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ABSTRACT 

Future naval tactical Electromagnetic Launchers (i.e. Railguns) will need to be 

capable of repeatedly firing eight to twelve rounds per minute.  Due to the 1 – 6 MA of 

current flowing through the rails, an intense active cooling system must be implemented 

in order thermally manage the weapon.  To accurately account for the necessary amount 

of heat to be removed, a 3D Electromagnetic-Thermal-Dynamic model in Comsol 

Mulitphysics was created to solve for the thermal loading.  Integrating this software with 

Mathworks’ MatLab, various models, including an axial FP-OHP, spray/forced 

convection, cooling channel, and control model were tested for a repeatedly fired gun 

system.  From these simulations, an insight could be gained to the proposition of 

integrating FP-OHPs into the rail as a means of passive cooling.  Finally, a 2D structural 

optimization within Comsol and MatLab was created to evaluate the feasibility and 

optimization of an axial FP-OHP design.  Using this optimization a Pareto optimality 

analysis was conducted to determine the structural sensitivity to a change in insulator 

properties. 

From these results it was found that the currently proposed FP-OHP axial system 

is not sufficient enough to extract a necessary amount of heat without a secondary 

cooling system.  Furthermore it was found that unless OHP technology progresses to 

point where it can be electrically isolated from the rails, it is unlikely that the system 

would survive the launch event. 
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CHAPTER 1 

INTRODUCTION 

 

 

 

1.1 BACKGROUND 

HISTORY 

The next class of naval artillery needs to be capable of achieving longer ranges and 

have greater stopping power than conventional gun powder weapons.  The purposed 

weapon for future Naval destroyers is the electromagnetic launcher (EML).  

Electromagnetic launcher development within the United States started in1980 under a 

contract from Army Research to create an EML tank [1].  Due to physical constraints this 

notion was abandoned in the early 2000’s and picked up by the Office of Naval Research 

in 2005 [2].  ONR’s project was outlined by two distinct stages: Innovative Naval 

Prototype (INP) phase 1 and 2.  INP phase 1’s goal was to successfully fire a 32 MJ EML 

with the capability of launching over 100 nautical miles.  This goal was later achieved in 

Dec. 2010 at NSWCDD, VA with a record breaking 32 MJ test fire [3].  INP phase 2, 

recently having begun in 2012, has now switched to the acquisitions phase of 

development where the goal is to make the weapon ship/battle ready.  Besides making the 

new EML geometry sufficient to fit aboard a ship, a future requirement of the weapon is 

to make it capable of launching 8 – 12 rounds per minute [4]. 
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GOVERNING PRINCIBLES 

To understand the difficulties of accomplishing this 8 – 12 rounds per minute goal, 

one must first understand the governing principles behind the workings of an EML.  

Figure 1.1 below shows a basic schematic of a typical Railgun system. 

 
Fig. 1.1  Schematic of a typical EML’s components and force diagram [5] 

The EML is composed into five primary sections: the pulse forming network which 

generates the current pulse, the rails which carry the current and created the driving 

magnetic field (B), the armature which bridges the rails and acts as the driving current 

density field (J), the projectile package, and the containment which counters the Lorentz 

body forces normal to the rail.  For most EMLs the containment is comprised of thick 

steel panels which are then mechanically fastened together around the gun’s core 

(insulator and rails).  Electromagnetic launchers are governed by the Lorentz force (Eq. 

1.1) law derived from Biot-Savart law [6] 

   (             (1.1) 
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where   is the cross product.  Using the definition of energy stored by an inductor, Eq. 

1.1 can be simplified into the equation referred to as the “Railgun Equation” [7] given by 

  
 

 
    .       (1.2) 

In the above, L’ is the inductance gradient of EML.  For most railguns this value tends to 

be between 0.4 µH/m and 0.7 µH/m.  Looking at this value for inductance gradients, it is 

apparent that in order to achieve tactical velocities, the magnitude of the current must be 

on the order of 1 – 6 MA [8,9]. 

 

MODELING AND SIMULATION 

 Since the advent of EML technology, modeling and simulation efforts have been 

crucial in the development of practical gun systems.  Finite elemental methods (FEM) 

have been long used to accomplish EML modeling for two specific reasons.  The first is 

that economically the cost of testing full scale launchers is very expensive.  Having the 

ability to test and design entire systems prior to fabrication is essential.  The second 

reason is that a shot event lasts on average less than a hundredth of a second.  The only 

practical method of understanding the physics of the launch event is through modeling. 

Since the start of the EML program in the United States, one of the primary research 

areas for modeling has been in bore wear prediction.  Since ultimately it is the wear on 

the EML’s rails which regulate the gun’s life.  Hsieh [10] at IAT used a FEM code to 

predict that with the addition of steel cladding to the rail surface, the bore life can be 

significantly improved with an electrical efficiency cost of less that 1%.  Another early 

modeling effort conducted by Hildenbrand [11] found a correlation between predicted 
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armature transitioning and observed rail wear damage.  Another more recent area of 

research in 3D modeling is predicting the velocity skin effect (VSE).  The VSE is a 

misdistribution of the current at the rail/armature interface due to strong impedance 

boundary condition which forms at the point of contact.  In order to better understand 

wear damage to armatures and rails, it is necessary to use FEM to model this 

phenomenon.  In 2001, Hseih[12] adapted EMAP3D to solve for this condition.  As of 

that time it was possible to accurately solve the VSE up to 500 m/s. 

 In addition to 3D modeling efforts regarding rail damage, FEM codes have been 

used to optimize geometric effect of both the rails and armatures in 2D simulations.  As 

seen in Eq. (1.2) above, the L’ is linearly proportional to the force on the projectile.  

Keshtkar [13] used a FEM code to characterize the effect of varying rail geometries and 

separation thicknesses on the inductance gradient.  Another study regarding L’ was 

conducted to determine the profile of the inductance gradient throughout a shot.  Using a 

2D approximation Moyama and Fukumoto used a FEM code to map the degradation of 

the L’ during the shot and how the containment effects this solution [14].  

 

1.2 MOTIVATION 

STRUCURAL LOADING 

 During the launch event the Lorentz force generated by the current within the 

armature interacts with the magnetic field in the rails.  Likewise, there is also a Lorentz 

force generated by the current within the rails interacting with the magnetic field in the 

armature.  This force, equal in magnitude, is directed outward in the rail-to-rail direction.  

Along with the body load applied to the conductors at and behind the location of the 
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armature, these forces produce significant mechanical waves which can be damaging to 

the armature or cooling devices placed within the core.  Johnson [15] at Cornell 

University studied the effect of an armature passing over the shear/bending waves cause 

by the moving load.  He directly found strong correlation between the occurrence of wear 

damage and wave propagation theory from his model.  Besides rail wave propagation, 

magnetic forces on the rail make designing a cooling mechanism far more difficult to 

implement.  Kealey [16], at the US Naval Academy, conducted a structural optimization 

of elliptical cooling channel geometries placed within the rail.  She found that using 

elliptical cooling channels oriented in the rail-to-rail direction allows for greater surface 

contact area while maintaining the rails structural integrity. 

THERMAL LOADING 

Although for one shot it has been shown that the bulk temperature rise is only 20 – 

60 °C for a MCL [17,18], when taking in to account for a repetitively fired EML, this 

thermal load becomes significant.  Over the years several studies have been done to 

analyze this repetitive thermal loading.  Fish [19] found that for a MCL at IAT with a 

peak current of 1.1 MA, roughly 500 kJ per rail are deposited.  When modeling this 

system as a repetitively fired EML, he found that the bulk temperature rise for the system 

was approximately 35°C per shot.  Although a temperature rise of 35 degrees per shot 

would take more than 30 shots to exceed the melting temperature of copper, thermal 

management must be implemented to prevent other system failures.  Currently G-10/FR4 

is the most common insulator material used.  Unfortunately this material has a service 

temperature of only 140 °C causing failure after only 4 shots.  In the case of the Navy’s 

proposed large caliber EML it is predicted that up to 7,500 kJ of energy per rail will be 
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deposited [16].  Besides structural failure of the rails, one must also account for its 

thermal expansion.  To reduce geometric deformation it is advantageous to reduce the 

total thermal straining. 

RAIL THERMAL MANAGEMENT 

The most common method of rail cooling to date has been to use machined cooling 

channels within the rails.  In one study Liu [20] found that for a large caliber, 3.1 MA 

peak current test, nearly all deposited thermal energy could be removed by running 

channels of water at 250 psi at 13 gallons per minute.  In the previously mentioned study 

by Kealey [16], she found that using elliptical cooling channels could remove 100% of 

the deposited thermal energy.  In the MCL study conducted by Fish, he found that if two 

cooling channels where placed within the rails 100% of the deposited heat could be 

removed if one assumes that the inner wall temperature remained at 20 °C [19].  

