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ABSTRACT Thermal conductivity of five varieties of processed flours was measured using the 
non-steady state method. The result indicated that thermal conductivity of 0.06 ±0.00 W/(m 0C) was 
obtained for the unconditioned groat ground flour (UCF) with largest moisture content, while the 
lowest thermal conductivity of 0.026 ±0.0016 W/(m 0C) was obtained for the fined ground oat flour 
(FGOF) with lowest moisture content. And also, the results showed that bulk density has a 
significant effect on thermal conductivity for the low bran oat flour (LBOF). Increasing the bulk 
density from 484 to 607 kg/m3 caused an increased in the thermal conductivity from 0.048 ±0.07 to 
0.104 ±0.003 W/(m 0C). 
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Thermal properties such as the specific heat capacity, thermal diffusivity, and thermal conductivity 
are very important properties needed in food industry to understand thermal processes such as 
pasteurization, sterilization, thawing, cooling, drying and many other heat treatments processes 
(Mahapatra et al., 2011). They are also very important parameters in food process modeling, 
equipment design and optimization (Emami et al., 2007). One of the most important thermal 
properties of food materials is thermal conductivity (Hosain and Zarein, 2012). It is defined as the 
value of heat flux density to change the temperature of a material by one degree within a unit time 
through a unit area of the material of a unit thickness. In other words, thermal conductivity is the 
rate of heat transfer through the cross section of a material. Equation 1 mathematically shows the 
formula for calculating thermal conductivity. 

                  𝑘 = !
!
!"
!"

                                                       (1) 

 
where 

k = thermal conductivity, W/(m 0C)   

q = rate of heat flow, W 

A = area of heat transfer normal to the heat flow, m2 

dx = thickness, m 

dT =temperature, 0C 

 

Therefore, the ability of food materials to conduct heat at any given conditions such as moisture 
content or temperature value can be determined by measuring its thermal conductivity at these 
conditions. Thermal conductivity is influence by several major factors such as temperature, 
moisture content and bulk density (Minim et aI., 2002; Yang et aI., 2002; Coimbra et aI., 2006; 
Kantrong et aI., 2009; Bitra et aI., 2010; Mahapatra et aI., 2011; Jian et al., 2012). Kazarian (1965) 
studied grain drying and stated that the thermal conductivity of food materials increased with an 
increase in moisture content and temperature. Several other researchers also concluded that 
thermal conductivity of food materials increase with increase in moisture content and temperature 
(Wallapapan and Sweat, 1982; Rahman et al., 1991; Shinoj and Viswanathan, 2003; Mahapatra et 
aI., 2011). Wallapapan and Sweat (1982) measured the thermal conductivity of defatted soy flour 
and concluded that for  temperature ranging from 4 to 32°C, thermal conductivity of the defatted 
soy flour variety from 0.03 to 0.09 W/(m 0C). Rahman et al. (1991) concluded that thermal 
conductivity of fresh and dried seafood powders increased with increased moisture content. They 
determined that as the moisture content of the seafood powder varied from 2.37 to 7.45%, the 
thermal conductivity increased from 0.475 to 0.522 W/(m 0C).  Also, similar conclusion was stated 
by Shinoj and Viswanathan (2003) in their study to determine the effect of moisture content on the 
thermal conductivity of millet grain and flour. They indicated that the thermal conductivity of millet 
grains increased from 0.119 to 0.223 W/(m 0C) and flours increased from 0.026 to 0.128 W/(m 0C) 
in the moisture range of 10 to 30%. Mahapatra et al. (2011) determined the thermal conductivity of 
rice flour in the range between 0.045 to 0.124 W/(m 0C) with a temperature increased from 4.8 to 
360C and moisture content increase from 2.6 to 16.7%. 

