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ABSTRACT 
 

Knowledge of the thermal properties of foods is of fundamental importance in the food industry to 
establish the design of processing equipments. However, for tropical fruit juice, there is very little 
information in literature, seriously hampering processing procedures. This research work 
describes the development of an instrument for automated thermal conductivity and thermal 
diffusivity measurement of tropical fruit juice using a transient thermal probe technique based on 
line heat principle. The system consists of two thermocouple sensors, constant current source, 
heater, thermocouple amplifier, microcontroller, microSD card shield and intelligent liquid crystal. 
A fixed distance of 6.50mm was maintained between the two probes. When heat is applied, the 
temperature rise at the heater probe measured with time at time interval of 4s for 240s. The 
measuring element conforms as closely as possible to an infinite line source of heat in an infinite 
fluid. Under these conditions, thermal conductivity and thermal diffusivity are simultaneously 
measured, with thermal conductivity determined from the slope of a plot of the temperature rise of 
the heating element against the logarithm of time while thermal diffusivity was determined from 
the time it took the sample to attain a peak temperature and the time duration over a fixed 
diffusivity distance. A constant current source was designed to apply a power input of          
to the probe throughout the experiment. The thermal probe was interfaced with a digital display 
and data logger by using an application program written in C++. Calibration of the instrument was 
done by determining the thermal properties of distilled water. Error due to convection was 
avoided by adding 1.5% agar to the water. The instrument has been used for measurement of 
thermal properties of banana, orange and water melon. Thermal conductivity values of      , 

     ,             and thermal diffusivity values of            ,            , and        
         were obtained for banana, orange and water melon respectively. Measured values 
were stored in a microSD card. The instrument performed very well as it measured the thermal 
conductivity and thermal diffusivity of the tropical fruit juice samples with statistical analysis 

(ANOVA) showing no significant difference (      ) between the literature standards and 
estimated averages of each sample investigated with the developed instrument.    

Keywords: Thermal conductivity, thermal diffusivity, tropical fruit juice, diffusion equation  

INTRODUCTION 

Tropical fruits can be processed into different 
products such as fruit juices, fruit salads, and wines, 
amongst others. Thermal processing is one of the 
major methods used in fruit juice processing. This 
method can induce favourably product changes, 
deactivate enzymes and kill micro-organisms with the 
result of an extended shelf life and improved quality 
of the fruit juice. Heat transfer study seeks to develop 
a safe means of processing high quality foods since 
under-processing and over-processing of foods is 

injurious to the health of the consumer (Turgut, 
2004).  

Thus adequate knowledge of the thermal properties 
(thermal conductivity, thermal diffusivity and specific 
heat) of the food materials is essential in achieving 
this objective of the food industry. Precise knowledge 
of these thermal properties will also assist the food 
industry design and model better and efficient food 
processing equipments (de Moura et al, 1998; Zuritz 
et al., 2005; Kurozawa et al, 2008) ranging from 
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chillers, evaporators, tanks, pipes, pumps to heat 
exchangers. 

The number of research and development work done 
on tropical fruit products such as juices is significantly 
small (Magerramov et al, 2006; Apollo et al, 2002; de 
Moura et al, 1998) especially when compared with 
the sub-tropical ones (Renata et al., 2009; Kurozawa 
et al, 2008). This complete lack of information on the 
thermal properties of tropical fruit juices in literature 
poses a major problem for industrial development 
especially for developing countries like Nigeria that 
have these fruits in abundance. 

There is no standard technique for measuring 
thermal properties of a sample, but there are several 
available methods which depend on the sample and 
its application. There are steady state, non-steady 
state and transient techniques for the measurement 
of thermal conductivity and thermal diffusivity of a 
material. Steady state methods are simple 
theoretically, but involve rather elaborate technique 
practically (Singh and Reddy, 2003). The steady 
state methods are most accurate, but slow, 
expensive and do not permit on-site measurements. 
Non-steady state technique is used with a view to 
completing the experiments before convection starts 
to occur in the material. Transient techniques 
(thermal probe) has however made this method 
obsolete (Cagran, 2000) as they provide fast 
measurement and possibility to use small sample 
sizes, thus saving time, cost, with a distinct 
advantage of its usage on-site measurements.   

