 and (b) 10 minutes after baking 
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 Based on comparison of results in Figures 4.32, 4.33, the contour shape 

of temperature distribution predicted by Zanoni’s model and the modified baking 

model I are similar during the initial period of baking (temperature contours at 1 

and 2 minute interval). After this initial interval of time, numerically predicted 

temperature based on Zanoni’s model increases rapidly as compared with 

modified baking model I. This is expected as both these models are based on 

three stage baking process as discussed in Chapter 3 and have same set of 

boundary conditions. The difference in the temperature profile observed at 5 and 

10 minutes interval of baking is due to the differences in vapor transport and 

coupling of heat and mass transport equations during a baking process.  

 Numerically predicted temperature contours based on modified baking 

model II (Figure 4.34) are significantly different from predictions based on 

Zanoni’s (Figure 4.32) and modified baking model I (Figure 4.33). In numerically 

predicted temperature contours based on modified baking model II, the contour 

shape is smooth as compared with predicted contours based on Zanoni’s and 

modified baking model I. This difference in the contour profiles can be explained 

on the basis of differences in numerical formulation of these three models. In 

case of Modified Baking Model II the baking process is modeled as a single 

continuous process as discussed in Chapter 3 as compared to a three step 

baking process. Despite these differences among models, the general trend of 

rapid increase in surface temperature, with a slower increase in temperature at 

the central core of a food material is predicted by all three models. 
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Comparison of moisture profile based on three baking models 

 Next we discuss the results of moisture profile within the food matrix. 

Comparison of numerically predicted moisture profile based on three different 

models (Figures 4.35, 4.36 and 4.37) clearly highlights differences among 

different baking models. Moisture contours predicted by Modified baking models I 

and II are distinct from the contour profiles predicted by Zanoni’s baking model. 

Based on Zanoni’s model, numerically predicted moisture contour show a sharp 

gradient within a food matrix in contrast with modified baking models. Based on 

these moisture contours, Zanoni’s model provides a larger crust thickness as 

compared with modified baking models. This can be explained as Zanoni’s model 

does not consider any resistance to vapor transport within the solid, thus rate of 

moisture loss as predicted by this model is higher than the numerical predicted 

results of modified baking models.  

 The trends observed with 2-D axisymmetric model are comparable with 

the results obtained from 1-D models. Similar to 1-D models, the numerical 

predicted results based on Zanoni’s model have a shaper gradient in moisture 

content within the food matrix and also results in thicker crust formation.  
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Figure 4.35 (a-b) 
Numerically predicted moisture contours within a cylindrical disk (2-d 

axisymmetric disc) based on Zanoni’s model at intervals of (a) 1 and (b) 2 
minutes after baking 
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Figure 4.35 (c-d)  
Numerically predicted moisture contours within a cylindrical disk (2-d 
axisymmetric disc) based on Zanoni’s model at intervals of (a) 5 and 

(b) 10 minutes after baking 
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Figure 4.36 (a-b)  
Numerically predicted moisture contours within a cylindrical disk (2-d 

axisymmetric disc) based on Modified Baking Model I at intervals of (a) 1 
and (b) 2 minutes after baking 
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Figure 4.36 (c-d) 

 Numerically predicted moisture contours within a cylindrical disk (2-d 
axisymmetric disc) based on Modified Baking Model I at intervals of (c) 5 

and (d) 10 minutes after baking  
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 Figure 4.37 (a-b) 

 
Numerically predicted moisture contours within a cylindrical disk (2-d 

axisymmetric disc) based on Modified Baking Model II at intervals of (a) 
1 and (b) 2 minutes after baking 
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Figure 4.37 (c-d) 

 
Numerically predicted moisture contours within a cylindrical disk (2-d 

axisymmetric disc) based on Modified Baking Model II at intervals of (c) 
5 and (d) 10 minutes after baking 

 



