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Abstract. The aim of this article is to present the effect of external action of air-borne ultrasound (US) upon biological wet materials subjected to drying. The study allows to determine the drying effectiveness of such products like fruits and vegetables by convective drying with ultrasound enhancement. The vibration and heating effects induced by power ultrasound are considered. The mathematical model of drying is developed and validated experimentally using the data obtained from the experimental tests carried out on the hybrid dryer equipped with ultrasonic generator. The obtained results prove that the vibration effect induced by ultrasound has a great impact on the acceleration of mass transfer without significant elevation of product temperature, and thus on the drying efficiency with respect to energy utilization and the quality of dried products like fruits and vegetables. 
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1. Introduction
Main aim of this article is a profound recognition of the interaction mechanism between ultrasonic wave and the saturated porous materials [Aksielrud & Altszuler, 1987; Scheidegger, 1974; Śliwiński, 2001; Povey, 1997; Galego-Juarez, et al. 1999], which entails the reason for intensification of moisture removal from dried products. Ultrasound represents a high-frequency waves passing through saturated medium in which the periodical high and low pressure is created [Kudra & Mujumdar, 2002; De la Fluente-Blanco, et al. 2006].  
Lately more and more literature reported about very positive influence of ultrasound on drying efficiency of biological materials such as fruits and vegetables [Garcia-Perez, et al. 2007; Carcel et al. 2012; Musielak et al., 2016; Mulet et al. 2003; Patist & Darren, 2008]. However, these reports do not explain fully the US mechanism contributing to the process intensification and improvement of the product quality by drying with ultrasound enhancement [Ortuno et al., 2010; Zehn et al., 2011; Mujumdar & Jangam, 2012]. 
Biological materials like fruits and vegetables need very sublimed drying methods as they are very sensitive to high temperatures and long drying time. After drying with common convective methods they sustain degradation of their valuable virtues. Therefore, it has been shown in last decades that several acoustic methods are required to attain a steady-state sonoluminescence in aqueous biological products under pulsed sonication conditions, in particular at high frequencies and power ultrasound enhancement [Santacatalina et al., 2014; Mulet et al., 2011; Sobarez et al., 2012].
The objectives of this article are to provide scientific and historical backgrounds to the future studies concerning heat transfer enhancement by ultrasonic vibrations and to bring forward the evolution of this domain with several examples of application. The research raised in this work states that the high-frequency ultrasound cause periodical changes of material porosity and evoke sponge effect influencing fluid pressure or/and cavitation phenomenon.  The microbubbles present in pores accelerate the moisture streaming from inside of the material towards the surface where it evaporates. Besides, apart from ultrasound action on porous media the hybrid methods (microwaves, infrared) are of interest in many industrial sectors (geophysics, environmental science, hydrology), engineering (civil engineering, oil industry) and others [Kowalski et al., 2010; 2012; 2013; 2014; Kowalski, 2010]. 
The theoretical and experimental research of drying enhancement with ultrasound presented in this article is based on several theories [Biot, 1956a,b; Gamboa-Santos et al., 2014;   Kowalski & Mierzwa, 2011; 2015; Kowalski & Pawłowski 2010; 2015; Rodriguez et al. 2014]. It is expected that the drying efficiency should be increased owe to special “vibration effect” and “heating effect” provoked by ultrasound. Positive outcome from these studies may contribute to essential improvement of drying processes, in particular with respect to biological materials through:

· lowering of drying temperature,

· reduction of energy consumption should be wastage and transfer to the environment,

· shortening of drying time,

· improvement of dried products quality through preservation of their valuable components (vitamins, minerals) and their appearance (color, shape).   

The obtained results should allow to state whether the convective drying with ultrasound enhancement makes the drying processes more effective and not cause significant temperature elevation of fruits and vegetables. 
Drying is an important air-handling process necessary in many industrial and agricultural sectors where low level of moisture and temperature in processed products is required. Drying of fruits, vegetables and other plant tissues is relevant also from the economical point of view. Mostly, a hot air drying is used, and especially in food industry. This is a relatively cheap and easy operated drying mechanism. However, it is time consuming followed by typical time ranges and large energy consuming process. Besides, the hot air drying is considered as a highly destructive method, particularly for thermally sensitive materials like biomaterials. Therefore, this kind of drying mode requires proper selection of drying conditions and suitable choice of drying agent parameters (temperature, humidity, velocity), as well as rational heat dosage [Kowalski & Rybicki, 2004; 2007; 2009]. All these factors affect essentially the final quality of bioproducts like fruits and vegetables. Strong shrinkage and damage due to drying induced stresses, as well as the color and flavor change, and the reduction of nutritional value are the most often issues related to the quality of dried bioproduct.

