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ABSTRACT

There is considerable demand for process design data on all aspects of food chilling, especially for unwrapped products. This is a result of strict product temperature legislation together with economic requirements to maximise throughput, minimise weight loss and operate refrigeration systems in the most efficient manner.  Recent years have seen an increase in customer demand for fresh convenience food, which has caused a major increase in the volume of sales of unwrapped products.  Surface drying has been identified as the main reason for commercial loss from unwrapped chilled food in display cabinets.  Surface drying increases weight loss and leads to colour changes that are undesirable.  This paper reports on work aimed at determining the mass transfer coefficients for some of the most common fillings used in unwrapped sandwiches under the environmental boundary conditions that exist in a display cabinet, and to evaluate their display shelf life and dehydration rate.  It was observed that changes in relative humidity along with the air velocity have a substantial effect on drying rate.  The measured drying rates were used to derive the average mass transfer coefficients, which are  presented in the form of empirical equations that can be used in the selection of appropriate display cabinet environmental conditions to prolong shelf life and reduce wastage. 

1. INTRODUCTION

Surface drying has been identified as the main reason for commercial loss from unwrapped chilled food in display cabinets, (Maidment 1998).  Surface drying increases weight loss and leads to colour changes that are undesirable.  Weight loss has also been identified as the most important cause for the end of display shelf life of meat, fish and their products (James et al. 1998).  Fulton et al. (1987) found that the discoloration was the most important limiting factor controlling the display shelf life of pre-packed meat and a relationship was established  between weight loss during display and colour changes. 

Evaluating the weight loss of any food item by a mathematical model requires knowledge of the mass transfer coefficient of that type of food.  Many investigations have been carried out to establish the variation of drying rate as a function of the environmental boundary conditions. Some of these investigations were experimental and involved mainly meat and meat products and resulted in recommendations for increasing product shelf life and minimising weight loss (James et al. 1986, Feldhusen et al. 1995, McMullen et al. 1994, James 1996 and Gill 1996).  Other investigations attempted to develop mathematical models to calculate the drying rate as a function of the environmental conditions and product variables such as shape and water activity (Sawitri et al. 1998a, Sawitri et al.1998b and Delgsdo and Sun 2001). 

Very few measured values of mass transfer coefficients have been published and those that are available do not cover all the types of food items and the range of boundary conditions of a refrigerated display cabinet.  The mass transfer coefficient for very thin slabs of meat was found to range from 4.9 to 16.1 x10 –8 (kg/s.m².Pa) at air velocities of 0.56 to 3.6 m/s (Radford et al. 1976).  Swenson et al. (1969) stated that an acceptable equation for mass transfer coefficient is given by (
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) for a certain boundary conditions of the test, where v is the air velocity.  Further work is however required to define with greater accuracy the relationship between the mass transfer coefficient and the properties of products and flow conditions of surrounding air.

There is no reported work on the mass transfer coefficient of sandwich ingredients and the display shelf life as a function of environmental boundary conditions. To address this problem, the aims of the present study were to:

· Determine the mass transfer coefficients for selected food items (most common filling for unwrapped sandwiches) under the environmental boundary conditions that exist in display cabinet, which will facilitate the calculation of heat and mass transfer.

· Investigate the drying rate (weight loss rate) variation for the selected food items under different boundary conditions.
· Evaluate the display shelf life of the selected food items under different boundary conditions and determine the optimum boundary conditions that will provide longer display shelf life.

The outputs of this work will hence provide process information, needed by industry, to improve existing cabinets and design new display cabinets for unwrapped chilled products.  The following sections present the theoretical considerations required for this investigation and the laboratory investigations carried out to determine the relationship between air temperature, velocity and relative humidity with drying rate and display shelf life for six types of unwrapped sandwich components (white baguette, beef, tuna, cheese, chopped hard boiled egg with mayonnaise and cucumber).  

2. THEORETICAL BACKGROUND

The rate at which a food product loses weight through its surface depends on two related processes: evaporation, in which, moisture from the surface of the product is transferred by convection to the surrounding air, and diffusion, where water from within the food moves to the surface.  