However, there have been discrepancies in the results of effect of bulk density on thermal 
conductivity of food materials. Jain et al. (2012) stated that decreasing the bulk density of canola 
seeds resulted in increased thermal conductivity. Similar conclusion was made by Hosain et al. 
(2012) that thermal conductivity of sunflower seeds increased from 0.1854 to 0.3047 W/(m 0C) with 
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decreased in bulk density from 437.14 to 352.5 kg/m3, however, many studies involving grain flours 
(or powered food materials) showed that thermal conductivity increases with increase in bulk 
density (Wallapapan and Sweat, 1982; McCarthy, 1985; Rahman et aI., 1991; Fang et aI., 2000;  
Emami et al., 2007; Mahapatra et aI., 2011). Emami et al. (2011) indicated that increasing the bulk 
density of chickpea flour from 346.68 to 427.10 kg/m3 caused increase in the thermal conductivity 
from 0.0839 to 0.0978 W/(m 0C) at a temperature of 4°C. And as the temperature increased to 
22°C, the thermal conductivity increased from 0.0846 to 0.098 W/(m 0C).  Also, Mahapatra et al. 
(2011) stated that the thermal conductivity of rice flours increased from 0.045 to 0.124 W/(m 0C) as 
the bulk density increased from 535 to 875.8 kg/m3. This difference in results obtained from 
granular grain and grain flour on the effect of bulk density on thermal conductivity could be the 
result that increasing moisture content will decreased the bulk density of the grains, but increases 
the bulk density of the grain powder (flour) (Shinoj and Viswanathan, 20007). 

Several methods have been used for the determination of thermal conductivity of food materials 
(Mohsenin, 1980). Steady and non-steady state methods have commonly been used by 
researchers (Jain et al 2012). Ojha et al. (1967) measured the thermal conductivity of non-fat dry 
milk and wheat flour by the use of a steady state conductivity test apparatus. Farrell et al. (1970) 
used the steady state method to determine the thermal conductivity of eight different types of 
powdered milk. Recently, there have been increased in the use of non-steady state method for the 
determination of thermal conductivity of food materials because it eliminates moisture migration, 
simple and fast (Shinoj and Viswanathan, 2003; Emami et al., 2007; Mahapatra et al., 2011; Jian et 
al., 2012). Jian et al. (2012) used the heated probe method, also known as the non-steady state 
(transient state) method to determine the thermal conductivity of a variety of canola seeds with high 
oil content to study the effect of temperature, moisture content and storage period on thermal 
conductivity. Also, the non-steady state method was used by Mahapatra et al. (2011) to study the 
effect of moisture content and temperature on thermal conductivity of rice flour. Emami et al. (2007) 
used the non-steady state heating probe to measure the thermal conductivity of chickpea flour, 
chickpea starch and the isolated chickpea protein at different temperatures and bulk densities. 
Shinoj and Viswanathan (2003) measured thermal conductivity of different varieties of millet grains 
and their flours using the non-steady state method. 

Although there have been several studies on thermal conductivity measurement of flours. However, 
little research has been reported on the thermal conductivity of processed flours. Therefore, in this 
study, thermal conductivities of five different processed flours were measured using the non-steady 
state approach. And the effect of bulk density on thermal conductivity of one of the processed flour 
was studied. 

 

MATERIALS AND METHODS 

Materials 
Low bran oat flour (LBOF), whole oat flour (WOF), fine grained oat flour (FGOF), unconditioned 
groat ground flour (UCF) and conditioned groat ground flour (CF) obtained from an oat processing 
plant in Manitoba were the five differently processed flours by industry used in this study. The 
moisture contents of each of the flours are given in table 1. During the duration of the study the 
flours were stored in a refrigerator at 4°C. 

Table 1. Conditioned moisture content of the processed flours 

Flour Grain type Moisture content, % 

Unconditioned groat ground flour Groat 11.6 
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Experimental procedure 
The experimental set up for this study is shown in figure 1. Before each experiment, the flour 
samples were taken out from the refrigerator and were allowed to equilibrate in plastic bags at room 
temperature for two hours.  

          
Figure 1. The experimental set-up. 

