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ABSTRACT 
This paper presents a methodology to determine the thermal conductivity 

of ice using Multiphysics analysis. This methodology used a combination of 

both experimentation and numerical simulation. In the experimental work, 

an ice block is observed using an infrared camera. The results reveal the 

variation in temperature over the surface. These results are dependent on 

two primary heat transfer parameters, namely, conductivity of ice within the 

ice cuboid and overall heat transfer coefficient. In addition to these two 

parameters, the surrounding temperature also affects the observed 

temperature profile. In the numerical simulation, the same behaviour is 

simulated using Multiphysics tools. In this work, the finite difference method 

is used to discretize the heat equation and is solved using an FTCS 

(Forward-Time Central-Space) method in MATLAB® software. The inputs to 

the simulation are the thermal properties of ice. These parameters are varied 

to match with the experimental results, hence revealing the real-time 

thermal properties of ice and surroundings. 
 

 
1. INTRODUCTION  
The thermal properties of ice have been under investigation since the early 1900s and many 
studies have reported various physical properties of ice. For example, [1, 2] studied heat 
capacity, [3, 4] studied variation in ice density, [4, 5] studied the latent heat of fusion, [6] 
reported variation in  absorption coefficient, [7, 8] described variation in the coefficient of 
thermal expansion.  

The focus of this paper is to determine the thermal conductivity of fresh water and sea 
water ice. Various researchers have studied the thermal conductivity of fresh water ice. 
Figure 1 shows the variation in thermal conductivity of fresh water ice as reported by [7, 9-
13] and summarized by [5]. In addition, researchers have given fresh water ice thermal 
conductivity functions that vary with temperature [13-16], as summarized by [17]. These 
functions are given in Equations (1) to (4). 

[13] 𝜆𝜆𝑖𝑖(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖)  =  1.16(1.91 − 0.00866 𝑇𝑇𝑖𝑖 + 0.0000297 𝑇𝑇𝑖𝑖2) (1) 

[14] 𝜆𝜆𝑖𝑖(𝐶𝐶ℎ𝑜𝑜𝑜𝑜−𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)  =  2.2196 −  0.0062489 𝑇𝑇𝑖𝑖 + 0.00010154 𝑇𝑇𝑖𝑖2 (2) 

 
  ___________________________________ 
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[15] 𝜆𝜆𝑖𝑖(Yen)  =  6.727 𝑒𝑒𝑒𝑒𝑒𝑒 (−0.0041(𝑇𝑇𝑖𝑖 + 273.15)) (3) 

[16] 𝜆𝜆𝑖𝑖(US Army)  =  2.21 − 0.011𝑇𝑇𝑖𝑖 (4) 

where λi is the coefficient of thermal conductivity of fresh water ice in W/ (m.K) and 𝑇𝑇𝑖𝑖  is 
temperature in °C. 

 

 
Figure 1: Variation in 𝜆𝜆𝑖𝑖 , the Thermal Conductivity (Wm-1K-1) of Fresh Water Ice with 𝑇𝑇 
the Temperature (K), Reproduced from [5]. 

 
According to [5], the variation between different sets of thermal conductivity results is due 

to the fact that each researcher used different techniques in the preparation of the samples and 
collection of the experimental data.  
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The thermal conductivity of sea water ice is different from that of fresh water ice due to 
the salinity factor. Figure 2 shows the effect of salinity on sea water ice [5]. Sea water ice 
as reported by [18-20] is also shown. 

 

 
Figure 2: Variation in 𝜆𝜆𝑖𝑖, the Thermal Conductivity (Wm-1K-1) of Sea Water Ice with 𝑆𝑆 
the Salinity (%), Reproduced from [5]. 