Although Fish’s thermal model shows great promise for cooling channels, it is unlikely 

that the working fluid can be approximated as constant temperature boundary condition 

throughout the shot.  Since the majority of the thermal loading occurs near the breech, it 

is fair to assume that this temperature boundary condition is accurate only near that 

location. 

Besides cooling channels, another proposed cooling method which has been 

considered is water jet impingement cooling.  Myers [17] at NSWCDD found that by 

installing nozzles into the rail insulators and spraying water onto the rails, an effective 

heat transfer coefficient of 20,000        could be achieved on the inner rail surface.  

Figure 1.2 below show results taken from his experimental setup. 
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   Fig. 1.2  Experimental results from conducted spray/forced  
   convection cooling [17] 

 

It was believed that taking advantage of the liquid to vapor phase change would result in 

greater heat transfer than forced convection alone.  Using a 2D approximation (Fig. 1.3) 

he found that using spray/forced convective cooling he was able to keep the bulk rail 

temperature under 140 °C (the insulator’s maximum working temperature). 

 
Fig. 1.3.  Bulk temperature heat with and without jet  
impingement cooling [17] 

Although both jet impingement and cooling channels have great potential, they have 

significant downfalls as well.  Since it is required that material be removed from rail in 
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order to make the channels, this ultimately decreases the inductance gradient of the 

weapon; thus making it less efficient.  Also since this is an active cooling method, the 

cooling process is limited to the in bore geometry of the EML.  Finally, since magnetic 

body loads are being applied to the rails, their structural integrity must be considered 

when designing.  One downfall with the spray/forced convection method is the possible 

adverse metallurgical effect which cool/cold water being introduced to the rail surface 

would have.  Also, the process of incorporating non-conductive insulators into the core 

design will require a significant amount of engineering to overcome the previously 

mentioned geometric constraints. 

OSCILLATING HEAT-PIPES 

At the University of Missouri, much research has gone into the development of flat-

plate oscillating heat pipes (FP-OHP), also known as pulsating heat pipes.  Oscillating 

heat pipes (OHPs) were first purposed as interconnected tubular channels which are held 

to a partial vacuum [21].  By keeping the channels partially filled, the tubes are divided 

into water slugs and vapor bubbles as seen below. 

 
Fig. 1.4  OHP schematic [21] 
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As seen above the OHP is divided into three sections: the evaporator, condenser, and 

adiabatic region.  When heat is introduced into the evaporator, vapor bubbles are formed 

causing a local high pressure.  The pressure difference drives the bubble to the condenser 

section where the cooling is done.  Since all the channels are interconnected this motion 

helps to drive the remaining system, improving its efficiency.  Hathaway [22] also 

conducted studies to determine the dependence of then number of turns (pipe bends) 

within the evaporator ratio to the number of turns in the condenser.  He found that 

maintaining a higher number of evaporator turns, makes for more consistent and higher 

heat transfer rates.  Unlike conventional heat pipes which contain a wicking structure, 

OHPs are completely hollow.  This lack of wicking material ultimately improves 

pulsating/circulatory behavior, dramatically improving the OHP’s performance [23, 24]. 

Another development in OHP technology was the advent of 3D flat-plate OHPs (FP-

OHPs).  Rather than being made from a tubular metal, these OHPs are machined directly 

into a medium material.  In the case of 3D FP-OHPs, Thompson et al. [25] found that by 

creating channels on both sides of a medium and allowing the working fluid to flow 

between each side, several positive effects were observed.  The first is that the FP-OHP’s 

dependence on orientation, due to gravity, was greatly reduced.  Second, FP-OHP 

channels can be machined to any specification without having the constraints of specific 

tube sizes.  Also, another benefit of this geometric freedom is that it allows for much 

smaller channel diameters and therefore more turns.  In the case of Thompson’s work he 

was able to use channels with a diameter of 0.76 mm for a total of 30 turns.  Finally, 

since heat transfer is allowed to flow on both sides of the plate the overall efficiency and 

therefore effective thermal conductivity of the system was improved. 
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Due to the previously mentioned characteristics, OHPs have many properties which 

make them attractive for the use in EMLs.  Since heat pipes are considered a passive 

cooling system, it would geometrically be simpler to integrate this mechanism into the 

core design.  Also, since it is a passive system, the condenser section of the FP-OHP 

could be placed outside the containment; allowing a greater range of cooling possibilities 

without the geometric constraints of being within the gun.  Unlike cooling channels, this 

method would require far less (if any) material to be removed from the rails such that the 

decrease in L’ is not as much as seen when using cooling channels.  Finally, since up to 

87% of the energy is deposited in the first third of the rail from the breech, it is not 

necessary for a cooling mechanism to span the entire rail length [26].  In this case, FP-

OHPs can be manufactured to any given length, improving the versatility of this 

technology. 

Although the upside of introducing this technology as a means of rail cooling is very 

high, there are still plenty of unknowns.  Firstly, the rate of heat transfer must be 

determined.  To date, it appears that the effective thermal conductivity of an OHP is a 

function of the tube diameter, tilt angle, length, number of turns, filling ratio, and 

working fluid [21].  With such a large number of free variables, thus far an accurate 

model to predict FP-OHP performance has yet to be created.  Another unknown to OHP 

design is there response to extreme structural loads; like those present during the launch 

event.  Besides a surface load, it must be discovered if current flowing around a channel 

will cause the tube to collapse.  This effect is caused by the attractive force between two 

conductors (opposite sides of the tube) with parallel current flow. 
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1.3 ORGANIZATION OF THESIS 

The purpose of this thesis is ultimately to determine the feasibility of an axial FP-

OHP rail cooling design.  First, a 3D point-cloud model is created to accurately calculate 

the post shot thermal solution.  To help validate this model, results were compared to a 

test shot done on IAT’s medium caliber launcher (MCL).  To help quantify the thermal 

loads, two point Gauss quadrature was used to evaluate the energy per unit length along 

the rail for a given shot.   

Using MatLab, a program was written to compare the system’s thermal response 

to repetitive firing using five different cooling models.  The first model which was 

created was the control.  The control model assumed no thermal losses between shots.  

The second model created was a jet/spray convection model which was used to compare 

experimental results found by Myers to other cooling methods.  The third model created 

was a basic cooling channel model.  Finally, two FP-OHP models were created to show 

the rails response to both a temperature and non-temperature dependent OHP.  Using 

these models a non-dimensional analysis of the rail’s heat removal and maximum 

temperature were found as a function of the OHP’s evaporator length and efficiency.  

Finally, the FP-OHP’s performance was compared to the cooling channel’s to help 

quantify the effectiveness of this design. 

The final part of the thesis entails the structural optimization of the OHP design.  

Using a 2D harmonic approximation a structural analysis was performed on the OHP 

using the body forces from the electromagnetic solution.  An objective function was 

chosen such that the overall efficiency of the FP-OHP would be maximized.  Finally, a 
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Pareto optimality study was conducted to determine the sensitivity of the above 

optimization to a change the insulator’s strength 

.
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CHAPTER 2 

THERMAL SOLUTION OF MEDIUM CALIBER EML  

REPETITIVE RATE STUDIES 

 

 

 

2.1 INTRODUCTION 

 In previous repeated fire EML models, a convention which has been adopted is to 

model the repetitive firing of the Railgun as a bulk temperature rise of the material for 

any given cross section of the rail [17].  The previously mentioned convention has been 

commonly used due to the fact that after 1 – 2 seconds (depending on the specific gun 

and shot profile) the surface temperature fully diffuses into the rail.  Now that future 

EMLs will required reloading/firing every 5 – 10 seconds it is important to capture the 

thermal solution within the first couple seconds of the cooling phase since this represents 

up to 20% of the cooling time.  For this thesis, a 3D thermal model was created which 

could accurately predict the thermal loading from the launch event.  This loading includes 

primarily, Ohmic heating from the massive amount of current running through the 

conductor as well as a surface viscous heating effect.  The viscous heating effect occurs 

because of two reasons: flash melting due to high current levels and localized velocity 

skin effect (VSE) and friction between the rail and armature surface.  After this model 

was created, results from this study were then compared to previous models from IAT: 

Austin, Texas [26].  Finally, it was of interest to study the energy distribution across the 

EML during the shot.  Using Gauss Quadrature, the volumetric nodal energy levels were 
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integrated over cross-section slices along the length of the rail to find the energy 

distribution.  This analysis was later used to help evaluate the 3D FP-OHP models. 

