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Abstract.  

Pomegranate is important fruit with high nutritional and pharmacological properties. Iran is the main 
producer and exporter of pomegranate in the world. In this study, Maturity of Malas-e-Torsh, an 
important Iranian pomegranate cultivar was investigated. Magnetic resonance imaging (MRI) system 
has been used to acquire pomegranate internal images. Total soluble solids (TSS) was measured 
during fruit development. MR images were processed to extract textural features. The features were 
used as input to a multilayer perceptron neural network. Neural network were trained with different 
number of neurons in the hidden layer to predict maturity. The best architecture of the network 
obtained with 14 neurons in hidden layer that satisfied the condition of preventing overtraining. The 
results showed that T1-weighted MR images were sensitive to physical and chemical changes during 
maturity. The correlation coefficient between measured TSS and Predicted TSS for the training data 
and testing data were 0.93 and 0.90 respectively. This study shows that MRI has high power for 
internal visualization and maturity detection of pomegranate fruit. 
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Introduction  

Pomegranate is important in Iran for high nutritional and pharmaceutical properties. Iran has the 
highest rate of production and export of pomegranate in the world. Pomegranate sold in the 
fresh market should have attractive appearance, good taste, the correct maturity and only minor 
internal or external defects. Quality sorting increases customer satisfaction and improves brand 
reputation. Machine vision is used for on-line nondestructive sorting of pomegranates on the 
basis of external properties such as color, size and shape or external visible defects (Khoshroo, 
Zoroofi, Keyhani, Zamani & Rafiee, 2006). Nondestructive detection of internal quality factors is 
more difficult. Researchers have been working to find methods for assessing internal quality 
factors of agricultural and food products nondestructively by measuring physical, acoustical, 
electrical, optical, X-ray and magnetic resonance properties. Most of these methods detect 
certain physical properties of the material and then suitable for evaluation of special quality 
factors. Moreover, some methods have radiation hazards caused by X-ray and gamma 
radiation, while optical and sonic methods have limied penetration depth in many tissues (Kim., 
Chen, McCarthy &  Zionl, 1999).  

Magnetic resonance imaging (MRI) has been used for examining agricultural products from 
biological and physiological aspects since mid-1980s. However small sample size and slow data 
processing have limited their application for in-line sorting. With the development of large 
magnets for medical application, a variety of new types of magnets and radio frequency coils 
have become available for use in engineering application of  MRI. MRI has been used for 
internal quality monitoring of different kinds of fruits including apple, avocado, orange, melon, 
watermelon and cucumber (Hills & Clark, 2003 ). MRI can determine the changes in the internal 
texture of intact fruits during the fruit development and describes the internal distribution of 
affected tissues with high resolution (Clark, MacFall & Bieleski, 1998). Thybo, Jespersen, Larke 
& Stbdkilde-Jbrgensen (2004) predicted sensory texture attributes of cooked potatoes with 
magnetic resonance imaging. They suggest that MRI relates to the water distribution and some 
anatomic structures within the raw potatoes which are of importance for perceived textural 
properties of cooked potato. Letal, Jirak, Suderlova & Hajek (2003) analyzed the magnetic 
resonance images of apples during ripening using textural feaributes of tures. Acidity was 
significantly correlated with sum average, sum variance and sum entropy. To study internal 
quality of Huanghua pears, texture analysis (TA) of magnetic resonance images in combination 
with artificial neural networks was applied for firmness prediction during storage. Seven co-
occurrence matrix-derived TA parameters and one run-length matrix TA parameter significantly 
correlated with firmness were considered as inputs to the ANN. Several ANN models were 
evaluated when developing the optimal topology.The optimum model has high power to predict 
the firmness accurately (Zhou & Li , 2003).  

The objective of this study is investigation of using MRI for assessment of changes in 
pomegranate maturity. For this purpose, development of a non-linear model based on 
textural features of MR images combined with neural networks technique will be evaluated. 

