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ABSTRACT 

One of the problems with cooling an IGBT inverter chip is that its heat generation is not constant. These chips tend to produce heat in pulses which 

results in high peak chip temperatures. Transient modelling is required to determine the suitability of a heat sink and to ensure the max peak 

temperature is not exceeded. This paper demonstrates a method of transient thermal analysis using a thermal resistance / capacitor network. A sample 

heat sink was modelled and then experimentally tested to validate the model. A novel method of modelling phase change materials (PCM) using the 

thermal resistance / capacitor network was also demonstrated. The use of PCM was modelled because it has the potential to reduce peak chip 

temperatures. This model was used to optimise the PCM location, melting temperature and mass.   

Keywords: Transient thermal analysis, Thermal resistance / capacitor network, Phase change material  

 

1. INTRODUCTION 

An IGBT (Integrated Gate Bipolar Transistor) inverter is a device used 

to convert DC voltage into AC voltage. A typical application for these 

devices is in an electric vehicle (EV) to convert the DC voltage of the 

battery into AC voltage for the electric motor. During the DC/AC 

conversion process, heat is released due to inefficiencies of the device. If 

this heat is not managed, the device can overheat and stop functioning. 

One of the characteristics of an IGBT inverter is that heat is produced in 

pulses (Denk and Bakram, 2015). For example, the device can have 

surges in heat load many times the nominal heat load for a number of 

seconds. This may make it surpass its maximum permissible temperature 

as demonstrated in Fig. 1. This makes the thermal management of an 

IGBT inverter relatively difficult. 

 

 
 Fig. 1 Pulsing nature of IGBT inverters. 

 

When conducting modelling of a heat sink for an IGBT inverter, 

simple steady state analysis is not appropriate. For example, if an IGBT 

inverter has a nominal heat load of 60 W, but has pulses of 240 W, for 

steady state analysis the worst case scenario of 240 W must be modelled. 

                                                 
* Corresponding author. Email: bradley.orr@jp.fujikura.com 

If the heat sink must keep the IGBT chip under a certain temperature, this 

would lead to an oversized heat sink being designed. Most likely the heat 

sink would be too big and expensive to be viable. To avoid designing an 

oversized heat sink, transient thermal analysis must be used. Transient 

thermal analysis takes into consideration the thermal masses of the 

system, the duration of the heat load and the varying magnitude of the 

heat load. For the example stated above, transient modelling would show 

that the peak chip temperatures measured would never reach the 

calculated steady state modelling temperature. This means a smaller, 

cheaper heat sink can be viable. 

2. TRANSIENT THERMAL MODEL 

A transient thermal model was developed for the heat sink shown in Fig. 

2. This heat sink was selected because it is an appropriate size for IGBT 

chip cooling. The transient modelling was done in the form of a thermal 

resistor/capacitor network. To complete this style of modelling, the 

component thermal resistances and the corresponding component 

thermal capacitances need to be determined. The component thermal 

resistances can be found either experimentally or theoretically. As the 

heat sink is already available, in this case the thermal resistances were 

found experimentally. The materials and volume of each component of 

the heat sink were known therefore each component thermal capacitance 

can be determined. The component thermal resistances and thermal 

capacitances determined are shown in table 1. The thermal 

resistor/capacitor network for the heat sink can be seen in Fig. 3. 

 

 
Fig. 2 The heat sink modelled (a) and the heat sink schematic (b). 
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Table 1 Component thermal resistances and capacitances 

𝑅1 = 𝑅ℎ𝑒𝑎𝑡𝑒𝑟−𝑏𝑎𝑠𝑒 0.1733 °𝐶/𝑊 

𝑅2 = 𝑅𝑏𝑎𝑠𝑒−𝑓𝑖𝑛𝑠 9.712 × 10−3 °𝐶/𝑊 

𝑅3 = 𝑅𝑓𝑖𝑛𝑠−𝑎𝑖𝑟 0.3054 °𝐶/𝑊 

𝐶1 = 𝐶𝑐𝑜𝑝𝑝𝑒𝑟 ℎ𝑒𝑎𝑡𝑒𝑟 𝑏𝑙𝑜𝑐𝑘 136 𝐽/𝐾 

𝐶2 = 𝐶𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 𝑏𝑎𝑠𝑒 341 𝐽/𝐾 

𝐶3 = 𝐶𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 𝑓𝑖𝑛𝑠 159 𝐽/𝐾 

 

 
 Fig. 3 Thermal resistance / capacitor network of the heat sink. 