The mass transfer coefficient represents the resistance of the food surface against losing water vapour.  Two procedures were followed to obtain the mass transfer coefficient.  The first involved experimental work in which the direct weight loss due to drying was obtained and used to find out the drying rate. The drying rate represents the rate of water vapour loss and can be obtained by calculating the slope of the weight loss curve during the steady state period.  By using Dalton’s law, along with the surface area, food water activity and the boundary conditions of the test, mass transfer coefficient can be determined (Daudin and Swain 1990) and (Radford et al. 1976).  The second method involved using the Lewis relationship, which relates the mass transfer coefficient to the heat transfer coefficient.  The Lewis relationship states that for fully developed turbulent flow the heat and mass transfer coefficients are in direct proportion to each other, and for air, the Lewis number itself is close to unity (Sawitri et al. 1998a, Daudin and Swain 1990 and Fulton et al. 1987).

Measuring the water activity at the surface of a food item during the drying process is difficult because this property varies with time and is determined largely by water transport through the underlying material.  When air flows around the food item, heat and mass transfer take place both inside the body and through the boundary layer, which develops along the air-body interface. At the boundary layer, flow is laminar and heat and water vapour transfer to and from the surface is by conduction and diffusion respectively. These processes depend on (i) the thermal conductivity and the water vapour diffusivity of the air, (ii) the shape, size and surface roughness of the body, and (iii) the air velocity and viscosity which determine the thickness of the boundary layer.  

The rate of evaporation is proportional to the difference between the water-vapour pressure in equilibrium with the surface and that of the cooling air.  The equilibrium vapour pressure of the product’s surface is related to its temperature and its water activity, which is defined as the ratio of the water-vapour pressure in equilibrium with the product’s surface to that of the water at the same temperature (Morley 1983).

Dalton’s law represents the mass transfer rate 
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where 
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 is the surface area of the food, 
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the partial pressure of water vapour in the boundary layer over the product surface and is defined by (James 1989).
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where 
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is the water activity at the product surface 
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p

is the saturation vapour pressure of water at the product surface and can be satisfactorily approximated from the temperature of the product surface using the Antonine equation (Hu and Sun 2000)
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The saturation pressure can also be found by a third order polynomial equation (Sapru and Labuza 1996)
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represents the partial pressure of water vapour in the bulk air and is given by (James 1989)
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where 
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 is the relative humidity, which represents the ratio of the actual water vapour pressure to the saturation water vapour pressure. 
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p

 is the saturation vapour pressure of water at the bulk air and can obtained by using Antonine equation at the bulk air temperature.

In experiments designed to determine 
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, the surface of the products is assumed to be homogeneous and the surface water activities for the selected food products are assumed to be constant.  Daudin and Swain (1990) have mentioned that for food with high water concentration the variation of water concentration has little effect on water activity.  The water content and water activities of the food components used in the tests are tabulated in Table 1.

Table1.  Water content and water activities of Sandwich Components

	Food component


	Water content
	Water activity 
	Reference

	Beef

	78%
	0.98

	Trujillo et al.  (2003)

	Baguette

Crust



Crumb

	24%         

44%
	0.84  

Above 0.9           
	Lind & Rask (1991)

Lind & Rask (1991)

	Cheese
      
	58%
	0.95
	Saurel et al. (2004)

	Cucumber
      
	95%
	1.00
	Sipahioglu & Barringer (2003)

	Tuna
    
	67%
	0.96
	Fernandez-Saguero et al. (1993)

	Mayonnaise
	21%
	0.9
	Fernandez-Saguero et al. (1993)


Water content of the samples considered in the tests was determined by oven drying method (Isugard 1995), except for Mayonnaise where the water content was taken from the product ingredient label.  The water activity is obtained from literature as indicated above.  It is also assumed that the water activity of the samples is constant for the range of test temperature and relative humidity considered (Lind and Rask 1991).  Delgsdo and Sun (2001) reported that the heat transfer coefficient is dependent on thermo-physical properties of fluid and product, characteristics of fluid flow and heat transfer equipment. Most of these factors were nearly constant during experimental work. Therefore we can assume that the heat transfer coefficient is constant and so the mass transfer coefficient is also constant.  The above assumptions indicate that the water activity on the food surface is constant during the period of constant drying rate.