 Materials and Methods  

Pomegranates from the variety ÒMalas-TorshÓ, an important export variety in Iran, were 
harvested at different ripening stages from orchard of the pomegranate research station in 
Saveh (in the centre of Iran). The selected fruits were picked off from different trees and stored 
under air temperature and transported for MRI measurement the next day after harvesting.  
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The experiments were performed on a 1.5T MRI scanner (Siemens) with two-dimensional (2D) 
spin echo sequence, in the Noor Clinic, Tehran. The following parameters of T1-weighted MR 
images were used: TR = 800 ms, TE = 18 ms, FOV = 29.6 cm, slice thickness = 3 mm, 
interslice gap = 1.56 cm, number of slices = 12, matrix = 336! 512. Figure 1 shows magnetic 
resonance image of the pomegranate.  

 

 
Figure 1.Magnetic resonance image of the pomegranate. 

After imaging, total soluble solids (TSS) of fruits were measured in laboratory. In this study to 
estimate total soluble solids of pomegranates texture analysis of magnetic resonance images 
combined with neural networks were used.  

Texture analysis of region of interests in MR images was done using MaZda software (MaZda 
2.11, 1999). 10 Gray Level Co-occurrence Matrix (GLCM) derived parameters and 5 Run-
Length Matrix (RLM) based parameters were computed(Khoshroo,, Keyhani, Zoroofi, Rafiee, 
Zamani & Alsharif, 2009). 

 An artificial neural network is a computing system consisting of simple processing elements 
called neurons. The input signals pass through the network of neurons to generate the network 
response(s). Each neuron receives the information from several neurons through connection in 
proportion to their weights, sums them up and modifies the sum through a non-linear transfer 
function before passing the signal to other neurons. It is important to adjust learning rate and 
momentum term during the learning process of the neural networks. High weights may destroy 
learning behavior of the neural networks. Learning rate set as small value to prevent selection of 
high weights. Small learning rate slow downs the learning process. Learning rate and 
momentum is set as 0.1 and 0.7 (Haykin, 1999).  

In this study, a Multi-layer perceptron with input layer, hidden layer and output layer was used. 
The back-propagation algorithm was applied for training of the models. A hyperbolic-tangent 
transfer function was used in all cases. Input layer consists of 16 neurons corresponding to 
textural features. In hidden layer, different number of neurons were used for optimal selection of 
networks architecture and preventing over training (Figure 1).  Data was divided into three 
groups: training (60% of total data), cross-validation (15%) and test (25%) sets. Before training 
the model input data were normalized. The network was trained in 5000 epochs for different 
number of neurons in hidden layer. In each epoch training data set was selected randomly to 
prevent learning especial order of data. To select the best number of neurons in the hidden 
layer, the mean squared error (MSE) of training and cross-validation data were computed for 
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different neurons. Minimum of MSE cross-validation is a measure for best number of neuron in 
hidden layer. Performance evaluation was done by test data.           
 

Results  

To develop neural networks model, from 102 images of pomegranate, 60 images for training, 26 
images for testing and 16 images for cross-validation were used. Textural features extracted 
from the images were given as input to the network. The optimization process of neural 
networks depends on selecting the adequate number of neurons in hidden layer. The number of  
neurons in the hidden layer varied from 2 to 20. The result of cross validation MSE to select the 
best network architecture in hidden layer was shown in Figure 2. The minimum MSE occurred at 
14 neurons in hidden layer. The optimal network was then selected at 16 neurons in input layer, 
14 neurons in hidden layer and 1 neurons in output layer. To evaluate the ability of developed 
network 26 independent test cases were used. The correlation coefficient between experimental 
TSS and Predicted TSS for the training data and testing data were 0.93 and 0.90 respectively 
(figure 3 & 4). 

