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Abstract

We present a simple, low-cost, and straightforward method to measure the thermal diffusivity
of various foods. 9 different types of foods are studied and their thermal diffusivities are
experimentally determined. The foods which are studied include potato, sweet potato,
pumpkin, taro, radish, eggplant, lemon, tomato, and onion. We pre-cut the foods into a
spherical shape and then insert a small and thin thermo-couple sensor to the center of the
spherically-shaped food, and immerse the food samples in the boiling water. The center
temperature is recorded throughout the heating process. We then compare the heating curve
as the function of time with the simulation results, where the thermal diffusivity is used as the
fitting parameter. This method allows us to intentionally vary the diameter of the spheres, i.e.,
adding a controlled parameter in order to validify the results. We are able to determine all the
thermal diffusivity data with good consistency between the measurement data and the
simulation results. This method can be generalized to determine thermal diffusivity for other
types of materials.
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1. Introduction

Thermal diffusivity is an important material property. [1-3] It can be expressed as a = k/pc,
where a is the thermal diffusivity in m?/s, p is the density (kg/m?3) and c is the specific heat
(/(kg - K)). [4-10]

Thermal diffusivity is the core parameter which plays a key role in the heat transfer process,
which is described by the heat transfer equation: V- VT = %%. The equation describes one

of the most important physical phenomena governing the world — heat transfer and exchange.
[1-10]



Being able to accurately measure the thermal diffusivity of a material is important since the
thermal diffusivity is an important material parameter which is essential to understand
materials’ thermal properties and further in materials’ various applications. Thus, a consistent,
simple, and low-cost measurement method is thus highly desirable. [4-10]

Thermal diffusivity is often measured with the flash method, [4-8] which is a method for the
determination of the thermal diffusivity of different materials. It involves heating a strip or
cylindrical sample with a short energy, such as, laser, pulse at one end and analyzing the
temperature change, i.e., reduction in amplitude and phase shift of the pulse, a short distance
away. [4-8] For instance, the sample is subjected to a high intensity short duration radiant
energy pulse. The power source can be a laser or a flash lamp. The energy will then be absorbed
by the specimen and emitted again on the top of the sample. This radiation results in a
temperature rise on the surface of the sample. This temperature rise is recorded from an
infrared (IR) detector. The detector signal shows the duration of the measurement and the
normalized temperature rise on the surface of the sample, where the light pulse occurs. For the
calculation of the thermal diffusivity, it is necessary to determine the baseline and the
maximum temperature rise. This is done by a suited fitting model. Additionally, the model
determines the time at which half of the maximum temperature raise was reached. Such a
method requires expensive instruments and more complex process. Other alternative methods
[12-24] also involve expensive and complex equipment and process.

2. Our method in experimental measurement and theoretical simulation

Our research presents a consistent, simple, low-cost, fast, and accurate method to measure the
thermal diffusivity of various foods. The samples used in our method are very easy to prepare.
Different food samples are carefully cut into nearly perfect spheres with different diameters.
The diameter of the food was measured by a caliper.

For the temperature measurement, we need to measure temperature at a special location, i.e.,
the center of the sample. Thus, the temperature sensor head needs to be small as we need to
track the temperature as a function of time. A special thermo-couple device is used. The
thermo-couple has a small size with a diameter around 1 mm and the thickness of the plastic
cloth is also about 1 mm in diameter. The thermo-couple is inserted into the center of the
spherical shaped food sample to measure the temperature rising as the function of time during
the heating process.

Thermal couples with small diameters are used to measure the center temperature of the
samples. The samples are immersed in boiling water (100 °C). We track the center temperature
rise as the function of time.

In term of the cost, the total cost for the materials, tools, and instruments used in this research
is less than $200. Thermal couple and electronics we used cost $60, the caliper costs $20, all the



food materials cost $50, and other containers, cooking wares, and suppliers cost $50.
Furthermore, it takes less than 30 minutes to measure each sample, and the measured results
are consistent and accurate.

Why do we want to use a sphere shape? Spherical symmetry makes the distance from the
center only “parameter”. Theoretically, it is easy to simulate. Experimentally, it is easy to
measure. The comparison between the theoretical calculation and the experimental
measurement become possible and straightforward.

For the theoretical simulation, the following theoretical model is considered. We adopt a
spherical approximation with heating coming uniformly from all directions. This was achieved
by using a water bath which heats water uniformly and achieves temperature uniformity. The
sample has an initial uniform temperature. The sample is a uniform material with known
thermal and physical parameters (i.e., diameter). The temperature at the center of the sphere
is calculated (and measured) as the function of time. The diameter of the sample is a controlled
variable. Various samples are compared.