This article presents studies with the use of high-intensity ultrasound for convective drying enhancement of such materials like fruits and vegetables. The hybrid dryer used in these studies is equipped with a special power ultrasound generator. Ultrasounds propagating through saturated porous media supply special form of energy and cause pressure fluctuations inside. The power ultrasound entail also high frequency vibration of the air near the drying material (micro- “vibrating effect”), which leads to turbulence near the surface of drying product and promotes heat and mass transfer processes. Simultaneously, a part of ultrasonic energy is absorbed inside the product causing its temperature rise (“heating effect”). The influence of vibrating and heating effects on drying enhancement is discussed in this paper to better understand the drying effectiveness. The discussion is based on the mathematical model of drying developed in Kowalski & Pawłowski [2010] and Kowalski & Mierzwa [2015]. The theoretical results are validated with experiments gained from the tests carried out on the mentioned hybrid dryer.  

2. Experimental
Figure 1 presents the scheme of the laboratory hybrid chamber dryer constructed by PROMIS-TECH - Wrocław (Poland), equipped with the ultrasonic air-born systems provided by PUSONICS – Madrid (Spain). The set-up is used for experimental tests in the Department of Process Engineering at Poznań University of Technology (Poland).
Fig. 1. Scheme of ultrasound assisted hybrid dryer:

1. Fan, 2. Ultrasound generator AUS, 3. Ultrasound feeder, 4. Electric heater, 5. Air outlet, 6. Ultrasound transducer AUS, 7. Pyrometer, 8. Rotating sample pan, 9. Drive sample pan, 10. Balance, 11. Micowave generator, 12. Control cupboard.

The drier is equipped with three sources of energy: hot air, microwaves and ultrasound working separately or simultaneously with different combinations. The drier have the possibility to work with air temperature up to 90oC, the microwave powers up to 500 W and ultrasound power 100 W or 200 W of frequency 26 kHz. There is also the possibility to set the wanted air flow for the air speed flowing through the scale pan up to 1 m/s.
A great advantage of such experimental setup is the possibility to measure all process parameters online, that is: drying time, material temperature, inlet and outlet air temperature, inlet and outlet air humidity, air flow velocity, microwave and ultrasound power, and the energy usage. So that the dryer enables convective drying with different air temperatures and velocities flow, and also drying enhanced with ultrasound and microwaves, which are set with the use of programmer (12). 
3. Ultrasonic waves in air and saturated porous material 
Ultrasound in air. The ultrasound waves generated by transducer (6) are propagating through the air and arrive to the saturated porous medium placed on the rotating pan (8) (Fig. 2). 
Fig. 2. Ultrasound in air generated by ultrasonic transducer 
The air pressure and density varies due to ultrasonic waves and reveal as the adiabatic process from the thermodynamic point of view. In compression the temperature is always marketable higher than in rarefaction state. The changes of local air pressure and temperature proceed with very high frequency. 
A one-dimensional wave propagation in gas medium is considered. The wave equation in such a medium reads [Śliwiński, 2001; Powey, 1997]
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where U(z,t) expresses air displacement, F(z,t) is the density of mass forces, and  c is the speed of ultrasound in gas (air) with  = cp/cv being the adiabatic exponent, and cp and cv denote the specific heat at constant pressure and volume,  respectively. 

The drying set up with piezoelectric transducer and specially profiled cylindrical plate presented in figure 1 is used to generate ultrasound waves in air. The ultrasonic waves in air are of harmonic character. If the density of mass force is zero (F = 0) then the displacements of the air particles generated by the piezoelectric transducer read
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where  is the frequency of ultrasound. 
The solution satisfying the homogeneous wave equation (1) for steady-state vibrations of air particles takes the form 
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 where  = /c is the wave number, U0(0) and U0(L) < U0(0) express wave amplitudes at the beginning and the end of air layer. 
Ultrasound in saturated porous material. Fluid saturated porous medium mostly reveals viscoelastic properties. The ultrasound wave equation for such a medium contains a damping term. Using the Kelvin-Voigt physical relation for viscoelastic material one can construct the ultrasound wave equation for such a material in the form [Śliwiński, 2001] 
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where  = /E is the retardation time,  denotes the viscosity of the medium, E is the elastic modulus, m is the mass density of the saturated medium, and cm is the wave velocity in the saturated medium. 
The solution of the wave equation (4) is foreseen in the form
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where  is the frequency of ultrasound. 