Transient techniques has been successfully used to 
measure precisely thermal properties of soil samples 
(Bilskie et al., 1998, Bristow et al, 2001), porous and 
liquid materials (Singh and Reddy, 2003; Kadjo et al., 
2008). Little efforts however have been made to 
replicate these same techniques in tropical fruit juice 
samples. Simultaneous measurement of thermal 
conductivity and thermal diffusivity have been 
conducted successfully in samples such as Borage 
seeds (Yang et al., 2002), food and agricultural 
materials (Lihan and Lin-Shu, 2009), Banana and 
Cashew apple (Kurozawa et al., 2008), and 
electrically conducting and highly corrosive liquids 
(Kadjo et al., 2008). These measurements are 
however not automated, as such, researchers must 
understand fully the concept of thermal processing 
and the heat flow equation when working in these 
areas.  

The objective of this present endeavour was to 
develop an automated instrument using the thermal 

probe theory that measures simultaneously thermal 
conductivity and thermal diffusivity of a tropical fruit 
juice sample. The measurement is conducted 
primarily as a function of temperature and it is also 
automated. The calibration and standardization of the 
developed instrument has been done using 1.5% 
agar gelled distilled water. The instrument has been 
used to measure simultaneously thermal conductivity 
and thermal diffusivity of banana, orange and water 
melon, with their experimental data compared with 
those found in literature.   

Measurement principle: The method used in this 
study is the line heat source probe method (one of 
the transient techniques). It is mostly suited for 
measurement of thermal conductivity and thermal 
diffusivity at low and high temperatures. This method 
consists of applying a constant heat flux to a semi-
infinite solid by a line heat source with an infinitesimal 
diameter and an infinite length. The temperature rise 
at a radius   within the sample, after a centered line 
heater of given power is switched on is a function of 
time, thermal properties of the material and source 
power (Chois and Okos, 1983; Martinez, 2013).  

The line heat source method can be used to measure 
thermal conductivity and thermal diffusivity 
independently (Singh and Reddy, 2003; Turgut, 
2004). It can also be used to measure thermal 
conductivity and thermal diffusivity simultaneously by 
keeping the two probes at a known and fixed 
distance from each other (Choi and Okos, 1983; 
Yang et al., 2002; Kadjo, 2008; Kurozawa et al., 
2008b; Lihan and Lin-Shu, 2009). This technique is 
based on the simplified mathematical solution of a 
line heat source in a homogenous medium. 

Thermal conductivity measurement: The line heat 
source technique measures thermal conductivity by 
assuming transient heat conduction from an infinitely 
long line heat source immersed in an infinite and 
homogenous sample expressed by the following 
Fourier equation: 

       

  
                                                                          

where   is the thermal diffusivity of the sample,    is 
the laplace operator and   is the temperature 
distribution at any radial distance   from the heat 

source as a function of time  .  

Assuming thermal properties and heat source   are 
constant, thermal mass of heater is negligiblie, heat 
conduction is in the radial direction, and subjecting 
equation (1) to an initial condition at;  
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   (2) and the following boundary 
conditions at: 
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The solution to equation (1) is thus an approximation 
of the temperature rise at any point given by (Carslaw 
and Jeager, 1959): 
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)                                                                                 

where           , with Euler’s constant   
      ,    is the thermal conducvtivity. 

Equation (4) is the truncated equation of the line heat 
source method and requires thermal diffusivity of the 
sample which is likely to be unavaible. To avoid this 

complication, it is evaluated as      . The working 
expression for the line heat source method is thus 
given by: 

  

  
 

   
                                                                                       

It is apparent from equation (5) that if the temperature 
   at a source is plotted as a function of      , the 

slope is     ⁄ . Thus, provided a known quantity of 
heat   is supplied by measuring the current   in 

probe heater wire of known resistance  , the thermal 
conductivity is thus given by: 

 

  
      

  
 *
     

  
+                                                                               

Thermal diffusivity measurement 

The determination of the thermal diffusivity of a 
material is usually carried out by rapidly heating one 
side of a material and measuring the temperature rise 
curve on the opposite side over specified time 
duration. From equation (4), if the line heat source is 
immersed in an infinite liquid medium, the 

instantaneous liquid temperature        at a distance 
  from the heat source and with the hypothesis of a 
thermal conducting region is given by (Carslaw and 
Jaeger, 1959): 

                  

  
 

   
  * 

  

   
+                                                  

When a constant heat pulse of duration    is applied 
on the wire, the temperture rise is given by (Kadjo et 
al., 2008): 
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) +                                    

If the distance   is fixed, the         function takes a 
maximum value     (corresponding to time   ) for  

   

  
                                                                             

Thus, thermal diffusivity,   deduced from 
measurement of   ,    and   is given by: 

 

  
  

 
 *
        ⁄      ⁄

            ⁄  
+                                                         

 

MATERIALS AND METHODS 

Instrument development 

The circuit connection was done in accordance to the 
block diagram shown in Figure 1. All the materials 
used in the design and construction of this work were 
purchased off the shelf of a local electronic store. The 
instrument utilizes a temperature sensing element 
incorporated into a probe heater (using the line heat 
source technique) comprising of a heating element. 
Two probe heaters was developed for this research 
work, one measures the thermal conductivity of the 
sample and the other the thermal diffusivity with both 
measurements done simultaneously.  