Thermal couple

Boiling
water

Boiling
, t \ water

Fig. 1(a) Fig. 1(b)

Fig. 1 (a) shows schematically an ideal sphere with azimuthal symmetry in the thermal transfer
process. Fig. 1 (b) shows schematically the experimental realization of the azimuthal
symmetrical configuration. The sphere-shaped food sample is immersed into boiling water with
a thin thermal couple probe tightly inserted into the center of the sample. The thermal couple
measures continuously the temperature at the center location of the food sample.

Fig. 2 shows the thermal couple (right) and the control electronics (left) used in this research. A
Proster digital thermocouple temperature thermometer with two K-type thermocouple probes
and a backlight LCD. It has dual channel to measure two temperatures simultaneously. The K-
type thermocouple measuring range is from -50°C to 300°C with an accuracy +1.5% and a

resolution 0.1°C.



Fig.2 The thermo-couple and temperature measurement device. The thermo-couple has a small size
with a diameter around 1 mm and the thickness of the plastic cloth is also about 1 mm in diameter. The
thermo-couple is inserted into the center of the spherical shaped food to measure the temperature
rising as the function of time during the heating process.

Fig. 3 The three different foods are cut into nearly perfect spheres with different diameters (left: sweet
potato, center: potato, right: taro).

Fig. 3 shows representatively three different food samples which were cut into spherical shape
with various diameters. The food samples used in this study include 9 different types of food,
i.e., potato, sweet potato, pumpkin, taro, radish, eggplant, lemon, tomato, and onion. All the
food samples were pre-cut and shaped into a sphere shape with pre-determined radii, ranging

from 15 mm to 31 mm.



The sample cutting and preparation process is straightforward. The cutting process is done
manually with a regular kitchen used vegetable “Y” peeler such as a Westmark Gallant
Vegetable "Y" Peeler or any similar type. For each sample, the sample preparation process
takes about 5 minutes. For potato, sweet potato, pumpkin, taro, radish, and eggplant, a similar
peeling process is used to prepare rounded-shaped samples. For samples such as onion, lemon,
and tomato, we started with an onion or lemon or tomato with a shape and dimension (i.e.,
diameter) very close to what we want for the final samples, thus, we only need to remove the
skin and do not need to deal with cutting, which is difficult due to the nature of those types.

During the sample cutting and peeling process, a caliper is used to measure and monitor the
shape and diameter of the sample. There is no need to make a perfectly shaped sphere since
the analysis indicates that the impact from a deviation from the perfect spherical shape can be
neglect on the final diffusivity result. [18, 25] A more detailed analysis can be found in the
results and discussions section of this paper.

3. Experimental results

Fig. 4 shows the measured temperature as the function of time for 5 potato samples with
various radii from 15.75 mm to 29.75 mm. The center temperature of the food sample,
measured by the thermal couple, shows that as the radius of the sample increases, the rising of
the temperature at the center of the sample slows down.
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Fig. 4 Potato samples with 5 different diameters (15.75mm, 21mm, 22.5mm, 26.5mm, and 29.75mm)
were measured. The temperature of the center of the sphere sample is recorded as the function of time
as shown in dots.

Fig.5 shows the measurement result (dots) for a potato sample with a radius of 22.7 mm. The
two solid curves, one in gray and one in red, are theoretical calculation curves, with the thermal
diffusivity as the variable parameter. Please refer to the next section below for the theoretical
modeling and calculation. For the gray curve, the thermal diffusivity used is 1.326 x 10”7 m?/s.
For the red curve, the thermal diffusivity used is 1.414 x 107 m?/s. It shows that the value of
1.326 x 107 m?/s fits the curve almost perfectly, while the value of 1.414 x 10”7 m?/s seems a bit
higher. However, the value of 1.414 x 10”7 m?/s fits the experimental curve better during the
initial phase (0 to 250 seconds).

Fig.6 shows the measurement result (dots) for another potato sample with a radius of 22.5 mm.
The two solid curves, one in gray and one in red, are theoretical calculation curves, with the
thermal diffusivity as the variable parameter. For the gray curve, the thermal diffusivity used is
1.326 x 107 m?/s. For the red curve, the thermal diffusivity used is 1.414 x 10”7 m?/s. It shows
that the value of 1.326 x 10”7 m?/s fits the curve well for the center part of the time duration,
however, the value of 1.414 x 107 m?/s fits the experimental curve better during the initial
phase and the ending phase.