Substituting the solution (5) into wave equation (4) one obtains the following differential equation describing the amplitude of ultrasound wave
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where k* is the coupled parameter of wave propagation in viscoelastic material, which is expressed by the wave velocity C and the damping coefficient  of the ultrasonic wave. 
Based on the above coupled parameter k* one can separate the velocity C of damped wave and the damping coefficient , and express them in term of ultrasound frequency retardation time , and the velocity of elastic wave cm, namely  
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Note that when the retardation time becomes zero ((), then C = cm, and  = 0.
General solution of the differential equation (6) takes the form
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Substituting solution (8) into formula (5) one obtains the final solution of the wave equation (4) in the form 
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The viscoelastic wave act on the top surface of the cylindrical sample (Fig 3), where constant B should disappear from this solution (9), so the ultrasound wave in the cylindrical sample takes the form
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where (0 denotes an wave phase (possibly (0= 0). 
Figure 3 presents apple fruit sample (Malus Domestica var. Rubin) in the form of cylinder, subjected to convective drying enhanced with ultrasound. 
Fig. 3. Ultrasound acting on the dried sample in the form of cylinder
Figure 4 illustrates ultrasound wave propagating through the air layer of thickness L, and through the cylindrical sample of thickness H. It was stated that the damping coefficient  of ultrasound wave propagating through the saturated porous material is about ten times greater than that propagating through the air. 
Fig. 4. Transition of the ultrasound wave through air layer (L) and dried cylinder of height (H):                                                               a) L = 0.6; H = 0.5 and b) L = 0.3; H = 0.5
The axis of ordinate in Figs. 4a,b reveal the ratio of wave amplitude reduction in air layer with respect to the amplitude generated by the ultrasound transducer. Next, the distance from the top surface of the cylindrical sample towards its depth is denoted on the axis of abscissae. The US waves travel first through the air, and next act on the saturated porous cylinder of height H. In both cases the height of the dried cylinder is the same and amounts H = 0.5 m. 
In the first case (Fig. 4a) the thickness of air layer amounts 0.6 m. At the moment when the wave arrives the top surface of the cylindrical sample the amplitude of US wave amounts 0.689U0, where U0 denotes the initial amplitude of US wave in the place of its generation. After transition through the cylinder the US amplitude at the cylinder end amounts only 0.035 of its initial value.

In the second case (Fig. 4b) the thickness of air layer amounts 0.3 m. At the moment when the wave arrives the top surface of the cylindrical sample the amplitude of US wave amounts 0.835U0. After transition through the cylindrical sample the US amplitude at the cylinder end amounts 0.042 of its initial value.

Knowing the amplitude values and the damping coefficients of ultrasound waves one can estimate the energy loss of ultrasound wave in the air layer and in the cylindrical sample. In this way one can assess the amount of energy provided to drying material during convective drying enhanced with ultrasound. 

5 Moisture content in drying body 

In order to develop the differential equation describing the mapping of liquid content in dried body, the following balance of liquid mass is used Kowalski & Rybicki [2004; 2007; 2009] 
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where Xl = ( l /( s is the liquid content referred to the mass of dry body, ( s and (l denote the mass concentration of the solid skeleton and liquid, W l is the liquid flux in porous medium, and [image: image16.wmf]l
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denotes the rate of liquid transition into vapour. Dot over the symbol denotes the time derivative. 

Based on the thermodynamic rules, it was concluded that the moisture flux is proportional to the gradient of chemical potential l, being a function of temperature T, volumetric strain , and the liquid content Xl. Therefore, one can write  
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 denote the difference in temperature and liquid content with respect to reference state, and  is the volumetric strain (“sponge effect”) determined by the coefficient (). Coefficients cT and cX express the derivatives of chemical potential with respect to temperature and liquid content, and l(T,Xl) is termed the liquid transport coefficient defined as follows Kowalski & Rybicki [2009]:
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Here (Ts) = 75[1 – 0.002(Ts – 273)] is the surface tension of liquid between the interphase liquid/solid, (Ts) = /[1 + 0.053(Ts – 273)] is the liquid viscosity with  = 183(10–5 [Pa(s], and f(Xl) is mobility parameter dependent on material structure and liquid content. 

Parameter f(Xl) changes during drying following the history of moisture content. In several stages of drying it is suggested to be of the form Kowalski & Rybicki [2004; 2009]: 
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where Xcr and Xeq denote the critical and the equilibrium moisture contents. 