 

2.2 MODEL FORMULATION 

POINT-CLOUD MODEL 

 For the thermal modeling of the EML rails, it was decided that rather than 

physically moving the armature domain between the rails (sliding electrical contact), it 

would be computationally more efficient to treat the armature domain as a set of material 

points.  In general, cloud based models are referred to as “meshless” domains where the 

shape functions are expressed as moving least-squares approximations [27, 28].  

Although technically the armature domain in our model is not “meshless”, it still uses the 

principle of defining the nodal electrical conductivity as a function of space and time to 

not have to re-mesh between time steps. 

MODEL ASSUMPTIONS 

For this model, many assumptions had to be made to simplify the problem.  

Unfortunately, since the armature domain is only treated as a moving point cloud, the 

armature’s electromagnetic and thermal solution for each time step is not obtained.  Since 

the sole purpose of this model is to obtain the thermal solution of the rail, this fact was 

found acceptable.  Another side effect of modeling the armature as a point-cloud is that 

the actual geometry of the armature cannot be used.  Although this would significantly 

change the electromagnetic solution around the armature, the thermal solution in the rails 

should still be averaged out due to the high velocity of the armature.  Another assumption 

was to not model the insulator or containment surrounding the core.  Although this might 
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make minute changes in the magnetic solution due to the increased permittivity of the 

insulator, this was not modeled in order to decrease the total number of DOFs.  To 

simplify the model it was assumed that besides the free convection on the inside surface 

of the rail, no thermal losses occurred during the shot.  This assumption was made since 

the time between shots is four orders of magnitudes larger than the in bore shot time.  

Finally, effects due to the VSE were not considered for this model.  Since the current 

maldistribution caused by the VSE primarily affects the heating of the armature and that 

the VSE distribution is so localized near the conductor’s surface, it can be assumed that 

the localized heating would dissipate within milliseconds. 

GOVERNING EQUATIONS 

 When formulating this model, it is required that the simultaneous electromagnetic, 

thermal, and dynamic solutions be computed.  For the electromagnetic solution, the finite 

element method was used to solve for the nodal current vectors.  Governed by Maxwell’s 

equations 

 
  

  
                           (2.1) 

          (2.2) 

H 
 

 
,                (2.3) 

the transient magnetic response can be calculated [6, 29].  As seen in Eq. 2.1, it is the first 

term of this equation which is used to govern the transient response.  By integrating the 

current throughout an external domain, the current density used to drive the problem is 

given by 

   ∬     
 

           (2.4) 



- 16 - 
 

Besides the current distribution, the thermal solution for the rail was also incorporated 

into this model.  This solution along with the heat generation term accounting for the 

nodal resistive losses [30] is given by 

   
  

  
                (                     (2.5) 

  
  

 
             (2.6) 

When the electrical properties are also a function of the nodal temperatures, these 

systems of equations are fully coupled.   

The final physics considered here is the advection of the armature domain.  Since 

this domain physically does not move, an analytical equation had to be created to 

describe its motion, relating material properties to armature position.  Since ultimately it 

is the electrical conductivity which governs the current distribution, a piecewise function 

 (     {
                                                                      |    |      

         [    (|    |      ]          |    |     
}       (2.7) 

is used to describe this property.  As one can see, this equation is defined by an 

exponential decay function based off of a Boolean operation.  This operator locates the 

region where the armature is located.  All locations not within this region are driven 

exponentially down to the electrical conductivity of 1 S/m. Although, the actual electrical 

conductivity of air is roughly 0.006 S/m, one was chosen to avoid numerical singularities.  

Conversely any region within the armature is equal to the conductivity of       .  

GEOMETRY 

 In order to make this simulation less computationally expensive, a quarter 

symmetry model was used due to the two available symmetry planes.  For model 
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validation, all inputs, geometry, and materials for this simulation were chosen to match 

that of an IAT test conducted on their MCL.  In the case of the rail geometry the full 

rail’s geometry was chosen to be 1.75” x 0.75”x 7 meters.  The armature domain for this 

EML was 40mm x 40mm.  Since it is being modeled as a point-cloud, this domain spans 

the entire length of the rail.  Also, since this armature domain is being represented by a 

mathematical location, it is difficult to accurately define the armature’s geometry.  Since 

the purpose of this simulation is to calculate the thermal rail solution, it was decided that 

only the surface contact area between the armature and rail remained the same.  Since 

skin effects will cause the current to not distribute uniformly throughout the armature, it 

was decided that this assumption would be valid.  Therefore, the volume of this domain 

was not important (Fig. 2.11).  The final geometry which had to be created was the air 

domain surrounding the model.  Since magnetic field must develop within a medium, the 

permeability and permittivity of air must be accounted for.  A general convention made 

for EML simulations is to make the air domain 5x the conductor’s dimensions.  Figure 

2.1 below shows a schematic of the rail and armature domain surrounded by the air 

domain. 

 
Fig. 2.1.  Quarter symmetry model used in point-cloud analysis 
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As seen above, an air gap domain had to be created on both sides of the rails.  In the case 

of the breech end, a “current stub” was created for the external current density source to 

be applied.  In the case of the muzzle end of the EML, this had to be placed in order for 

the current to not ground out (default for Comsol). 

 
POINT-CLOUD INPUTS  

 For the point-cloud model, it was decided to not calculate the armature position 

and current profile internally.  Using the current profile shown in Fig. 2.2, the armature 

velocity and position could be numerically calculated in MatLab using the following two 

equations [31]. 

 (   
  

  
∫                   (2.8) 

 (   
  

  
∬                   (2.9) 

 
Fig. 2.2  Comparison of input current and armature position for point-cloud model (left) and test 
case from IAT’s MCL shot (right) [26]. 
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As seen above, by assuming an effective inductance gradient of 0.4µH/m, the 

inputs/output for the IAT shot was matched.  From the shot data in this simulation an 

initial armature insertion depth was chosen as 0.132 m.  Since a quarter geometry model 

is being used, the external current density must still be held constant.  In this case the 

current density can be defined as  

  
     

     
.              (2.10) 

BOUNDARY CONDITIONS 

 To adequately define the thermal and electromagnetic solution, boundary 

conditions for both physics had to be used.  For the electromagnetic solution two 

boundary conditions must be used.  The first boundary condition defined by  

            (2.11) 

ensures that the normal component perpendicular to the magnetic field is zero and that 

the current within the conductor is symmetric about that plane.  The symmetry boundary 

condition was applied to the symmetry plane shown in Fig. 2.3. 

 
Fig. 2.3.  Magnetic symmetry boundary condition plane (in blue) 
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Although the second symmetry plane is still valid, since it does not bisect the length of a 

conductor, Eq. 2.12 is used instead.  This equation is valid for non-conductor symmetric 

conditions where the magnetic field lines must remain perpendicular to the surface. 

              (2.12) 

All remaining external boundaries were set to the above boundary condition since they 

met this requirement.  For the thermal solution a similar boundary condition had to be 

applied on this surface to guarantee thermal symmetry.  By applying 

   (                 (2.13) 

to a plane, forces the normal components of the thermal gradients to be 90 degrees to the 

boundary plane’s plane.  The final boundary condition which was applied was to simulate 

molten aluminum melting on the rail surface as the armature passed by.  To calculate the 

effective time dependent heat transfer coefficient, first the approximate boundary layer 

thickness needs to be calculated.  Barber [32] at IAP found from experimental data that 

the contact radius of the armature melt points (  ) tend to be roughly 100µm.  Assuming 

an absolute liquid aluminum viscosity ( ) of 1.63      ,  

  √
       

   
         (2.14) 

can be used to calculate the liquid metal boundary layer thickness assuming the free-flow 

velocity (  ) is equal to that of the armature.  Assuming this liquid flow is turbulent, 

fully developed, external flow; the Reynolds number is calculated using 

    (
  

 
)
 

                   (2.15) 

Using a Nusselt correlation for liquid metal external flow  

 (   
     

 
 √     ,              (2.16) 
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the approximate heat transfer coefficient can be calculated.  For these experiments it was 

assumed that the Prandlt number for the liquid metal is 0.014 and the thermal 

conductivity of the liquid aluminum (k) is 167 W/m-K [30].  Using a similar approach to 

the armature advection equation (Eq. 2.7), the moving boundary condition as a function 

of the armature’s velocity and position is given by 

 (     {
    (                                                               |    |      

    (     [    (|    |      ]       |    |     
}     (2.17) 

where the value of 10 represents free natural convection within the barrel.  Below, Figs. 

2.4–2.6 shows the values for the boundary layer thickness, Reynolds’s number, and heat 

transfer coefficient respectively.  

 
Fig. 2.4.  Boundary layer thickness of liquid metal interface on inner bore surface. 
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Fig. 2.5.Reynolds number for liquid metal interface on inner bore surface. 

