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Evaluation of a heating block system for accurate temperature-time 

controlled pasteurization treatments on various foods 
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Abstract: For simulating real pasteurization treatments using hot air, hot water, radio frequency and microwave heating, a 
unique experimental heating block system (HBS) was developed.  The stability and uniformity of sample temperatures and 
heating rates in HBS were determined for studying the thermal resistance of food-borne pathogens.  A computer simulation 
model was also developed to analyze the behavior of thermal process in HBS.  The results showed that the required heating 
rates with various set-temperatures and holding times could be easily and precisely achieved in eight selected food materials.  
Thermocouple and thermal imaging data showed that the good sample heating uniformity in six cells of HBS was achieved.  
The real temperature-time histories obtained by radio frequency energy could be approximately done in HBS by setting a 
number of linear regression curves.  The HBS can help in more precisely characterizing the heat resistance of pathogens in 
foods to further develop pasteurization processes. 
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1  Introduction  

The potential contamination in food or food ingredients caused 
by food-borne pathogens, such as Salmonella and Listeria 
monocytogenes, has attracted increasing attentions from the food 
processing industry all over the world[1,2].  Thermal processing 
technologies including conventional and novel thermal processing, 
which are proposing to be non-chemical alternative method for 
pasteurization of food-borne pathogens, have been widely used in 
the laboratory research and food industry[3-5].  Proper design of 
thermal processes requires comprehensive understanding of 
thermal impacts on quantitative changes of food quality and 
thermal resistance of target food-borne pathogens[6-8].  Thermal 
resistance of food-borne pathogens has to be determined under 
isothermal conditions for developing effective thermal 
treatments[9,10].   

Except for thermal properties of foods, final temperatures and 
holding times, heating rates have a significant effect on thermal 
resistance of given food-borne pathogens because of their 
metabolism and physiological adjustment.  Slow heating rates 
enhance thermal resistance of food-borne pathogens with large 
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D-values under same target temperatures[11-13].  For example, 
D-values of Salmonella at 60°C are different in the same host food 
because of the different samples size[14,15].  The different thermal 
resistance of Escherichia coli has been reported owing to using the 
different test tube materials, such as glass or aluminum[9,16].  Due 
to the differences in heating principle and mode, the common 
thermal processes, such as steam, hot air, hot water, radio 
frequency (RF) and microwave (MW), have different heating rates 
during thermal treatment[17-19].  These treatments would not meet 
the required efficacy if the thermal resistance of target food-borne 
pathogens was obtained under a fixed heating rate using traditional 
thermal-death-time (TDT) test devices in water or oil bath.  The 
heating rates in the above-mentioned devices could not be exactly 
controlled during the experiment since those are dependent on 
thermal properties of both test devices and food materials. 

For simulating the real pasteurization process by using hot air, 
hot water, steam, RF and MW energy, a unique experimental TDT 
heating block system (HBS) has been developed for investigating 
thermal resistance of food-borne pathogens[20].  The sample 
placed in the HBS can be controlled to obtain different heating 
rates, final temperatures, and holding times and provide an 
isothermal heating environment for pathogen’s inactivation.  
However, the test food samples in our previous research are limited 
that only one of six cells (sample holders) was monitored to 
describe the real-time temperature histories and temperature 
uniformity[20]. Stability of temperatures and heating rates in 
samples are important characteristics for the HBS.  If temperature 
difference is larger than 1°C during thermal process and holding 
time, it may affect the thermal response of target food-borne 
pathogens[11,21].  Therefore, several kinds of food samples, such as 
liquid, semi-solid, and solid samples with various thermal 
properties, need to be covered to further determine the performance 
characteristics of HBS and potential applications to simulate real 
sample temperature profiles obtained by advanced heating methods.   

Because experimental methods to determine the effects of 
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multiple factors are time consuming and costly, computer 
simulation has been used to predict temperature distributions and 
heating uniformity in various food samples under different 
conditions.  Chung et al.[12] used FEMLAB to evaluate the 
performance of aluminum test cells.  Yan et al.[22] optimized the 
thermal treatment conditions of the CA-HBS by COMSOL.  
Huang et al.[23,24] developed a 3-D theoretical model using 
COMSOL to determine differential heating of insects in soybeans 
when subjected to RF treatments.  Therefore, the finite element 
computer simulation may provide a useful tool to analyze the 
heating uniformity in the HBS and predict thermal process in 
samples without conducting lengthy experiments.   