 

This thermal resistance/capacitor network can be solved using 

Kirchhoff’s law at each node to derive a number of heat balance 

equations. Kirchhoff’s law is stated in eq. (1). 

 

�̇�𝑖𝑛 = �̇�𝑜𝑢𝑡 + �̇�𝑠𝑡𝑜𝑟𝑒𝑑    (1) 

 

The heat balance equation for the heater temperature node is eq. (2). 

The heat balance equation for the base temperature node is eq. (3). The 

heat balance equation for the fin temperature node is eq. (4). All three 

equations are rearranged to make the derivative the subject. 

 

�̇�𝑖𝑛 =
𝑇ℎ−𝑇𝑏

𝑅1
+ 𝐶1𝑇ℎ

′     (2a) 

𝑇ℎ
′ =

�̇�𝑖𝑛

𝐶1
−

𝑇ℎ−𝑇𝑏

𝐶1𝑅1
     (2b) 

 
𝑇ℎ−𝑇𝑏

𝑅1
=

𝑇𝑏−𝑇𝑓

𝑅2
+ 𝐶2𝑇𝑏

′    (3a) 

𝑇𝑏
′ =

𝑇ℎ−𝑇𝑏

𝐶2𝑅1
−

𝑇𝑏−𝑇𝑓

𝐶2𝑅2
     (3b) 

 
𝑇𝑏−𝑇𝑓

𝑅2
=

𝑇𝑓−𝑇𝑎

𝑅3
+ 𝐶3𝑇𝑓

′    (4a) 

𝑇𝑓
′ =

𝑇𝑏−𝑇𝑓

𝐶3𝑅2
−

𝑇𝑓−𝑇𝑎

𝐶3𝑅3
     (4b) 

 

Euler’s method can then be used to solve these equations in an excel 

spreadsheet. Equations (5-8) below are the Euler’s method equations. 

 

𝑡𝑛+1 = 𝑡𝑛 + ℎ     (5) 

 

𝑇ℎ𝑛+1
= 𝑇ℎ𝑛

+ ℎ × 𝑇ℎ𝑛

′     (6) 

 

𝑇𝑏𝑛+1
= 𝑇𝑏𝑛

+ ℎ × 𝑇𝑏𝑛

′     (7) 

 

𝑇𝑓𝑛+1
= 𝑇𝑓𝑛

+ ℎ × 𝑇𝑓𝑛

′     (8) 

 

The heat sink is initially at ambient temperature so the initial 

conditions are known. These initial temperatures can be substituted into 

eqs. (2-4) to find the temperature gradient at t = 0 s. The initial 

temperature gradients are then substituted into eqs. (6-8) along with the 

initial temperatures and a step size of h= 1 s to find the temperatures at t 

= 1 s. The cycle then repeats itself with the newly calculated temperatures 

at t = 1 s being substituted into eqs. (2-4). This particular methodology is 

common for solving thermal resistance/capacitance networks 

(Mochizuki, 2018; Mochizuki et al., 2018; Mochizuki et al., 2017).  

 

 

3. VALIDATING THE MODEL 

Modelling was conducted under two different sets of conditions. The first 
condition assumes that everything is initially at the ambient temperature 
of 25 °C with heat input constant at 120 W. The second condition 
assumes that everything is initially at the ambient temperature of 25.5 °C 
with heat input in intervals of 240 W for 30 seconds then 60 W for 60 
seconds. A step size of 1 second was used for Euler’s method. 
Experimental data was obtained using the test set up shown in Fig. 2 
previously. For the second condition, a switch was used to manually 
change from two separate power supplies and enable switching from 60 
W to 240 W. Figure 4 shows a comparison of theoretical and 
experimental data for the first condition. Figure 5 shows a comparison of 
theoretical and experimental data for the second condition. For the first 
condition, the maximum ΔT between experimental and theoretical data 
was approximately 1.5 °C. For the second condition, the maximum ΔT 
between experimental and theoretical data was approximately 5 °C. The 
error for the second condition is expected to be higher due to the 
possibility of the pulses being out of sync. In both cases it can be seen 
that theoretical and experimental data matches well therefore the 
transient thermal model is valid.   

 
 Fig. 4 Experiment and theory heat sink temps. (First condition). 

 

 
 Fig. 5 Experiment and theory heat sink temps. (Second condition). 
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4. TRANSIENT MODELLING OF PHASE CHANGE 

MATERIAL (PCM) 

Phase change material (PCM) is used to absorb heat or release heat at a 

constant temperature. Typically PCM is used in situations where it 

changes from solid to liquid and vice versa. When PCM is below its 

melting point temperature, as heat is added the temperature of the PCM 

will increase. When the PCM reaches the melting point temperature, as 

heat is added the temperature remains constant until all the PCM has 

melted. Only after all the PCM has melted will the temperature begin to 

rise with continuing heat input. This phenomenon is demonstrated in Fig. 

