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ABSTRACT 

 The joule heating characteristics of Nichrome burn wires, often used as a thermal cutting 

device in mechanisms designed to fasten and release CubeSat deployables, are examined in the 

following thesis. Wires ranging from 0.125 inches to 2 inches long, and diameters of 30 Ga and 

40 Ga, are investigated through analytical calculations and thermal simulations based on heat 

transfer due to joule heating, and through physical circuitry-based experiments. The temperature 

data is used to generate heating curves to predict the time it takes for Nichrome wires to fail 

under varying testing parameters. This research aims to catalog a series of data for future use 

relating to the heating characteristics of Nichrome wires for spacecraft applications. It also serves 

as a starting point for future research into utilizing the wire as a stand-alone mechanism for 

fastening and deploying spacecraft deployables as opposed to the NRL burn wire mechanism that 

is the standard. This research will be used to inspire further research into alternatives to the NRL 

design that will benefit the CubeSat program at the University of Arkansas. 
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2. NOMENCLATURE 

𝐴௦ cross-sectional area (m2) 

𝐴௦ surface area exposed to the ambient environment (m2) 

𝐾௦ thermal conduction coefficient (W/m/K) 

𝑇 ambient temperature and the initial temperature of the wire (K) 

𝜌 resistivity of the wire (Ω*m) 

℃ degrees Celsius 

ℎ convective heat transfer coefficient (W/m2/K) 

𝐺𝑎 wire gauge, determines wire diameter 

𝐼 applied current (A) 

𝐾 degrees Kelvin 

𝑃 power (Watts) 

𝑅 resistance of the wire (Ω) 

𝑇  temperature of the wire  (K) 

𝑉 volume of the wire (m3) 

𝑐 specific heat (J/kg/K) 

𝑘𝑔 kilogram  

𝑙 wire length (m) 

𝑡 time (s) 

𝜀 emissivity 

𝜌 density of the wire (kg/m3) 

𝜎 Stefan-Boltzmann constant, equal to 5.6704E-8 (W/m2/K) 

𝜕 partial derivative 

𝑁𝑅𝐿 Naval Research Laboratory 
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3. INTRODUCTION 

3.1 Background 

 The development of satellites began during the Cold War as a competition between 

nations to push the envelope and reach milestones in scientific advancements before the other, 

but satellites have evolved to play a critical role in humanities understanding of the origins and 

development of the universe. With the increased interest in advancing satellite technology to 

make designing and building them more accessible and cost-effective, there have been numerous 

iterations on alternatives to the traditional satellite model to make satellite development 

something that anyone can do, not just national space entities. One of these alternatives is the 

CubeSat model, a cubic-shaped miniature satellite with dimensions of 10 cm3 which is typically 

designed and used by engineers, scientists, and students for technology demonstrations or simple 

experimental applications in a space environment (typically in low-earth orbit). Roughly the size 

of a Rubik’s cube, they weigh about 1 kg and can be used alone (1 unit) or grouped and stacked 

together in multiple units depending on the complication of the mission (with a max of 24 units) 

[1]. Developed by professors Jordi Puig-Suari of Cal Poly and Bob Twiggs of Stanford in 1999, 

the original intention behind the creation of the CubeSat design was to give graduate students the 

ability to design, build, test, and operate the limited capabilities of an artificial satellite within the 

limited time and financial constraints of a graduate degree program [2]. Satellites are typically 

very expensive to build and launch, and because of this, they have historically been used for low-

risk long-duration missions. This has naturally limited the participation and knowledge-gaining 

opportunities in the world of satellite development away from individuals and instead towards 

systems-level experts inside the satellite industry whose contributions to their subsystems are 

necessary to achieve precedent changing missions. While the invention of CubeSats has 
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benefitted students, they have also grown to be a staple in the industry due to their basic design 

and quick turnaround in terms of getting results. A whole new world of low-cost high-risk 

exploratory research missions are now available to researchers because of the inexpensive and 

quick development time of CubeSats [3]. Due to the high levels of interest in CubeSats in the 

space industry, it has become imperative that researchers investigate more ways to improve their 

design and utilization. 