The objectives of this study were to: (1) evaluate performance 
of the HBS with eight different food samples at three set 
temperatures under three heating rates, (2) analyze the heating 
uniformity in all six-cell samples, (3) develop and validate a 
simulation model for the HBS using the finite element software 
COMSOL, and (4) simulate the real temperature-time history from 
a RF thermal process using the HBS. 

2  Materials and methods 

2.1  Description of the TDT heating block system 
The HBS was consisted of a heating unit, a data 

acquisition/control unit and a computer (Figure 1a).  The heating 
unit (28 cm×30 cm× 13.5 cm) included top and bottom blocks, 
heating pads and 6 pull-push boxes with 6 TDT cells.  The 6 TDT 
cells were just fitted in the pull-push boxes, which were located in 
the bottom block and distributed uniformly (Figure 1b).  The box 
could be easily pushed into the block for heating and pulled out for 
fast cooling in ice water.  The TDT cell cavity was 20.6 mm in 
diameter and 3 mm in height, providing a sample space of 1.00 mL 
(Figure 1c).   

The HBS was controlled by a data acquisition/control unit  
(28 cm × 30 cm × 14.5 cm). The temperatures of one sample and 
two blocks were measured by calibrated Type-T thermocouples 
(TMQSS-020-6, Omega Engineering Ltd., CT, USA).  Heating 
rate, set-point temperature, and holding time were controlled by the 
customized Visual Basic software and two proportional-integral- 
derivative (PID) controllers (I32, Omega Engineering, Inc., 
Stamford, CT, USA) via a solid-state relay.  Detailed descriptions 
of the HBS can be found in Kou et al.[20] 
2.2  Stability of controlled temperature levels 
2.2.1  Test samples 

To study the heat effect of different samples during the thermal 
process, apple juice, milk, rice paste, rice, egg white, peanut 
powder, peanut butter and ground beef were chosen as 
representative liquid, semi-solid and solid foods.  These eight 
materials were commonly used to cover three sample states and 
various thermal properties. 

Apple juice (Huiyuan 100% Apple Juice, Yangling, China) and 
whole milk (Mengniu natural pure milk, Hohhot, China) were 
purchased from a local supermarket and stored in a refrigerator 
(BD/BC-297KMQ, Midea Refrigeration Division, Hefei, China) at 
(3±1)°C until use within the expiry date indicated by the 
manufacturer.  Milled rice (Oryza sativa L.), shelled peanuts and 
eggs were obtained from a local grain and oil grocery store in 
Yangling, Shaanxi, China, and refrigerated at (3±1)°C before the 
experiment.  Shelled peanuts and part of rice were milled with a 
grinder, and passed through a No. 18 mesh (16 Tyler).  Then the  

 
a. TDT heating block system 

 
b. Top view of the 6 TDT cells 

 
c. Detailed cross-section view of a TDT test cell 

Note: all dimensions in mm 
Figure 1  Schematic diagram of the general TDT heating block 

system[20] 
 

dry rice powder was mixed with distilled water to formulate into 
46.14% wet basis (w.b.) rice paste.  The peanut butter (Skippy, 
Hormel Foods, Shanghai, China) was purchased at Metro AG 
(Xian, Shaanxi, China) and stored at room temperature of 22°C.  
Raw ground beef (90% lean), obtained from a local store, was 
placed in zip-lock bags, under vacuum-sealed, and frozen at −20°C. 

