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In this paper the estimation of the moisture diffusivity, together with other ther-
mophysical properties of a far-infrared vacuum dried potato slices by using an 
inverse approach were studied. In direct problem a mathematical model of the 
far-infrared vacuum drying process of shrinking bodies was used. The Leven-
berg-Marquardt method was used to solve the inverse problem. An analysis of the 
influence of the vacuum pressure, temperature of heaters, drying body dimension, 
and drying time, that enables the design of the proper experiments by using the 
so-called D-optimum criterion was conducted. The estimated values of moisture 
diffusivity of potato obtained from this study are within the range from 5.14·10

–8
 

to 5.01·10
–9

 m
2
/s. The experimental transient temperature and moisture content 

changes during the far infrared vacuum drying were compared with numerical 
calculated values. 
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Introduction 

Thermophysical properties of food materials are important parameters in the design 

of process equipment and in the mathematical modeling of drying, freezing, and canning pro-

cesses. The existing mathematical models which are used to modeling the drying process 

were classified into several groups. In the approach proposed by Luikov the moisture and 

temperature fields in the drying body are expressed by a system of two coupled PDE [1]. The 

system of equations incorporates thermophysical properties of dried material that must be 

determined experimentally. All the thermophysical properties except for the moisture diffu-

sivity can be relatively easily determined by experiments [2]. A number of methods for the 

experimental determination of the moisture diffusivity exist but in last few decades the appli-

cation of the inverse approach is a very popular tool [3-7]. In scientific and engineering litera-
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ture moisture diffusivity data for a one same material are differ from a reason that the authors 

use diverse methods for the experimental determination, different methods of analysis drying 

kinetics data, different mathematical models for calculation as well as because of variation in 

composition and structure of the dried materials [8].  

The objectives of this study were: 

– an analysis of the possibility of simultaneous estimation of the moisture diffusivity togeth-

er with the other thermophysical properties of far-infrared vacuum dried potato slices by 

application of inverse approach, 

– compared estimated values of moisture diffusivity with the values published in scientific 

and engineering literature, and 

– an analysis of the influence of the vacuum pressure, temperature of heaters, drying body 

dimension and drying time on the moisture diffusivity estimation that enables the design 

of the proper experiment. 

Direct problem 

Mathematical model of drying 

The mathematical model of far infra-red vacuum drying was presented in the paper 

[7]. The physical problem involves a single slice of potato of thickness, 2L, initially at uni-

form temperature and uniform moisture content. The problem is symetrical relative to the 

mid-plane of the slice, while the thickness of the body changes during the drying from 2L0 to 

2Lf . 

In the case of an infinite flat plate, the unsteady temperature, t(x, ), and moisture 

content, u(x, ), fields in the drying body are expressed by the following system of coupled 

non-linear PDE for energy and moisture transport [2, 7]: 
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The shrinkage effect was incorporated through the changes of the specific volume of 

the drying body. The linear relationship between the specific volume, vs, and the moisture 

content, u, was used [2]: 
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The problem of the moving boundaries due to the changes of the dimensions of the 

body during the drying was resolved by introducing the dimensionless co-ordinate: 
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Substituting the expression (3) and (4) into eqs. (1) and (2) and rearranging with 

 = 0, the resulting system of equations for the temperature and moisture content predictions 

becomes [7]: 
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The initial conditions are: 

0 0( ) ,   (0,     ,0   ,0)t t u u                    (7) 

The temperature and the moisture content boundary conditions on the surfaces of the 

drying slice are: 
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The heat flux, jq(), and mass flux, jm(), on the surfaces of drying slice are [7]: 
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The boundary conditions on the mid-plane of the drying slice are: 
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Problem defined by eqs. (5)-(12) is referred to as a direct problem when initial and 

boundary conditions as well as all the parameters appearing in the formulation are known. 

The objective of the direct problem is to determine the temperature and moisture content 

fields in the drying body. In order to approximate the solution of eqs. (5) and (6), an explicit 

numerical procedure was used. 