CubeSats traditionally use burn wire mechanisms for the restraint and deployment of 

deployable structures. The most widely used burn wire mechanism is the one invented by Adam 

Thurn, an Aerospace Engineer at the U.S. Naval Research Laboratory (NRL) [4]. The burn wire 

in the NRL mechanism is made from nickel chromium, or Nichrome, which is often used in 

heating elements because of its high electrical resistance. In their setup, a current is run through 

the burn wire so that the wire acts as a resistor and rapidly heats up due to joule heating. Once it 

has reached a high enough temperature, it is then capable of thermally cutting through the tie 

down cable that it is in contact with so that a deployable structure on the spacecraft is released 

from its stowed configuration and is able to actuate into its flight configuration once the 

spacecraft reaches its operational orbit. The superiority of the NRL mechanism compared to 

other burn wire mechanisms stems from its low-cost and simplistic design which makes it 

conducive for researchers and university students alike to easily replicate and use for their own 

studies [4]. The problem with this design is the need for redundancy. Sometimes the tie down 

cable can come loose during vibration tests or launch ascent due to their low strength, and so two 

or more burn wires are often used to reduce the likelihood of the premature loosening of 

deployables [5]. This doubles the cost of what was initially a low-cost setup. To my knowledge 
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there has yet to be any further research into trying to improve this technology to a point where 

redundancy becomes unnecessary. 

A goal of this research is to test the heat transfer characteristics of a Nichrome wire to see 

what possibilities exist for creating a burn wire mechanism that uses only one Nichrome burn 

wire as a means of fastening down and releasing deployable structures on CubeSats. In this 

paper, I investigate the transient heat transfer process of a Nichrome burn wire due to joule 

heating at various wire lengths, wire gauges, and various constant applied power values in terms 

of Watts/inch, with the goal of determining the time it takes for the wire to fail, or separate, at 

these varied parameters. The ultimate goal of this research is to document and tabulate these test 

results so that they can be used in future experiments. Due to time constraints, the wire is not 

tested at varied tension forces, though this would affect the failure time. 

 

3.2 Objectives 

The objectives of this paper and the experiment outlined herein are as follows: 

 To investigate the heating characteristics of a Nichrome wire (lengths ranging from 

0.125in to 2in and gauges varying from 40 Ga to 30 Ga) under a constant power model 

using different means of calculation (analytical calculation, SolidWorks simulation, 

COMSOL simulation, physical experiments). 

 Tabulate this data for future internal use and develop a skillset that can be used to 

continue this work for my master’s research. 
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3.3 Theory 

 

Figure 3.1 - Constant Power Heat Transfer Model Diagram. 

The joule heating of a Nichrome burn wire can be treated as a generally simple heat 

transfer problem. The general form of the heat transfer equation is, 

𝐴௦
డ

డ௫
ቀ𝐾௦

డ்

డ௫
ቁ 𝑙 +

ூమఘೝ

ೞ
− ℎ𝐴௦(𝑇 − 𝑇) − 𝜎𝜀𝐴௦൫𝑇ସ − 𝑇

ସ൯ = 𝑐𝜌𝑉
డ்

డ௧
 (E1) 

 

where 𝐴௦ is the cross-sectional area (m2), equal to 𝜋𝑟ଶ, 𝐾௦ is the thermal conduction coefficient 

(W/m/K), 𝑇 is the temperature of the wire (K), 𝑙 is the wire length (m), 𝐼 is the applied current 

(A), 𝜌 is the resistivity of the wire (Ω*m), ℎ is the convective heat transfer coefficient 

(W/m2/K), 𝐴௦ is the surface area exposed to the ambient environment (m2), 𝑇 is the ambient 

temperature and the initial temperature of the wire (K), 𝜎 is the Stefan-Boltzmann constant, 

equal to 5.6704E-8 (W/m2/K), 𝜀 is the emissivity value, which we will assume is equal to 0.8, 𝑐 

is the specific heat (J/kg/K), 𝜌 is the density of the wire (kg/m3), 𝑉 is the volume of the wire 