Thus, it was assumed that the mobility parameter f(Xl) is constant above the critical moisture content Xcr, and is zero below the equilibrium moisture content Xeq. The moisture content in the range of Xeq < Xl < Xcr corresponds to the falling drying rate period (FDRP), and the liquid mobility is described by a decreasing function of liquid content (Xl) (Fig. 5a). 

The rate of liquid change due to phase transition is assumed to be proportional to the difference between chemical potentials of liquid and vapour [Kowalski, 2003; Kowalski et al., 2013] 
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where (Ts,Xl) is the phase transition coefficient.

It is assumed that in the constant drying rate period (CDRP) the phase transition takes place mainly outside the body surface, where the evaporation proceeds as if from the free liquid surface. The phase transitions inside the body are of importance in the FDRP, and therefore coefficient (Ts,Xl) is assumed to be of the form
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The phase transition of moisture in the range Xeq < Xl < Xcr corresponding to the FDRP is described by a continuous function of liquid content (Xl) (Fig. 5b).
Fig. 5. Graphical illustration of coefficients as a function of liquid content:
 a) the liquid mobility coefficient, b) the phase transition coefficient 
The behaviour of drying body is examined so long until the moisture in liquid form is totally removed. Therefore, it is assumed that the phase transition during drying process proceed close the thermodynamic equilibrium, which means that the chemical potentials of liquid and vapour differ only slightly from each other. Then, one can write [Kowalski et al., 2014] 

[image: image24.wmf])

,

,

(

)

(

l

s

l

v

X

T

T

e

m

k

m

=


(17)

where  ( 0 is a ratio of v to l, and  = 1 means stoppage the phase transitions

Based on mass balance equations and making use of the developed form of chemical potential l(Ts, Xl) with respect to parameters Ts,  and Xl, one can write the differential equation describing the distribution and time evolution of liquid content in drying body as
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where l denotes the coefficient of moisture transfer, 
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 is the parameter responsible for the rate of phase transitions. In equation (18) the expression [image: image27.wmf]0
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 was neglected as small and insignificant in drying processes.
The following boundary conditions describing the moisture exchange with the surrounding are applied 
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The initial condition expresses uniform distribution of moisture at the beginning 
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In the above formulas km is the coefficient of convective vapour exchange between the dried body and the ambient air,  v|(B and a denote the chemical potentials of vapour in the air at the boundary surface and in the ambient air, respectively.

The chemical potentials for vapour in air is expressed in terms of the molar ratio of vapour content x 
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where [image: image32.wmf]Ä
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is the chemical potential of pure vapour, Rv is the gas constant for vapour, p and T denote the air pressure and temperature.
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into the Taylor series and living the first term of this series only one can write the difference between the chemical potentials of vapour in air at the boundary surface and ambient air as follows:
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where sv denotes the entropy of pure vapor per unit mass, T|(B and Ta are the temperatures, and x|(B and xa are the molar ratios of vapor in air at the boundary surface and ambient air, respectively. 

Figure 6 presents drying curves for apple fruit by convective drying (Ta = 50oC, RH = 20%) and convective drying with ultrasound enhancement. 
Fig. 6 Drying curves for apple fruit by convective drying (Ta = 50oC, RH = 20%) and convective drying with ultrasound enhancement
Figure 7 presents drying curves for apple fruit by convective drying (Ta = 60oC, RH = 30%) and convective drying with ultrasound enhancement. 
Fig. 7 Drying curves for apple fruit by convective drying (Ta = 60oC, RH = 30%) and convective drying with ultrasound enhancement 
Figure 8 illustrate distribution of moisture content along cross section of cylindrical sample at 240 min of drying process by convective drying and convective drying enhanced with ultrasound.
Fig. 8 Distribution of moisture content in cross section of cylindrical sample at 240 min od convective drying and convective drying enhanced with ultrasound
Fig. 8 shows that the ultrasound accelerate significantly the drying process, and  less moisture is in the cylinder cross section by CV+US drying than by pure CV drying. The moisture is removed first from the top of the cylinder (points (R,H) and (0,H)), and at the cylinder bottom the moisture is removed significantly slower (points (R,0) and (0,0)). 
6 Temperature in drying body