 

 
Fig. 2.6.  Heat transfer coefficient of liquid metal interface on inner bore surface. 

MATERIALS 

 To stay consistent with the test data from IAT’s MCL, the material chosen to 

make the rails out of was Electrolytic Tough Pitch (ETP)-Copper.  ETP-Copper was 
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initially used in the EML program, because of it affordability and machinability.  Also, 

this copper alloy was chosen because of its high electrical conductivity.  Table 2.1 below 

shows the rails properties. 

Table 2.1  Material properties for ETP (11000) Copper [33] 
ETP-Copper 

Structural Value Units 
Density 8,890       
Young's 130 GPa 

Yield Strength 76 MPa 
Poisson’s Ratio 0.33 

 Electromagnetic Value Units 
Resistivity 1.76       

Permeability 1 H/m 
Permittivity 1 F/m 

Thermal Value Units 
Conductivity 388       

Specific Heat Capacity 385        
 

As one can see, the electrical resistivity is within 4.8% of pure copper.  Although the 

copper alloy has a relatively low yield strength, since only simple geometries are being 

used, this was acceptable.  Since the beginning of the EML program, aluminum has been 

the choice for armatures.  This is due to its combination of relatively low electrical 

resistivity, high compliance, machinability, and affordability.  For this MCL test case Al-

7075-t6 was used.  Table 2.2 below shows the mechanical, electrical, and thermal 

properties of the armature. 
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Table 2.2.  Material properties for Aluminum 7075 [33] 
Aluminum 7075-T6 

Structural Value Units 
Density 2,810       
Young's 71.1 GPa 

Yield Strength 462 MPa 
Poisson’s Ratio 0.33 

 Electromagnetic Value Units 
Resistivity 5.15       

Permeability 1 H/m 
Permittivity 1 F/m 

Thermal Value Units 
Conductivity 130       

Specific Heat Capacity 960        

For most metals, the electrical resistivity tends to behave as linear decay with respect to 

temperature.  For the electrical conductivity in the rails (ETP-Copper) the temperature 

dependence approximation is given by [34] 

    [  (        (         ].   (2.18) 

MESHING 

 In FEA, the mesh chosen for a given problem can greatly affect the accuracy of 

one’s solutions.  In the case of the point-cloud model, the thermal solution and 

electromagnetic solution are both satisfied by two Gauss point, linear elements.  

Although meshing with tetrahedral elements is by all means simpler, since they are so 

much stiffer than hexahedral elements it would require an element density of twice that of 

the hexahedral elements.  The other option for using tetrahedral mesh elements would be 

to increase the elemental order to quadratic or cubic to decrease the stiffness.  However, 

doing this would increase the system’s DOF to a value too computational expensive to 

evaluate at current facilities.  Instead a much more uniform mesh was chosen using solely 

linear cubic hexahedral elements. 
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Since Ampere’s Law (Eq. 2.1) is by far more unstable than the heat equation, it 

was assumed that if a mesh could be made that would satisfy the magnetic solver, it 

would also be adequate for the thermal solver.  Due to the previously mentioned skin 

effect, current tends to reside in the outside layer/skin and corners of the rails.  In order to 

better solve the current distribution in these areas, a finer mesh was chosen for these 

areas.  Figure 2.7 below shows a 2D mapping of the half symmetry rail. 

 
Fig. 2.7.  Cross section of mesh for half symmetry rail 

For the axial direction of the mesh, the velocity effect of the armature must be 

taken into account.  If too large of a mesh is chosen, the distance traveled by the armature 

would be greater than the elemental size and would therefore be inaccurate.  Likewise, if 

the mesh is too small, the problem would inevitably be too computationally intensive to 

solve.  In the case of magneto-hydrodynamics, the magnetic Reynolds number  

   
   

 
       (2.19) 

is a dimensionless property which defines the ratio of magnetic advection to magnetic 

diffusion [35].  For EML’s it has been found that a characteristic elemental length needs 

to be chosen such that the magnetic Reynolds number is between 10 and 20.  To 

determine a worst case scenario, the external velocity is chosen to be 2.5 km/s.  
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Assuming a magnetic Reynolds number of 20, the maximum allowable elemental length 

is 0.112 mm.  Since this number would result in approximately 62,500 axial elements it 

was decided that this accuracy was not feasible for current facility supercomputers.  

Instead a scaled down mesh sensitivity analysis was performed to determine an adequate 

characteristic length.  Figure 2.8 below shows a mesh sensitivity analysis for a 1/20th 

scale model. 

 
Fig. 2.8. Mesh sensitivity analysis for varying characteristic elemental lengths on a 0.35 
meter quarter symmetry model 

 
As seen above, the thermal solution settles when the characteristic length of the elements 

is roughly 2 mm.  This elemental length therefore resulted in a total number of 3,500 

axial elements. 

 The remaining domains of simulation unfortunately had to include the same 

number of axial elements.  To reduce the total number of DOF the air domain was 

meshed non-uniformly with a 30% growth rate away from the rails.  The armature 

domain was kept at similar mesh density to that in the rail.  Figure 2.9 below shows the 

completely meshed point-cloud model. 



- 27 - 
 

 

Fig. 2.9.  Hexagonal mesh of quarter symmetry point-cloud model 
 

2.3 COMPUTING THERMAL ENERGY PER UNIT LENGTH 

 Although temperature gives the best indication to when failure may occur in the 

time domain, it does little to describe the rest of the system.  To learn more about how 

thermal energy is actually distributed meant finding a means of spatially describing the 

thermal distribution in the rail.  The goal of this analysis therefore was to find the energy 

distributional load over the rail for any given instant.  Although the total energy level at 

the nodal coordinates can be calculated at any given time, this does nothing to describe 

the spatial distribution.  Therefore, it was decided that two point Gauss quadrature, also 

known as Gaussian integration would be applied.  Gauss quadrature is a means to 

numerically integrate the volumetric energy distribution between finite element nodes.  

This is done by interpolating the area within each element with linear shape function. 
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 Before the integration can take place, first the data from the point-cloud model 

must be extracted and then properly sorted.  To extract the data, first nodal energy is 

calculated using  

 (       ∫          
              (2.20) 

This nodal data is listed as a function of the nodes’ spatial coordinates.  Built as a data 

structure within Comsol, the nodal data matrix was exported.  This data structure 

specifically contained the nodal numbers with their corresponding Cartesian coordinates 

along with the elemental connectivity matrix which relates the numbered nodes to their 

respective elements.  Unfortunately, the nodal coordinates which came from the energy 

data did not line up with the nodal coordinates from the connectivity matrix.  Therefore, 

this data had to first be sorted.  The first step was to calculate the axial coordinates of all 

the xy-planes.  This was done by taking the average of each element’s nodes in the xyz 

coordinates and then determining how many unique axial (z) coordinates there were.  

Since these simulations can contain over 400,000 nodes, it was first important to 

preprocess this data by extracting only every 10 xy-planes for integration.  This 

procedure ultimately led to a reduction in computation time from 24 hours to 3 hours.  

After deleting 90% of the nodal data, a brute force search was used to align this data.  

Since the order which this data is sorted in should remain consistent for all simulations, 

the order of this sort was saved for future use.  By doing this allowed one to reduce the 

sorting time down to 0.12 second after the first sorting procedure was completed. 

 After sorting the data so that all nodal coordinate numbers remained consistent, a 

program was written to determine which elements were in the corresponding xy-plane.  

This was accomplished by searching through all the elements and averaging their 
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respective z-coordinates.  To start the Gauss quadrature process the elements were cycled 

through for each xy-plane.  Since this Gauss quadrature is assuming cubic linear elements 

and the elemental thickness is much less than the length/width of the elements only two 

point Gauss quadrature is used to save on computational time.  To integrate within an 

element, shape functions given by  
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were used to evaluate the Gauss points for each element’s eight nodes in their respective 

natural coordinates (         For the case of two point hexagonal element Gauss 

quadrature, the weighting factor for each iteration equaled 1.  Since it was assumed for 

this mesh that all right angles remain right angles, the Jacobian matrix is simply the ratios 

of the volumes of the actual and natural element shown by 

  
    

 
.             (2.22) 

Finally the system’s energy can be calculated using 
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This is where [     ] represents the corresponding nodal volumetric energy.  Repeating 

this Gauss quadrature for each xy-plan energy distribution can be calculated by 

 ̅(    
 (       (   

       
                        (2.24) 

Where  ̅ is the energy per unit length of a given cross-section slice. 
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2.4 RESULTS AND DISCUSSION 

 Needing the processing power of a supercomputer, the point-cloud model took 48 

hours on a 24 core 500 GB (RAM) computer node.  With the current mesh density, the 

problem sized ended up being approximately 7.5 million DOF.  This model was run 

twice, once with and without the liquid metal advecting boundary.  It was found the 

moving boundary condition only increased the systems energy by roughly 0.75%.  

