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ABSTRACT 
 
A LabView-based software simulation program for a 
hybrid convective-FIR dryer for the drying of apple 
slices is introduced. The simulator incorporates all the 
aspects of the drying mechanism and is contrasted 
with an experimental dryer in order to validate many 
different drying parameters. The simulator is an 
initial attempt to gauge the effectiveness of drying in a 
global sense. The software routines can be further 
modified and tailored as more is learned from the 
drying method throughout the drying cycle. 
Comparative results of the simulated and 
experimental systems are presented. 
 
1.  INTRODUCTION 
 
Drying and evaporation practices are usually the most 
energy intensive processes in an industrial unit operation. 
The optimisation of these energy intensive processes is of 
economic importance. The modeling and simulation of 
drying processes in a unit operation provides a way for 
these processes to be optimised.  
 
The process simulation developed for the purposes of this 
study provides a simpler method of dealing with the 
complex computations that arise from a drying calculation. 
Drying models for various products have been developed 
such as that for longan fruit [1] and mushrooms [2]. 
 
Generally, three types of mathematical models can be 
considered for obtaining the drying kinetics: 
 
• Complex model, which comprises most if not all the 

phenomena concerned with the process. Is used 
predominantly for design purposes, 

 
• Models for simulation purposes, 
 
• Models for controllers and model-based algorithms. 
 
This study focuses on the assumptions and the synthesis of 
the apple drying process for simulation purposes. The 
mathematical model of the procedure of apple drying is 
based on a system of differential equations. It considers the 
dryer as comprising two separate compartments. 
Compartment one encompasses the convective heater 
element and fan and compartment two incorporates the 
infrared radiation heaters, the tray and the bed of fruit.  
 
Each component is considered as a lumped parameter 
system. The equations are the balances of the mass and 
energy of the air and radiation power. Although all parts of 
the dryer are incorporated in the mathematical derivations,  

 
 
only two major volumes are considered namely 
compartments one and two. The system of equations 
provides the final form of the model, which encompass 
nonlinear differential state equations. Numerical methods 
of integration are used in order to obtain the solution of 
these equations. 
 
The mathematical model development is based on several 
assumptions. The most important being the treatment of the 
process as a lumped parameter system. In order to illustrate 
the structure of the drying process, refer to Figures 1 and 2. 
Figure 1 illustrates the dryer (plant) configuration for a 
batch-type arrangement. The structure of the mathematical 
model indicated in Figure 2 highlights the two 
compartment construction and the variables incorporated in 
the design. A model previously developed utilising far-
infrared drying is given in [3] and provides an introduction 
to the design presented in this study. 
 
2. MATHEMATICAL MODEL 
 
2.1 DRYING RATE PARAMETERS 
 
The above mathematical model for this study is based on 
the following variables: 
 
• drying rate, Jd 
 
• moisture content, X 
 
• mass of the samples, m 
 
• infrared heater power in the dryer, irP  
 
• convective heater power, eP  
 
The other system parameters that further clarify the drying 
process and drying kinetics that determine the entire drying 
process are incorporated in the following: 
 
• temperature in the first compartment, 1Tc  
• change of the temperature in the first compartment, 

inTc1  
• temperature in the second compartment, 2Tc  
• drying coefficient, k 
• flow rate of the drying air, M 
 
Some of the parameters required for the drying, such as 
specific heats (c), the heat of evaporation (∆Hv), etc. were 
determined from available data. The system used the 



 

 

measured values that had being taken during the 
experiments and other values such as infrared heater 
output power were calculated according to the different 
voltages and some of the values had being estimated such 
as initial moisture content ( oX ), Critical moisture 
content ( crX ) and final (equilibrium) moisture content 
( fX ). The complete experiment for the apple slices were 
contacted and found that the batch of apple slices per 
experiment was approximately 280 grams. Individual 
samples were intermittently removed from the dryer at 
fixed time intervals and weighed on an electronic mass  
balance with a resolution of 0.01 g. The initial relative 
humidity (Q) was measured at between 40-45% through 
each of the experiments. Studies on infrared drying of 
foodstuff [4, 5, 6, 7] provide interesting and relevant 
results of the effect of infrared radiation drying. 