Inverse problem 

In the inverse problem, the thermophysical properties and half-thickness of a drying 

body are regarded as unknown parameters. In the scientific literature many optimization 

methods used to solve inverse problems. In recent years the hybrid optimization program 

OPTRAN were used successfully for estimation of unknown parameters [2, 6]. From other 

side the deterministic methods, was successfully applied for estimation unknown parameters 

in drying processes [1, 4]. The estimation methodology used in this paper is based on the 

minimization of the ordinary least square norm: 

     
T

E        P Y T P Y T P     (13) 

Here, Y
T
 = [Y1,Y2, … ,Yimax] is the vector of measured temperatures, 

     T
1 2 imax T ,  T ,   T   T P P P  

is the vector of estimated temperatures at time i (i = 1,2, …, imax), P
T
 = [P1,P2, … PN] – the 

vector of unknown parameters, imax – the total number of measurements, and N – the 
total number of unknown parameters (imax ≥ N). For the minimization of E(P) represent-
ing the solution of the present parameter estimation problem the Levenberg-Marquardt 
method [1, 4] were utilized. 
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Experiments 

The real experiments have been conducted on the experimental set-up that is de-

signed to imitate an industrial far-infrared vacuum dryer [9]. Drying of approximately three 

millimeters thick potato slices were examined. 

The three micro-thermocouples inserted at the 

position x = 0, insert separately of each of the 

three drying slices of potato was used as a tran-

sient temperature reading, fig. 1. The measure-

ment of potato mass changes with time was 

enabled with load cell on every one minutes in 

order to obtain volume average moisture content 

change during drying. 
The experiments were repeated for different temperature of heaters and vacuum 

pressure. The temperature of heaters was varied from 120 
o
C to 200 

o
C, while the vacuum 

pressure was varied from 20 kPa to 80 kPa. The relative errors of the measurements were 

estimated between 0.1% and 1.0% for the mass and 0.2-2.2% for the dimensions of the slices. 

Micro-thermocouples were calibrated, relative to each other, within 0.3 
o
C in the range of 

120-200 
o
C. 

The initial moisture content, u0, and the initial potato slices thickness, 2L0, were 

measured for each of the experiments. The change of the specific volume of the drying slices 

was determined by a separate experiment, described in previous research [2].  

Results and discussion 

In this paper the possibility of the simultaneous estimation of the moisture diffusivi-

ty together with the other thermophysical properties of the potato were analyzed. The heat 

capacity of food materials can be taken as equal to the sum of the heat capacity of solid matter 

and water absorbed by that solid: 

s w  c c c u                (14) 

Although the specific heat capacities of solid matter, cs, and water, cw, are functions 

of the temperature, constant values have been most widely used. In this paper the following 

values for potato were used: cs = 1381 J/kgK db, and cw = 4187 J/kgK db
 
[1, 2]. 

From the previous research it was concluded that for practical calculations the sys-

tem of the two simultaneous PDE could be used by treating the thermal conductivity,  as 

constant. For this reason a mean value from results obtained for potato = 0.40 W/m/K was 

used [1, 4]. The influence of the phase conversion factor (0 ≤ e ≤ 1) on the transient moisture 

content and temperature profiles is very small, for this reason a mean value, e = 0.5 was used 

in this paper. 

Previously conducted own experimental results for potatoes, confirm the expression 

(3) with density of the fully body dried samples r0 = 755 kg/m
3
 and the shrinkage coefficient 

b’ = 0.57, [2]. 

Moisture diffusivity of foods is very often considered as an Arrhenius-type tempera-

ture function [2]: 

 0 0exp / Rm m ka a E T              (15) 

where, am0 is the Arrhenius constant, E0 – the activation energy for moisture diffusion, R – the 

ideal gas constant, and Tk is the absolute temperature. 

Figure 1. Scheme of drying experiment 
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The variation in water activity with change in moisture content of samples at a spec-

ified temperature is defined by sorption isotherms. In this paper, the equilibrium moisture 

content, ueq, was calculated in function of the temperature of the surface on dry material, ts 

and pressure, p, in the vaccum chamber: 

 eq ,  su f t p            (16) 

For the inverse problem, the moisture diffusivity parameters, together with other 

thermophysical properties and half-thickness of the potato, were treated as unknown parame-

ters. Thus, in the inverse problem the analysed vector of the unknown parameters was: 

T ’
0 0 0 0[ , ] ,  , , , , ,m sa E c L   P              (17) 

For the simultaneous estimation of these unknown parameters, an arithmetical mean of 

the readings from the three micro-thermocouples was used as a transient temperature reading. 