 

  
 

 

Figure 2. Variation of MSE of cross validation with different number of neurons 
 

 

Magnetic resonance imaging is sensitive to the existence of water and oil which are main 
composition of fruit and vegetables (chen et al, 1989). Maturity of pomegranate during 
development is mainly depends on changes in water and oil. Then MRI has significant power in 
predicting total soluble solids of pomegranate. 
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Figure 3. Correlation between Experimental TSS and Predicted TSS by neural networks for train data 
 
 

 
Figure 4. Correlation between Experimental TSS and Predicted TSS by neural networks for test data 

 

 Conclusion s 
Internal imaging of pomegranate based on magnetic resonance imaging makes high chance to 
determine internal maturity of fruit. To quantify image attributes, eleven co-occurrence matrix 
texture features and five run-length matrix texture features extracted from the images. The 
features were used as input to a MLP Neural networks. The MLP optimum architecture could 
predict the maturity with high correlation coefficient, R = 0.93 and R=0.90 for training and test 
data respectively. This good results states that MRI is a great potential for on-line sorting of 
pomegranate fruit that with ever-increasing improvement in MRI facilities this goal will be 
achievable in near future. 
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Abstract. One of the most important methods of monitoring the heat transfer phenomenon 
during processing is modeling. In this study, a numerical model was developed to investigate 
two-dimensional heat transfer in homogenous finite cylinder (caviar container) to predict the 
local temperature during pasteurization. The model accommodates the effects of temperature 
dependent variables such as apparent specific heat, enthalpy, thermal conductivity, and water 
activity. The model was validated by comparison of the experimental temperature profiles during 
pasteurization of caviar with predicted values by model. This comparison indicated that the 
developed model was useful to describe the heat transfer phenomenon during caviar 
pasteurization. 

Keywords. Caviar, Modeling, Finite difference, Heat transfer. 

Introduction 
Caviar the unfertilized roe of sturgeon, which is ready to eat aquatic food products made by 
brining and curing Þsh roe and a delicacy with high nutritional content, full of vitamin A and 
complex vitamins B (Altug, & Bayrak, 2003). There are over 20 species of sturgeon, while the 
Caspian Sea has six commercially valuable sturgeon species, four of which produce 90% of the 
worldÕs caviar. The best known and most valuable of which include Acipenser Huso huso 
(Beluga sturgeon), Acipenser gueldenstaedtii (Ossetra or Russian sturgeon), Acipenser 
persicus (Persian sturgeon), and Acipenser stellatus (Sevruga sturgeon) from the Caspian Sea. 
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Also Iran is world-wide among the major exporters of sturgeon caviar (Jelodar, & Safari, 2006). 
In the conventional processing, caviar contains 4Ð8% salt, which is added after sieving the eggs 
from the ovaries, with the better varieties generally containing less salt (Wang, Batterman, 
Chernyak, & Nriagu, 2008). On the other hand, Pasteurization is one of the most known food 
preservation methods, based on partial thermal degradation of microorganisms, which present 
potential risk for food spoilage. but caviar is heat labile and difficult to pasteurize successfully. It 
can only be heated to a temperature of 70¼C without the eggs becoming dull and losing their 
color. Therefore irreversible protein denaturation occurs between 70 and 80¼C (Al-Holy, & 
Quinde, 2004). In spite of the fact that caviar production is carried out with the latest 
technologies nowadays, it is still possible to observe microbial contaminations. Also because of 
the high content of salt and the possibility of contamination in the conventional method of caviar 
processing, pasteurization in the convenient temperature (65¼C that has the less contamination 
and the better quality) is one of the best method of having a good product quality. Caviar is a 
solid food and heat transfer through solid foods is normally modeled by FourierÕs equation of 
heat conduction (Chen and Ramaswamy, 2007). Thermal processing is the critical control point 
to ensure safety. Process efficiency is determined using analytical and numerical solutions of 
partial differential equations governing the process (Kõzõltas, Erdog du, & Koray Palazog lu, 
2010). Most of the heat transfer models only can be solved analytically for simple cases. 
Numerical methods are useful for estimating the thermal behavior of foods under complex but 
actual conditions. On the other hand, for realistic Ð and thus more complicated Ð heat transfer 
problems usually no analytic solution is available, and a numerical solution becomes mandatory. 
For this purpose the problem is reduced significantly by requiring a solution for a discrete 
number of points (the so-called grid) rather than for each point of the space-time continuum in 
which the heat transfer proceed. Various discretisation methods have been used and among the 
most commonly used is the finite difference method, that is simple to formulate and can be 
easily applied to two or three-dimensional problems for simple geometries such as sphere, slab 
and cylinder. Meanwhile, the experimental approach is necessary in validating the numerical 
models (Tijskens, Hertog, & Nicolaõ, 2001). The object of this study is the monitoring of heat 
transfer during pasteurization of caviar. There are a lot of researches about numerical modeling 
in the other food products but not caviar which is very important and expensive food in the 
world. This is the first numerical modeling of heat transfer during the heating process of caviar 
and with this model we can predict the process for better product. 