 
In addition, the conductivity of sea water ice is affected by air bubbles and density, as 

shown in Figure 3 [15]. 
Researchers have also used advanced experimentation techniques to evaluate the 

conductivity of sea water ice [21]. 
This work focuses on the determination of the coefficient of thermal conductivity and 

the overall heat transfer coefficient, using infrared experimental technique [22, 23] and 
FTCS simulation method using MATLAB® [24]. The results obtained are compared with 
those in the literature. 
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Figure 3: Variation in 𝜆𝜆𝑠𝑠𝑠𝑠, the Thermal Conductivity of Sea Water Ice (Wm-1K-1) with 
Salt Contents 𝜎𝜎 (mg of salt/mg of water), 𝜌𝜌𝑠𝑠𝑠𝑠 the Density of Sea Water Ice (Mg/m3) 
and 𝜃𝜃 the Temperature (°C), Reproduced from [15]. 

 
2. METHODOLOGY 
The underlying physics of heat transfer through conduction in a solid medium can be solved 
mathematically using the heat equation [5] as given in Equation (5).  

 𝜌𝜌𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑞̇𝑞 +
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� (5) 

 
where 𝜌𝜌 is density of the medium (kg/m3), 𝑐𝑐 is specific heat capacity (J/(kg K)), 𝑞̇𝑞 is the 
volumetric energy generation term (W/m3), k is coefficient of thermal conductivity (W/ (m.K)), 
𝑇𝑇 is temperature (K), 𝑥𝑥 refers to spatial position (m) and 𝑡𝑡 is the time (s). 
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The extended form of the above equation in three spatial dimensions with no energy 

generation term [6] is given in Equation (6). 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝛼𝛼 �
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

� (6) 

where 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 refer to spatial positions (m) in three dimensions and 𝛼𝛼 is the thermal 
diffusivity term (m2/s) as given in (7). 

 𝛼𝛼 =
𝑘𝑘
𝜌𝜌𝜌𝜌

 (7) 

To solve Equation (6), the boundary, and the initial conditions are required. The 
convective boundary conditions [27] are applied on each external surface of the cubical 
geometry as given in Equation (8). 

 −𝑘𝑘
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕

= ℎ(𝑇𝑇∞ − 𝑇𝑇𝑠𝑠) (8) 

where 𝑇𝑇𝑠𝑠 is the surface temperature (K), 𝑇𝑇∞ is the surrounding temperature (K) and ℎ is 
convective heat transfer coefficient (W/(m2.K)). 
 
2.1 Finite Difference Method (MATLAB®)  
The Finite Difference Method (FDM) is a numerical method for solving differential 
equations such as the heat equation, as given in Equation (5). This method approximates the 
differentials by discretizing the dependent variables (temperature, in this case) in the 
independent variable domains (space and time, in this case) [28]. Each discretized value of 
the dependent variable is referred to as a nodal value. In this case, the heat equation, as 
given in Equation (6), is discretized using a Forward-Time Central-Space (FTCS) FDM. 
The discretized equation is given in Equation (9). 

 

𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑡𝑡+1 = 𝑇𝑇𝑖𝑖 ,𝑗𝑗,𝑘𝑘

𝑡𝑡 + 𝛼𝛼
�𝑇𝑇𝑖𝑖+1,𝑗𝑗,𝑘𝑘

𝑡𝑡 − 2𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑡𝑡 + 𝑇𝑇𝑖𝑖−1,𝑗𝑗,𝑘𝑘

𝑡𝑡 �
(∆𝑥𝑥)2 ∆𝑡𝑡 

+𝛼𝛼
�𝑇𝑇𝑖𝑖,𝑗𝑗+1,𝑘𝑘

𝑡𝑡 − 2𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑡𝑡 + 𝑇𝑇𝑖𝑖,𝑗𝑗−1,𝑘𝑘

𝑡𝑡 �
(∆𝑦𝑦)2 ∆𝑡𝑡 

+𝛼𝛼
�𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘+1

𝑡𝑡 − 2𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑡𝑡 + 𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘−1

𝑡𝑡 �
(∆𝑧𝑧)2 ∆𝑡𝑡 

(9) 

where superscript 𝑡𝑡 and subscript 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 refer to time and position, respectively for a value 
of nodal temperature. ∆𝑡𝑡 is a timestep size (s) and ∆𝑥𝑥,∆𝑦𝑦,∆𝑧𝑧 are the differences in the spatial 
positions of the temperature nodes.  