3. EXPERIMENTAL PROCEDURE

The experiments were carried out in a closed circuit, controlled environmental chamber. The weights of the samples were recorded by using load cell (model 1004) with total error around 0.0067% of the rated output of
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 mV/V.  A data acquisition system recorded weights of the samples continuously.  

Petri dishes were filled with Tuna and Chopped hard-boiled egg and mayonnaise and the samples were at a constant weight of 50g and surface area of 0.005026 m² and the top surface was exposed to the environmental conditions. Cucumber samples were kept at constant weight of 75g, and that was achieved by cutting slices with different diameter but constant thickness 6 mm.  Hence the surface area was different during each test. The surface area of the cucumber sample was obtained by evaluating the surface area of each slice according to the average of four measurements along the diameter for each slice in different direction.  Cheese and Beef samples were cylindrical in shape of 80-mm diameter and 1mm thickness (constant surface area).  The baguette usually has an irregular shape, which can be assumed to be cylindrical. Therefore, the baguette was considered as the sum of ten equal length slices. Four measurements of diameter were taken around each cross-section in order to obtain an average diameter for the cross-sections. Also the average diameter of both ends was obtained to approximate the surface area. 

The air velocity, temperature and relative humidity were kept constant during each experiment. Twenty-seven different combinations of boundary conditions of temperatures (7°C, 9°C, 13°C), relative humidity (50%, 70%, 90% RH) and air velocity (0.1 m/s, 0.45 m/s, 0.9 m/s) were used in the test chamber to obtain the drying rate of each sample. The initial surface product temperature of the sample was maintained approximately at the test air temperature to obtain steady state-conditions. 

4. RESULTS


The weights versus time curves were used to derive the weight loss versus time curves. It was clear that the weight loss was at a constant rate for the first 350min for cheese, tuna, chopped hard-boiled egg with mayonnaise, beef and cucumber and the first 200 min for baguette. Calculations were therefore based on the measurements from the steady state period.
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The samples of beef, tuna, cheese, cucumber and chopped hard boiled egg with mayonnaise showed very similar trends, therefore results from only one sample, i.e. beef will be discussed. The baguette showed a different trend and hence will be considered separately. Figure 1 shows the results of weight loss curve for beef and baguette.

Figure 1. Weight Loss variation for Beef and Baguette at 13°C and 90% RH for varying air velocity

4.1 Drying Rate

The drying rates for each sample were calculated from weight-loss versus time graph by obtaining the slope of the weight-loss curve during steady state period for all types of food items considered in the tests.

Beef: The drying rate was related to the three environmental boundary conditions relative humidity, temperature and air velocity, Figure 2.  It was observed that the relative humidity had the most effect on drying rate.  Increasing the relative humidity from 70 to 90 % at 13°C and 0.1 m/s, reduced the drying rate from 3.07x10-5 to1.68 x10-5 kg/s.m².  This equates to a reduction of 46%, while reducing the air velocity at 13°C, 90% from 0.45 to 0.1 m/s reduced the drying rate by 25% from 2.3 x10-5 to 1.68 x10-5 kg/s.m².  In case of reducing the temperature from 13 to 9°C at 70%, 0.9 m/s the drying rate reduced by only 7% from 4.82 x10-5 to 4.45 x10-5 kg/s.m².  

Moreover, it was observed that the effect of air velocity on the weight loss and drying rate is compounded by the relative humidity.  At 13°C and air relative humidity 50%, increasing the air velocity from 0.1 to 0.45 m/s increased the drying rate by 33.5% from 5.6 x10-5 to 7.48 x10-5 kg/s.m².  While at the same temperature, at 90% RH with same changes in air velocity the drying rate increased by 21% from 1.68 x10-5 to 2.3 x10-5 kg/s.m². Hence the magnitude of the effect increases as relative humidity decreases. 

Baguette: The effect of environmental boundary conditions on drying rate of baguette showed different trends compared to the beef sample.  At high relative humidity the baguette absorbed water vapour from the surrounding air, and the baguette showed negative drying rate (absorption rate) due to the increase in its weight, Figure 2.