Differential equation describing the mapping of temperature in dried body is developed from the balance of energy, which is of the form [Kowalski et al., 2010; 2013; 2014] 
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where s(Ts,Xl,Xv) = ss + sl Xl + sv Xv denotes the total entropy of the dried body referred to the mass of dry body, s is the entropy of constituent , q is the heat flux supplied dried body through the surface, W is the mass flux of constituent , and 
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 is the volumetric heat supply due to ultrasound radiation with aU [–] being the dimensionless absorption coefficient of the ultrasonic wave, χU [–] the dimensionless working efficiency of the ultrasonic transducer, and PU [W] the power of the ultrasonic generator. Equation (23) expresses the entropy time changes due to heat supplied.   
The heat flux supplied to the dried sample is expressed by Fourier law, which includes also the heat transport by moisture [Kowalski, 2003]:


[image: image37.wmf](

)

v

v

l

l

s

s

T

s

s

T

T

W

W

q

+

-

-

=

grad

L

,       
[image: image38.wmf](

)

l

T

s

T

T

L

q

q

L

f

L

0

1

+

-

=


(24)

where T(Ts,Xl) is the coefficient of thermal conductivity, with  denoting porosity and 0 the initial liquid content.

Expanding the entropy function s(Ts,Xl,Xv) with respect to the parameters of state one gets
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Substituting the heat flux (24) and the entropy rate (25) into (23) one obtains
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where Ts((s/(Ts) = cv = cs + cl Xl + cv Xv is total specific heat of dried body and c is the specific heat of constituent .

For the falling drying rate period (FDRT) the second term in equation (26) can be rewritten as follows: 
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where l = Ts(sv – sl) is the latent heat of evaporation.

Thus, the differential equation describing the temperature distribution in the cylindrical sample takes the form
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where DT(T,Xl) = T(T,Xl)/scv is the thermal diffusivity, and A is the effective area of ultrasonic incidence [m2].
Equation (27) is supplemented with the following boundary and initial conditions 
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 is the heat conduction coefficient with  s and l being the coefficients of heat conduction for skeleton and liquid,  is the porosity, S is the pore saturation, kT is the coefficient of convective heat exchange between the dried body and the ambient air, [image: image49.wmf]T
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 is the coefficient of convective heat exchange at the bottom sample surface and the ambient air.

The absorption coefficient au is determined experimentally. It is assumed that the ultrasound energy absorbed by drying material is converted into heat. The amount of ultrasound energy converted into heat can be estimated by the temperature variation inside the drying material. In experimental tests the four thermo-couples are inserted in thermally insulted dried material to observe the temperature distribution in the sample. The absorption coefficient of ultrasounds can be calculated using the following equation
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where Ts,av is the algebraic average of four temperatures measured in the tested sample. 

Figure 9 presents the change in time of temperature at top surface of the cylindrical sample by convective drying (CV) and convective drying enhanced with ultrasound (CV+US). The temperature of drying air was Ta = 50oC and air relative humidity amounted RH = 20%.   
Fig. 9. Temperature evolution in time at the top of cylindrical sample by convective drying (Ta = 50oC, RH = 20%) and convective drying enhanced with ultrasound
As it follows from the plots in Fig. 9 the temperature of drying sample increases rapidly at the beginning when the dryer is switched on. Next becomes constant during the constant drying rate period (CDRP), and then start to increase during the falling drying rate period (FDRP) tending to the temperature of surrounding air. By convective drying with ultrasound assistance the sample temperature increase is observed.  It denotes that some amount of ultrasound energy is transferred into heat during ultrasound action on dried material. 
Figure 10 presents the temperature change in time at the top surface of the cylindrical sample by convective drying (CV), when the drying air temperature amounts Ta = 60oC and humidity RH = 30%, and by convective drying enhanced with ultrasound (CV+US).
Fig. 10 Temperature distribution at top surface of the cylindrical sample by convective drying (Ta_= 60oC, RH = 30%) by convective drying enhanced with ultrasound
Figure 10 shows evidently that an increase of air temperature from 50oC to 60oC elevated also the temperature of dried material, however, significantly reduced the time of drying with respect to drying at temperature 50oC (Fig. 9).
Figure 11 illustrate distribution of temperature in the sample cross section at 60 min of convective drying and convective drying enhanced with ultrasound. 

Fig. 11 Temperature distribution in the sample cross section at 60 min of convective drying and convective    drying enhanced with ultrasound
Fig. 11 shows evidently an increase of temperature at the top of cylinder (points (R,H) and (0,H)) by convective drying enhanced with ultrasound. It proves that some amount of ultrasound energy is absorbed due to action od ultrasound on the cylinder top surface. The temperature is evidently lower at the cylinder bottom.

Figure 12 illustrates temperature distribution in the cylinder cross section at 60 min, 240 min and 300 min of convective drying enhanced with ultrasound.