(m3), equal to 𝐴௦ ∗ 𝑙, and 𝑡 is time (s). Assuming that the joule heating is uniform across the 

wire, and that there is relatively no temperature gradient across the length of the wire, the 

Conduction Heat Gen. 
Rate 

Convection Radiation Heat Storage 
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conduction term can be eliminated. Realistically, 𝜌 changes as temperature increases, but we 

can use a constant power model in which 𝐼 makes up for this change, and 
ூమఘೝ


, which is equal to 

𝑃, will be a constant in our equation. After replacing 
ூమఘೝ


 with 𝑃, and 

డ்

డ௧
 with ்ି ்షభ

ௗ௧
, and 

rearranging the equation, we are left with: 

𝑃 − ℎ𝐴௦(𝑇 − 𝑇) − 𝜎𝜀𝐴௦൫𝑇ସ − 𝑇
ସ൯ = 𝑐𝜌𝑉 ்ି ்షభ

ௗ௧
    (E2) 

If we rearrange the equation once more, solving for 𝑇, we are left with: 

ିೞ(்ି బ்)ିఙఌ ೞ൫்రି బ்
ర൯

ఘ
𝑑𝑡 + 𝑇ିଵ = 𝑇      (E3) 

This equation allows for the calculation of the wire temperature at certain time steps, 𝑛, using the 

previous wire temperature and the gained thermal energy after a certain amount of time, 𝑑𝑡. 

Another way to look at this heat transfer problem is to focus on the energy balance. Using this 

perspective, it is easier to separate the various parameters that affect the wire temperature over 

time. In equation E4, 𝐸௦௧ௗ increases over time as energy builds up in the system and increases 

the temperature of the wire. 

𝐸௦௧ௗ = 𝑐 ∗ 𝜌 ∗ 𝑉 ∗ (𝑇 − 𝑇)      (E4) 

The energy balance can be treated as “Gain of thermal energy = Heating Flux - Cooling Flux.” 

This is shown in equation E5 in which the net energy is equal to the energy in minus the energy 

out. 

𝐸௧ = 𝐸 − 𝐸௨௧ = 𝑐 ∗ 𝜌 ∗ 𝑉 ∗ (𝑇 − 𝑇ିଵ)    (E5) 
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Energy in comes from the joule heating of the wire. The value 𝑑𝑡 is determined from the step 

size chosen between energy balance calculations. 

𝐸 = 𝑃 ∗ 𝑑𝑡         (E6) 

Energy out in air comes from two sources: convection, and radiation out from the surface of the 

wire.  

𝐸௨௧(௩௧) = ℎ ∗ 𝐴௦ ∗ (𝑇ିଵ − 𝑇) ∗ 𝑑𝑡     (E7) 

𝐸௨௧(ௗ௧) = 𝜎 ∗ 𝜀 ∗ 𝐴௦ ∗ [(𝑇ିଵ)ସ − (𝑇)ସ] ∗ 𝑑𝑡   (E8) 

Combining these in equation E5, and solving for 𝑇, we are left with equation E9: 

𝑇 = 𝑇ିଵ +
∗ௗ௧ି∗ೞ∗( ்షభି బ்)∗ௗ௧ିఙ∗ఌ∗ೞ∗[( ்షభ)రି( బ்)ర]∗ௗ௧

∗ఘ∗
   (E9) 

Equation E9 uses the initial conditions, 𝐸௨௧ = 0 @ 𝑡 = 0, and 𝐸 ≠ 0 @ 𝑡 = 0 to properly set 

up the Excel sheet for each testing scenario. The value for 𝐼ଶ ∗ 𝑅 is constant in a constant power 

application. In a vacuum environment, there is no 𝐸௨௧ from convection, and there is very little 

𝐸௨௧ from radiation, so these values will be treated as equal to 0 in the vacuum calculations. 
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4. ANALYSIS & EXPERIMENTAL METHODS 

4.1 Analytical Calculations 

 For the analytical calculations, Excel was used to make iterating through time steps an 

efficient process. Shown below are the constants that were used in each testing scenario. 