At high relative humidity i.e. 90%RH, the partial water vapour pressure of the air is higher than the partial water vapour pressure at the crust surface, Table 2. Since the differences of the partial water vapour pressure of air and baguette surface is the driving force for moisture transfer (Morley 1983), the crust absorbs water vapour from the surrounding air at high relative humidity. This indicates that, since the product surface temperature and the surrounding air temperature are nearly the same, the rate of evaporation is a function of the availability of water at the evaporating surface.
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Figure 2. Drying Rate variation as a function of the environmental boundary conditions  
At 90%RH it was very clear that reducing the air temperature and air velocity reduced the absorption rate of the baguette and the effect of temperature is slightly higher than that of air velocity Figure 2.

Also the negative drying rate (absorption rate) of baguette was affected by temperature to a greater extent than beef at high relative humidity.  With the temperature change from 13°C to 7°C at 90% RH and 0.1m/s the percentage reduction of the drying rate (absorption rate) for white baguette was 32.4% compared to beef which was reduced by only 6%.

Table 2.  Variation of saturation and partial vapour pressure at 90% and different temperatures

	RH
	T (°C)
	Saturation water vapour pressure (N/m²)
	Partial vapour pressure of air (N/m²)
	Partial vapour pressure of baguette at the surface (N/m²)

(Crust water activity 0.84)

	0.9
	7
	1868594.515
	1681735.063
	1569619.392

	0.9
	9
	1909305.256
	1718374.73
	1603816.415

	0.9
	13
	1971477.881
	1774330.093
	1656041.42


4.2 Mass Transfer Coefficient

Dalton’s law was used to calculate the mass transfer coefficient. Figure 3 shows the mass transfer coefficient of beef and baguette as a function of environmental boundary conditions. Appendix A presents the general empirical equations obtained for the variation of mass transfer coefficient as a function of environmental boundary conditions. 

Beef:  The rates of heat and mass transfer through and from the food component depend mainly on the rate of conduction/convection of heat and diffusion of water vapour through the air film at the surface of the food product.  Therefore the air velocity is one of the main factors that determines the thickness of this film.  In general, increasing the air velocity produced higher mass transfer coefficients. Changes in air velocity from 0.1 to 0.9 m/s increased the mass transfer coefficient from 1.4 x10-7 to 2.17 x10-7 kg/s.m². Pa at 13°C, 90%RH, and this result agrees with finding of James and Bailey 1986.

Baguette: In the case of the baguette it was noticed that at high relative humidity 90% RH, when the partial water vapour pressure of the air is higher than the partial water vapour pressure at the crust surface, the baguette absorbs water vapour. The baguette consists of two parts, the inner part (crumb), with high moisture content and the outer part, (crust), with lower moisture content.  

During display, the moisture inside the baguette starts to transfer from the high moisture region to the low moisture region by diffusion (Hamdami et al. 2004).  At high relative humidity 90% RH, two high moisture content layers surround the crust of the baguette, the crumb from inside and the surrounding air from outside. Since the crust has low moisture content and water activity around 0.84, water vapour starts to transfer to the crust from both sides until equilibrium is reached, and as a result the weight of the baguette increases. Moisture from the crumb of the baguette will continuously diffuse into the crust which will eventually lead to an increased water activity at the crust and a higher water vapour partial pressure at the crust surface compared to the partial vapour pressure of the air. Therefore, after the initial weight gain, the water vapour evaporates from the crust surface to the surrounding air and results in weight loss to the baguette. Also it was noticed that at 90% RH, increasing the air velocity reduced the mass transfer coefficient. When the velocity increased from 0.1 to 0.9 m/s at 90% RH, 13°C the mass transfer coefficient decreased from 4.57 x10-9 to 3.7 x10-9 (kg/s.m².Pa).
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Figure 3. Mass transfer coefficient variation of Beef and Baguette at different environmental boundary conditions

4.3 Display Shelf Life

It has been reported that the visual appearance of food and food products is of major importance when consumers assess product quality (Pexara et al. 2001). The first change in the appearance of the samples, such as change of colour, drying or shrinkage were considered to be the factors that decided the end of display shelf life of the food samples.  For baguette touch and the texture of the crust were considered to assess the display shelf life. The display shelf lives of unwrapped sandwich components were established based on observations of the food samples under test by a panel of five members.
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	Figure 4. Display shelf life variation of beef at different environmental boundary conditions
	Figure 5. Relationship of Beef drying rate and display shelf life


The display shelf lives of all the samples considered ranged from 60 to 600 minutes at different boundary conditions. The tuna sample showed the longest display shelf life, followed by cheese, beef, and cucumber and then chopped hard-boiled egg with mayonnaise. Chopped hard-boiled egg with mayonnaise was the most sensitive food item to the variation of the environmental boundary conditions. Figure 4 shows the data for the display shelf life of beef.