6 (Evans et al., 2001). PCM has been used in applications such as latent 

heat storage (Khalifa et al., 2016) and passively reducing the peak 

temperature of objects (Tan et al., 2011; Tan et al., 2011). PCM typically 

has a low thermal conductivity which negatively effects performance but 

improvements to the thermal conductivity of PCM has been 

demonstrated by adding nano particles and/or fin structures (Alizadeh et 

al., 2019; Alizadeh et al., 2019; Hosseinzadeh et al., 2019; Hosseinzadeh 

et al., 2019; Singh et al., 2018; Valan Arasu et al., 2011). The use of 

PCM in combination with a heat sink also has the ability to reduce peak 

temperatures of an IGBT chip. 

 

 
 Fig. 6 The effect of PCM (Evans et al., 2001). 

 

 A limitation of transient thermal models using thermal 

resistance/capacitor networks is that these types of models only consider 

sensible heat storage. They don’t consider latent heat storage as in the 

case of PCM. The use of PCM in a system has the same effect as adding 

more thermal capacitance. The difference is this effect is temporary until 

all the PCM has melted. Assumptions can be made to enable modelling 

PCM as a temporary thermal capacitance. Equations (9a-c) are used to 

derive the effective temporary thermal capacitance of PCM. For a 

thermal mass to absorb heat it must increase in temperature. Therefore, 

an assumption is made that phase change occurs over a small temperature 

difference. Other assumptions made to simplify modelling are PCM has 

no effect on thermal resistance, PCM has no effect on sensible heat 

transfer and that the PCM temperature is uniform. PCM melting / 

solidifying temperature hysteresis is assumed to be negligible (Komatsu 

et al., 2013; Usami et al., 2014). 

 For an example, an assumption is made that PCM is placed in the fin 

location of the previously modelled heat sink. In this example, a paraffin 

wax with thermophysical properties such as 144 kJ/kg for latent heat and 

60 °C melting point are used. Assuming 30 g of this paraffin wax is used, 

its effective temporary thermal capacitance is calculated using eqs. (9d-

e). Phase change is assumed to occur from 60 °C to 62 °C (ΔT = 2 °C). 

When modelling this problem, the extra thermal capacitance of the PCM 

is only added when the fin temperature is between 60 °C to 62 °C. This 

is described by table 2. 

 

 

𝑄𝑝ℎ𝑎𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 = 𝑄𝑃𝐶𝑀 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑚𝑎𝑠𝑠   (9a) 

ℎ𝑙𝑎𝑡𝑒𝑛𝑡 × 𝑚𝑃𝐶𝑀 = 𝐶𝑃𝐶𝑀 × ∆𝑇   (9b) 

𝐶𝑃𝐶𝑀 =
ℎ𝑙𝑎𝑡𝑒𝑛𝑡×𝑚𝑃𝐶𝑀

∆𝑇 
    (9c) 

𝐶𝑃𝐶𝑀 =
(144×103)×0.030

2
    (9d) 

𝐶𝑃𝐶𝑀 = 2205 
𝐽

𝐾
     (9e) 

 

Table 2 Component thermal resistances and capacitances (with PCM) 

𝑅1 = 𝑅ℎ𝑒𝑎𝑡𝑒𝑟−𝑏𝑎𝑠𝑒 0.1733 °𝐶/𝑊 

𝑅2 = 𝑅𝑏𝑎𝑠𝑒−𝑓𝑖𝑛𝑠 9.712 × 10−3 °𝐶/𝑊 

𝑅3 = 𝑅𝑓𝑖𝑛𝑠−𝑎𝑖𝑟 0.3054 °𝐶/𝑊 

𝐶1 = 𝐶𝑐𝑜𝑝𝑝𝑒𝑟 ℎ𝑒𝑎𝑡𝑒𝑟 𝑏𝑙𝑜𝑐𝑘 136 𝐽/𝐾 

𝐶2 = 𝐶𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 𝑏𝑎𝑠𝑒 341 𝐽/𝐾 

𝐶3 = 𝐶𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 𝑓𝑖𝑛𝑠 159 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 60 ,  𝑇ℎ > 62 

2364 𝐽/𝐾 𝑤ℎ𝑒𝑛 60 ≤ 𝑇ℎ ≤ 62 

 

Figure 7 shows a comparison of the heat sink modelling data with 

PCM material and without PCM material. In this case the heat input was 

constant at 200 W. It can be seen that when the fin temperature reaches 

60 °C, the temperature rise starts to slow. This is because the PCM has 

started melting so the temporary extra thermal capacitance is added. 