Both Fig.7 and Fig. 8 show the measurement result (squares) for another two potato samples
with a radius of 20.0 mm and 25.0 mm, respectively. The solid curve is theoretical calculation
curves, with the thermal diffusivity as the variable parameter. For the solid curve, the thermal
diffusivity used is 1.326 x 10”7 m?/s.
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Fig. 5 A potato sample with a diameter of 22.7mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in dots. The solid curves are calculated
results based on the thermal diffusivity data as indicated in the figure.
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Fig. 6 A potato sample with a diameter of 22.5mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in dots. The solid curves are calculated
results based on the thermal diffusivity data as indicated in the figure.
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Fig. 7 A potato sample with a diameter of 20mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in squares. The solid curve is calculated
results based on the thermal diffusivity data as indicated in the figure.
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Fig. 8 A potato sample with a diameter of 25mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in squares. The solid curve is calculated
results based on the thermal diffusivity data as indicated in the figure.

Fig.9 shows the measurement result (dots and triangles) for two sweet potato samples with a
radius of 23.0 mm and 25.3 mm, respectively. The solid curves are theoretical calculation
curves, with the thermal diffusivity as the variable parameter. For both the green and the gray
solid curves, the thermal diffusivity used is 1.665 x 10”7 m?/s. Thus, the same value of the
thermal diffusivity fits both samples of different radii well.
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Fig. 9 Sweet potato samples with two different diameters (23mm and 25.3mm) were measured. The
temperature of the center of the sphere sample is recorded as the function of time as shown in dots
(23mm sample) and in triangles (25.3mm sample). The solid curves are calculated results based on the
thermal diffusivity data as indicated in the figure.

Fig.10 shows the measurement result (dots and triangles) for two taro samples with a radius of
25.75 mm and 26.5 mm, respectively. The solid curves are theoretical calculation curves, with
the thermal diffusivity as the variable parameter. For both the green and the gray solid curves,
the thermal diffusivity used is 1.4986 x 107 m?/s. Thus, the same value of the thermal diffusivity
fits both samples of different radii well.
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Fig. 10 Taro samples with two different diameters (25.75mm and 26.5mm) were measured. The
temperature of the center of the sphere sample is recorded as the function of time as shown in dots
(26.5mm sample) and in triangles (25.75mm sample). The solid curves are calculated results based on

the thermal diffusivity data as indicated in the figure.

Fig.11 shows the measurement result (dots and triangles) for two pumpkin samples with a
radius of 17.5 mm and 25.0 mm, respectively. The solid curves are theoretical calculation
curves, with the thermal diffusivity as the variable parameter. For all the four calculation
curves, the thermal diffusivity used is between 1.4986 x 107 m?/s and 1.72 x 10”7 m?/s. A value
of the thermal diffusivity in this range fits both samples well.

Fig.12 shows the measurement result (square) for an onion sample with a radius of 31.5 mm.
The solid curve is theoretical calculation curve, with the thermal diffusivity as the variable
parameter. For the calculation, the thermal diffusivity used is 1.6 x 10”7 m?/s.
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Fig. 11 Pumpkin samples with two different diameters (17.5mm and 25mm) were measured. The
temperature of the center of the sphere sample is recorded as the function of time as shown in dots
(17.5mm sample) and in triangles (25mm sample). The solid curves are calculated results based on the
thermal diffusivity data as indicated in the figure.
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Fig. 12 An onion sample with a diameter of 31.5mm was measured. The temperature of the center of
the sphere sample is recorded as the function of time as shown in squares. The solid curve is calculated
results based on the thermal diffusivity data as indicated in the figure.

Fig.13 shows the measurement result (square) for a tomato sample with a radius of 25 mm. The
two solid curves are theoretical calculation curves, with the thermal diffusivity as the variable
parameter. For the calculation, the thermal diffusivity used are 1.4 x 10”7 m?/s for blue and 1.6 x
107 m?/s for red.

Fig.14 shows the measurement result (square) for a lemon sample with a radius of 26 mm. The
solid curve is theoretical calculation curve, with the thermal diffusivity as the variable
parameter. For the calculation, the thermal diffusivity used is 1.6 x 10”7 m?/s.