The boundary condition is also discretized using the FDM but only applied to the outer 
surfaces as given in Equation (10). 

 −𝜆𝜆
�𝑇𝑇𝑖𝑖+1,𝑗𝑗,𝑘𝑘

𝑡𝑡  −  𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑡𝑡 �

∆𝑥𝑥
= ℎ(𝑇𝑇∞ − 𝑇𝑇𝑖𝑖,𝑗𝑗,𝑘𝑘

𝑡𝑡 ) (10) 

It is vital for the stability and accuracy of the FDM to choose the correct time step value. 
In this work, the Courant–Friedrichs–Lewy (CFL) condition [28, 29] is used to decide the 
time step size. The CFL condition for the heat equation is given in Equation (11). 
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 2𝛼𝛼∆𝑡𝑡 ≤  (∆𝑥𝑥)2  (11) 

Equations (9) and (10) are solved and post-processed in MATLAB® [30]. The results are 
discussed in Section 3. 

 
2.2 Infrared imaging experiment 
Infrared imaging experiments are performed using an A310 FLIR® infrared camera. The data 
is analyzed by FLIR research software [31]. The schematic of the experimental setup is shown 
in Figure 4. The actual experimental setup is shown in Figure 5. 

 

 
Figure 4: Infrared Imaging Experiment Schematics. Infrared camera is facing the 
surface of ice block [22, 23]. 

 
As shown in Figure 4, the camera is placed facing to the surface of the ice block. The sample 

of ice is clamped in a stand by means of a piece of wood, which had been frozen into the ice. 
Because the thermal conductivity of wood [32]  is quite low in comparison to ice [33], it is safe 
to assume that the wood will not interfere significantly with the thermal behavior of the ice.  

The sample of ice was taken out of the freezer at -31°C and was then allowed to warm under 
room conditions. The dimensions of the ice cube were 13.5 x 13.5 x 10 cm3. As it warmed, 
temperature profiles formed on the surface of the ice, which were recorded using an infrared 
imaging camera. The results reveal the variations in temperature over time. 

The experiments were repeated with fresh water and saline ice cubes. The saline water was 
collected from Norskhavet (GPS 69°41'07.2"N 19°00'23.3"E) with salinity around 25%. The  
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salinity in Norwegian fjords is less than in the coastal waters and varies over the year [34]. 
 

 
Figure 5: Actual Infrared Imaging Experiment Setup  
 
3. RESULTS AND DISCUSSION 
In order to determine the thermal properties of ice, a piece of ice was taken from a cold 
environment (a freezer set at -31°C) and allowed to warm under room temperature 
conditions. These conditions established thermal gradients within the ice cube. Two 
important features can be observed: 1) variation in temperature on the ice surface and 2) 
increase in the temperature of the ice cube. Keeping in view the mechanism of heat transfer, 
thermal conductivity is mainly responsible for the first feature, since it determines the 
amount of heat that is transferred within the ice cube. The second feature is associated with 
the overall heat transfer coefficient. This feature determines how rapidly heat is being 
released (or absorbed as in this case) by the ice surfaces from the surroundings. 
 
3.1 Coefficient of thermal conductivity 
The coefficient of thermal conductivity (also known as thermal conductivity) determines 
the amount of heat transfer based on the temperature difference between the two points. 
Figure 6 and Figure 7 show the variation in the temperature of the fresh water and saline 
water ice cubes, respectively. Table 1 gives the corresponding values of thermal 
conductivity. 
 

Table 1: Coefficient of Thermal Conductivity of Fresh Water and Saline Water Ice 

Coefficient of Thermal Conductivity of Ice (𝝀𝝀) Value (W/(m.K)) 
Fresh Water Ice 2.35 
Saline Water Ice 0.8 
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The coefficient of thermal conductivity of fresh water ice is found to be in agreement with 

the literature [33]. The coefficient of thermal conductivity of saline water ice is found to be less 
than the values stated in the literature. The reason for such behavior can be explained by the 
fact that the saline ice started to melt far earlier in the experiments. This created a layer of water 
around the ice cube, hence reducing the effective thermal conductivity of the ice cube. The 
thermal conductivity of saline water is in the range of 0.5-0.7W/(m.K) [35]. The thermal 
conductivity varies with temperature; however, this study shows the average values over a 
temperature range (-30°C to 0°C). 