Density ρ (kg/m3) of eight samples were obtained by samples 
weight in the cell.  Specific heat cp (J/kg·°C) and thermal 
conductivity k (W/m·°C) were measured by a thermal property 
analyzer (KD2 Pro, Decagon Inc., Pullman, WA, USA) based on 
the transient line heat source method.  The KD2 pro contains a 
single needle KS-1 sensor (60 mm long, and 1.3 mm in diameter), 
and a dual needle SH-1 sensor (30 mm long, 1.28 mm in diameter, 
and 6 mm spacing), attached to a handheld readout unit.  The 
samples were added into 150 mL glass beaker, and the weight of 
samples was calculated by the volume of the beaker and the same 
density as in the cell test.  The KD2 pro had an accuracy of 5% 
during the temperature range of (0-40)°C, and samples were kept at 
25°C in a water bath (SC-15, Ningbo Scientz Biotechnology Co., 
Ltd., Ningbo, China).  For liquid samples, we followed the 
instruction of this laboratory equipment and the low power mode 
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was set to reduce the effect of convection.  The SH-1 sensor was 
used for the solid or semi-solid samples, while the KS-1 sensor 
could be used for liquid samples.  Each experiment was replicated 
three times. 
2.2.2  Heat treatment procedures 

To verify the device’s performance of controlling the heating 
rates, set temperatures, and holding times precisely, three target 
temperatures at three heating rates of 1°C/min, 5°C/min and 
10°C/min were selected for each food sample. 

A sample of 1 mL of apple juice was placed into the TDT cell 
at room temperature, then the block temperature was raised to 50°C, 
70°C and 90°C at 1°C/min, 5°C/min and 10°C/min, respectively, 
and held at that temperature for 1 min[25,26].  For 1 mL milk, the 
temperature was set to 50°C, 62.2°C and 75°C[18,27].  The 
temperature was selected as 50°C, 70°C and 90°C for 0.8 g 
rice[28,29], and 44°C, 50°C and 70°C for 1.4 g rice paste.  Because 
of the stability states, 1.0 g peanut powder and 1.3 g peanut butter’s 
experiment temperature was chosen of 50°C, 75°C and 100°C[2,30].  
For 1.1 g egg white, the temperature was of 46°C, 55°C and 
66°C[31,32], and for 1.0 g thawed beef was of 50°C, 70°C and 
120°C[33,34].  All heat treatments followed the same procedure. 
2.3  Heating uniformity 

Peanut powder was chosen for heating uniformity studies since 
it had a smaller thermal conductivity and slower heating rate 
among these eight food samples discussed in sections 3.2 and 3.3 
(Tables 1 and 2).  Two methods were used to measure the 
uniformity of heating.  The first was using the thermocouples in 
one sample, and the second was using an IR thermal imaging 
camera (ThermaCam A3X0, FLIR Systems AB, Stockholm, 
Sweden).   

 

Table 1  Measured thermal properties at 25°C used in the 
simulation 

Material ρ/kg·m-3 cp /J·(kg·°C)-1 k /W·(m·°C)-1 

Apple juice 1047 3992 0.52 

Milk 1032 4050 0.56 

Rice paste 1400 2763 0.66 

Rice 803 1750 0.15 

Egg white 1105 3391 0.94 

Peanut powder 1000 1974 0.22 

Peanut butter 1300 1339 0.21 

Ground beef 1000 3220 0.31 

Aluminum block[39] 2702 903 234.00 
 

Table 2  Maximum heating rates in food samples and 
temperature differences between experiment and simulation 

Material Maximum heating 
rate/°C·min-1 

Average 
temperature 

differences/°C 

Maximum 
temperature 

differences/°C 

Apple juice 12.7 0.16 0.94 

Milk 13.1 0.10 0.39 

Rice paste 12.4 0.15 0.94 

Rice 11.2 0.16 0.67 

Egg white 11.6 0.19 0.81 

Peanut powder 11.5 0.16 0.86 

Peanut butter 12.0 0.15 0.86 

Ground beef 11.8 0.21 0.97 
 

2.3.1  Thermocouple method 
To evaluate the temperature uniformity, a sample 

temperature in the center of the TDT-cell was measured by the 
Type-T thermocouple sensor during the heating treatments.  
Same sample temperatures were measured in the other five cells 
by following the same procedure.  The sample temperature and 
heating rate were set at 70°C and 10°C/min.  The experiment 
was replicated twice. 
2.3.2  Thermal imaging method 