Although the boundary condition has a relatively high heat transfer coefficient, the fact is 

that the boundary layer is only tens of microns thick and is only in contact for one 

position for a matter of microseconds.  Below in Figs. 2.10–2.11, shows the current 

density on the rail and the relative location of the armature at three milliseconds into the 

shot. 

 
Fig. 2.10  Current density of quarter symmetry point-cloud simulation at t = 3ms. 
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Fig. 2.11  Current distribution along rail and armature at t = 3ms 

As seen in Fig. 2.11, the current tends to completely diffuse trough the trailing edge of 

the armature domain.  Also, the largest local current concentration appears in the inside 

and outside corners of the rail.  As one can see from the nearest cross section, the current 

shortly after the armature passed begins to diffuse within the rail.  Since this is ultimately 

coupled to joule heating within the rail, the following temperature distributing is created. 

 
Fig. 2.12.  Temperature distribution along quarter symmetry rail 
for point-cloud simulation 
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From this temperature distribution multiple observations could be made.  The first 

is that the vast majority of the heating is nearest the breech end of the gun.  This is simply 

due to the fact that this section of the rail sees the longest current profile.  The second 

observation is that the maximum temperature along the rail is located 0.132 m down rail.  

This distance is the insertion location of the armature.  Since the current initially must 

“dive” into the armature at this point, a current concentration develops due to the 

perpendicular current fluxes.  Finally, since the largest current concentrations appear 

along the inside and outside rail corners, it makes sense that the largest local heating 

occurs there as well. 

As mentioned before, these results were compared to the MCL shot at IAT.  

Developed at IAT, EMAP3D was one of the first FEM software to accurately predict the 

sliding contact response [36].  EMAP3D uses a Lagrangian formulation approach which 

solves for the magnetic, electric, thermal, dynamic solution all self-contained.  To help 

validate the model, data from EMAP3D was compared to that in Comsol.  Figure 2.13 

below shows a comparison of the two energy distributions from both models. 
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Fig. 2.13.  Energy distribution comparison from Comsol with IAT’s MCL test shot[26]. 

 
As seen, the thermal distribution from EMAP3D [26] is exactly twice that of the Comsol 

model.  The reason for this is still not known.  Comparing thermal data from this 

simulation and other MCLs it was found that our temperature profile is along the correct 

order of magnitude for this problem.  If one would assume that the point-cloud model had 

half the necessary current profile, than the bulk temperature rise from the shot would be 

too low.  Finally since the current distribution is validated (not necessarily the 

magnitude), it is fair to assume that this will give a good indication to how the system 

will respond to different cooling methods. 

 The final goal in creating the point-cloud simulation was to determine the axial 

energy distribution along the rail.  Figure 2.14 below show the results from the Gauss 

quadrature process assuming a thermal distribution immediately post shot. 
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Fig. 2.14.  Post shot energy distribution vs. distance from breech 

 
Agreeing with the temperature distribution above, roughly 87% of the thermal energy is 

expended within the first third of the rail.  Since this distribution gives a better indication 

of the total system energy, it was later used to help evaluate the operating characteristic 

of the FP-OHP axial design under repetitive firing. 
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CHAPTER 3 

RAIL COOLING ANALYSIS ON REPETITIVELY FIRED 

EML SIMULATION 

 

 

 

3.1INTRODUCTION 

In the past, various models have been created to analyze different methods of rail 

cooling.  The two cooling methods which have most commonly been analyzed are active 

cooling channels and spray/forced convection cooling [16, 17, 20].  Research being done 

at the University of Missouri has purposed the idea of incorporating FP-OHPs into the 

axial direction of the rails to passively cool them.  The purpose of the following 

simulations is to compare these various forms of cooling to determine the feasibility of 

FP-OHP as the primary cooling source. 

Analyzing the effectiveness of the FP-OHP required observing three specific 

factors.  The first factor is the maximum temperature on the rail.  As previously stated, it 

ultimately will be this maximum temperature which will cause failure in either the 

insulator or rail.  The second factor that was observed was the effect of the total deposited 

thermal energy in the rail.  This is significant because over multiple shots this bulk 

energy will continue to increase until failure occurs.  Finally, as seen in Fig. 2.14, the 

temperature distribution over the rail is not uniform in the axial direction.  Due to this, it 

is important to observe how an OHP will redistribute energy over the rail. 
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3.2 OVERVIEW 

SIMULATION SETUP 

 For the repetitive firing analysis, Fig. 3.1 below shows a flow chart of the 

simulation setup where P-C is the thermal solution from the point-cloud 3D model. 

 
Fig. 3.1  Flow Chart of Rep. Fire Simulation 

As shown above, the simulation is composed of three main sections, the preprocessor 

(middle), the Comsol simulation (right), and the postprocessor (left).  The preprocessor, 

in MatLab, accepts the inputs of: thermal load (from point-cloud model), the number of 

shots to take, and the dwell time between shots.  For each shot the preprocessor takes the 

imported thermal data and uses 

    (       [     (         ]      (                (3.1) 

to calculate the new thermal loading where      are the next shots initial thermal state, 

      are the thermal solution from the point-cloud simulation, and       are the previous 

shots final thermal state.  For the first state it is assumed that      is equal to   .  Using 

this preprocessor a Comsol file is generated and the simulation is ran by uploading the 

thermal solution as a linear interpolation function in Cartesian space. 
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 Since the actual processor only has to take in account for thermal solutions, Eq. 

2.5 like that used in Chapter 2 is solved using a BDF solver.  This solver was again 

chosen because of its natural stability.  Due to the high thermal gradients, it was 

important to choose a stable solver.  The mesh and boundary conditions for all four 

different models was chosen to be the same as that in the point-cloud model.  By making 

this assumption, the temperature data from the point-cloud mesh does not have to be 

interpolated on to a new set of nodal data. 

Finally, the postprocessor was used to cycle through the four various models to 

run the programs.  The postprocessor also created the appropriate output files so that the 

results could be efficiently created.  For this analysis four models were chosen.  The first 

was a control model with no cooling, the second a jet spray/forced convection model, the 

third a cooling channel model, and finally the FP-OHP models. 

MODEL ASSUMPTIONS 

 For the four separate models, there were three assumptions which had to be made.  

The first common assumption between the four models was that no heat is lost due to 

convection along this inner bore surface unless specified by that particular model.  Since 

it is assumed that the majority of the cooling will be accomplished by the active cooling 

method, it was fair to make this assumption.  Another assumption which was made is that 

the thermal loading from each shot is identical.  In reality, the current pulse which enters 

the gun can be changed depending on conditions such as the desired exit velocity or the 

desired projectile package.  Also, if the electrical model is held constant, the thermal 

loading would still be different due to the temperature dependent properties of the rails.  

Without making this assumption, it would take 48 hours per simulated shot rather than 10 
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minutes.  To accomplish this would require a designated supercomputer.  The final 

assumption which was made was that no heat was lost through the 

insulators/containment.  Again, this assumption is valid if one assumes that the vast 

majority of the cooling is done by the active method being modeled. 

 

3.3 MODEL FORMULATIONS 

GEOMETRY AND MATERIALS 

 For the following four models described above, the same quarter symmetry rail 

geometry defined in section 2.2 was used as the initial material domain.  Depending on 

the model, material from this model was either removed or added (cooling channel and 

OHP respectively).  Since this model does not include the electromagnetic solution, the 

external air domain is not necessary.  For the following models, ETP-Copper was used 

for the rail domains.  Again the properties for the rail can be found in Table 2.1. 

NO COOLING 

 The no cooling model was made to essentially act as a control for the remaining 

simulations.  It assumes that the only heat flux in the system is due to the initial load at 

the beginning of the shots.  During the dwell time the thermal solution was allowed to 

naturally diffuse.  Like the point-cloud model, all external boundaries were held to either 

thermal insulation or thermal symmetry defined by Eq. 2.13. 

SPRAY/FORCED CONVECTION 

 As described in Chapter 1.2, experimental data was collected at the USNA on the 

use of imbedded spray nozzles in the insulators.  Since ideally this analysis would 

involve solving for a heat transfer coefficient while simultaneous solving the thermal 
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boundary layer problem defined by Navier-Stokes, Myers [17] solved for the effective 

heat transfer coefficient at the surface of the rails.  As previously stated his experimental 

results found that the maximum effective heat transfer coefficient was 20,000      .  

Figure 3.2 below show the spray/convection timing of the system as defined by Myers. 