Fig. 12 Temperature distribution in the cylinder cross section at given moments of convective drying enhanced with ultrasound
As it is seen from Fig. 12 the temperature evidently increases in the course of convective drying enhanced with ultrasound. One can mention two reasons for such an increase: first, the absorption of ultrasound energy; second, the decrease of moisture content in the drying sample with time.  
Figure 13 illustrate the distribution of temperature in the cross section (left), and the distribution of moisture in the cross section (right) in the cylindrical sample subjected to convective drying enhanced with ultrasound.
Fig. 13 Cross section of the cylindrical sample in 30 min of convective drying enhanced with ultrasound 

 (CV-US): temperature distribution  T oC (left); moisture distribution X kg/kgdb (right).

As shown in Fig. 13, the highest temperature is at the cylinder top and its center, but the highest moisture content is at the cylinder bottom and its center. The smaller moisture distribution is revealed at the cylinder top and its external surface.  
7 Strains in drying sample 

The effect of ultrasound action on saturated porous material subjected to drying is considered for apple samples in the form of cylinder (Fig. 3). In the case of linear viscoelasticity one can estimate the stress in viscoelastic material using the mathematical analogy between viscoelastic and elastic stress-strain relations {Kowalski & Rybicki, 2007; 2009]. 

  The strain components for cylindrical symmetry read
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and  
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    as the volumetric strain


The physical relation for elastic material is of the form
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where M and A denote the shear and bulk modules (Lame constants), which in general are functions of moisture content and temperature.

The physical relation for viscoelastic material is represented by Kelvin-Voigt model 
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The parameters  and  in this relation denote the viscous shear and bulk modules (correspondence to Lame constants in the elastic model).

The elastic and viscoelastic models, written separately for deviator and spherical parts are of the form
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where sij = ij – ij,  eij = ij – ij.
One can state an analogy between elastic model (34a) and viscoelastic Kelvin-Voigt model (34b) using Laplace transforms, namely 
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where   
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     with  = /M   and   = /K.

Combining (35a) and (35b) one obtains the following relations
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Retransformation of these relations gives 
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where [image: image71.wmf]M
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is the relaxation time for shear deformation and  = /K is the relaxation time for volumetric deformation, where the total strain reads ij = eij + ij.

The equation of momentum is of the form 
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Substituting the physical relation for Kelvin-Voigt viscoelastic body into the momentum (38) one gets the following equation for ultrasound wave  
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It is convenient to reduce the above wave equation to the volumetric strains, namely 
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where  
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Having in mind that ui,i = is the volumetric strain, one can rewrite the wave equation as
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where  
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It is reasonable to assume that the strain  in each transversal cylinder cross section (Fig. 3) is uniformly distributed and thus one can state that [image: image79.wmf])
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, where  is the Poisson ratio. The final solution of differential equation (41) can be reformulated as follows
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(43)   

where C is a constant (see Eq. (7)). The acoustic pressure acting on the top surface of the cylinder (z = H) causes volumetric deformation of the cylinder
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So that the volumetric deformation of the elastic cylinder reads
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(45)   

Thus, the volumetric deformation for viscoelastic sample can be expressed by analogy between elastic and viscoelastic Kelvin-Voigt model (Eq. 37b), namely 
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Fig. 14a presents the cross-section of elastic cylindrical sample along its axis before drying (yellow color) and after 100 min drying (blue color). The blue color reveals sample shrinkage after drying because of moisture removal.
Fig. 14 Deformation of viscoelastic cylindrical sample after 100 min drying: 

a) by pure convective drying, b) by convective drying enhanced with ultrasound
Figure 14b presents the sample subjected to convective drying enhanced with ultrasound. The ultrasound acting on the top surface of the sample causes faster moisture removal from this surface. As it is seen in Fig. 14b, the sample top surface suffer greater deformation (shrinkage) in that place.   