Material and method  

Experimental procedure  
For investigating the heat transfer scheme during thermal processing of caviar, cylindrical glass 
jars were used. The cylindrical jars were filled manually using a spoon and a scale. An empty jar 
was put on the scale, which was then zeroed and filled to the right weight (20 gram) and a lid 
with thermocouple (calibrated Thermocouple) was used for closing the jar and one 
thermocouple was also placed outside the jar to measure surrounding water temperature while 
thermocouples were connected to one data logger. Data logger was programmed to save 
temperature at 60 seconds intervals. Jars were immersed in the water bath with 65¼C 
temperature for 70 minutes and then cooled. Jar dimensions, height of head space, density and 
thermophysical properties of caviar (heat conduction, specific heat capacity and heat transfer 
coefficient) were determined (Mohsenin, 1980).  
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Numerical modeling  

Computational grid  

A uniform grid system in radial and vertical directions was used in this study. 14 grid in radial 
direction and 18 in the axial direction. The computations were performed for a jar with a 
diameter of 3.5 and height of 6 cm (figure 1). 
 
 
 
 
 
 
 
 

Figure 1. Schematic description of the system model. 

Assumptions made for simplicity  

1. The problem is transient. 

2. Asymmetry, which reduces the problem from 3D to 2D. 

3. caviar is considered homogeneous and isotropic. 

4. Physical and thermal properties of caviar are constant (Table1). The initial temperature is 
uniform and constant. 

5. The convective heat transfer coefficient (h) and surrounding water temperature are constant. 

 

Table 1 the properties that applied in this model 

Property Value 
! , Density (kg/m3) 
CP, Specific heat capacity of the solid (J/kg K) 
K, Caviar thermal conductivity (W/m K) 
K0, Glass thermal conductivity (W/m K) 

1039 
3583.032 
0.44627905 
1 
 

Model development  

A mathematical model was developed using numerical solving of fourierÕs second law for two 
dimensional transient heat conduction in a finite cylinder that has isotropic and homogeneous 
material with constant thermal properties and without heat generation during processing of 
caviar, applying finite difference method (explicit schema) in MATLAB software (Ozisik, 1985 
;Incropera, & DeWitt, 1990). The main equation: 

  (1.) 

For describing heat transfer in boundary conditions, the equations of heat transfer due to natural 
convective stream was applied. The boundary conditions: 

6 cm 

3.5 cm 



4 

At x=0,   (2)  

At x=L, 

  

 (3) 

At r =0,   (4) 

At r =R,   (5) 

Therm al process calculation  

Lethality (F value) is a measure of the heat treatment or sterilization processes. In order to 
compare the relative sterilizing capacities of heat processes, this is deÞned as an equivalent 
heating of 1 min at a reference temperature, which is usually 250¡F (121.1¡C) for the 
sterilization processes (Valentas, Rotestein, & Singh, 1997). At this study, because of the nature 
of caviar (low acid food), the reference temperature was determined as sterilization process. 
The lethal rate (L) at any temperature can be obtained as (temperatures in ¡C): 

 
 (6) 

 
 (7) 

The model validation  

For model validating, the experimental and predicted data (modelÕs data) were compared and 
the correlation between them (r = 0.99) determined (figure 2). The high correlation coefficient 
indicated the good correlating between model and experimental data that means the model can 
predict validly. 

Results and discussions  

As shown in figure 3, the developed model can predict the different location temperatures which 
is very important for determination of temperature at the cold point of the jar. Therefore this 
model can investigate the lethality and F value contents of used temperature (figure 4, 5). A plot 
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of calculated L values against time (Figure 4) will give a curve the area under which represents 
the equivalent minutes at 121.1°C (Fo). While F value contents are shown in figure 5. 