 229     

Comparison of numerically predicted temperature with experimental 

results 

 In this section, results of numerically predicted temperature at the center 

of potato disc from three different baking models are compared with experimental 

measurements (Figure 4.38). Based on comparison among these three baking 

models, the modified baking model II predicts a higher temperature as compared 

with Zanoni’s and modified baking model I. The differences between numerically 

predicted temperature among three baking models increases as the temperature 

approaches 100 °C. This is expected as baking process in Zanoni’s and modified 

baking model I is divided into a  three stage baking process in which temperature 

is constant at the phase change state (Temperature =100 °C) until moisture 

content drops below the critical moisture content.  Similar trend was also 

observed for 1-d models of baking (Figure 4.19). Further comparison of the 

experimental results with numerically predicted results clearly demonstrate that 

overall trend predicted by three baking models is in agreement with the 

experimental results. Further analysis of the results clearly shows that 

numerically predicted temperature profile by modified baking model II shows 

better agreement with the experimental results.  One of limitation of experimental 

set up with a potato based food material is difficulty in exact placement of 

thermocouples for measurement of center point temperature during baking. This 

is due to opaque nature of potato and also since potato is a soft material.  
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 Figure 4.38 
 

Comparison of numerically predicted temperature based on various 
baking models at the center of food material with experimental 

measurements
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Further comparison of the results from a 2-D axisymmetric model with a 1-D 

baking model demonstrates that 2-D axisymmetric geometry provides a better 

model for baking of a potato disc as compared to an infinite rectangular slab. 

This result also validates our hypothesis that heat and mass transfer from side 

surface area of a cylindrical disc during jet impingement baking are significant.  
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CHAPTER 5 

Conclusions and Future Work 

 

Conclusions 
 
Numerical Simulation of Conjugate Thermal Transport During Jet 

Impingement Baking and Validate It Using Experimental Data 

 
The overall aim of this goal was to develop a numerical simulation based 

approach to model thermal transport during jet impingement baking. To model 

conjugate thermal transport, numerical simulation of flow field and its associated 

conjugate heat transfer was developed. Flow field numerical simulation results 

were compared with experimentally measured results of an impinging jet. To 

validate the results of numerical simulation, we have compared numerically 

predicted flow field with experimental measurements of jet axial velocity as a 

function of radial distance (along radial co-ordinate). Results of numerically 

simulation and experimental studies were compared at two different z positions, 

i.e. close to the jet nozzle (15 mm from the nozzle) and near the impinging 

surface (10 mm from the surface).  

The results show that velocity profile predicted by numerical simulation 

was in agreement with the experimental data.  Both numerical simulation and 

experimental results show a decrease in axial velocity along the radial co-

ordinate with a maximum velocity at or near the centerline of an impinging jet. 
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The results also show a decrease in centerline jet axial velocity near an 

impinging surface as compared with jet velocity near the jet nozzle.  

In a next step, numerical simulation approach was developed to model 

conjugate thermal transport using model food geometries. Based on this 

simulation, numerical values of heat transfer coefficient were predicted along the 

surface of a model cookie and a model cylindrical object.  Local surface heat 

transfer coefficient (average over the area of the heat flux gage) and average 

surface heat transfer coefficient (average over the top surface area) were 

calculated based on predicted heat transfer coefficient values. Numerically 

predicted results show an increase in both local and average surface heat 

transfer coefficient with an increase in jet velocity and also with a decrease in z/d 

spacing (z/d=2, 3 and 5). This indicates that for a selected dimension of model 

geometry (cookies), a decrease in z/d spacing and an increase in jet velocity will 

provide a faster baking process.  

The dimensions of selected product are important because optimal z/d 

position for a jet impingement baking process will depend on it.   Variation in 

surface heat transfer coefficient along the surface also increased with a decrease 

in z/d spacing, indicating an increase in non-uniformity in surface heat transfer 

rates. Thus for a larger diameter product, the optimal z/d position may be 

achieved at a higher levels (z/d=3, or 5) as compared to a decrease in a nozzle 

to target spacing. Numerical simulation approach developed in this study can be 

used to determine optimal heat transfer rates for selected product geometry. This 
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approach can significantly overcome the limitations of empirical approaches 

currently used in many baking operations.  