The thermal conductivity probe comprised of a 
heating element and a thermocouple placed outside 
the tube, while the thermal diffusivity probe was 
constructed using a thermocouple placed outside the 
tube. The tube was made from a stainless steel 
hypodermic needle 1.3 x 45 mm) and a length to 
diameter ratio of 30 (see Figure 2). Constantan wire 
with a diameter of 0.4572mm was used as the heater 
since its electrical resistance is stable. To reduce the 
potential for short circuiting the heater wire, the metal 
needle was first insulated with an epoxy copolymer 
resin. A fixed distance of 6.50mm was maintained 
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between the thermal conductivity probe and thermal 
diffusivity probe throughout the experiment. 

A constant current source was designed to deliver a 
steady current of 700mA (with +0.01mA deviation) to 
the heater wire (see Figure 3). The operation of the 
current source was automatically controlled via a 
relay interface between the current source and the 
microcontroller. This ensured that a constant current 
is applied to the heater only when activated by the 
program embedded in the microcontroller. 

A thermocouple amplifier (see Figure 4) was also 
designed to amplify the voltage of the thermocouple 
located on each probe heaters. In this work, the 
thermocouple type used was a chromel – alumel 
(Type K) since it offers a wide temperature range, low 
standard error, and has good corrosion resistance. A 
36 gauge (0.127mm diameter) chromel and alumel 
wires was used to construct the type K thermocouple.        

An Arduino Uno microcontroller was used in this 
study owing to its flexibility, availability and huge 
libraries database. It has fourteen digital input/output 
pins and six analog input pins each of which provide 
10 bits of resolution (i.e. 1024 different values). 
Automation of the instrument was achieved with the 
aid of the microcontroller. The microcontroller was 
also used to control the operation of a data logger.   

The amplifying circuitry, constant current source, 
digital display (16 x 2 LCD), microcontroller unit, data 
logger and the power source (12V rechargeable 
battery) were all enclosed in a small, hinged plastic 
box of dimension (90mm x 60mm x 10mm). The 
probing device was affixed to the front of the box with 
the aid of connectors. Toggle switch was 
incorporated for ON and OFF applications.  

Sample preparation and measurement: Fresh 
banana, orange and water melon samples were 
acquired from a local market in Ede, Osun State, 
Nigeria. The natural juices were obtained by 
squeezing the full ripe fruits with a juice extractor, 
and eliminating the suspended solids by filtering and 
clarifying. The samples were poured into a sample 
chamber (made from copper with an internal 
diameter of 30.56mm and depth of 57.81mm) one 
after the other and their thermal properties deduced. 
The thermal conductivity and thermal diffusivity 
probes were placed in the sample in such a way that 
the full lengths of the probes were covered. Figure 5 
shows the experimental setup diagram. For each 
sample, experimental measurement was performed 
at least five times and their average thermophyiscal 
properties deduced. 

In performing the measurement, the amount of input 
power to the probe for the tested sample was 
carefully selected to ensure that conduction was the 
only mode of heat transfer. The constant current 
source designed in this study was used to maintain a 
power source of 33.08W/m throughout the 
experiment. Increase in temperature with time was 
measured automatically by the microcontroller for 
three minutes at a scanning rate of one reading every 
ten seconds. The acquired data was displayed on an 
LCD screen and at the same time logged by the data 
logger into a microSD card. At the end of data 
acquisition, the microcontroller computed 
simultaneously the thermal conductivity and thermal 
diffusivity of the samples, and output the result to the 
user via the digital display. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Functional block diagram of the automated thermal conductivity and  
thermal diffusivity instrument 
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Fig. 2. Cross sectional view of the line heat source probes 

 

 

 

Fig. 3. Switching constant current source circuit 
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Fig. 4. Thermocouple amplifying circuit 

 

 

Fig. 5. Experimental setup block diagram 

Thermocouple Calibration: The thermocouple was 
calibrated by dissolving some gram of ice cubes in 
water to lower its temperature to below 10

0
C yielding 

a total volume of 700ml. The water was poured into a 
funnel shaped Eureka can and heated to boiling 
point, while the temperature change and 
thermocouple potential measured simultaneously by 
both a liquid-in-glass thermometer (0

0
C – 100

0
C) and 

the type K thermocouple sensors for every 5
0
C rise in 

temperature.  

