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Abstract 
Thermal treatment of fresh juice is vital to neutralize harmful bacteria that would pose threat to human health. This work is 

dedicated to simulate the thermal inactivation of Salmonella enteritidis and e coli and its impact on the degradation of four 

nutrition compounds: β-carotene, β-cryptozanthin, zeinoxanthin, and ascorbic acid that give fresh fruit juice its benefits. The 

simulation is conducted in a multiphysics environment that accounts for the fluid motion induced by convection heat transfer and 

species transport with chemical reaction. In this study, a 6 cm×4 cm×11cm orange juice pouch subjected to121oC saturated 

steam in a steam retort had been simulated to find the optimum time for pathogen inactivation and nutrients retention. It was seen 

that 4 minutes would reduce the number of viable populations of salmonella and e coli to 2.82 and 3.46 log CFU/ml respectively, 

permitted values that pose no threat to human health. And maintain retention values of 92.791, 87.653, 90.048, and 98.984% 

retention for β-carotene, β-cryptozanthin, zeinoxanthin, and ascorbic acid respectively. 
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1. INTRODUCTION 

Fruit juice is among the most demanded food products 

especially as the awareness of its benefits of being rich of 

vitamins, e.g. vitamin C, its high potassium content and 

helps in preventing from many diseases such as heart 

diseases, cancer, and diabetes[1]. But despite its importance, 

fresh juice have shown to be of great risk to human health 

since it contain pathogens such as Escherichia coli (ecoli) 

and salmonella[2, 3]. Therefore treatment methods were 
developed to reduce these pathogen populations to lower 

their risks on human health. For salmonella, the reported 

infectious dose varies 103 to 1010 bacilli depending on the 

serotype while e coli has an infectious dose varying 

between106 and 2.3×1010 bacilli[4, 5].One of the earliest 

methods of food preservation is thermal treatment using 

steam retorts, which proves until present time to be efficient 

and economic[6]. In steam retorts, food packages, in 

general, are exposed to steam for a controlled period of time 

in order to reduce the pathogen population to permitted 

levels that pose no threat to human health.  
 

Thermal treatment was targeted by numerous researches that 

sought to investigate the time required for thermal treatment 

and impact on quality retention. From these prominent 

studies, the followings are mentioned: Abdul Ghani et al[7] 

simulated the thermal treatment of cylindrical can by using 

saturated steam at 121oC and extending the model by 

including natural convection and bacteria deactivation to 

predict the slowest and its effect on the distribution of 

bacteria concentration. Abdul Ghani et al[8] studied the 

sterilization of a 3D model pouch containing carrot–orange 
soup and found the transient temperature, velocity profiles 

and the shape of the slowest heating zone. Manso et al[9] 

analyzed the thermal degradation of ascorbic acid and 

Dehydroascorbic acid in orange juice, pH and browning 

under the conditions from 20 to 45 °C temperature range. 

Mayer et al[10] studied the impact of thermal treatment on 

carotenoids, vitamin C, and hesperidin of citrus juice 

between 50 and 100oC. Tiwari et al[11] made a comparison 

between thermal pasteurization and sonication of orange 

juice and evaluated the Ascorbic acid degradation kinetics 
and predicted the shelf life for both methods. Augusto and 

Cristianini[12] performed a CFD study on thermal 

processing of a brick shaped packages with the 

consideration of its orientation on the process lethality. The 

simulation involved liquid water to represent the food 

material and Clostridium botulinum as pathogen. Dhayal et 

al[13] developed a CFD model to investigate the 

sterilization of canned milk at 121 °C for different can 

orientations  and its effect on slow heating zone. 

 

This study aims to simulate the thermal sterilization process 
of a 12.2oBrix orange juice in an unprecedented manner that 

takes into consideration the prediction of the death curve of 

Escherichia coli (e coli) and Salmonella enteritidis, the 

commonly expected pathogens in citrus juices that are 

capable of surviving acidity[2, 3], the prediction of the 

degradation of β - carotene, β- cryptozanthin, zeinoxanthin, 

and ascorbic acid (Vitamin C) and the heat transfer effects 

in a brick-shaped orange juice pouch. The simulation was 

performed in a multiphysics environment that couples all 

above different physics together in order to predict the 

transient temperature, velocity, nutrition degradation and 

population decline and have a deep in understanding of the 
impact of the thermal sterilization on the valuable nutrients 

that given the orange juice its benefits. For this purpose a 

three-dimensional pouch model has been prepared that 

accounts for natural convection inner circulation effects.  
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2. MATERIALS AND METHODS 

The present study was based on collection previous works[4, 

6, 14]. Each treated a certain aspect of the thermal treatment 

process. Here, attempt was made to bring these findings into 

a single work and make use of the multiphysics modeling 

capabilities of COMSOL Multiphysics® to solve the 

problem. The first part is to collect the required physical to 

model the fluid dynamics, heat transfer, and mass transport 

correctly. And in the second part, the governing equations 

for the process are outlined. 
 