 Comparison of predicted surface heat transfer coefficient for a model 

cookie and a cylindrical geometry (hot dog) highlights significant differences. 

Based on numerical simulations, a large variation in surface heat transfer is 

predicted for cylindrical geometry as compared to model cookie. These 

differences in predicted surface heat transfer coefficient indicate that a single jet 

impingement system can lead to a non-uniform heating of a stationary cylindrical 

shaped object in a jet impingement oven.  This can be potentially reduced by 

using two impinging jets from opposite directions (top and bottom) or by rotating 

a cylindrical object along its axis. 

Results of experimentally measured local surface heat transfer coefficient 

and average surface heat transfer coefficient were compared with numerically 

predicted values at a range of jet velocities (20 m/s to 40 m/s). Comparison of 

experimental results with numerically predicted values show agreement within 

the error range of measurement system. This approach validated the numerical 

simulation results and demonstrated that numerical approach can be effectively 

used for understanding thermal transport during jet impingement baking. Using 

numerical simulation, we predicted the variation in surface heat transfer 

coefficient for a model cookie and model cylindrical object.  

Results of numerical simulation based on thermal transport model were 

compared with experimental measurements of temperature in a model food 

object. This comparison highlighted that based on thermal transport model only 
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(no mass transfer), the temperature- time data can be predicted for low jet 

temperature treatment (jet temperature= 60 °C). The results also highlighted that 

for high temperatures (jet temperatures> 100 °C), thermal transport is not 

adequate to predict the temperature-time profile during a baking process. This is 

expected as at higher temperatures, contribution from moisture transport process 

becomes significant along with thermal transport process.  In summary, these 

results demonstrated that for effective simulation of baking process, modeling of 

both heat and mass transport process is required.  

Development and Analysis of Baking Models 
 
 The next step after validation of numerical simulation of conjugate thermal 

transport during baking was to develop a baking model to simulate temperature 

and moisture profiles within a food matrix.  The focus of this study was to 

understand significance of various transport processes for mathematical 

modeling of a baking process. In this study, we have analyzed three different 

formulations of coupled heat and mass transport models to simulate a baking 

process. These models significantly differ from each other based on modeling of 

vapor transport and a phase transition stage, i.e. transition from water to a vapor 

state during a baking process.  

 One of the models selected in this study was adapted from a 

phenomenological model developed by Zanoni et al., (1994). According to this 

model, during baking food material can be divided into two distinct zones (crust 

region and crumb region) with a moving evaporation front at the crust-crumb 

interface. This model is based on a three stage baking process determined by 
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the temperature at a selected location. To extend this phenomenological 

approach, we have proposed and evaluated two different baking models. 

Compared with Zanoni’s models, these models specifically focus on vapor 

transport models and improved coupling of heat and mass transport terms at 

different stages of baking.  Further in modified baking model II, baking process is 

modeled as a single stage process using the same numerical formulation at all 

temperature conditions.  

To compare three different baking models, the predicted temperature and 

moisture profiles under same baking conditions were analyzed. Comparison of 

the results highlights significant differences in predicted temperature and 

moisture profiles. Zanoni’s model predicted a larger crust thickness as compared 

to modified baking models. Based on Zanoni’s model, a steep moisture gradient 

was predicted within the food matrix. The major contributing factor for this 

significant difference is a lack of vapor transport terms in Zanoni’s model. Due to 

lack of resistance for vapor formation and transport in Zanoni’s model, a rapid 

loss of moisture was predicted by Zanoni’s model during a phase change 

process.  Results clearly demonstrate the significance of vapor transport terms in 

baking models and also highlighted that moisture diffusion alone may not 

accurately predict the moisture profile in baked products.  

To understand contribution of thermo-diffusion process during baking, we 

compared the predicted moisture and temperature profile of Zanoni’s baking 

model with and without the Soret effect. Results of the comparison show that the 

Soret effect, i.e., diffusion of moisture due to temperature gradient does not have 
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a significant effect on moisture and temperature profile. Thus, the Soret effect 

has no significant effect in modeling of a baking process. 