 

Figure 4.1 – Analytical Calculation Parameters for Air and Vacuum in Excel. 

Power in each test is a constant that is dependent on the length of the wire since it is in 

Watts/inch. Diameter is determined by the gauge of the wire we use as shown in Figure 4.2. 

 

Figure 4.2 – Diameter, Radius, and Cross-Sectional Area Values for Different Wire Gauges. 
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Length will vary from test to test, ranging from 0.125 inches to 2 inches, to see what effect it has 

on the time to failure. Going from air to vacuum, the values for emissivity and the convective 

heat transfer coefficient will become zero to eliminate the terms for radiation and convection. 

Using equations E4-E9, in a constant 1 Watt/inch model, on a 40 Ga Nichrome wire, the 

temperature of the wire was calculated over time for both air and vacuum environments. 

 

Figure 4.3 – Excel Time Step Iteration in Air and Vacuum for l=0.125in. 

Using this data, the wire temperature was graphed versus time. After changing the wire length 

and adjusting the Watts/inch accordingly, it was noted that these changes had no effect on the 

heating curves. 
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Figure 4.4 – 40 Ga Wire Temperature Curves in Air and in Vacuum for 1Watt/inch. 

The vacuum thermal curve is linear and has a constant thermal energy increase over time, while 

the air thermal curve exhibits a logarithmic growth that settles at an equilibrium temperature. If 

the melting temperature of 1400°C is not met, assuming there are no outside forces acting on the 

wire, the wire will stay at the equilibrium temperature until more energy is added. If the melting 

temperature is reached, the wire will fail. 

 

4.2 SolidWorks Simulations 

 The SolidWorks Simulation Thermal Analysis package covers heat transfer by 

conduction, convection and radiation, thermally induced stress, and thermally induced buckling 

[6]. For my purposes, I started with a steady-state simulation to gather initial temperature data 

from for the transient simulation. After applying material properties to a simple cylindrical 

SolidWorks part and inputting a volumetric temperature of 22°C, the steady-state analysis was 

run. 
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Figure 4.5 – SolidWorks Setup for Steady-State Thermal Simulation. 

Using the data from the steady state as a base, this simulation was copied and turned into a 

transient simulation. A convection and radiation outward thermal load were applied to the model 

and could be disabled during vacuum simulations versus air simulations. A thermal sensor was 

input into the study at the center of the cylinder to measure the maximum temperature value 

across each time step. 

 

 

Figure 4.6 – SolidWorks Setup for Transient Thermal Simulation in Vacuum. 
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Figure 4.7 – SolidWorks Setup for Transient Thermal Simulation in Air. 

Simulation data was exported to Excel and used to generate similar temperature curves to those 

in the analytical tests so that failure times can be calculated for these simulations. 

  

Figure 4.8 – SolidWorks Transient Temperature Graphs. 

 

4.3 COMSOL Simulations 

 The Heat Transfer Module is an add-on to the COMSOL Multiphysics simulation 

platform. Like SolidWorks, COMSOL has the capability to simulate conduction, convection, and 

radiation heat transfer [7]. It also can combine multiple modules, such as the Heat Transfer 
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Module and the Electric Currents Module, to simulate complex multiphysics interactions, such as 

Joule Heating, more realistically [8]. After selecting the heat transfer physics package, and 

selecting the time dependent study option, a cylindrical model was created using the COMSOL 

model builder. The material library did not have the version of Nichrome I am conducting my 

physical tests on, so I had to create a custom material and manually input the material properties. 

The ambient temperature was set to 22°C, and the heat transfer modes were added. The heat 

source was applied to the whole volume of the cylinder, while the heat flux (convection) and 

diffuse surface (radiation) were applied to the external surface of the cylinder. 

 

 

  
Figure 4.9 – COMSOL Model Builder Simulation Setup. 