 

In each of the experiment, the flour was filled into graduated cylinder tube to a height of 1000 mm 
using a plastic funnel to achieve a loose bulk density. Thermal conductivities of the different 
processed flour was measured using thermal conductivity probe (TP02, Hukseflux, Delft, 
Netherlands) with needle dimension of 150 x 1.5 mm. The probe function is based on the principle 
of non-steady state heat transfer method. The probe was inserted into the cylindrical tube 
containing the flour sample through the center and then it was connected to a data logger CR10X 
(Campbell Scientific, Logan, Utah) which was used to collect the measured thermal conductivity 
data by providing 100 s preheating time and a defined heating phase of 100 s. The data acquisition 

(UCF) 

Conditioned groat ground flour (CF) Groat 10.7 

Low Bran oat flour (LBOF) Oat 10.3 

Whole oat flour (WOF) Oat 8.7 

Fined grained oat flour (FGOF) Oat 4.5 

  
Stand	  
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system automatically provides results of the thermal conductivity and the standard deviation of the 
determined thermal conductivity. However, for this study, the raw experimental data were retrieved 
and analyzed to obtain the values of the thermal conductivity from the slope of the graphical plot of 
temperature versus the natural logarithm of the elapsed time. The plotted curves became linearly 
after about 1 minute from the start of the test. Therefore, data of the temperature versus the natural 
logarithm of time greater than 1 min were subjected to linear regression analysis and the slope of 
the regression line was used to calculate the thermal conductivity using the Equation 1. For each of 
the flour samples, three replicates were used for the measurement of thermal conductivity. 
Preliminary experiments were conducted to ascertain the accuracy of the probe used in this study 
by measuring the thermal conductivity of canola grains. The result of the average thermal 
conductivity obtained was 0.062 W/(m 0C) and this was approximately the same with the published 
result of thermal conductivity of canola at room temperature and moisture content of about 8.5% 
(Jian et al., 2012).  

Low bran oat flour (LBOF) was used to study the effect of bulk density on thermal conductivity. 
Thermal conductivity was measured at three different bulk densities of the LBOF. Bulk densities 
484.33, 511.56 and 607.86 kg/m3 of the LBOF termed loose, medium, and high bulk density were 
achieved by three different methods. The loose bulk density (484.33 kg/m3) was achieved by filling 
the grain to a height of 190 mm directly from a funnel suspended on top of the cylindrical tube, 
while the medium bulk density (511.56 kg/m3) was achieved by vibrating the cylindrical tube on a 
vibrating table operating at a pressure of 20 psi and amplitude of 0.623 mm for 30 s after the tube 
was filled using the same procedure used to obtained the loose dense bulk density. The high bulk 
density (607.86 kg/m3) was obtained by placing a known mass (24 g) to compact the flour inside 
the cylindrical tube for 15 min. In each case, bulk density was calculated as the ratio of the mass of 
LBOF sample inside the cylindrical tube to the volume occupied by the LBOF sample.  

Data analysis of variance (ANOVA) was carried out with SAS statistical software (Statistical 
Analysis Systems, Cary, NC) to test for the effect of flour variety and bulk density on thermal 
conductivity. Also, least square difference (LSD) was carried out with SAS to detect significant 
difference in the mean of the thermal conductivity among the flour varieties. 

 

RESULTS AND DISCUSSION 

Effect of flour variety 
The result indicated that the average thermal conductivity for five different processed flours (LBOF, 
WOF, FGOF, CF, and UCF) were 0.0605, 0.0580, 0.0480, 0.0350, and 0.0260 W/(m 0C) 
respectively (Table 2). 

Table 2. Results of the thermal conductivity for the different processed flours. 
 

UCF CF LBOF WOF FGOF 
Moisture content, % 11.67 10.71 10.3 8.7 4.45 
Thermal conductivity,             
W/(m 0C) 

0.06  
±0.0002† 

0.053 
±0.004 

0.047 
±0.007 

0.035 
±0.0034 

0.026 
±0.0016 

†  Standard deviation. 

Table 3 shows the ANOVA statistical analysis at a = 0.05. The results indicated that the processed 
flour variety has a significant effect on the measured thermal conductivity. The LSD test further 
showed that although there were significant differences among the flour varieties, the mean values 
for all the five varieties of the processed flours were similar expect for CF, UCF and LBOF varieties 
(Table 4). 
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Table 3. ANOVA result of flour verities on thermal conductivity 

Source DF 
Sum of 
square 

 Mean 
square F value   Pr< F 

Model 4 0.002392 0.000595 35.84 0.0001 

Error 10 0.000167 0.000016 

  Total 14 0.00259 

    

 

 

Table 4. Result of a least square difference (LSD) 

 
 