2.1 Physical Properties 

In order to have accurate predictions of the thermal 

treatment, physical properties have to be evaluated as a 

function of temperature as done with the density and 

viscosity. All except for heat capacity and thermal 

conductivity were expressed as temperature dependent as 

shown in Table 1. 

 

Table -1: Physical properties of orange juice evaluated at 

12.2oBrix orange juice 

 Expression/value Ref. 

Density, kg/m3 
1068.088 - 0.3289T [15] 

Viscosity, Pa.s 7×107T2 − 3×105T + 0.0012 [16] 

Heat capacity, 

kJ/kg.K 3.73 
[17] 

Thermal 

conductivity, 

W/m.K 

0.32 

[17] 

 

2.2 Mathematical Model 

Fluid motion was assumed to be Newtonian, a satisfactory 

assumption for low sugar content fruit juice [15] Thus, the 

governing equations are:  

 

Mass balance 

𝜌∇ ∙  𝐮 = 0                                                                              (1) 
 

Momentum balance 

ρ
𝜕𝐮

𝜕𝑡
+ 𝜌 𝐮 ∙ ∇ = ∇ ∙  −𝑝𝐈 + 𝜇 ∇𝐮 +  ∇𝐮 T  + 𝐅          (2) 

where ρ is the juice density in kg/m3, u is the velocity 

vector, p is the pressure in Pa, F is the volume force vector 

in N/m3. 

 

Energy balance 

𝜌𝐶𝑝  
𝜕𝑇

𝜕𝑡
 +  𝐮 ∙ ∇𝑇  + ∇ ∙ 𝐪 = 𝑄                                      (3) 

 

𝐪 = 𝑘∇𝑇                                                                                   (4) 
Where Cp is the heat capacity in kJ/kg.K, q is the heat flux 

in W/m2 and k is the thermal conductivity in W/m.K. 

 
Transport equation 

The nutrients motion was assumed to follow Fick’s law and 

the transport of diluted species interface was selected to 

model this scenario. 

𝜕𝑐𝑖

𝜕𝑡
+ ∇ ∙  −𝐷𝑖∇𝑐𝑖  +  𝐮 ∙ ∇ ∙ 𝑐𝑖 = 𝑅𝑖                                     (5) 

 

𝐍𝑖 = −𝐷𝒊∇𝑐𝑖 + 𝐮𝑐𝑖                                                                      (6) 
where c is the concentration in mol/m3, R is the reaction rate 

in mol/m3.s, N is the molar flux in mol/m2.s.   

The diffusion coefficients of the nutrients are found from 

Wilke – Chang equation[18] 

 

D = 1.173×10-16 φMB 1/2
T

𝜇VA
0.6                                             (7) 

 

where D is the diffusion coefficient in m2/, ϕ is the 

association coefficient, MB is the molecular weight of the 

liquid, T is the temperature in K except for Table 1 where it 

is in degree Celsius, µ is the viscosity in Pa.s and VA is the 

molar volume of solute. 
 

The bacteria diffusion coefficients is evaluated from Stokes 

– Einstein’s equation[7] 

D =
kT

6πμa
                                                                                      (8) 

 

Chemical Reactions  
 

1. Nutrients Degradation 

The degradation of four nutrients is considered in this study 

(β-carotene, β-cryptozanthin, zeinoxanthin, and ascorbic 

acid) and all the reactions were assumed to follow first order 

mechanism [10] 
dc

dt
 = kc                                                                                            (9) 

 

k = k∞e-E RT                                                                                   (10) 
 

where k is the reaction rate in 1/s, k∞is the frequency factor 

in 1/s. E is the activation energy in kJ/mol,  and R is the 

ideal gas constant. 