Conclusions  
The developed numerical model was investigated two-dimensional heat transfer in homogenous 
finite cylinder (caviar container) to predict the local temperature during pasteurization. The 
model accommodates the effects of temperature dependent variables such as apparent specific 
heat, enthalpy, thermal conductivity, and water activity. The model was validated by comparison 
of the experimental temperature profiles during pasteurization of caviar with predicted values by 
model. This comparison indicated that the developed model was useful to describe the heat 
transfer phenomenon during caviar pasteurization. 

 
 

Figure 2. Correlation between experimental and 
theorical data 

Figure 3. Comparison between surface and 
center temperature predicted by model 

  
Figure 4. The lethal rate at 65°C Figure 5. F value versus time at 65°C 
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Nomenclature 

!          Thermal diffusion coefficient (m2/s) 

K         Caviar thermal conductivity (W/m K) 

K0       Glass thermal conductivity (W/m K) 

"          Density (kg/m3) 

CP    Specific heat capacity of the solid (J/kg K) 

Tw            Water temperature (K) 

hm    Convective heat transfer coefficient of water 
(w/m2 K) 

hmh  Convective heat transfer coefficient of air (w/m2 K) 

R          Radius (m) 

r            Position variable in radial direction (m) 

x             Position variable in axial direction (m) 

i              Node index in radial dimension 

j              Node index in axial dimension 

r(i) Radial distance between nodes (i-1, j) and (i, j) 

x(j)   Axial distance between nodes (i, j-1) and (i, j) 

T            Temperature (K) 

t             Time (s) 

dt            Time step 
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Abstract . In the framework of the project named Sustainable Bakery and Energy Efficiency 
(BRAISE), different strategies are studied to improve the energy consumption of bread ovens. 
Among them, one of the most interesting approaches consists in looking at disruptive technologies. 
The ElectroHydroDynamic (EHD) enhancement of heat transfer has been demonstrated in some 
academic configurations but still needs to be investigated to determine its real potential in specific 
cases corresponding to food processes. 

A pin-to-plate gas discharge occurs when a high electric potential is applied at the pin electrode. This 
corona discharge, characterized by a low electric current, generates an ionic wind due to ions that 
collide with neutral air molecules. Nevertheless, the corona discharge appears only when a threshold 
electric field is reached at the pin. This value greatly depends on the air temperature and humidity. 
Experiments were conducted to determine the influence of these parameters on the current-voltage 
characteristics. It was mainly shown that the increase of the absolute humidity tended to reduce the 
corona current whereas the influence of the temperature was less influent. As these evolutions may 
affect the heat transfer enhancement, this latter was evaluated by temperature measurement using 
an infrared camera. Results indicated that a high enhancement (x2.5) was obtained even with a low 
electrical power.  

This information allowed defining a pin-plate configuration inside a deck-oven furnished by the 
manufacturer BONGARD. 15 kV was applied at a pin located 4.5 cm above the ground plate. The 
evolution of the electric current during the baking (air temperature at 200°C) was merely dependent 
on the mist injection. After injection, the current decreased from 25 to 4 !A. The sharp increase of 
humidity inside the oven had the advantage of preventing electrical arcing. As it was demonstrated 
that corona discharge could be employed during baking, further experiments will be performed to 
evaluate the overall energy consumption and the influence of this innovative process on bread 
qualities. 

Keywords.  corona discharge, electrohydrodynamic (EHD), ionic wind, heat transfer enhancement, 
bread, baking, oven, convection.  
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Introduction  