The thermal imaging camera was used to map the surface 
temperatures of the samples after a heating treatment.  Based on 
the calibration, the emissivity of the product in the camera was 
selected to be 0.94.  Images were taken from a distance of 
approximately 70 cm from the block system.  The images were 
transmitted to a computer and analyzed with a matched software 
(BM-IR, FLIR Systems AB, Stockholm, Sweden) and SigmaPlot 
12.0 (Systat Software, Inc., San Jose, CA, USA).  The sample 
temperatures were set at 50°C, 70°C and 90°C with a heating rate 
of 10°C/min, respectively.  The thermal image was taken within 
12 s after the top block was removed from the apparatus 
immediately after heating.  The experiment was replicated twice. 
2.3.3  Uniformity index (λ) 

Uniformity index (λ) is a useful parameter to estimate 
temperature distributions of treated samples.  The λ value has 
been successfully used for evaluating RF heating uniformity and 
can be calculated by the following equation[35]: 

    λ=Δσ/Δμ                     (1) 
where, Δσ and Δμ are the rise in the standard deviation and mean 
values, °C, respectively, from the initial to final sample 
temperatures over treatment time, °C.  Smaller λ values represent 
better heating uniformity[29]. 
2.4  Finite element model and simulation 

A heat transfer model was used to simulate the thermal process 
of the HBS[22].  The HBS was modeled as a three-component 
system consisting of two aluminum blocks and six cell samples.  
The heating pads were set as boundary heat sources.  The heat 
fluxes transferred from heating pads to top and bottom blocks and 
then to the cell and sample through heat conduction.  Table 1 
summarizes the properties of the various materials used in the 
computer simulations. 

Transient heat transfer through the block and sample was 
governed by the following differential equation: 

2 2 2

2 2 2= ( )p
T T T TC k
t x y z

∂ ∂ ∂ ∂
+ +

∂ ∂ ∂ ∂
ρ            (2) 

where, ρ is the mass density of the material, kg/m3, Cp is the 
specific heat capacity, J/(kg·°C), k is the thermal conductivity, 
W/(m·°C), T is the temperature, °C, t is the time, s, and x, y, or z is 
the Cartesian coordinate position, m.   

Heat flux (q), W/m2, from the heating pad, in the direction 
normal to the interfaces between the top and bottom blocks and the 
heating pads is described by the following: 

Tk q
n

∂
− =

∂
                     (3) 

where, n is the outward normal direction to surface.  Convective 
heat transfer at the block edge normal to the side was given by: 

( )a
Tk h T T
n

∂
− = −

∂
                   (4) 

where, h value of 5 W/(m2·°C)[22] is the surface heat transfer 
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coefficient, and Ta is the ambient air temperature, °C.  The 
boundary heat source from the heating pads provides different 
heating flux (qi), which is influenced by heating rates and block 
thicknesses, and could be calculated as follows:  

60    ( 1,2)i p iq k C d i′= =ρ               (5) 

where, k′ is the heating rates, °C/min, and d1 and d2 are the 
thickness of the top (16 mm) and bottom blocks (24 mm), 
respectively. 

The models were implemented in COMSOL Multiphysics 
software (V4.4a, COMSOL, Co., LTD., Shanghai, China) based on 
a finite element method.  A Lenovo A4600k computer with two 
Dual Core i5-2400, 3.00 GHz Xeon processors and 4 GB RAM 
equipping a Windows 8 64-bit operating system was used to run 
the software.  A physics-controlled mesh was created.  The 
time-dependent solver of UMFPACK with an absolute tolerance of 
0.01 was used to solve the heat transfer equations (Equations. 
(2)-(5)).  The time step was set as 0.1 min, and a relative tolerance 
was 0.01.  Total solution time varied from 5-10 min, depending 
on the simulation sequence and specific conditions. 
2.5  System simulation for RF treatment 