The numerical calculations for moisture and temperature distributions and the deformation of the cylindrical sample were carried out for the following parameters [Rosenbrock, 1960; Krupowicz, 1986; Davis, 1984]:

H = 60 mm,      
D = 60 mm,   

cT  = 6.3(102 m2/s2(K,             
cX  =1.11(106  m2/s2,


[image: image86.wmf]W

= 1.6(10–8 kg(s/m5,            
  = 1.7(10–3 m2/s,

km =2.88 10-6 kg(s /m4          
kT = 40 W/Km2,

cv  = 1.56(10–2 J/kg(K ,          
 s = 1800 kg/m3,

s = 1.178 W/m(K
l = 0.597 W/m(K

xn = 0.75,    
xa = 0.075,
  = 0.4,                                  Ta = 293 K,     
8 Effectiveness of CV-US drying
Fig. 15 presents drying kinetics at temperature Ta = 313 K of apple samples (Malus Domestica var. Rubin) by pure convective and convective drying enhanced with ultrasound (PUS =100 W)
Fig. 15 Drying curves and temperature plots by convective drying at temperature Ta = 313 K and ultrasound enhanced convective drying (PUS =100 W) of apple samples
The global model of drying kinetics is used to compare the theory with the experiments [Kowalski & Pawłowski, 2010; 2015]:

[image: image87.wmf])

(

)

(

ln

a

vs

a

m

vs

B

m

m

s

T

p

T

p

h

A

dt

dX

m

j

j

¶

-

=


(47a)

[image: image88.wmf](

)

[

]

(

)

Â

+

-

-

=

+

¶

)

(

)

(

ln

a

vs

a

m

vs

B

m

m

m

a

T

m

m

l

s

s

T

p

T

p

lh

A

T

T

h

A

T

X

c

c

dt

d

m

j

j


(47b)

where Am and AT are the surfaces of mass and heat exchange, [image: image89.wmf]a

j

 is the relative air humidity of air, [image: image90.wmf]B

¶

denotes the relative air humidity near the material surface, pνs is the vapor partial pressure for the saturated state at given temperature, cs and cl denote the specific heat for a solid and liquid, l is the latent heat of evaporation, and 
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  is the volumetric heat supply due to ultrasonic radiations.
In order to make use of this model for hybrid drying of biological materials, the physical heat (hT) and mass (hm) transfer coefficients have to be determined first. The method of model parameters estimation is based on the inverse problem, which concept is consisting in solution of direct problem and applying the optimization techniques. The solution of the inverse problem is compared directly with the curves of experimental kinetics of drying, and the best fitting of the numerical and experimental curves is searched, based on adjusting the drying kinetics determined numerically to the experimentally established data [Rosenbrock, 1960; Davis, 1984; Strumiłło, 1983].

The experimental (Exp) and numerically calculated (Model) drying curves and temperature curves are presented in Fig. 16. It can be easily noticed that the proposed model simulates real drying process in very good accuracy. Both moisture content (MR) and temperature (T) curves simulated numerically are coherent with the experimental data.

Fig. 16 Comparison of the experimental (Exp) and numerical (Model) drying curves and temperature plots: 
a) pure convective drying, b) convective drying enhanced with ultrasound
The presented in Table 1 parameters of drying kinetic allowed to assess the influence of US enhancement on mass and heat transfer processes. One can see that both the heat hT and the mass transfer coefficient hm increased due to US enhancement of convective drying. The most probable explanations in the increase of hm and hT coefficients is the turbulence effect at boundary layer and US action on material structure (increase of porosity, micro channels etc.). 

Table 1 Kinetic parameters acquired from numerical calculations. 
Drying rate Dr [g/h] expresses the rate of moisture decrease in drying material as a function of time, i.e.:
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and the average drying rate Dr,ave is determined as:

[image: image93.wmf]ò

=

e

t

r

e

ave

r

dt

t

D

t

D

0

,

)

(

1


(49)
where te is the drying time at which the moisture content reaches equilibrium. 

Based on Fig. 16 one can state that for drying at temperature 313 K and air velocity v = 1 m/s the average drying time for convective drying equals 
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The calculation of moisture mass reduction during drying is attributed to mass consisted of 8 cylindrical samples of diameter 0.035 m and 0.01 m high (total mass ~0.066 kg = 66 g)  dried simultaneously in each individual drying tests. It was specified that average mass of single cylindrical sample amounted 8.25 g, which contained 7.012 g H2O (85% moisture) and 1.238 g of dry mass. The average mass of single cylindrical sample after drying was 1.588 g, which still contained 0.35 g H2O (5% moisture). Thus, one can state that from 8 samples it was removed 8(6.662 g = 53.296 g moisture. Dividing the total mass of moisture that was removed from 8 samples by the drying time, one can estimate the average drying rate in a given drying process. The average drying rate by drying at temperature 313 K and air velocity v = 1 m/s amounted 
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= 19.96 g/h for ultrasonic-assisted convective drying of 8 samples.