After the fin temperature reaches 62 °C, the PCM has completely melted 

so the thermal capacitance is returned to normal and the fin temperature 

rise returns to normal. The shape of the temperature curve is very similar 

to curve shown in Fig. 6. This demonstrates that it is possible to model 

PCM with thermal resistance / capacitor networks. 

 
Fig. 7 Theoretical temperatures of the heat sink with / without PCM. 

5. OPTIMISATION OF PCM 

Now that the effect of PCM can be modelled, this model can be used 

optimise the use of PCM. In this case, optimisation of PCM location, 

melting temperature and mass can be undertaken. In tables 3-5, the 

parameters used in the model when optimising PCM locations are shown. 

Constant parameters are 30 g of PCM is used and the melting temperature 

is 60 °C. The same power input as Fig. 5 is used. It can be seen that the 

extra PCM capacitance is added to either C1, C2, or C3 depending on the 

PCM location. Figures 8-10 are the model output in these 3 situations. In 

Fig. 8 the PCM is located at the heater. In this situation, as soon as the 

heater reaches 60 °C, the PCM starts melting and the heater temperature 

rise is delayed. After all the PCM has melted, the cyclic temperature 

variation returns to normal. In Fig. 9 the PCM is located at the base. This 
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figure shows when the base temperature reaches 60 °C, the base 

temperature fluctuations start to flatten. From these results it seems there 

is little effect on heater temperature fluctuations. In Fig. 10 the PCM is 

located at the fins. When the fins reach 60 °C, the fin temperature 

fluctuations start to flatten but also in this case there seems to be very 

little effect on heater temperature variation. Figure 11 shows the heater 

temperature of all 3 cases. From these results it can be clearly seen that 

the only time the PCM has an effect is when the PCM is located at the 

heater. It seems the PCM should be located as close to the heat source as 

possible. Therefore moving forward, modelling will be conducted using 

PCM at the heater. 

 

Table 3 Parameters when optimising PCM location (PCM at heater) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 60 ,  𝑇ℎ > 62 

2341 𝐽/𝐾 𝑤ℎ𝑒𝑛 60 ≤ 𝑇ℎ ≤ 62 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

   

Table 4 Parameters when optimising PCM location (PCM at base) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 
𝐶2 341 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 60 ,  𝑇ℎ > 62 

2546 𝐽/𝐾 𝑤ℎ𝑒𝑛 60 ≤ 𝑇ℎ ≤ 62 

𝐶3 159 𝐽/𝐾 

 

Table 5 Parameters when optimising PCM location (PCM at fins) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 60 ,  𝑇ℎ > 62 

2364 𝐽/𝐾 𝑤ℎ𝑒𝑛 60 ≤ 𝑇ℎ ≤ 62 

 

 
 Fig. 8 PCM at heater. 

 

 
 Fig. 9 PCM at base. 

 

 
 Fig. 10 PCM at fins. 

 

 
 Fig. 11 Optimising PCM location. 
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 After the optimum PCM location has been found, the optimum PCM 

melting temperature can be determined. In this case, PCM with melting 

points of 60 °C and 84 °C were considered. 84 °C PCM was considered 

because the average heater saturation temperature is 84 °C. The only 

variable in this comparison is the melting point. The PCM mass and 

location are constant. In reality PCM of different melting points would 

be a different material with different latent heat but for the purpose of 

this simulation the latent heat is unchanged. Tables 6 and 7 show the 

modelling parameters for this comparison. Figure 12 is the output of the 

model when using these parameters. From the previous Fig. 11 it is 

known that the 60 °C PCM has little effect on heater temperature at 

saturation. This is also shown in Fig. 12. However Fig. 12 demonstrates 

that the use of 84 °C PCM seems to have a significant reduction of peak 

temperatures at saturation. Therefore moving forward, modelling will be 

conducted using 84 °C PCM. 

 

Table 6 Optimising PCM melting temperature (60 °C PCM) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 60 ,  𝑇ℎ > 62 

2341 𝐽/𝐾 𝑤ℎ𝑒𝑛 60 ≤ 𝑇ℎ ≤ 62 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

 

Table 7 Optimising PCM melting temperature (84 °C PCM) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 84 ,  𝑇ℎ > 86 

2341 𝐽/𝐾 𝑤ℎ𝑒𝑛 84 ≤ 𝑇ℎ ≤ 86 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

 

 
 Fig. 12 Optimising PCM melting temperature. 