Electrohydrodynamic (EHD) is a branch of fluid mechanics concerned with electrical force 
effects. EHD can enhance single phase convective heat transfer by flow of "corona wind". The 
corona discharge is obtained when a high voltage is applied between two electrodes with 
substantially different radii of curvature, for example between a pin and a plate. The high electric 
Þeld at the vicinity of the corona electrode causes gas ionization and its partial breakdown. The 
basic corona properties and their applications were already discussed more than twenty years 
ago (Goldman, Goldman & Sigmond, 1985). While the whole process is rather complex (Chen & 
Davidson, 2002), the net effect is that ions of the same polarity as that of the corona electrode 
are drifting to the other electrode. A space charge is formed and an electric current ßows 
between both electrodes. The gas motion is created by ions generated in the corona discharge 
near the sharp electrode that drift to the ground. Along their path, these ions collide with the 
electrically neutral gas, transferring their momentum to this otherwise stationary mass. The 
resulting ßow has been termed the corona wind (Rickarda & al., 2005). This corona wind could 
alter the boundary layer structure and increase the local flow velocity with minimum energy 
consumption. In the case of EHD enhancement of forced convection, contradictory results were 
observed for a laminar tangential flow over a surface. The combined effect of inertia and 
electrical force could lead to a four-fold increase of the Nusselt number (Sadek & al. 1972). 
Other authors observed no enhancement by EHD (Lai and Sharma, 2005). Corona wind could 
induce secondary flows that enhance heat transfer but only in a specific range of process 
parameters (Ould Ahmedou, 2010). EHD enhancement of heat and mass transfer in natural 
convection is more efficient and has already been demonstrated in academic configurations 
(Owsenek & Seyed-Yagoobi 1997). Promising results lead some authors to conduct 
experiments in order to evaluate the interest of the EHD in biological and food process. Most of 
them concern drying, an energy-intensive process (Ould Ahmedou & al. 2009). The drying time 
of okara cake was reduced from 15 to 40% by EHD (Li et al. 2006). The drying rate of rough rice 
was double using EHD (Cao et al. 2004). More recently, the EHD drying was successfully 
applied on tomato slices (Esehaghbeygi & Basiry, 2011). The major part of these studies was 
performed at moderate temperature (20-50¡C). Application of EHD at higher temperature 
received less attention. A pioneering work underlined this benefit in bread and cookie baking at 
a temperature of 204¡C (Kulacki & Daumenmier, 1978). They obtained a reduction of the baking 
time ranging from 13 to 20% according to the formulation. Nevertheless, this very good 
cost/benefit factor for EHD baking was obtained without control of the relative humidity in the 
oven. In this paper, the main purpose is the analysis the influence of the temperature and 
humidity on the corona discharge in an oven dedicated to the baking process.  

Materials and Methods  

Preliminary investigations were performed to measure the heat transfer enhancement on a 
heated plate in natural convection (figure 1). A high-voltage DC power supply (Sefelec, France) 
was used to charge the pin electrode located at a variable distance above the ground electrode. 
The temperature profile of this plate was measured using an infrared camera (CEDIP type Silver 
450M, France). Temperature measurements permitted to calculate the convective heat transfer 
coefficient according to the ambient conditions and applied voltage. The resulting corona wind 
was measured by the Particle Image Velocimetry technique (PIV). The device, made of Teflon¨, 
was introduced in a cabinet at control temperature (up to 150¡C) and humidity in order to 
determine the influence of these parameters on the corona current. In this cabinet, the humidity 
was controlled for temperature up to 90¡C. A similar device made of isolantR¨ (Edrastop, 
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France), was designed to conduct experiments at 250¡C with mist injection in a deck oven 
(Bongard, France). 

 

             
(a)                                                         (b)   

Figure 1. Set-up for heat transfer measurement (a) and details of the heated plate (b) 
 

Results and discussion  

Preliminary experiments consisted in measuring the corona current for different values of the 
applied voltage and ambient conditions. Figure 2 presents some results obtained at different 
ambient temperature and relative humidity that correspond to an absolute humidity x of 10 
gwater/kgdry air. One can see that a minimum voltage was required to induce the electric current. 
This inception voltage is due to the ionization process at the corona electrode. When the voltage 
increases, the ionization process becomes more intense and leads to a more important electric 
current. From these curves and other results not shown in this paper, we deduce that the 
current is governed by the absolute humidity; this result would be helpful to design experiments 
in the oven with mist injection. 

 
Figure 2. Current-Voltage characteristics for different ambient conditions (x=10 gwater/kgdry air) 
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The effect of this corona discharge on the velocity field is shown in figure 3 for an inter-electrode 
distance of 3.5 cm and an applied voltage of 15 kV. The corresponding velocity profile 3 cm 
below the pin indicates that the ionic wind acted like a jet. The maximum velocity (4m.s-1) is 
obtained in the axis of the pin. This jet that impinges on the heated plate should enhance heat 
transfer on this plate.  