A 6 kW, 27.12 MHz parallel plate RF heating system with a 
free-running oscillator (COMBI 6-S, Strayfield International 
Limited, Wokingham, UK) was used in this study for walnut 
heating experiments.  About 1 kg of dry walnuts, bought from a 
local store, was placed into a rectangular container positioned at the 
center of the bottom plate between the two electrodes.  A fibre 
optical sensor (HQ-FTS-D120, Xi'an HeQi Opo-Electronic 
Technology Co., LTD, Shaanxi, China) with an accuracy of ±0.5°C 
was used and placed in the center of the sample to monitor the 
temperature change versus time.  The temperature-time history 
was recorded by the connected data logger (FTS-P104, Xi’an HeQi 
Opo-Electronic Technology Co., LTD, Shaanxi, China).  The 
target-temperature was set to 75°C.  Then RF heated walnut 
kernel was milled with a grinder, and weighed 1 g to make the 
sample for the HBS.  The non-linear temperature-time history in 
RF heated samples was divided into three sections for approximate 
linear regression curves.  These three-section processes were 
continuously operated by the HBS with different set-temperatures 
(40°C, 60°C and 75°C) and heating rates (6.6°C/min, 5.4°C/min 
and 3.0°C/min).  The temperature control accuracy was 
determined by comparing the obtained temperature-time history 
curve in HBS with the RF heating results. 
2.6  Statistical analysis 

The mean values of temperatures measured by IR thermal 
camera were analyzed and drawn by SigmaPlot 12.0 (Systat 
Software, Inc., San Jose, CA, USA). 

3  Results and discussion 

3.1  Thermal properties of the samples 
Thermal properties (specific heat and thermal conductivity) of 

the samples are related to the performance of the HBS, and used in 
the simulation.  Table 1 lists the measured values of density, 
specific heat and thermal conductivity for the samples at 25°C.  
Among the eight food materials, apple juice and milk are liquid, 
and specific heat and thermal conductivity are a litter higher than 
those of solid materials, such as rice, peanut powder, peanut butter 
and ground beef, which are in good agreement with the data in 
Krokida et al.[36].  Rice is a representative solid food with high 

porosity, and thermal energy transport is less effective due to a 
lowest thermal conductivity[36,37].  Thermal conductivities of 
peanut powder, peanut butter and ground beef were also low, 
mainly because thermal conductivity decreases linearly with 
increase in fat contents[36-38].  The various thermal properties 
would lead to the different performance during the heating process, 
but the PID algorithm could also precisely control the heating 
parameters in each sample. 
3.2  Heating performance of the HBS 

Figure 2 shows experimental temperature-time histories of 
apple juice, milk, rice paste, rice, egg white, peanut powder, peanut 
butter and ground beef in the HBS under three set-temperatures at 
three heating rates.  The heating rate and final temperature of the 
HBS were controlled well as reported by Kou et al.[20] and Ikediala, 
et al.[39] Compared with the theoretical temperature data, the 
average temperature differences were no larger than 0.25°C, as 
shown in Table 2.  From the experimental data, a minimum 
temperature difference was observed in milk between all the 
samples, and maximum one in beef.  Table 3 shows in detail the 
maximum and average temperature differences in milk and beef 
samples at three different temperatures and heating rates during the 
experiment.  The temperature differences were proportional to the 
heating rates and set-temperatures.  Especially in low heating rates 
and set-temperatures, for example, the average temperature 
differences in milk and beef were 0.03°C with heating rate of 
1°C/min at 50°C.  The maximum temperature differences (0.97°C) 
when heated beef to 120°C at 10°C/min were mainly due to an 
overshoot, which was reduced to 0.5°C within 20 s of holding.  It 
is desirable to have good temperature controllability on real food 
samples so that an isothermal heating environment can be given for 
pathogen’s inactivation. 

 

Table 3  Maximum and average temperature differences in 
milk and beef samples at different temperatures and heating 

rates during the experiment 

Material Temperature 
/°C 

Heating rate 
/°C·min-1 

Average 
temperature 

differences/°C

Maximum 
temperature 

differences/°C

Milk 

50.0 

1  0.03 0.07 

5 0.04 0.14 

10 0.11 0.35 

62.2 

1  0.03 0.11 

5 0.17 0.25 

10 0.21 0.39 

75.0 

1  0.08 0.25 

5 0.09 0.25 

10 0.10 0.35 

Ground 
beef 

50.0 

1  0.03 0.11 

5 0.17 0.39 

10 0.10 0.35 

70.0 

1  0.03 0.14 

5 0.07 0.18 

10 0.27 0.71 

120.0 

1  0.31 0.78 

5 0.37 0.84 

10 0.58 0.97 
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a. Apple juice  b. Milk 