An analysis of the influence of the drying parameters and dimensions of the drying 

sample needed for the design of the appropriate experiment was conducted. In order to realize 

this analysis, the relative temperature sensitivity coefficients and the determinant of the in-

formation matrix were calculated for the characteristic drying regimes and drying body di-

mensions. The sensitivity coefficients analysis was carried out for an infinite flat plate model 

of a slice of potato with initial moisture content of u(x, 0) = 5.20 kg/kg and initial temperature 

t(x, 0) = 20.0 
o
C. The temperature of heaters, th, was varied between 120 

o
C and 200 

o
C, the 

pressure, p, in the vacuum chamber was varied between 20 and 80 kPa, and the initial thick-

ness, 2L0, of the potato slice was varied between 2.2 and 3.4 mm. 

In this paper from the sensitivity coefficients analysis the following experimental pa-

rameters were chosen: th = 140 
o
C, p = 60 kPa, 2L0 = 3 mm. In fig. 2 the relative sensitivity 

coefficients PjTi/Pj, i = 1, 2,…, imax, for temperature with respect to the unknown parame-

ters are shown. 
From fig. 2 it can be seen that the relative temperature sensitivity coefficients for 

thermal conductivity, , is very small. This indicates that  cannot be estimated in this case, 

so indicates that the influence of the thermal conductivity on the transient moisture content 

and temperature profiles is very small in this case. For these reasons, the thermal conductivity 

was treated as known quantities for the examination described below. The relative tempera-

ture sensitivity coefficients for the phase conversion factor, , is relatively high. Due to fact 

that in numerical calculations the mean value of the phase conversion factor was used, and 

fact that the used value was with high accuracy, 

in further consideration the value of this param-

eter was taken as known. The specific heat ca-

pacity of wet potato was taken as equal to the 

sum of the heat capacity of solid matter and 

absorbed water, eq. (14). Since the heat capacity 

of the solid matter, cs, presents only a few per-

cent of the overall heat capacity of the potato, 

the relative sensitivity temperature coefficients 

with respect to the heat capacity of solid matter 

is very small. Consequently, the value of the 

heat capacity of the solid matter was also taken 

as known.The relative temperature sensitivity 

coefficients with respect to the density of the 
Figure 2. Relative temperature sensitivity 
coefficients 
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fully dried body, 0, and the shrinkage coefficient, , are relatively high. From fig. 2 it can 

be noted that these two parameters are linealy-dependent. This makes it impossible to simul-

taneously estimate these two parameters. Because the shrinkage effect of the drying body was 

incorporated through the changes of the specific volume of the drying body, these parameters 

were determined by separate experiments [2]. From this reason, the density of the fully dried 

body and the shrinkage coefficient were treated as known quantities for the examination. The 

relative temperature sensitivity coefficients with respect to the half-thicknes potato slice 

thickness is high and in further consideration this parameter is regarded as an unknown. 

Thus, it appears to be possible to estimate simultaneously the moisture diffusivity 

parameters, am0 and E0 andthe half-thicknes of the drying sampless, L0, by a single micro-

thermocouple temperature response in a far-infra red vacuum drying slice of potato. 

From fig. 2 it can be seen that the relative temperature sensitivity coefficients with 

respect to the moisture diffusivity parameters, am0 and E0, are nearly linearly dependent. De-

spite this, we were able to obtain results using Levenberg-Marquardt algorithm. Thus, simul-

taneously were estimated the moisture diffusivity parameters, am0 and E0, and the half-

thickness of the drying slices, L0. 

Table 1 shows the computationally obtained parameters without and with added 

normally disributed error, with zero mean and standard deviations, s = 0.3 ºC for the one of 

real realized experiment E17 (th = 200 
o
C, p = 20 kPa, 2L0 = 3 mm, u0 = 5.24 kg/kg and 

t0 = 24.82 
o
C) [10]. From tab. 1 is obviously that the parameter of Arrhenius factor am0 can be 

simultaneously estimated with the other parameters with the relative errors of 3%, while the 

value of activation energy, E0, and initial half-thickness of the drying sample, L0, can be sim-

ultaneously estimated with the other the parameters with the relative errors of 2%, in the case 

of where on the temperature measurements is added normally distributed error, with zero 

mean and standard deviations, s = 0.3 ºC. 