Drying rate enhancement DrE, the ratio of drying rate enhancement ADrE and the ratio of drying time enhancement AteE are used to evaluate the effectiveness of ultrasound-assisted convective drying. In the case of drying at temperature 313 K and air velocity v = 1 m/s the drying rate enhancement DrE, and the ratio of drying rate enhancement ADrE and the ratio of drying time enhancement AteE are:
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Taking into account the above results, one can state that ultrasound enhancement of apple drying accelerated the drying process by about 50%.

In order to visualize the influence of drying parameters like air temperature and/or air velocity on drying effectiveness, the ultrasonically aided processes (USCV) realized at temperature Ta = 313 K were compared with the pure convective process (CV-313) as a reference. 

To describe quantitatively the components of ultrasound action (C) such as “heating effect” (T), “vibration effect” (v) and “synergistic effect” (s), the difference in mass balance equations (50) for CV-US and CV processes is used. As an example, the case of drying at temperature 313 K and air velocity v = 1 m/s is considered. The surface of 8 cylindrical samples of diameter 0.035 m and 0.01 m high amounts Am = 0.0168 m2. The average relative humidity of drying air was assumed a ( 0.55, and the relative air humidity close to the material surface was [image: image101.wmf]B

¶

j

( 0.82. The mass transfer coefficients in this case was hm = 0.64 kg/m2h for CV drying, and hm = 1.26 kg/m2h for CV- US (100 W) drying. Thus the difference between the mass transfer coefficients for the CV and for CV-US(100 W) amounted to Δhm = 0.62 kg/m2h. The vapor partial pressures pνs at the saturated state amounted, respectively [Strumiłło, 1983]:   
pνs = 1234.0 Pa
for air temperature Ta = 313 K

pνs = 1174.0 Pa
for material temperature Tm = 311 K
in the CV 

pνs = 1296.0 Pa
for material temperature Tm + ΔTm = 314 K
in the CV-US

Thus, the components of ultrasound action (C) such as “heating effect” (T), “vibration effect” (va) and “synergistic effect” (s) read: 
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On the basis of the above calculations, it can be concluded that the “vibration effect” generated by ultrasound contributed the most to the increase in drying efficiency in the case of drying at temperature 313 K and air velocity v = 1 m/s.

Conclusion

It was found that ultrasound has a positive influence on acceleration of convective drying process of fruits and vegetables. Application of the US caused significant intensification of moisture transport and less heating of drying material, thus contributing to shortening of drying time and improving the product quality. 

It was stated that higher temperature and velocity of drying air were meaningful parameters affecting effectiveness of pure CV drying, however, they are not favorable for convective drying enhanced with ultrasound because of US field disruption. US enhancement of convective drying affect positively the rate of drying without significant elevation of the drying products temperature. Such a drying process affect positively the quality of drying products, among others, the overall color change (ΔE) and low value of water activity (aw) proved its safety for microbiological stability.
Proposed mathematical model of drying successfully simulated real drying processes including the drying rate and material shrinkage. The kinetic parameters determined through numerical calculations evidenced positive influence of US on convective drying enhancement. 
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Nomenclature

A, M
shear and bulk modules 
MPa
cT
thermodiffusion coefficient
m2s-2K-1
cX
diffusion coefficient
m2s -1
cv
heat capacity
Jkg-1K-1
H
sample height
m

km
mass convection coefficient
kgsm-4
hm
mass transfer coefficient
kg/m2·h
hT
heat convection coefficient
WK-1m-2
l
 latent heat of evaporation
Jkg-1

MWpow
microwave power
W

pνs 
vapor partial pressure
Pa
r, z
coordinates
m

R
sample radius
m
Rv 
gas constant for vapor
Jmol-1K-1
(
ultrasound energy source
W

USpow
ultrasound power
W

USfreq
ultrasound frequency
kHz
ur, uz
displacements
m
v
velocity
m/s
s
entropy
Jkg-1
t
time
s

T
temperature
K

x
molar ratio of vapor
–

Greek letters


heat transfer coefficient
Wm-1K-1

moisture transfer coefficient
kg s m-3

strain
–
T
thermal linear expansion
K-1

humid linear expansion
–


chemical potential
J kg-1


mass density
kg m-3

temperature
oC
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&


temperature time derivative 
oCs-1


moisture content
kg kgdb-1
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&


moisture content time derivative
kg kgdb-1s-1
ij
stress 
kPa
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phase intensity coefficient
kg s m-5
Subscripts

a
ambient air

adm
admissible

eff
effective

m
moisture

r
radial

v
volume

T
thermal

Superscripts

s
solid

v
vapor
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