Fig.15 shows the measurement result (square) for an eggplant sample with a radius of 23.5 mm.
The two solid curves are theoretical calculation curves, with the thermal diffusivity as the
variable parameter. For the calculation, the thermal diffusivity used are 2.2 x 10”7 m?/s for blue
and 5.0 x 107 m?/s for red.
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Fig. 13 A tomato sample with a diameter of 25mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in squares. The solid curves are calculated
results based on the thermal diffusivity data as indicated in the figure.
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Fig. 14 A lemon sample with a diameter of 26mm was measured. The temperature of the center of the
sphere sample is recorded as the function of time as shown in squares. The solid curve is calculated
results based on the thermal diffusivity data as indicated in the figure.
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Fig. 15 An eggplant sample with a diameter of 23.5mm was measured. The temperature of the center of
the sphere sample is recorded as the function of time as shown in squares. The solid curves are
calculated results based on the thermal diffusivity data as indicated in the figure.

4. The theoretical model and simulation

In this section, we present a detailed physics model [25] for the calculation of the thermal
transfer process which is corresponding to our experiments discussed above.

4.1. General discussion

Fourier’s Law states [9-15] that the heat flux g (in W/m?) is proportional to the temperature
gradient, i.e., q=-k- Z—z for one-dimensional system. For 3-dimensional system, ¢ = - k- VT

where q is a vector and V is the gradient. k is thermal conductivity in W/(cm- K).
This leads to the one-dimensional heat diffusion equation:

0°T _ pc dT 10T

ox2 _ k ot  aodt
Where T =T (x, t) and a = k/pc is the thermal diffusivity in m?/s, where p is the density (kg/m?3)
and cis the specific heat (J/(kg - K)).

In three-dimension, the heat transfer equation becomes:
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Where,

V.VT = aZT 62T o°r (for Cartisi dinates)
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1 _ea< aT) a( 96T)+162T ( herical dinates)
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For a sphere with azimuthal symmetry, during the heat transfer [18, 2-25], we haveg—e =0

and 6_(p2 = 0, the heat transfer equation becomes

170 ,0T\] 10T

r2 [ar (r ar)]  aot
Solving this differential equation leads to the following solution with the detailed derivation
described in ref. [25]

—Aat

T(r,t) = Z[(Acosﬁ-r+Bsinﬁ-r)-
2

For cooking (heating) food with food starting with low temperature Toand surrounded at high
temperature (bath temperature) Ty, we have the following boundary conditions:
T(r,0) = Ty (0 < r < R), where Ris the radius of the sphere.
T(=R,t) = Ty,

We have:
2
A= 0,and A = (E) wheren = 1,2,3,...
R

We then have:

—_1\n+1
T(T, t) — Th _ ZR(Th TO)Zn 1[( 17)1 Sinn:r_e—anzﬂfzt/RZ:l

for(0 <r <R)

We define

15



2
T =—>—as the time constant.
T a

Thus, we have:

2R(Th —Ty) woo [(—D)FT | _
T(r,t) = T, — %anl[ - smn:r-e t/T]

The temperature at the center of the sphere is (r = 0):

Tc = Th — Z(Th — TO)Z[(_l)THl.e—t/T]

We can spell out the equation with some of the initial (and deciding) terms:

Tc — Th _ Z(Th _ TO){e—t/T _ e—4t/‘r + e—9t/‘r _ e—16t/‘r + e—25t/‘c _
e—36t/‘r 4+ e—4-9t/‘r _} (1)

2

R
Where: T = z—and a =—
e pc

Equation (1) is used in all the center temperature versus time calculations, where T is set at

100°C, and R is the radius of the food sample per measurement used with a caliper, and (X, the
thermal diffusivity, is used as a fitting parameter in all the simulation fittings in the above
section.

5. Results and discussions

Table 1 summarizes all the results of the measured thermal diffusivities for the 9 different types
of food. To compare our measurement data with the pre-existing values for various food types,
we have done extensively literature researches.

T.R.A. Magee et. al. [26] measured the thermal diffusivity of potato using a thermal diffusivity
tube under transient heat transfer conditions by two different methods, the log method and
the slope method, both based on the solutions of the Fourier equation. Both methods gave
similar results for potato, 1.30 x 10”7 m?/s and 1.44 x 107 m?/s. M. A. Rao et. al. [27] reported
the average thermal diffusivity value for potato as 1.70 x 10”7 m?/s. According to the
Engineering ToolBox, [28] the thermal diffusivity for potato is 1.23x10”7 m?/s for cooked and
mashed potato and 1.70x10”7 m?/s for flesh potato. For tomato pulp, the thermal diffusivity is
1.48x107 m?/s. A. Farinu et. al. [29] determined the thermal diffusivity for sweet potato to be
1.2 x 10”7 m?/s. Obot et. al. [30] measured the thermal diffusivity for white radish to be

16



1.869x1077 m?/s. In Encyclopedia of Food Sciences and Nutrition [1-3], potato has a reported
thermal diffusivity of 1.3x10”7 m?/s. H. Kocabiyik et. al. [31] measured the thermal diffusivity of
pumpkin seeds to be 1.289 x 107 m?/s. A.E. Drusas et. al. [32] measured tomato paste, the
thermal diffusivity of tomato pastes was estimated as 1-42 x 10”7 m?/s. Abhayawick et. al. [33]
measured onion for a value between 1.1x107 m?/s and 1.5x10”7 m?/s depending on the
moisture’s content. Luis A. Minim et. al. [34] measured lemon Juice and had a result between
1.160x107 and 1.785x107 m?/s.