 
c. Rice paste  d. Rice 

 
e. Peanut powder  f. Peanut butter 

 
g. Egg white  h. Ground beef 

Figure 2  Experimental temperature-time histories of food samples in the HBS under three set-temperatures at three heating rates 
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3.3  Maximum heating rates  
Table 2 indicates the maximum heating rates obtained in HBS 

for eight food samples.  The maximum heating rate had a 
relationship with the specific heat capacity of the material, and 
basically the maximum heating rate increased with increasing the 
specific heat capacity.  The maximum heating rates were between 
11.2-13.1°C/min among the eight tested food samples.  Although 
being smaller than those in the apparatus reported by Foster et 
al.[40], the above heating rates could be enough to simulate thermal 
resistance of pathogens and thermal behaviors of bulk samples 
when subjected to hot air, water and RF heating[18,41,42].  
Specifically, the heating rates were 6.4°C/min for 5.0 kg rough rice 
in RF treatment to control pests[43], and 9.3°C/min and 0.58°C/min 
for pasteurizating 3.0 kg corn using RF treatment and hot air 
method, respectively[44], which can be manageable with the HBS. 
3.4  Heating uniformity of the HBS 

Table 4 shows the experimental temperature with heating time 

of peanut powder in six TDT-cells under heating rates of 10°C/min 
using the thermocouples.  The sample temperature data in six cells 
agreed well with each other since the maximum and average 
temperature differences was 0.46°C and 0.32°C during CUT and 
holding time, respectively.  This illustrates that the HBS could 
provide a sufficiently uniform heating environment in six cells.  
Although one cell was used to control the set-temperature, heating 
rate and holding time, the same heating parameters were obtained 
in other 5 cells.  Table 5 lists the heating uniformity index of 
peanut powder in each cell with heating rate of 10°C/min at 
different temperatures.  The maximum uniformity index value 
was 0.024, which was much less than that reported by Yan et al.[22] 
Compared with higher set point, the lower set point achieved better 
heating uniformity in the TDT cells since the λ value decreased by 
reducing the set point from 90°C to 50°C.  For example, the λ 
value was 0.011, 0.014 and 0.020 with set point at 50°C, 70°C and 
90°C with 10°C/min, respectively. 

 

Table 4  Experimental temperatures with heating time of peanut powder in six TDT-cells under heating rates of 10°C/min 

Time/min Cell 1/°C Cell 2/°C Cell 3/°C Cell 4/°C Cell 5/°C Cell 6/°C SD 

0 30.45±0.07 29.70±0.14 29.60±0.14 30.00±0.21 29.55±0.07 29.40±0.14 0.38 
0.5 35.15±0.07 35.40±0.42 35.35±0.07 35.20±0.14 34.40±0.14 35.20±0.14 0.36 
1.0 39.85±0.21 40.95±0.28 40.80±0.14 40.45±0.35 40.40±0.14 40.70±0.28 0.39 
1.5 45.25±0.35 45.95±0.35 45.70±0.14 45.95±0.28 46.20±0.14 45.65±0.35 0.33 
2.0 50.95±0.42 50.95±0.21 50.70±0.00 51.00±0.35 51.55±0.07 50.50±0.28 0.35 
2.5 56.00±0.42 56.00±0.28 55.70±0.00 56.15±0.21 56.55±0.07 55.55±0.07 0.35 
3.0 60.65±0.35 60.95±0.21 60.80±0.00 61.15±0.14 61.40±0.00 60.50±0.14 0.33 
3.5 65.75±0.42 65.80±0.28 65.60±0.14 66.10±0.28 66.55±0.07 65.60±0.28 0.37 
4.0 70.00±0.35 70.60±0.00 70.60±0.14 70.70±0.35 70.85±0.07 70.60±0.14 0.29 
4.5 70.30±0.00 70.15±0.07 70.05±0.07 70.25±0.35 70.35±0.21 69.75±0.00 0.22 
5.0 70.30±0.14 70.35±0.14 70.25±0.00 70.25±0.00 70.40±0.21 69.90±0.14 0.18 

 