Figure 3 shows the convergence history of the estimated values of the unknown pa-

rameters to the final values during the iterative process for the realized experiment E17 and 

root mean squared (RMS) error changes, [10]. 

In fig. 4 the transient variation of the determinant of the information matrix are pre-

sents, if simultaneously am0, E0, 0, 
'
L0 are considered as unknown parameter. Elements on 

determinant of the information matrix were defined for a large [2, 11], but fixed number of 

transient temperature measurements (501 in this case). The maximum determinant of the in-

formation matrix value corresponds to the drying time when nearly equilibrium moisture con-

tent and temperature profiles were reached. 

The estimated moisture diffusivity values for the potato slices obtained from this 

study are within the range from 5.14·10
–8

 to 5.01·10
–9

 m
2
/s. These values are comparable with 

values for other dried food materials, which values reported in literature generally are in range 

from 10
–13

 to 10
–6

 m
2
/s [12]. Also, these values are comparable with the published values for 

potato by the other authors that used diverse methods and different mathematical models for 

calculation of moisture diffusivity [13-16]. 

Table 1. Estimated values of unknown parameters 

Parameters Exact values 
Estimated values 

Relative error % 
s = 0 s = 0.3 oC 

am0 ·103 [m2s–1] 4.8006 4.8006 4.6619 2.98 

E0 [kJmol–1] 45.023 45.023 44.947 0.17 

L0·10–3[m] 2.1018 2.1018 2.0968 0.24 
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In fig. 5 the experimental transient temperature reading, tx=0, and the experimental 

volume-averaged moisture content, u, change during the far-infrared vacuum drying of a pota-

to slices (experiment E17), are compared with numerical solutions for the estimated parame-

ters. From fig. 5 is obviously that have very good agreement between the experimental and 

numerical calculated temperature and moisture content changes, during the far-infrared vacu-

um drying of the potato slices. 

Conclusions 

The simultaneously estimation of two moisture diffusivity parameters, and thick-

nesses of the drying sample with other thermophysical properties based on a single micro-

thermocouple temperature response of far infrared drying of potato slices was analyzed. The 

obtained results show good agreement between the estimated and exact values of parameters. 

An analysis of the influence of the temperature measurements errors on the accuracy of the 

estimated parameters was also presented. The estimated values of moisture diffusivity of pota-

to obtained from this study are comparable with values published by other authors that used 

diverse methods and different mathematical models for calculation. The very good agreement 

Figure 3. The convergence history of 
the estimated parametres and RMS changes 

Figure 4. Determinat of the information matrix 

Figure 5. The mid-plane temperature, t, the temperature of the heaters, th, 

and the volume-averaged moisture content, u, changes during 
the drying of a potato slice 
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between the experimental and numerical temperature and volume-averaged moisture content 

changes confirm that the mathematical model it would be a useful tool for calculations and 

optimization of far-infra red vacuum drying processes. 

Nomenclature

am  – moisture diffusivity, [m2s–1] 
am0  – Arrhenius factor, [m2s–1] 
c  – specific heat capacity 

(dry basis), [JK–1kg–1 db] 
E0  – activation energy, [Jkg–1] 
jm  – mass flux, [kgm–2s–1] 
jq  – heat flux, [Wm–2] 
L  – flat plate thickness, [m] 
m – mass, [kg] 
P – vector of unknown parameter 
R  – absolute gas constant, [JK–1mol–1] 
p  – pressure, [Pa] 
r  – specific latent heat of vaporization, [Jkg–1] 
t  – temperature, [oC] 
Tk  – temperature, [K] 
T – vector of estimated temperature, [oC] 
v  – specific volume, [m3kg–1] 
V  – volume, [m3] 
x  – distance from the mid-plane, [m] 
Y – vector of measured temperature, [oC] 
u – moisture content, [kgkg–1 db] 

Greek symbols 

'  – shrinkage coefficient, [–] 
  – thermo-gradient coefficient, [K–1] 
 – Stefan-Boltzmann constant, [Wm–2 K–4] 
  – phase conversion factor, [–] 
er – emissivity of the material, [–]  
  – thermal conductivity, [Wm–1K–1] 
  – density, [kgm–3] 
  – time, [s] 
 – dimensionless coordinate, [–] 

Subscripts 

β0  – fully dried body 
eq  – equilibrium 
f  – potato thickness 
h – heater 
0 – initial 
w – water 
s  – dry solid 
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