 

Table -2:  Kinetic parameters for the degradation reactions 

of nutrients [10] 

 Ln k∞ [k∞, 1/s] E [kJ/mol] 

β-carotene 27.415 110.0 

β-cryptozanthin 42.410 156.0 

Zeinoxanthin 31.519 122.8 

Ascorbic Acid 1.81 35.9 

 

2. Pathogen Survival Curve 

The two pathogens e coli and salmonella are assumed to be 

first order [14].  

 

TABLE 3: Kinetic parameters for the survival curve [14] 

 Ln k∞ [k∞, 1/s] E [kJ/mol] 

Salmonella 80.24 241.3 

e coli 69.68 214.5 

 

The number of viable organisms as a function of time for 

salmonella and e coli: 
dN

dt
 = −  k N                                                                (11) 
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Boundary conditions and assumptions 

The following boundary conditions are assumed for the 

present study: 

1. The simulated pouch has the dimensions 6 cm×4 cm× 

11cm. 

2. At the walls, no material is transfer from or to the 

pouch and the no-slip boundary condition was 

assumed. 
3. The pouch is assumed to be surrounded by steam at 

121oC and has a heat transfer coefficient of 3000 

W/m2.K. 

4. Heat is transferred from steam to pouch exterior walls 

by convection and within the package by conduction. 

5. The package was assumed to be made of thin layers 

polypropylene, aluminium and polyester [8]. 

6. The initiall temperature (25oC) and concentrations are 

assumed to be uniform throughout the pouch. 

7. The orange juice sugar content is taken to be 

12.2oBrix. 

8. The initial populations of Salmonella and e coli are 8.4 
log CFU/ml and 8.09 log CFU/ml[19]. 

 

2.3 Solution Methodology 

The governing equations were solved using COMSOL 

Multiphysics® in a sequential manner similar to[20]. Firstly, 

a 3D geometry of the pouch was prepared. Secondly, 

Laminar Flow interface was selected and the flow boundary 

conditions were defined to solve the model using time 

dependent study. Thirdly, Heat Transfer in Fluids interface 

was added to account for the natural convection and the 

exterior boundary conditions and the resulting model is 

solved using a new time dependent study by taking the 

results of the first study, and finally, Chemistry and 
Diffusion of Diluted Speciesinterfaces were added to model 

the reactions and nutrients and bacteria transport and solved 

the model by a third study that sets the initial expressions to 

the values obtained for the solution of the first two studies. 

 

2.4 Equations Discretization And Mesh 

The Navier-Stokes equations, energy balance, and transport 

equations were discretized using 2nd order derivative for the 

velocity, temperature, and concentrations and 1st order 

derivative for the pressure forward schemes. 

 

The mesh used consists of tetrahedral for the bulk the pouch 

sizing between 0.4 and 0.14 cm and the boundaries were 
meshed using triangular mesh of element size from 0.04 to 

0.2 cm. to smooth the profiles two boundary layers were 

added to each surface. 

 

3. RESULTS AND DISCUSSION 

Upon running the simulation according to the solution 

procedure described in section 2.3 and the prescribed 

boundary conditions and assumptions to predict the transient 

behavior was obtained as shown in Figs 1-9. Figure 1 shows 

that the juice is flowing upwards at the boundaries and 

downwards at the core of the pouch. Figure 2 shows the 

velocity field for time intervals stepping 1 minute taken at 

mid-planes within the pouch to reveal the bulk behavior. 

The planes were expressed as front and side planes. For the 

first 2 minutes, it is seen the side velocity field circulations 

exceed the front field and for both cases the velocity 

magnitude is higher at the beginning and declining as time 

proceeds. 

 

The temperature distribution in Fig.3 shows a temperature 

rise from top of the pouch and gradually crawls downwards 
as time proceeds as the hotter juice flows upwards near the 

walls and forms a hot region at the top due to its low 

density. This temperature increase gradually causes the 

liquid velocity to drop in the upper part of the pouch as the 

temperature tends to be uniform. The slow heating zone was 

seen to be formed at the bottom of the pouch where the 

relatively heavier fluid is kept circulated to. At the end of 

treatment (after 2 minutes) the lowest predicted temperature 

is 70.1oC. 