We have repeated the measurements for potato with multiple samples. The results we
obtained are very consistent, which indicates the consistency of this measurement method. The
obtained result for potato is between 1.32x107 m?/s and 1.50x10”7 m?/s with a tight range, and
the result is in excellent agreement with some of the reported values, [26] and in good
agreement with all the other reported values. [1-3, 27, 28]

Compared with all those available data we can find in the published literature, [1-3, 16, 26-34]
the thermal diffusivity data we got are either in good agreement or have a tighter value range.

Compared to all the published thermal diffusivity data we can find, our work produces very
consistent and reliable data, and some of the data, such as thermal diffusivity for eggplant,
pumpkin (not pumpkin seed), lemon (not lemon juice), and tomato (not tomato pulp or paste)
are reported for the first time to our knowledge. Furthermore, the method presented in this
work offers some great advantages, such as, simplicity, affordability, low-cost, fast speed, and
reliability. Any potential measurement errors could come from the following factors.

(1) The thermo couple temperature measurement error mainly comes from the position
accuracy. We need to measure the center temperature of the spherical sample.
However, this error is believed to be small based on the excellent repeatability and
agreement between samples of the same type and samples with different radii.

(2) The thermo couple sensor tip might move during the heating process. Such problem
might cause some temperature data irregularity for a later part of the heating curve, as
indicated in Fig. 7 (after 700 seconds in time).

(3) The error of the measurement of the sample’s diameter (radius). This error could be
reduced with the help of the accurate mass measurement.

(4) The error of the shape deviation from the perfect sphere. To analyze the impact of the
shape deviation, we define a shape factor S. [18, 25] Since the transferred heat is
proportional to the surface area and the received energy per volume is inversely
proportional to the total volume, thus the inverse of the baking time (or heating time) is
proportional to the surface area and inversely proportional to the volume of the piece.
Our analysis indicates that small shape deviation leads to very small impact to the
accuracy of the final data, as indicated by the good agreement between different
samples with random deviation of the shape.
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Thermal diffusivity (107 m?/s)
Diameter
Food (mm) Low end value High end value
Potato 454 1.32 1.42
Potato 45 1.32 1.42
Potato 50 1.32 1.42
Potato 40 1.32 1.42
Potato 31.5 1.32 1.48
Potato 59.5 1.32 1.50
Potato 42 1.32 1.48
Potato 46 1.32 1.50
Potato 53 1.32 1.50
Potato (reheated) 51 1.52 1.60
Pumpkin 50 1.50 1.66
Pumpkin 35 1.50 1.72
Sweet potato 50.6 1.66 1.84
Sweet potato 46 1.66 1.75
Taro 51.5 1.50 1.60
Taro 53 1.40 1.50
Radish 40 1.30 1.40
Radish 41 1.55 1.65
Onion 63 1.60 1.78
Eggplant 47 2.20 5.00
Lemon 52 1.50 1.70
Tomato 50 1.40 1.60

Table 1. 9 different types of foods along with their determined thermal diffusivities. The data were
determined based on fitting the measured temperature curve with the theoretical model with the
thermal diffusivity as the fitting parameter.

6. Summary

We present a simple, low-cost, and straightforward method to measure the thermal diffusivity
of food. 9 different types of foods were studies and their thermal diffusivities are
experimentally determined. The foods which are studied include potato, sweet potato,
pumpkin, taro, radish, eggplant, lemon, tomato, and onion. We pre-cut the foods into a
spherical shape and then insert a small and thin thermo-couple sensor to the center of the ball-
shaped food, and cook the ball-shaped food in the boiling water. The center temperature is
recorded through the heating process, and then we compare the heating curve as the function
of time with the simulation results, where the thermal diffusivity is used as the fitting
parameter. This method also allows us to intentionally vary the diameter of the spheres, i.e.,
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adding another variable in order to valid the results. We are able to determine all the thermal
diffusivity data with good matching between the measurement data and the simulation results.
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