The purpose of the present study the initial moisture 
content ( oX ) of the apple slices used was estimated to be 
approximately 80% (w.b.) and the critical moisture 
content ( crX ) was estimated to be approximately 70% 
(w.b). The drying experiments were performed until a 
final moisture content of approximately 15% was reached. 
The drying occurs in a range from approximately 80% 
(w.b.) to < 10% (w.b.). 

Figure 1:  Schematic of the hybrid 
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Figure 2: Dryer



 

 

2.2 DRYING RATE FORMULAE 
 
The equations developed in (1-8) represent the analytical 
expansion of the static (fast dynamics) of the air flow and 
heat distribution over the plant [2] 
 
Dynamics of evaporation 
 

Jd
dt
dX
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Temperature in the first compartment can be described as, 
 

2
11

1 a
baTc +

=
     (2) 

 
and 

))((
)(622.0

exsatex
exsatex

ex TcPP
TcPY

Λ−
Λ

=
   (3) 

 
Where 

)346.226/(27.16500626.710)( +−= Tc
sat TP  

 
The relative humidity of air can determined at specific 
points within the dryer based on the following expression 
(Cengel & Boles, 1998:455) 
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The change of temperature in the first compartment, 
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Temperature in the second compartment, 
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Drying coefficient 
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The drying coefficient is dependent on many factors. 
Temple et al (2000:165-173) offered a useful expression 

that incorporating altering airflow and temperature. ( abw  
normalised air velocity through the bed, set to maximum) 
 
The drying rate is given as the following, 
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Where Xo > Xcr 
 
The process parameters wfo TcXXkk ,,, ,21  in a specific 
application need to be determined. 
 
3. THE HYBRID DRYER SIMULATOR 
 
The real-time simulation can be realised by the application 
of software two loops. In the For loop, the communication 
with all controls and indicators incorporated within the 
graphical user interface (GUI) as well as real-time 
computations are structured. Within the For loop, the case 
structure which computes the steps of integration of the 
mathematical model described by the system of ordinary 
differential equations (ODE) must be incorporated such 
that the number of integration steps (NIS) in the 
communication interval is completed.  
 
The LabVIEW real-time simulator depicted in Figures 3 
below illustrates the drying process as completed by the 
infrared-convective dryer. The dryer depends on the 
variation of moisture content and the variation of infrared 
power ( irP ). All other parameters in the process were held 
constant. The initial moisture content was set to be 80% 
(w.b.), critical moisture content was set to 70% (w.b.), final 
moisture content was set to be 15% (w.b.) as was explained 
previously and the power output of the infrared heaters 
were varied according to the specification of the heater 
voltages and the resistance of the system. The values of the 
heater voltages contained within the system were measured 
practically. In each communication step the simulator reads 
all controls from the GIU and writes all calculated values 
by integration to the appropriate charts and indicators. 
 
The drying rate starts at the initial moisture content ( oX ) 
and during the drying process, the critical moisture content 
( crX ) start at a point of falling rate period as shown in 
(Figure 6.1). The numeric multipliers have being used to 
derive the product of any signal that comes from the 
moisture content variation together with the measured 
values, this gives difference values on the initial and critical 
moisture content due to the moisture content variation. The 
shift register is connected across the moisture content 
variation, in order to transfer values from one loop iteration 
to the next. The comparison greater than (>) is used to 
compare the initial and critical moisture contents ( oX  > 

crX ) to give the better falling-rate results. All the input 
and output data are connected to the loops and structures. 
The structures are graphical representations of the loops on 
the block diagram to repeat blocks of code and to execute 
code conditionally or in a specific order. The structure icon 
has terminals that connect them to other block diagram 
nodes to be executed automatically when input



 

 

data is available and supply data to the output terminal 
when the program terminates. 
 
4. SIMULATOR RESULTS 

 
The mathematical model simulated in LabVIEW represents 
a reduced order model for the purposes of a scaled real-
time simulation. The model includes the dynamics of the 
heat distribution over the plant as well as the dynamics of 
the drying process and heat exchange with the bed of fruit 
and tray.  
 
The graphical results of the drying data is given in Figure 3 
and expanded graphical details of the drying rate, moisture 
content and moisture ratio are given in Figure 3. These 
curves are generated from a FIR heater power of 
approximately 50 W (12% of total output power). For the 
sake of brevity, the other curves generated from the 
simulations have not been shown.  
 