The data acquired was inputted into a Spreadsheet 
application program (this study used Microsoft Excel 

2007) from which the calibration curve was plotted. 
Owing to the fact that thermocouples produce non-
linear readings, the curves were linearized using a 
polynomial fitting technique. The equation of the 
voltage-to-temperature conversion deduced from the 
graph for the two thermocouples used are given by: 

                                 
                        (11)   

                                 
                        (12)   



Am. J. Sci. Ind. Res., 2017, 8(2):22-33 

 

28 
 

where   is the thermocouple reading in degree 
Celsius, and   is the thermocouple readings 

measured in milli-volts (  ). Equations (11) and (12) 
are conversion equations and are embedded in the 
microcontroller to automatically convert thermocouple 
readings in millivolt to its degree Celsius equivalent. 

Instrument Calibration: To calibrate the instrument, 
distilled water was used since it has well documented 
thermal conductivity and thermal diffusivity values 
over a temperature range of 20 – 150

0
C with values 

comparable to those found in food products. 
Convection being a potential problem with water, 
agar, an effective gelling agent at low temperatures, 
was used to control this problem in this study. 1.5% 
agar gelled water sample was thus prepared and 
used as reference media for the instrument. 
Measurements were done at least five times and the 
average values of each thermal properties calculated. 
This maximum percentage measurement error of the 
computed average values against those found in 
literature was also computed. 

Statistical Analysis: Statistical analysis was further 
carried out on the measured experimental data of the 
calibrating media and the samples investigated. The 
means of ten replicates were determined and 
reported for each sample investigated. These 
analyses were performed using complete randomized 
design with single factor analysis of variance 
(ANOVA) for all measured experimental data and 
analyzed in a spreadsheet application (this study 

used Microsoft Excel 2007) at       . 

RESULTS AND DISCUSSION 

The results of average thermal conductivity and 
average thermal diffusivity values for the reference 
media and measured samples calculated over five 
experimental repeats are given in Tables 1 and 2 
respectively. Maximum percentage error from 
standard value, along with standard deviation is also 
listed in Tables 1 and 2. Figures 6 and 7 shows the 
graphical plot of average temperature versus natural 
logarithm of time used for determination of the 
thermal conductivity of the reference media and the 
measured samples while, Figures 8 and 9 shows the 

plot of average temperature versus time used for the 
determination of thermal diffusivity of the reference 
media and samples under investigation. 

Thermal conductivity measurement: From Figure 
6, it is seen that as time increased, the average 
temperature of the reference sample also increased 
through the specified duration of the experiment. 
Linear regression technique was used to fit the linear 
part of the graph giving a slope of 2.196. Average 
thermal conductivity of the reference media was thus 

computed as             with standard deviation of 
0.056, and standard measurement error of 0.013 
(see Table 1). The analysis of variance (t-test) gave a 
result of 0.753 with probability (p-value) of 0.462 

indicating that       , thus, there is no significant 
difference between the literature standard value of 

            and estimated average of         
    obtained with the developed instrument despite 

a nominal percentage difference of     between the 
two values with the difference due to randomness of 
the sample used. 

From Figure 7, average temperature rise of all the 
tropical fruit juice samples under investigation was 
found to increase with natural logarithm of time. 
Linear regression technique was used to fit the 
graph. An average slope of 3.579, 2.981 and 2.218 
was obtained for banana, orange and water melon 
samples respectively. Average thermal conductivity 

values of            ,            , and         
    was computed for banana, orange and water 
melon juice samples respectively. These values have 
a standard deviation of 0.391, 0.269 and 0.362 with 
standard errors of 0.124, 0.063, and 0.085. For all the 
samples investigated, the analysis of variance 
(ANOVA) test indicated no significant difference 

(      ) between the literature standard values of 
           ,            ,             and 

estimated averages of            ,            , 
            obtained with the developed 

instrument despite nominal differences of      , 
     , and        with the differences attributed to 
randomness of the samples used. 
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Table 1: Measured values of thermal conductivity of standard material and tropical fruit juice 
samples at ambient temperature 

S/N Sample Literature standard  
(W/m

0
C) 

Measured Value
1
  

 (W/m
0
C) 

Standard 
error  

Standard 
deviation 

1 Distilled water 0.607 
2 

0.597 0.013 0.056 

2 Banana 0.550 
3
 0.593 0.124 0.391 

3 Orange 0.590 
4
 0.598 0.063 0.269 

4 Water melon 0.618 
4
 0.586 0.085 0.362 

1
 Average thermal conductivity,  obtained over ten repeats 

2
 Source: Incropera and DeWitt, 1985; Nieto, 1986; Gelder, 1998 

3
 Source: Perusella et al., 2010; Bart-Plange et al., 2012 

4
 Source: Ikegwu and Ekwu, 2009 

 