The study time for the time dependent study was adjusted for air simulations versus vacuum 

simulations due to their expected times to failure to cut down on computation time. A 3D cut 

point was added to the very center of the cylinder so that temperature data from this point could 

be exported to Excel. 
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Figure 4.10 – COMSOL 3D Cut Point (in red). 

The simulations were run for both the air and vacuum environments. 

  

Figure 4.11 – COMSOL Transient Thermal Simulation in Air (left) and in Vacuum (right). 

The data gathered from the 3D cut point was exported to Excel and used to generate similar 

graphs to the analytical and SolidWorks graphs that can be used to determine the failure time. 
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Figure 4.12 – COMSOL Transient Temperature Graphs. 

4.4 Experimental Tests 

 For the physical experiments, I used a FLIR E60 thermal camera. This camera is 

designed to be used for electrical and mechanical inspections, but it can also be used for 

temperature-related experiments. Due to the odd shape of the camera, a mount had to be 

designed and 3D printed so that the camera could be mounted to a tripod. 

 

Figure 4.13 –Tripod Stand 3D CAD Model and FLIR E60 in Stand. 
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The FLIR E60 has two different object temperature ranges: -20°C to +120°C, and 0°C to 

+650°C. For these tests, the goal is to determine the temperature at failure and the time it takes 

for the wire to fail, under varying test conditions. Since there were no camera filters on hand that 

could detect object temperatures up to melting point, I went with the range of 0°C to +650°C and 

decided to make assumptions for the rest of the heating curve based on the time it took to fail. 

The camera was hooked to the computer using a USB cable and the FLIR ResearchIR software 

was used to track and record the temperatures of the wire over time. The wire mount was 

designed so that it worked with the prebuilt vacuum chamber base that was in the lab. Below is a 

picture of the 3D model for the testing mount and the actual testing mount in practice. 

 
 

 
Figure 4.14 – Test Stand 3D CAD Model and Manufactured Stand During Testing. 

The RIGOL DP832 programmable linear DC power supply unit was used to provide power to 

the circuit. The unit has two output modes: constant voltage and constant current. These two 

modes work in conjunction with one another to provide a constant power value to the circuit. The 
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maximum voltage value allowed is 30 V, and the maximum current value allowed is 3 A. These 

two values are easily adjustable and can be set where necessary given the testing scenario. 

 

Figure 4.15 – RIGOL DP832 Power Supply Unit. 

Using alligator clips, the RIGOL DP832 positive terminal for Channel 1 is connected to one side 

of the wire mount and the negative terminal is connected to the other side. A Nichrome wire is 

horizontally mounted between two screws on either side of the wire mount. The wire mount is 

adjustable to accommodate varying wire lengths. The thermal camera is placed in the same 

vertical plane as the wire and pushed in as close as it can get to the wire. Data is transmitted to 

the computer in real time and can be recorded for future analysis. After everything is set up, we 

are left with the following experimental set up. 
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Figure 4.16 – Experimental Setup. 

The problem with thermal imagers is their inability to detect temperatures through glass without 

a viewport. Because of this fault, I was unable to conduct experiments in the vacuum chamber at 

this time. The window for the FLIR ResearchIR software during the tests in air resembled Figure 

4.17 below. Included in Figure 4.18 is an image of what the wire looks like during testing at its 

equilibrium temperature. 
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Figure 4.17 – FLIR ResearchIR Window During Experimentation. 

 

Figure 4.18 – Heated Wire During Experimentation. 
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5. RESULTS AND DISCUSSION 

5.1 Analytical Results 

 As previously noted, due to the constant power in terms of Watts/inch, changing the 

length of the wire had no effect on the heating curve for wires of the same power ratio and 

gauge. Analytical data was recorded for both 40 Ga and 30 Ga wires for 0.5, 1, 1.5, 2, and 6 

W/in, in both air and vacuum environments. 

 

Figure 5.1 – Analytical Calculations Results for Max Temperatures and Failure Times.  