The wealth of information and data generated from these 
simulations is overwhelming. Only some of the data 
gathered is further expanded in the following section, 
qualitative analysis, and presented in a tabular form.  
 
The simulated results obtained proved very promising. The 
resultant curves revealed extensive correlation with the 
experimental data. The simulated values however do reveal 
a strong linearity component. The nonlinear nature evident 

in the experimental curves is not clearly reflected in the 
simulated counterpart.  
 
Certainly, further optimisation of the mathematical model 
is possible and the software program implementation 
likewise. However, with regard to the final values achieved 
with the simulator, these prove adequate. 
 
4.1 COMPARATIVE ANALYSIS 
 
Experimental results were obtained and are indicated in  
 

 
Figure 4:  Experimental results for moisture content (w.b.) 
vs. time 

Figure 3:  LabView simulator 



 

 

Figures 4 and 5. These figures contrast the moisture 
contents obtained from a dry weight basis (d.w.b) and a wet 
weight basis (w.b.). Figure 4 depicts the results obtained 
using three separate apple samples of equal mass in order 
to verify and duplicate the results. Experimental results 
obtained from three separate apple slice samples dried 
under three infrared heater power output settings (48W, 
76W and 108W) are depicted in Figure 5. 
 
An experimental hybrid convective-FIR dryer has 
previously been developed [8]. Further studies on the 
efficacy of infrared drying technology with regard to 
optimisation of the dehydration process [9] and mass 
transfer [10] provide support for the results obtained. 
 
The curves derived from the simulator give a good fit to the 
raw data plots. It does seem as if the simulated curves give 
a more linear representation than their real-time 
counterparts. This does suggest that the nonlinear aspects 
of the drying process could be better incorporated into the 
simulated model. The averaging of some of the drying 
parameters could be kept to a minimum. However, the 
simulated and raw values give a satisfactory correlation 
especially with regard to the drying times.  
 
The comparative results are summarised in Table 1. The 
results indicate the influence heater power has on the 
drying time. Higher percentage heater power (e.g. 108W) 
brings the experiment to conclusion an average of 10 
minutes faster than that for lower heater power (e.g. 48W). 
This is in agreement with the literature. It must be 
mentioned that although higher heater power reduces the 
drying time, the most important consideration in 

experiments of this type is the qualitative result. The 
products that resulted from lower FIR power were more 
commercially acceptable when based on factors such as 
product texture, colour and taste.  
The experiments at both at 76W (100 V input voltage) and 
48W heater power (80 V input voltage) on average 
produced the most satisfactory results throughout with 
dryer efficiencies of 55% and 62 % respectively. 
 
Table 1:  Comparison of drying times to 15% moisture 
content (w.b.) 

 Drying time average 
(mins)  

FIR 
heater  
power 
(W) 

Experimental 
method 

Simulated 
method 

Deviation
(%) 

48 38 29 24 
76 29 21 28 
108 18 15 17 

 
The comparative results gathered indicate the relative 
incidence of the respective drying times for both the 
simulated and experimental systems. It is evident that 
there is still more room for further improvement for the 
better overlap and concurrence of the data.  
 
5. CONCLUSION 
 
A simulator program based on LabVIEW software routines 
which mimic the processes involved in the hybrid method 
incorporating convection and infrared drying is introduced. 
The results from the simulation program are contrasted 
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Figure 5:  Experimental results for moisture content (d.w.b) vs. time 



 

 

with the results obtained from an experimental dryer in 
order to validate many different parameters. The simulator 
is an initial attempt to gauge the effectiveness of drying in a 
global sense. The software routines will possibly need to be 
further modified and refined as more is learned throughout 
the drying cycle.  
 
The hybrid infrared convective dryer simulator presented is 
able to dehydrate apple slice samples from an initial 
moisture content of 80% to final moisture content of 15% 
and lower. Small batches of untreated apple slices were 
dried in relatively short drying times and at moderately 
high dryer efficiencies.  
 
The risk at a higher infrared power is the possible damage 
to the fruit that could result. Careful control mechanisms 
need to be implemented in order to prevent this from 
occurring. This could be in the form of a control action 
which varies the infrared heater power in comparison to 
measurements of either moisture contents, colour 
recognition of the fruit surface or a time factor. 
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