 
Fig. 3.2  Cooling profile for spray/forced convection cooling 

 

This cooling profile was generated by normalizing the maximum temperature from one time 

period between shots.  As seen the spray cooling is activated 0.5 second after bore exit 

time.  By setting this delay allows time for the plasma and residual arcing to subside.  

The active cooling is then shutdown 1.5 seconds prior to the next shot to allow time for 

the round to be loaded.  To account for this profile, the heat transfer coefficient was 

defined as the following piecewise function 

 (   {
                        

                     
                        

}.                (3.2) 

To improve the efficiency of the solver, both inflection points in the piecewise function 

were smoothed using a building smoothing algorithm (pchip.m) in MatLab. 
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 Using this effective coefficient of heat transfer, Newton’s Law of cooling was 

applied to the boundary shown in Fig. 3.3. 

 
Fig. 3.3  Quarter symmetry rail with spray/forced convection boundary conditionapplied 

 

COOLING CHANNELS 

 The third model created for the repetitive fire simulation was a cooling channel 

model.  Using the same initial quarter symmetry geometry used in the point-cloud model, 

two rectangular (5.7 mm X 4.1 mm) channels where cut from the rail as seen in Fig. 3.4. 

 
Fig. 3.4  Quarter symmetry rail with two 5.7mm X 4.1 mm cooling channels 

These two channels extend through the entire seven meters of the rail.  As one can see, 

the geometry of these channels were chosen to be rectangular so that the initial 

hexahedral mesh did not need to be converted to a simplex mesh.  To approximate the 

closed flow problem, an effective heat transfer coefficient was applied to all inside 

surfaces of these channels.  Again this was chosen to avoid solving the transient Navier-

Stokes problem.  The most significant assumption created using this method is that the 
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working fluid’s temperature does not change.  Also, due to increased fluid pressure, the 

head loss within the pipes would than make the following pressure calculations 

conservative. 

As previously mentioned, heat transfer coefficients of 25,000 to 100,000       

have appeared in the literature [16, 37].  In order to match the former result, the pump 

power and head loss must be calculated.  As stated before, the pumps in this type of 

cooling are rated by the pump power per meter of the rail.  The power per channel is then 

found from 

  ̇         
  ̇

 
        (3.3) 

Since the Reynolds number calculation is a function of the channel’s diameter, the 

hydraulic diameter (  ) had to be calculated via 

   
   

   
.                 (3.4) 

This approximation is calculated from correlations with varying channel geometries [15].  

Ultimately it has been found that the best “diameter” is a function of the area to perimeter 

ratio.  To obtain the heat transfer coefficient the Nusselt number for the channel surface 

had to be calculated.  The Nusselt number can be defined as the ratio between the 

convective and conduct heat transfer on a boundary surface defined by 

  
     

  
                 (3.5) 

The Prandlt number, which is a ratio of a fluids kinematic viscosity and thermal 

diffusivity, is highly sensitive to temperature.  Its value was calculated from the 

approximate temperature rise of the working fluid.  Then 

   
 ̇

 ̇  
                (3.6) 
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was used to calculate the working fluid temperature rise where the fluid’s temperature 

dependent heat capacity (    is held constant to 4.190 kJ/kg-K.  The above assumption 

was made due to the fact that compared to the Pr, the sensitivity of the heat capacitance 

will only result in second order errors.  Also, the mass flow rate ( ̇) is calculated using 

 ̇               (3.7) 

Finally,  ̇ is approximate from the total amount of energy deposited in the rails divided 

by the time between shots.  This energy was calculated using the previously used Eq. 

2.20.  Since it can be assumed that the working fluid is fully developed and turbulent, the 

correlation for the Nusselt number that can be used was 

   
(    (            

      (       (        
.        (3.8) 

The above correlation is valid for 0.5 <Pr< 2,000 and 3,000 <   < 5(    .  For the 

Nusselt calculation, the friction coefficient was calculated using a Moody Chart.  Since it 

can be assumed that the cooling channels are smooth,  

  (                          (3.9) 

can be used to approximate this value.  As seen in the above equation, the frictional 

coefficient and Nusselt number are a function of the Reynolds number.  The Reynolds 

number for closed flow can be calculated using 

    
     

 
.                  (3.10) 

To relate the pumps power to the Nusselt correlation, the work per meter of the fluid and 

the head pressure loss respectively are calculated by 

  ̇                           (3.11) 

     
   

 

   
               (3.12) 
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Using the above Eqs. (3.3–3.12), the effective heat transfer coefficient and head loss can 

be calculated as a function of different pump powers [30].  Figure 3.5 below shows these 

correlations for the required power and head loss for one rail (4 channels). 

 
Fig. 3.5.  Heat transfer coefficient and head loss vs. the pump’s power 

 

To match published results, Table 3.1 shows the necessary pump requirements to obtain a 

heat transfer coefficient of 25,000      ; assuming there is no return flow. 

     Table 3.1.Cooling channel attributes for 1 rail 
  heat transfer coefficient of 25,000       

Attribute Value Units 

Pump Power 328 W 

Head Loss 344 psi 

Flow Rate 8.77 GPM 

Flow Velocity 5.92 m/s 

ΔT 10.3 °C 

 
Although the head loss of this pump is considerably larger than typical cooling bath 

pumps, industrial hydraulic pumps are capable of achieving thousands of pounds per 

square inch; making this figure not unreasonable.  
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FLATE PLATE OSCILLATING HEAT PIPE 

The final model which is being analyzed is the FP-OHP model.  As seen in Fig. 

3.6, this axial configuration is done by placing the OHP on the insulator-to-insulator 

direction of the rail.  

 
   Fig. 3.6Quarter symmetry model of rail with FP-OHP attached on the insulator to insulator 
   side of the rail 
 

As pictured, the model includes a FP-OHP with cross section dimensions of 19mm X 

3mm.  The FP-OHP is comprised of two sections:  The first being the length of heat pipe 

in contact with the rail (evaporator) and second, the cooled section not in contact 

(condenser) with the rail.  It is on this condenser side which the active cooling takes 

place.  Although complex thermal-dynamic models for FP-OHPs are in development, the 

general convention used for describing the performance of an FP-OHP is its effective 

thermal conductivity.  Experimentally calculating the effective thermal conductivity of an 

OHP is done using 

     
 ̇  

   
     (3.13) 

where    is the maximum temperature difference and    is the distance from the center 

of the evaporator to the center of the condenser.  In the Comsol simulations this was 

represented by adjusting the heat-pipe material’s thermal conductivity in accordance to 

two different models.  The first model was to hold the thermal conductivity at a constant 
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of 40,000  /m-K.  This was based off of preliminary data from a 1 meter FP-OPH with a 

thermal input of 1 kW.  The second model for the thermal conductivity was made to be 

temperature dependent.  In the simulations this was accounted for by calculating the 

excess temperature in the FP-OHP domain at each time step and then accordingly 

adjusting the thermal conductivity of the heat pipe.  Since effective thermal conductivity 

is linearly proportional to the temperature difference across it, this      can be 

represented by 

                   (3.14) 

Where M is the OHP efficiency factor (       and    is the initial system thermal 

conductivity at equilibrium.  Since the FP-OHP medium is assumed to be copper,    for 

these simulations was set to 401 W/m-K.  For the initial temperature distribution 

simulations, the temperature dependent model was set to have an efficiency factor  of 160 

(        

 In the condenser section of the FP-OHP, it was important to determine the most 

appropriate effective heat transfer coefficient to place on the evaporator sections.  To 

complete this task studies were performed in Comsol for a theoretical one meter 3D FP-

OHP (Fig. 3.7).   

 
Fig. 3.7  2D setup of Comsol 3D FP-OHP investigation [38] 
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For the above model, it was decided that a 1:2 ratio of the evaporator to condenser be 

used to replicate an actual experimental setup.  Using a double parametric study for 

maximum excess temperature and heat transfer coefficients, Fig. 3.8 was created to 

shows how this condenser’s heat transfer coefficient affected the power to maximum 

temperature relationship. 

 
Fig. 3.8  Power throughput vs. maximum excess temperature for various condenser heat 
transfer coefficients in an investigated 3D FP-OHP (k=14,000 W/m-K) [38] 

 
As seen above, the amount of power which could be transmitted increases with larger 

heat transfer coefficients for any give maximum temperature.  Although Fig. 3.6 shows 

the OHP condenser as one long section, in reality this section can be finned or 

geometrically changed to achieve higher effective heat transfer coefficients.  