 

(a)                                                                                         (b) 

Figure 3. PIV measurement: instantaneous picture of the flow field (a) and velocity profile (b). 

The enhancement is depicted on figure 4. The ratio of the convective heat transfer coefficient 
with EHD and without EHD, i.e. by natural convection, greatly depended on the electrical power 
whatever the sign of the applied voltage V0. It seems that as soon as ionization started, heat 
transfers were immediately enhanced. They were double with 0.25 W and a kind of plateau was 
reached for higher electrical power. A negative applied voltage did not permit to increase this 
factor. From this result, we applied a positive voltage at the discharge electrode in the 
experiments in baking conditions.  

 
Figure 4. Enhancement factor of the heat transfer by EHD according to the electric power. 

Figure 5 presents the current-voltage characteristics in the oven at 250¡C in dry conditions and 
in moist conditions after mist injection. In dry conditions, due the high temperature, arcs 
occurred even at voltage less than 15kV whereas mist tended to stabilize the current and 
prevented electric arcing. For safety consideration, this was a favorable result. Figure 6 gives 
the evolution of the electric current with time in the oven at 250¡C for a positive applied voltage 
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of 15kV. Mist injections are represented by vertical bars. After injection, the current decreased 
from 25 to 4 !A. This reduction lead to a similar reduction of the electric power but this should 
not affect a lot the heat transfer enhancement because we showed that even a low electric 
power had a beneficial effect on the enhancement (Figure 4). These results demonstrate that 
EHD enhancement of heat transfer is possible in ovens. 

 
Figure 5. Current/voltage characteristics according to the conditions in the oven. 

 
Figure 6. Evolution of the electric current in baking conditions for an applied voltage V0 of 15 kV. 

Conclusions 
This work confirms that EHD enhancement of natural convective heat transfer by corona 
discharge is effective. Heat transfer enhancement occurs as soon as ionization starts, i.e. with a 
low electric power. This ionization process is governed by the absolute humidity of air. Positive 
corona discharge is preferable as it requires less energy. Moreover, it is not necessary to 
increase the electric power because it does not improve the enhancement. 
From this experimental investigation, some conclusion on the application of corona discharge in 
an oven can be drawn. Mist injection in the oven at high temperature reduces the corona current 
but does not prevent heat transfer enhancement. Moreover, as mist permits to avoid electrical 
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arcing, the EHD could be applied in safety conditions. Further experiments could be performed 
in order to evaluate the overall energy consumption and the influence of this innovative process 
on bread qualities. 
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Abstract . Tulip bulbs are stored in containers, which are ventilated to a level of 300-500 m3 per m3 
bulbs per hour to avoid high ethane concentration. The containers are positioned in an arrangement 
of 5-6 rows with 8-10 containers per row, each one on a pallet, with an adjusted large box containing 
a ventilator. The air flows through the bottom canals of the containers, through the tulip bulbs and 
then escapes through a small slit at the upper side wall of each container. Ideally the ventilation rate 
should be equal through each container, although this is not the case. To overcome the ununiformity 
the ventilation rate has to be adjusted to the container with minimal ventilation rate; therefore 
ventilation is set at a high rate to avoid risks. 

In this study a CFD model was used to investigate the potential energy saving of a storage system 
for tulip bulbs by applying simple design improvements of the air inlet area. Many different 
configurations have been investigated. The first one concerned the placement of a plate just before 
the first row of the containers. By investigating the size and the position of the plate, the best results 
were given when a 40 cm plate was positioned just before the first row of the containers, at an angle 
of 47¡ from horizontal level and to a distance of 70 cm from the first pallet. The second one was by 
positioning plates just before each flow channel for the first three top rows of the containers. The 
improvements suggested by the CFD model were applied in real commercial storage systems. 
Experimental measurements have shown that both systems combined with 8% reduction of the air 
flow results an energy saving of 20-30%. The suggested improvements have been adopted by the 
growers, showing that CFD modeling is a useful tool to improve the efficiency of storage systems for 
tulips bulbs. 
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