Table 5  Comparison of the heating uniformity index of each cell with heating rate of 10°C/min at different temperatures using 
peanut powder sample 

Temperature Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 

50°C 0.011±0.002 0.009±0.001 0.015±0.004 0.006±0.004 0.011±0.001 0.007±0.001 

70°C 0.014±0.003 0.011±0.001 0.021±0.004 0.012±0.001 0.012±0.003 0.009±0.001 

90°C 0.020±0.002 0.015±0.004 0.024±0.001 0.013±0.001 0.018±0.004 0.014±0.001 
 

3.5  Finite element simulation and validation 
Figure 3 compares simulated and measured temperature 

profiles with heating rates of 5°C/min and 10°C/min in apple juice, 
milk, rice paste, rice, egg white, peanut powder, peanut butter and 
ground beef.  The sample temperature increased lineally with the 
heating time using the HBS (R2=0.99).  For all heating rates and 
set-points, simulated data agreed well with experimental 
temperatures since the maximum and average temperature 
differences were 0.91°C and 0.16°C, respectively, between 
experiment and simulation during CUT.  The thermal properties 
including specific heat and thermal conductivity were important 
factors used in the simulation, thus the temperature differences 
mentioned above were mainly caused by the constant thermal 
properties used in the experiment.  More accurately results from 
the model could be achieved when the temperature-dependent 
thermal properties were provided by direct measurements. 

Figure 4 shows experimental and simulated temperature 
distributions at contour plot of a central cross-section of peanut 
powder samples with the heating rate of 10°C/min.  The results 
demonstrated that the simulated temperature distribution patterns 
were in good agreement with the experimental ones.  The 
simulated temperatures were slightly higher than the experimental 

values, probably due to slight heat loss from the experimental 
samples to the environment before temperature mapping[45].  This 
illustrates that the model parameters were adequately inputted for 
estimating actual heat transfers within the HBS, and the validated 
model could be further used to predict temperature distributions 
during the thermal process. 
3.6  Comparison between the HBS and RF thermal process 

Figure 5 shows the temperature-time histories of walnut 
sample in the HBS and RF heating.  The temperature profile 
obtained by the HBS was in good agreement with that in RF 
treatment.  The maximum temperature difference was about 
0.85°C, which could be further reduced by increasing the number 
of line segments.  The results indicated that the HBS could 
simulate the similar heating process of RF energy.  The system 
can serve as a reliable experimental tool for studying the 
inactivation kinetics of food-borne pathogens on real foods under 
real processing conditions to simulate the common thermal 
processes using hot air, hot water, RF energy and so on.  The 
unique feature of the HBS may help in more precisely 
characterizing the heat resistance of pathogens in foods to further 
develop pasteurization processes. 
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a. Apple juice  b. Milk 

 
c. Rice paste  d. Rice 

 
e. Peanut powder  f. Peanut butter 

 
g. Egg white  h. Ground beef 

 

Figure 3  Comparison between simulated and measured temperature profiles at heating rates of 5°C/min and 10°C/min  
in food samples at 50°C, 75°C and 100°C 
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Set-point Experiment Simulation 

50°C 

 

70°C 

90°C 

 
Figure 4  Experimental and simulated temperature distributions at 

contour plot of a central cross-section of peanut powder samples 
with the heating rate of 10°C/min 

 
Figure 5  Temperature-time histories of walnut samples heated by 

the RF system and the HBS 

4  Conclusions 

The TDT HBS was a unique experimental system developed to 
simulate a wide range of controlled set-temperatures, heating rates 
and holding time in various types of food.  Stability of 
temperatures and heating rates in eight different foods were good 
enough for pathogen’s TDT test during the thermal process and 
holding time.  The experimental and simulated results showed that 
the HBS could provide a sufficiently uniform heating environment 
over the six cells.  The real temperature-time histories obtained by 
RF, hot water, and hot air heating could be simulated in HBS by 
setting a number of linear regression curves.  This HBS can be 
implemented for determining the thermal inactivation kinetic 
models of the target pathogens as influenced by various important 
factors (heating rates, initial temperature, water activity, and so on).  
HBS proposed in the study can be further used to identify the 
thermal and non-thermal effects of RF treatments in the near future. 
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