Since the repetitively fired EML model required a variable evaporator length, the 

condenser length was calculated to ensure that the end of the FP-OHP reached an 
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adiabatic temperature.  First, the heat transfer rate in a fin with an adiabatic tip condition 

and the heat transfer rate in an infinitely long fin can be represented by 

 ̇  √              [ (
  

      
)
   

]           (3.15) 

 ̇  √                               (3.16) 

respectively.  Comparing these two equations and approximating the point where   

  
 

  as 99%, the effective semi-infinitely long fin’s length can be calculated from 

    ( √
  

      
)      [  ]                (3.17) 

Assuming that the      is 40,000 W/m-K and a heat transfer coefficient of 10,000 

       is applied to the condenser, the effective length of the OHP needs to be 0.2 

meters.  To take in account for this 40,000 W/m-K range being violated, the length of the 

condenser section was held at 0.5 meters.  Since the length in Eq. 3.17 is a function of the 

heat transfer coefficient, a different effective length can be calculated for any given (h). 

NON-DIMENSTIONAL ANALYSIS 

 For the FP-OHP axial design analysis, it was important to understand the system 

sensitivity to the addition of the OHP.  Three separate studies were done to evaluate the 

sensitivity of the rail’s energy and temperature with respect to the FP-OHP’s placement 

as well as its efficiency.  For each test a non-dimensional analysis was conducted to 

determine the effective energy removed and the effective maximum temperature change.  

The non-dimensional amount of energy removed from the rails is given by 

         
        

      
.             (3.18) 



- 48 - 
 

As seen in the above equation, this non-dimensional term is a ratio between the energy 

difference between the cooled and non-cooled rail and the amount of deposited energy 

for the non-cooled model.  In this case a value of zero would infer that no energy is being 

removed from the rail while a value of one would mean that all deposited energy has 

been removed. The non-dimensionalized maximum temperature is likewise given by 

     
           

          
        (3.19) 

The above non-dimensional term is a ratio between the maximum temperature rise within 

the FP-OHP to the maximum temperature rise without cooling.  In this case a value of 

zero would refer to the case where the maximum temperature has returned to that of the 

ambient surrounding.  Likewise a value of one would mean that the maximum 

temperature remained as if no cooling was initiated.  For these tests it was also of interest 

to determine how the sensitivity of the system would change over multiple shots.  Since 

the OHP’s efficiency is proportional to the temperature difference across it, it can be 

hypothesized that the FP-OHP system performance would improve with multiple shots.  

Finally, since the overall maximum temperature of the rail is very localized and only 

exists for a few tenths of a second, it was decided that the bulk temperature rise be 

considered instead.  For these cases, all maximum temperature and energy levels were 

recorded just prior to the next shot’s firing. 

 The first of the three studies which were considered was the system’s sensitivity 

to a change in FP-OHP’s evaporator length.  When initializing the preprocessor for the 

OHP model, the evaporator length was allowed to be an input to the system.  Then the 

remaining rail was extruded from this surface to make the rail’s total length seven meters.  

To remain consistent, the evaporator length was also non-dimensionalized to represent 
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the fraction of the rail which the OHP extends to (from the breech).  For this test the 

effective thermal conductivity of the FP-OHP was held to a constant 40,000 W/m-K.  The 

second study which was conducted was the same as the first except that the temperature 

dependent FP-OHP model was used with a efficiency factor of 160      .  These 

values were chosen for two purposes: Firstly, the use of the temperature dependent model 

should more accurately model this system.  Second, having both models allows us to 

compare the effectiveness of the FP-OHP under a pulsed power condition. 

 The final study was to determine the sensitivity of the thermal solution to a 

varying FP-OHP efficiency.  For this case the evaporator length of the OHP was held to a 

constant 30% rail length.  Again, since the efficiency of the OHP is relative to the 

temperature difference, it was important to study the response under multiple shots. For 

this study the dependent variable was the FP-OHP’s efficiency factor.  By changing this 

represents the results for an improved future OHP and its corresponding response. 

 
3.4 RESULTS AND DISCUSSION 

For this set of tests regarding the repetitively fired EML analysis, it was chosen 

that a rate of one shot per eight seconds would be sufficient.  This rep. rate would require 

that the weapon be fired 7.5 rounds per minute.  After importing the thermal data from 

the point-cloud model, the maximum temperature from each model could be plotted.  

Figure 3.9 below shows the maximum temperature along the rail for the control, FP-

OHP, FP-OHP temperature dependent model, spray/forced convection, and cooling 

channel model. 
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Fig. 3.9  Maximum temperature profile for a 7 shot series with 8s dwell time between shots.  
Compares 5 different models from top to bottom: No cooling, OHP temperature dependent 
(dotted line), OHP, spray/forced convection, and cooling channels. 

 
As seen, the no cooling model pictured above directly corresponds to the thermal load 

from the previous point-cloud model.  Since it is assumed that there are no losses from 

this system, it can simply be represented as a bulk temperature step function of 45 °C.  

The next two observed models correspond to the FP-OHP model.  As one can see, the 

performance of the temperature dependent OHP is significantly worse than that of the 

steady-state model.  This can be attributed to the fact that although the peak temperature 

reaches 300+ °C, this temperature spike is only relative for a couple tenths of a second 

before the surface flux diffuses.  Therefore, the vast majority of the performance comes 

from excess temperatures of only 50 – 200 °C; which is significantly less. 

The next model, spray/forced convective cooling, showed a significant 

improvement over the FP-OHP models.  Taking advantage of a phase change allowed for 

an increased effective heat transfer coefficient over a relatively large surface area.  From 

these tests it can be showed that this cooling method effectively removes 97% of the 
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deposited thermal energy for each shot.  Although these results remain consistent with the 

2D results in Fig. 1.3 by Meyers (Note that Myers results depict less effectiveness due to 

his analysis being run on a larger caliber EML), there are still several significant concerns 

regarding jet impingement technology.  The first concern is simply the process of 

installing this system into the insulators of the EMLs.  Since these insulators are in direct 

proximity to where the largest magnetic field densities are, they would have to be 

constructed from non-conductive materials.  That being said, this would also require 

manipulating the hose configuration through the insulators and containment.  Second, 

tests to determine the metallurgical effects on the rail would have to be conducted to 

determine possible quenching phenomena.  Finally, successful clearing of the water from 

the barrel would be necessary before the next shot. 

The final model, cooling channels, shows a substantial improvement over the 

other models.  For this set of simulations on a medium caliber EML, cooling channels 

showed the ability to return the maximum temperature to the ambient temperature.  One 

point to notes is that this performance assumes a best case scenario where the working 

fluid’s temperature does not rise over the length of the rail.  Although the parameters for 

this analysis were calculated to account for the temperature rise, it was assumed that 

         for the working fluid.  Although a temperature distribution could be assigned 

to this fluid, since our case is transient, this would make it impossible for the rail to return 

to ambient temperature.  Although the model seems to be the best cooling method to 

minimize the peak rail temperature, there are several disadvantages to this system.  The 

first is that it requires milling channels through the conductor.  Removing material from 

the rails introduces stress concentration factors which must be accounted for when 
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designing.  Second, since physical material is being removed, the inductance gradient 

(L’) efficiency of the system will be lowered. 

To further evaluate the overall effectiveness of the axial FP-OHP system several 

non-dimensional studies were conducted.  Stated previously, the first set of studies were 

conducted with a constant effective OHP thermal conductivity of 40,000 W/m-K.  This 

was done to show the effect of the maximum temperature as a function of the relative 

evaporate length and number of shots taken, seen in Fig 3.10. 

 
Fig. 3.10.  Non-dimensional maximum temperature vs. evaporator length for a seven shot 
sequence assuming a constant FP-OHP thermal conductivity of 40,000 W/m-K. 
 

From the above figure several obeseravations can be made.  Firstly, the FP-OHP only 

decreases the maximum temperatre by 17 – 34%.  As seen, the more shots that were 

taken, the more efficient the OHP operated.  This makes sense since the higher 

temperature difference promotes better heat transfer.  Another observation from this 

anaysis is that there was very little gain after the OHP is placed more than 20% down the 

length the rail.  One could hypothesize that this is because 87% of the thermal energy is 
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distributed in the first third of the rail.  The final observation is that although the 

efficiency continually increases, the amount of this increase appears to move towards 

some thermal equilbrium asymptote.  If one is to plot this efficiency as a function of the 

number of shots (Appendix A.1) the maximum temperature decrease could be calculated 

to be 36%. 

 Although the maximum temperature is an important property to analyze, the 

overall system energy must be looked at as well.  Figure 3.11 shows a non-dimension 

analysis of the energy removed as a function of the evaporate length and the number of 

shots assuming a constant thermal conductivity of 40,000 W/m-K. 

 
Fig. 3.11.  Non-dimensional energy removed vs. evaporator length for a seven shot sequence 
assuming a constant FP-OHP thermal conductivity of 40,000 W/m-K. 