Beef: The higher display shelf life was recorded at high relative humility of 90%RH and low temperature of 7°C. The results showed that the relative humidity had the greatest effect on display shelf life. Reducing the relative humidity at 13°C, 0.1 m/s from 90% to 70%RH reduced the display shelf life from 420 min to 180 min while reducing the temperature from 13 to 9°C at 90%RH, 0.1 m/s increased the display shelf life from 420 to 430 min. The velocity also showed an effect on the display shelf life. Increasing the air velocity from 0.1 to 0.9 m/s reduced the display shelf life from 420 to 270 min.  High relative humidity, low temperature and low air velocity achieve longer display shelf life and this agrees with the findings of James et al. 1986. 

It was found that the display shelf life is related to the drying rate (Figure 5).  Increasing the drying rate led to an increase in the weight loss and reduction of the display shelf life. Reducing the drying rate provided longer display shelf life. Since at low values of drying rate, higher values of mass transfer coefficients were obtained it can be expected that the higher values of mass transfer coefficient can lead to longer display shelf life. 

Baguette: The display shelf life of baguette was not affected by the environmental boundary conditions for up to 350-minutes of the test period.

5. CONCLUSIONS

1. Surface drying increases the weight loss and leads to colour changes that are undesirable and results in shorter display shelf life.  Weight loss was affected by air relative humidity, velocity and temperature.  Weight loss occurs at constant rate for a finite period of time, after which the rate of loss decreases. The time of constant weight loss rate is related to the moisture content of the food.

2. Tuna, beef, Chopped Hard Boiled Egg with Mayonnaise, cucumber and cheese showed similar trends in drying rate and display shelf life variation.  At high air relative humidity the baguette showed different behaviour for weight loss and drying rate. The baguette, at high relative humidity absorbs water vapour from the surrounding air and the drying rate becomes negative i.e. water is absorbed and hence can also be termed as absorption rate.

3. The relative humidity had the most prevalent effect on the drying rate. Temperature changes had smaller effect on drying rate compared to the changes in either relative humidity or air velocity.  Air velocity directly affects the drying rate and this is related to the relative humidity. The magnitude of the effect increases as relative humidity decreases.

4. The mass transfer coefficient was affected by the air relative humidity and air velocity and less affected by the air temperature within the range considered in the tests.  

5. A direct relationship was found between the drying rate and the display shelf life. Reducing the drying rate provides longer display shelf life.

6. The display shelf life was mostly affected by the air relative humidity and velocity. Changes in air velocity at high relative humidity have more effect on display shelf life than at low relative humidity.

7. The tuna sample showed the longest display shelf life, followed by cheese, beef, cucumber and chopped hard-boiled egg with mayonnaise. Chopped hard-boiled egg with mayonnaise was the most sensitive food item to the variation of the environmental boundary conditions. The display shelf life of baguette under all boundary conditions was still acceptable for up to 350 minutes.
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APPENDIX A – Sample equations for beef and baguette

Normalisation of Temperature, Relative Humidity and Velocity as follows:

NormT = (Temp – 10)/2.44949; NormRH = (RH – 72.5)/15.612495; NormVel = (Vel – 0.483333)/0.327448

Equations for Beef

N1 = Tanh[{-0.295818*NormT + 1.547087*NormRH +0.079824*NormVel} – 1.339017]

N2 = Tanh[{-0.142558*NormT - 0.047933*NormRH – 1.223529*NormVel} + 0.013830]

Mass Transfer Coeff = {0.005710*(1.321453*N1-0.550864*N2+0.611605) + 0.014125}/100000

Equations for Baguette

N1= Tanh[{+0.310637*NormT -  1.259554*NormRH – 0.526276*NormVel} – 0.427953]

N2 = Tanh[{-0.365088*NormT + 3.474353*NormRH + 0.363209*NormVel}  -2.253488]

Mass Transfer Coeff = {0.035760*(-1.341880*N1-1.527088*N2-0.694770) + 0.068958}/10000000
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