Due to the thicker diameter of the 30 Ga wire, it requires much more power per length to get it to 

heat up past the melting point threshold in the air environment. A maximum equilibrium 

temperature is reached due to the interacting heat transfer modes in the air environment and this 

value must exceed the melting point of the Nichrome wire for the wire to fail. In the vacuum 

environment, the melting point is always reached no matter what the gauge of the wire is, it just 

takes longer for the wires with thicker gauges. 
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5.2 SolidWorks Results 

 The same scenarios were run in SolidWorks, and the max temperatures and failure times 

were taken from the heating curves for the thermal sensor and tabulated. 

 

Figure 5.2 – SolidWorks Results for Max Temperatures and Failure Times.  

In comparison to the analytical calculations, the results for the vacuum simulations were spot on. 

The air simulations ranged in error from 15%-100%, indicating there may be an error with the 

simulation setup that is making it take longer for the wires to reach melting temperature. 

 

5.3 COMSOL Results 

 The same scenarios were run in COMSOL, and the max temperatures and failure times 

were taken from the heating curves for the 3D cut point and tabulated. 
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Figure 5.3 – COMSOL Results for Max Temperatures and Failure Times.  

Just like the SolidWorks vacuum simulations, the COMSOL vacuum simulations were very 

similar to the analytical calculations. The air simulations struggled to reach melting 

temperatures, however the one air simulation that did achieve failure matched up with the 

analytical calculation. This likely has something to do with how the air simulations were set up 

since the heat transfer modes that are removing energy from the wire are removing more than 

expected. 

 

5.4 Experimental Results 

 For the physical experiments, only 40 Ga wire was tested due to time limitations and 

available materials. 0.5-inch-long wire was tested because it was the shortest length that was 
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easy to repeatedly tie around the screws after wire failures. This wire was tested at all the 

Watts/inch values used previously. 

 

Figure 5.4 – Experimental Results for Max Temperatures.  

According to the software, the maximum possible temperature that the wire could achieve before 

failure was around 390°C. I assume this is an error resulting from the output values needing to be 

scaled due to the detectable temperature range of the camera of 0°C to +650°C. This could 

potentially be fixed using a scaling equation by dividing the analytical heating curve by the 

experimental heating curve and then using the solution as a function that can be multiplied by the 

experimental data to get data that matches the analytical solutions. Ultimately the experimental 

data should be the most reliable since it is real world data, but these results are considerably off 

what is expected. 
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6. CONCLUSIONS 

 The results gathered in this report yield multiple conclusions that can be used for further 

investigation into this topic. The theoretical background behind the joule heating of Nichrome 

burn wires was examined and used to generate analytical results. This theory was also used to 

develop similar simulations that yielded similar results to the analytical results. Physical 

experiments were conducted to see the real-world effects of joule heating in person, and this 

helped me to better understand what it takes to create a properly working and well thought out 

experiment. Though the physical experiments yielded poor data, manufacturing and test setup 

skills were learned that can be carried into the future. Investigations into substitutions for the 

standard Nichrome burn wire mechanism are an important topic in the industry, so this research 

is important for our CubeSat program. The objectives I set for myself with this research were 

achieved and will make for a great starting point for further research in my master’s studies. 
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7. FUTURE WORK 

 Since I plan to pursue my master’s studies and focus on this same topic, there are several 

goals I have for the future of this research. Some of the goals I have for this research are: 

 Properly configure the thermal imager to gather accurate data, ideally beyond 650°C (buy 

a filter or maybe get a new camera). 

 Investigate the effects that tensile forces acting on the wire have on the time to failure. 

 Run similar studies on all wire gauges ranging from 30 Ga to 40 Ga, not just the 

extremes. 

 Look into constant voltage/current methods as opposed to just constant power. 

 Investigate alternatives to burn wire mechanisms such as shape-memory alloy actuators 

(this is what the Aerospace Corporation uses because with Nichrome burn wire 

mechanisms you can never test what you fly because they are prone to failure during 

testing [13]). 

 Develop more proficient skills in using SolidWorks and COMSOL simulations and learn 

to use LabView and MATLAB in collaboration with simulations/physical experiments so 

that processes can be more automated. 
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