 Comparison of temperature profile among three baking models shows 

significant differences between modified baking model II and Zanoni’s and 

modified baking model I. In both Zanoni’s and modified baking model I, we 

observed a step-wise rise in temperature as compared to a smooth increase in 

predicted temperature profile by modified baking model II. In Zanoni’s and baking 

model I, baking is modeled as a three-step process. During a phase change step 

(T=100 °C), temperature at a local grid point is maintained constant, while 

moisture evaporates. In modified baking model II, baking process is modeled as 

a continuous process. This eliminates the hold step during a phase change 

process.   

Comparison of three baking models highlight differences in coupling of 

heat and mass transport terms and vapor-moisture transport. In Zanoni’s model, 

there is a very limited coupling of heat and mass transport rates during different 

stages of baking as compared to modified models. Based on the results, this lack 

of coupling results in a rapid rise of temperature and a loss of moisture in the 

crust region.  In modified models II and I, improved coupling of heat and mass 

transport rates and additional vapor transport terms account for differences in 

predicted temperature-moisture profiles and thickness of crust region as 

compared with Zanoni’s model.  

Comparison between modified model I and II highlights the difference in 

formulation of a phase change step i.e. when temperature > 100 °C. The 
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presence of hold step during a phase change in modified model I accounts for a 

slow increase in center point temperature as compared to modified model II. 

 Comparisons of experimentally measured temperature results with 

numerically predicted results based on a 2-D axis-symmetric geometry clearly 

demonstrate that overall trend predicted by three baking models is in agreement 

with the experimental results. Further analysis of the results clearly shows that 

numerically predicted temperature profile by modified baking model II show a 

better agreement with the experimental results.  Comparison of 2-D and 1-D 

numerically predicted results highlights significance of energy transport from the 

side surface area during a baking process.  

 

Future Work 

 
Based on the results of this research the below directions could be 

investigated to develop future research programs: 

Experimental Measurements  

1. Experimental investigation of moisture distributions: A technique 

should be developed to non-invasively measure moisture distribution 

within a sample.  Method developed by Thorvaldsson and Skjoldebrand 

(1996), and Wahlby and Skjoldebrand uses fiber-optic NIR (Near Infrared 

Reflectance) measurement to measure changes in local water content 

within the food.  NMR (Nuclear Magnetic Resonance) imaging is another 

technique that can be used to measure the moisture distribution.  Based 

on these techniques nondestructive measurement of moisture distribution 

  



 239

within the samples can be achieved.  In addition, these methods could be 

used to understand moisture transfer mechanisms as well as to estimate 

the moisture diffusion coefficients. 

2. Experimental measurement of thermophysical properties of food 

matrix during baking: One of the significant challenges in modeling of a 

baking process is due to lack of dynamic measurements of thermophysical 

properties during baking. These include changes in resistance to moisture 

and thermal transport due to crust formation, changes in moisture 

diffusivity and vapor transport.   

3. Measurement of food structure changes during baking:  There is a 

lack of experimental measurements to characterize structural changes in a 

food matrix during baking. Baking is a complex process, which includes 

changes in volume, pore generation and various chemical changes 

effecting the structural properties. Experimental measurements in this 

area will improve fundamental understanding of baking and also aid in 

developing better phenomenological models.  

Mathematical Modeling 

4. Integrated baking models to predict structural properties: One of the 

limitations of the current models is lack of modeling of structural changes 

during baking including changes in porosity and volume. Mathematical 

modeling of these complex processes will aid in developing 

comprehensive models. 
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5. Kinetic modeling of chemical changes during - The current work can 

be extended to model chemical changes associated with baking process. 

Kinetic modeling of starch gelatinization and resulting browning process 

can be integrated to develop comprehensive models. These 

comprehensive models will increase utility of modeling for key attributes of 

a food product. 
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