 

 
Fig - 1:  3D representation of the velocity field of orange 

juice after 1 minute of thermal treatment 

 

  

Front plane Side plane 

1 min 

  

Front plane Side plane 

2 min 

Fig -2:  velocity fieldof the orange juice obtained for 

different time intervals at mid planes in the pouch 
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Front plane Side plane 

1 min 

  
Front plane Side plane 

2 min 

Fig - 3:  Temperature distribution obtained for different time 

intervals at mid planes in the pouch 

 

The populations of salmonella and e coli shown in Figs. 4-5 

were plotted as normalized numbers vs. time rather than the 

conventional decimal reduction time plot. Both pathogen 

profiles display a pattern that is strongly influenced by the 

velocity field and temperature distribution. The viable 

pathogens near the pouch walls are diminishing while in the 
slow heating zone it can be seen that number of viable 

pathogen remains at its highest values. Figures5-6 show the 

average normalized populations reach 2.6×10-6 and 2.3×10-5 

after 3.5 and 4 minutes for salmonella and e coli 

respectively (not visible Figs 5-6). These normalized 

populations are equivalent to 2.82 and 3.46 log CFU/ml for 

salmonella and e coli respectively which can considered to 

be acceptable[21].  

 

The salmonella was seen to inactivate faster than the e coli 

because of the faster reaction rate that would cause the 
salmonella viable organism to deplete it faster than e coli.   

 

  
Front plane Side plane 

0.3 min 

  
Front plane Side plane 
0.5 min 

  
Front plane Side plane 

0.8 min 

Fig - 4:  Normalized viable population of Salmonella for 

different time intervals at mid planes in the pouch 

 

  
Front plane Side plane 

0.5 min 

  
Front plane Side plane 

1 min 

  
Front plane Side plane 

2 min 
Fig - 5:  Normalized viable population of e coli for different 

time intervals at mid planes in the pouch 
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Fig -6: Normalized Average pathogen population evaluated 

for the whole pouch at different time intervals 

 

The concentration distribution of the nutrients will be 

visualized through a plot of the average value of the 
concentrations versus time (Fig. 7) by making use of the 

average coupling. After 4 minutes it is predicted to achieve 

92.791, 87.653, 90.048, and 98.984% retention for β - 

carotene, β- cryptozanthin, Zeinoxanthin, and Ascorbic Acid 

respectively. 

 

Fig -7: Normalized Average nutrients concentrations 

evaluated for the whole pouch at different time intervals 

 

Average Heat Transfer Coefficient 
The heat flux from the steam surrounding the pouch (h = 

3000 W/m2.K) is evaluated at the six boundaries and then 

locally averaged for each time interval. Both wall 𝑇 𝑤and 

bulk Ttemperatures around the boundaries are averaged and 

the heat transfer coefficient of the orange juice is calculated 

from: 

 

q
w

    = h  T w -T                                                                    (12) 

 

where q
w

    is the average heat flux in W/m2 transferred 

through the boundaries from the steam, T w is the average 

inner wall temperature of the pouch and T  is the average 

bulk temperature. 

 

The average heat flux shown in Fig. 8 is declining with time 
as the pouch’s average temperature tends to reach the 

surroundings temperature.The local heat transfer coefficient 

which was seen in[6] to be nearly constant is omitted from 

this study. Therefore, only the average heat transfer 

coefficient was adopted in this research as shown in Fig. 9.  

 

Fig -8: Average heat flux through the boundaries of the as a 

function of time 

 

Fig -9: Average heat transfer coefficient as function of time. 

Evaluated from equation (12) 

 

4. CONCLUSIONS 

From the observed results it is clear that multiphysics CFD 
simulation is of great importance since it helps to predict 

accurately the outcome of the thermal inactivation of orange 

juice pouch that helps neutralizing the harmful salmonella 

and e coli by predicting the time required to for this process. 

For such process time underprediction would lead 

incomplete pasteurization and consequently endanger 

human health whereas overprediction would cause further 

degradation of the valuable nutrients of the orange juice. 

From this study, it was observed that the pasteurization time 

using 121oC saturated steam for treating a 6 cm×4 cm×11cm 

orange juice pouch made of thin layers of polypropylene, 
aluminium and polyester is about 4 mimutes. This time will 

reduce the the number of viable poupulations of  salmonella 

and e colito 2.82 and 3.46 log CFU/ml for respectively, a 

permitted values that pose no threat to human health. And 

maintain retention values of 92.791, 87.653, 90.048, and 

98.984% retention for β-carotene, β-cryptozanthin, 

zeinoxanthin, and ascorbic acid respectively. 
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