Fang et at. (2000) reported similar result that variety of rice flours processed to have different 
starch content and protein content significantly affect thermal conductivity. They reasoned that the 
differences in the value of the thermal conductivities for the processed rice flours were due to the 
difference in the molecular structure between protein flour and the waxy starchy flour. So, in this 
study, the difference in thermal conductivity for the different processed flours used can be attributed 
to the difference in their molecular structures, since all the flours tested were conditioned differently. 
And also, all the flours tested have different moisture contents. It was observed that the flour with 
the largest moisture content has the highest thermal conductivity, while the flour with the lowest 
moisture content has the smallest thermal conductivity. The unconditioned groat ground flour (UCF) 
has the largest moisture content of 11.67% with a thermal conductivity of 0.0605 W/(m 0C), while 
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the fine grained oat flour (FGOF) has the lowest moisture content of 4.45% with the smallest 
thermal conductivity of 0.026 W/(m 0C) (Table 2). Several other researchers have reported similar 
trend that the thermal conductivity increases with increase in moisture content for food and 
biological materials (Fang et aI., 2000; Mahapatra et al., 2011; Hosain and Zarein, 2012). 
Mahapatra et al. (2011) reported that the thermal conductivity of rice flour increased from 0.045 to 
0.124 W/(m 0C).with increase in moisture content from 2.6 to 16.7%. This phenomenon of increase 
in thermal conductivity with increase in moisture content can be explained to be as a result that at 
higher moisture content heat conduction was improved, since water occupying the pores of the 
flours is a better conductor of heat than air (Fang et aI., 2000). 

 

 

Effect of bulk density 
Table 5 shows the result of the thermal conductivity obtained by varying the bulk density of the low 
bran oat flour (LBOF). 

Table 5.  Result of thermal conductivity with changing bulk density for LBOF 

†  Standard deviation. 
 

The results showed that bulk density has a significant effect on thermal conductivity (Table 6). As 
the bulk density of the LBOF increased from 484.33 to 607.87 kg/m, the thermal conductivity 
increased from 0.048 to 0.104 W/(m 0C). 

Table 6.  ANOVA results of the bulk density on thermal conductivity 

Source DF 
Sum of 
square Mean square F-value Pr <  F 

Model 4 0.005339 0.005339 9.2 0.019 

Error 10 0.004062 0.00058 

  Total 14 0.009401 

    

Mahapatra et al. (2011) stated that increasing the bulk density of rice flour from 535 to 875.8 kg/m3 
increased the thermal conductivity from 0.045 to 0.124 W/(m 0C). Bulk density is an indicator of how 
tight a porous material is packed. It is highly related to the porosity of the granular material. 
Therefore in this study, the increase in thermal conductivity measured due to increase in bulk 
density can be accounted to be a result of reduction in the pores space inside the porous of the 
flour (LBOF) and consequently reduction in the air pockets (Fig. 2). Air is a poor heat conductor, 
because it has a relatively low thermal conductivity. And, since there is less air in the porous of the 

 Bulk density, Kg/m3 Thermal conductivity , W/(m 0C). 

Loose dense   484.33±26.2†         0.048 ±0.007 

Medium dense   511.56±27.6         0.061±0.001 

Highly dense   607.87±49.7         0.104±0.003 
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flour at high bulk density, hence, at high bulk density the measured thermal conductivity was high. 
And, at low bulk density the measured thermal conductivity was low.  

 

     
    Figure 2.  Relationship between the bulk density and thermal conductivity(Error bar = Standard 

deviation). 

 

 

 CONCLUSION 
A study to determine the thermal conductivity of differently processed flours was conducted. The 
results clearly showed variation in thermal conductivity for the different flours tested, Thermal 
conductivity of 0.06 ±0.0002 W/(m 0C).was obtained for the flour unconditioned groat ground flour 
(UCGF) with largest moisture content, while the lowest thermal conductivity of 0.026 ±0.0016 W/(m 
0C).was obtained for the fined grained oat flour (FGOF) with lowest moisture content. And also, the 
results showed that bulk density has a significant effect on thermal conductivity for the low bran oat 
flour (LBOF). Increasing the bulk density from 484 to 607 Kg/m3 caused an increased in the thermal 
conductivity from 0.048 ±0.07 to 0.104 5 ±0.003 W/(m 0C).. 
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