 

The final parameter to be optimised is the PCM mass. In this case, 

10 g, 30 g and 90 g were considered. Similarly to the previous modelling, 

the only parameter that is changed is the PCM mass. The PCM location 

and melting temperature are constant. Tables 8-10 show the modelling 

parameters for this comparison. Figure 13 is the output of the modelling. 

From these results it seems that 10 g of PCM is insufficient because the 

PCM fully melts and solidifies very quickly and temperature peaks and 

troughs are still observed. There seems to very little difference when 30 

g or 90 g are used. This is because in both cases the PCM is continuously 

undergoing phase change. Therefore in this case 30 g of PCM is optimum 

because any extra PCM would be unnecessary and increase the cost. 

 

 

Table 8 Parameters when optimising PCM mass (10 g PCM) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 84 ,  𝑇ℎ > 86 

871 𝐽/𝐾 𝑤ℎ𝑒𝑛 84 ≤ 𝑇ℎ ≤ 86 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

 

Table 9 Parameters when optimising PCM mass (30 g PCM) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 84 ,  𝑇ℎ > 86 

2341 𝐽/𝐾 𝑤ℎ𝑒𝑛 84 ≤ 𝑇ℎ ≤ 86 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

 

Table 10 Parameters when optimising PCM mass (90 g PCM) 

𝑅1 0.1733 °𝐶/𝑊 

𝑅2 9.712 × 10−3 °𝐶/𝑊 

𝑅3 0.3054 °𝐶/𝑊 

𝐶1 136 𝐽/𝐾 𝑤ℎ𝑒𝑛 𝑇ℎ < 84 ,  𝑇ℎ > 86 

6751 𝐽/𝐾 𝑤ℎ𝑒𝑛 84 ≤ 𝑇ℎ ≤ 86 
𝐶2 341 𝐽/𝐾 

𝐶3 159 𝐽/𝐾 

 

 
 Fig. 13 Optimising PCM mass. 

 

Now that the PCM location, melting temperature and mass have been 

optimised, this data can be compared to the modelling without any PCM. 

From Fig. 14 it can be seen that when optimum PCM is used, there is a 

potential to reduce peak temperatures at saturation by approximately 

10.27 °C. When the power input and duration changes, the optimum 

parameters would also change but nonetheless this modelling shows the 

potential of PCM in reducing peak IGBT temperatures. 

If a result similar to what is shown in Fig. 14 can be obtained in 

reality, this would be a significant improvement. Reducing the peak 

temperatures of any type of integrated circuit is widely known to improve 

the operating efficiency and device lifetime. In addition to this, it is 

known that smaller temperature fluctuations can improve device lifetime. 

In this particular case, the temperature fluctuation at saturation has 

improved from approximately ±10 °C with no PCM to approximately 

±2 °C with optimum PCM.     
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 Fig. 14 No PCM vs optimum PCM. 

6. CONCLUSIONS 

Transient thermal modelling was conducted on a heat sink with the 

intended application of cooling an IGBT inverter chip. Transient thermal 

modelling was required due to the pulse heat input characteristics of the 

IGBT chip. The modelling data was compared with experimental data 

and was found to be valid. The use of PCM with the heat sink was 

identified as a potential method to reduce peak chip temperatures. It has 

been shown that it is possible to model PCM in a thermal resistance / 

capacitor network. Modelling demonstrates that the PCM should be 

located as close to the heat source as possible. The optimum PCM 

melting temperature should be close to the average heat source 

temperature at saturation. The optimum amount of PCM would be the 

minimum amount of PCM required for phase change to continuously 

occur. Any extra PCM would have the same performance so would be 

unnecessary. Future work would be to validate the modelling considering 

PCM. 

NOMENCLATURE 

𝐶 Thermal capacitance (J/K) 

ℎ Euler’s method step size (s) 

ℎ𝑙𝑎𝑡𝑒𝑛𝑡 Latent heat of fusion (J/kg) 

𝑚 Mass (kg) 

𝑄 Heat energy (J) 

�̇� Heat transfer rate (W) 

𝑅 Thermal resistance (°C/W) 

𝑡 Time (s) 

𝑇𝑎 Ambient temperature (°C) 

𝑇𝑏 Base temperature (°C) 

𝑇𝑓 Fin temperature (°C) 

𝑇ℎ Heater temperature (°C) 

𝑇′ Rate of temperature change (°C/s) 

∆𝑇 Temperature difference (°C) 
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