The temperature contours are not symmetric in experiments as can be seen in Figure 6 and 
Figure 7. This can be associated with the influence of buoyancy. 

 
3.2 Coefficient of overall heat transfer 
The coefficient of overall heat transfer (also known as the overall heat transfer coefficient) 
determines heat flux from one body to another. In the given case, the overall heat transfer 
coefficient determines the amount of heat energy being transferred from the surroundings to 
the ice cubes. In order to calculate the heat transfer coefficient, the variation in temperature is 
monitored on the ice cube surface. Figure 8 and Figure 9 show the variation in temperature for 
the fresh water and saline water ice cubes in time. Table 2 gives the corresponding values of 
thermal conductivity. 
 
Table 2: Coefficient of Overall Heat Transfer of Fresh Water and Saline Water Ice 

Coefficient of Overall Heat Transfer of Ice (𝒉𝒉) Value (W/(m2.K)) 
Fresh Water Ice 9.2 
Saline Water Ice 4.2 

 
The results indicate that the heat transfer coefficient of fresh water ice is almost twice that 

of saline water ice under the same room conditions. This can further be linked to the observation 
that saline water ice started to melt in the initial stages and hence built a coat of water on the 
ice, consequently reducing its heat transfer. The coefficient of overall heat transfer varies with 
temperature; however, this study shows the average values. 
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(a) 

 
(b) 

 
Figure 6: Variation in Temperature of the Fresh Water Ice Cube after 2000 s; (a) 
Finite Difference Method (MATLAB®); (b) False Infrared Image (A310 FLIR®)  
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(a) 

 
(b) 

 
Figure 7: Variation in Temperature of the Saline Water Ice Cube after 3600s; (a) 
Finite Difference Method (MATLAB®); (b) False Infrared Image (A310 FLIR®)  

 
 

  

x-position in mm
0 20 40 60 80 100 120

y-
po

si
tio

n 
in

 m
m

20

40

60

80

100

120

Temperature of Saline Ice after 3600s

Te
m

pe
ra

tu
re

 (
o
C

)

-13

-12

-11

-10

-9

-8

-7

-6

-5



287 Int. Jnl. of Multiphysics Volume 10 · Number 3 · 2016 

 

 
 

 
Figure 8: Variation of Temperature with Time for Fresh Water Ice Cube 
 

  
Figure 9: Variation of Temperature with Time for Saline Water Ice Cube 
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7. CONCLUSION & FUTURE WORK 
A Multiphysics finite difference methodology has been employed to determine the thermal 
properties of freshwater and saline ice. The real-time results were obtained through an infrared 
imaging technique. These results were matched with a finite difference model. Using this 
method, two thermal properties of fresh water ice and saline water ice were identified, namely, 
thermal conductivity and overall heat transfer coefficient. Thermal conductivity was obtained 
by observing the temperature profiles on the surface of the ice cubes. The overall heat transfer 
coefficient was determined by observing the variation of temperature over the surface in time. 

The results reveal that the fresh water ice has an average conductivity of about 2.35W/(m.K) 
in a temperature range of about -30°C to 0°C, which is in agreement with the literature. This 
value dropped significantly for saline ice to 0.8W/(m.K) in the same temperature range. In 
addition, it is observed that the melting of saline ice contributed to a reduction in the thermal 
conductivity; hence, it can be said to be effective thermal conductivity rather than an absolute 
value. 

The average value of the overall heat transfer coefficient of fresh water ice was found to be 
about 9.2W/(m2.K). The average value of the overall heat transfer coefficient of saline ice was 
found to be 4.2W/(m2.K), approximately half that of fresh water ice. This may also be 
associated with the layer of liquid water around the ice cube.  
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