Fig. 6 Graphical plot of average temperature versus ln(time) for 1.5% agar gelled water sample using 
developed instrument 
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Fig. 7 Graphical plot of average temperature versus ln(time) for banana, orange and water melon 
samples using developed instrument 

 

Thermal diffusivity measurements: Figure 8 shows 
the graphical plot of the average temperature versus 
time for the 1.5% agar gelled water sample. From the 
graph, average temperature of the reference media 
increased over time until a peak temperature value 
was attained after which the temperature began to 
decline. Using equation (10) and fixed probe distance 
of 6.50mm, an average thermal conductivity value of 

                was computed. The measurement 
has a standard error of 0.043 and standard deviation 

of        (see Table 2). T-test value of 1.265 and p-
value of 0.223 was obtained from ANOVA indicating 

that       . As such, there is no significant 
difference between the literature standard value of 

                and estimated average of 

                obtained with the developed 
instrument despite, a nominal difference of      
between the two values. The nominal difference is 
due to randomness of the sample used. 

Figure 9 shows the graphical plot of temperature 
versus time of banana, orange and water melon juice 

samples. As expected, temperature rose with 
increase in time until a peak value was attained. An 

average thermal diffusivity values of        
        ,                , and                 
was obtained for banana, orange and water melon 
juice samples respectively. The measurements have 
standard errors of 0.030, 0.033, and 0.002 with 
standard deviations of 0.237, 0.257, and 0.015 for 
banana, orange and water melon juice samples 
respectively. For all the samples studied, the 
statistical analysis (ANOVA) show no significant 
difference between all the literature standard values 

of                ,                ,        
         and estimated average values of        
        ,                ,                  
despite nominal differences of 0.447, 0.362, and 
0.510 for banana, orange and water melon juice 
samples respectively. The difference is attributed to 
randomness of the samples used.  
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Table 2: Measured values of thermal diffusivity of standard material and tropical fruit juice samples at 
ambient temperature 

S/N Sample Literature standard  
(x 10

-7
 m/s

2
) 

Measured Value
1
  

 (x 10
-7 

m/s
2
) 

Standard 
error  

Standard 
deviation 

1 Distilled water 1.456 
2 

1.402 0.043 0.335 

2 Banana 1.500 
3
 1.053 0.030 0.237 

3 Orange Juice 1.448 
4
 1.086 0.033 0.257 

4 Water melon juice 1.469 
4
 0.959 0.002 0.015 

1
 Average thermal diffusivity value,  obtained over ten repeats 

2
 Source: Incropera and DeWitt, 1985; Nieto, 1986; Gelder, 1998 

3
 Source: Perusella et al., 2010; Bart-Plange et al., 2012 

4
 Source: Ikegwu and Ekwu, 2009 

 

Fig. 8 Graphical plot of average temperature versus time for 1.5% agar gelled water sample using 
developed instrument 
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Fig. 9 Graphical plot of average temperature versus time for banana, orange and water melon samples 
using developed instrument 

CONCLUSION 

The developed instrument presented in this paper 
has proven to be well suitable for automated 

measurement of thermal conductivity  and thermal 

diffusivity  of tropical fruit juice samples. The 
thermal conductivity of the samples varied from       

to            , while the thermal diffusivity varied 

from             to                 which are 
well within the expected thermophysical properties 
range of food samples. The results revealed that the 
values of thermal conductivities and thermal 
diffusivities of the fruit juice samples were low 
compared to that of distilled water which may be due 
to the total solids in the fruits and their juices. This 
implies that they are poor conductors of heat and 
movement of diffusion of heat energy from one point 
to another in these samples during thermal 
processing such as drying, refrigeration, freezing, 
evaporation, etc are more likely to be very slow. 

For all the samples studied with the fabricated 
instrument, the analysis of variance (t-test) show no 

significant difference (      ) between the literature 
standards and the estimated average values 
obtained by the developed instrument despite 
significant nominal differences, attributed mainly to 
the randomness of samples used. The instrument is 
therefore recommended for simultaneous 
measurement of thermal conductivity and thermal 

diffusivity of tropical fruit juice samples either in the 
laboratory or on the field. The developed instrument 
is portable and operates well on a rechargeable 12V 
Lithium-ion battery source, incorporating a digital 
display (suitable for field measurement), a microSD 
card storage unit (suitable for further analysis in the 
laboratory) and does not require any special skill to 
operate as the entire measurement process is fully 
automated. 
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