 
Like the previous simulation, this one showed that not enough energy is removed from 

the EML rails.  In this case only 7 – 18.5% of the energy is being removed.  It also 

showed that the OHP’s efficiency does increase with a larger temperature gradient.  

Another observation was that although the maximum temperature does not see an 

advantage after the evaporator length exceeds 20%, it appears that the total energy 
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removal sees significant gain up to 35%.  Like the first study, there seemed to be 

maximum heat removal for this model. By extrapolating the amount of heat removed vs. 

the number of shots (Appendix A.1), it was found that the maximum energy that could be 

removed is 20%.  Both the maximum temperature and maximum energy removal occurs 

after 9 shots. 

 The next set of studies involved repeating the previous two except with the 

temperature dependent FP-OHP model included.  Figure 3.12 shows the maximum 

temperature removal as a function of the number of shots and the placement of the OHP. 

 
Fig. 3.12  Non-dimensional maximum temperature vs. evaporator length for a seven shot 
sequence assuming a temperature dependent FP-OHP thermal conductivity s.t. m=160      . 
 

As seen, the general form for this figure is similar to that of Fig. 3.10.  The major 

difference is that the perfomance of the OHP decreases from 7 – 34% to 9 – 27%.  This 

again is due to the fact that the vast majority of the functioning time is not at peak 

temperaure.  With this decreased efficiency, the effective length of the OHP only needed 

to be 15% of the rail length.  Although this seems like a good characteristic it could be 

hypothisized that this ultimatley will drastically limit the enegy removal.  Finally, like the 
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previous two studies, there appears to be a limit to the maximum temperature decrease.  

Like the previous model this value (Appendix A.1)  is rougly 36%.  Because of the 

decreased OHP performance though, it takes 15 shots to reach this maximum. 

 Like the previous set of studies the amount of energy removed was also observed.  

As seen below in Fig. 3.13, the amount of energy removed has decreased in performance. 

 
Fig. 3.13.  Non-dimensional energy removed vs. evaporator length for a seven shot sequence 
assuming a temperature dependent FP-OHP thermal conductivity s.t. m=160      . 

 

Instead of a energy removal of 7 – 18.5% , the performance of this model decreased to 4 

– 14.5%.  Also the length of OHP appears to show significant gain up to 40% the rail 

length.  This is in part due to the fact that the OHP is moving less energy.  Like previous 

analyses, there appears to exist a maximum amount of heat removal for this system.  For 

this model it appears that the most heat that could be removed would be 18% after 15 

shots (Appendix A.1). 

 The next set of studies which were conducted was to determine how the non-

dimensionalized maximum temperature is affected by an increased FP-OHP efficiency.  
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Figure 3.14 shows the non-dimensionl maximum temperature as a function of the number 

of shots and the OHP’s efficiency. 

 
Fig. 3.14.  Non-dimensional maximum temperature vs. FP-OHP efficiency for a seven shot 
sequence assuming a temperature dependent FP-OHP thermal conductivity 
 

As shown above, the range for OHP efficiency was chosen as 1x, 2x, 4x, and 8x.  As one 

can see the performance does increase with a higher FP-OHP efficiency.  Unfortunately, 

this simulation shows that even with an efficiency 8x that of the current experimental 

models, the maximum temperature is still only decreased by 47% after seven shots.  This 

still represents a temperatre of roughly 100 °C. 

 The final simulation that was computed was the non-dimensionalized energy 

removal.  Figure 3.15 below shows the results from this simulation as a function of the 

OHP’s efficiency and number of shots. 
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Fig. 3.15.  Non-dimensional energy removed vs. FP-OHP efficiency for a seven shot sequence 
assuming a temperature dependent FP-OHP thermal conductivity 

 
As seen above, even with an efficiency 8x that of current experimental data, the total 

thermal energy which can be removed is still only 24%.  Like all previous simulations, 

the performance of the FP-OHP increases with a larger temperature difference eventually 

reaching some equilibrium.  Since this equilibrium appears to be well beyond 8x current 

efficiency, this value was not calculated. 

 Another study conducted was to determine the cooling channel’s sensitivity to its 

relative heat transfer coefficient.  Doing so would allow one to determine effectively an 

equivalent cooling channel which would match the performance of the FP-OHP model.  

The following figure shows the sensitivity of the maximum rails temperature to a change 

in the relative heat transfer coefficient within the channels. 
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Fig. 3.16.  Maximum rail temperature as a function of the heat transfer coefficient for a seven 
shot series 
 
Since the highest performance of the FP-OHP model is after the seven shot, Fig. 3.17 was 

used to plot the maximum rail temperature versus the heat transfer coefficient. 

 
Fig. 3.17  Heat transfer coefficient vs. maximum rail temperature after the seventh shot 
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Since FP-OHP model’s maximum rail temperature ranges from 140 – 155 °C, it can be 

deduced that this would correlate with a cooling channel whose effective heat transfer 

coefficient is between 250 – 500 (     ) for the OHP model being considered in this 

thesis. 

 Finally, the last study looked at was how the FP-OHP design redistributes the 

energy along the rail during the cooling time between shots.  Using the temperature 

dependent OHP model the same Gauss quadrature process was repeated for multiple time 

steps during the cooling time.  Below in Fig. 3.18 the energy distribution along the rail 

can be seen from zero to eight seconds for the first shot of a series.  For this study it was 

assumed the evaporator length the OHP was 30% of the rail length. 

 
Fig. 3.18.  Energy distribution along rail for the first shot’s cooling time assuming a temperature 
dependent FP-OHP model (m = 160      ) 
 

As seen above, there is very little thermal effect on the system after roughly one second 

of cooling.  This is mostly due to the fact that the excess maximum temperature across 

the OHP is relatively low, decreasing its effective thermal conductivity.  Since it has been 
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shown previously the performance of the FP-OHP increases with multiple shots, Fig. 

3.19 illustrates how the thermal distribution would look after seven shots. 

 
Fig. 3.19  Energy distribution along rail for the seventh shot’s cooling time assuming a 
temperature dependent FP-OHP model (m = 160      ) 

 
Comparing Figs. 3.18 and 3.19, the FP-OHP definitely works more efficiently at the 

higher temperatures.  As one can see the energy profile decreased slightly more through 

the seventh shot compared to the first.  Another observation which can be drawn is that 

the energy distribution’s peak shifts towards the muzzle end of the rail through the 

cooling phase.  Since the muzzle end of the rail, is a magnitude order lower than the 

breech end, the thermal energy tends to diffuse in both directions.  By integrating the 

above distributions it was found that 3.45 kJ and 25.9 kJ were removed from the first and 

seventh shot respectively. 
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CHAPTER 4 

2D AXIAL FP-OHP STRUCTURAL ANALYSIS AND 

OPTIMIZATION 

 

 

 

4.1 INTRODUCTION 

 For EMLs a common practice in preliminary design evaluation is to use a 2D 

plain-stress structural approximation to quickly evaluate potential core configurations.  In 

the case of incorporating a FP-OHP into this design, significant magnetic loads would be 

applied during a shot for which the FP-OHP must survive.  Although this technique is 

only an approximation, it is commonly used in order to limit the time required for a 

solution.  When incorporating this model into an optimization routine, it is necessary to 

make this approximation.  Next, Comsol was integrated with MatLab where the 

optimization routine and post-processing was performed. 

 Since ultimately the goal of incorporating the axial FP-OHP into the core design 

is to maximize the heat removal from the gun, the objective function for this optimization 

was chosen accordingly.  Due to the fact that FP-OHP technology is relatively new, little 

characterization has been done regarding thermal design optimization.  Not having to 

incorporate an advanced OHP model into this simulation, it was chosen that by 

maximizing the channel surface contact area while simultaneously minimizing the 

geometric OHP thickness would be sufficient for the purposes of this study. 
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4.2 MODEL FORMULATION 

MODEL ASSUMPTIONS 

 The first major assumption made in this model is that the geometry uses a 2D 

plane-stress approximation.  Since the structural area in question for this study is of that 

around the FP-OHP away from the armature, it can be assumed that the non-axial Lorentz 

forces are much greater than the axial loading due to the passing armature and magnetic 

forces.  Unlike the previous 3D point-cloud simulation, it was assumed that there is no 

“current stub” and that the current is being directly applied to the rail surface.  The 2D 

solver than calculates the appropriate B, E, and H fields for the current pulse applied.   

Although using this 2D approach greatly reduced the solution time by nearly a 

factor of 200x, compared to the 3D point-cloud model, it still required further refinement 

in order to be adequately incorporated into an optimization program.  Another practice in 

2D EML approximation is to use an AC frequency pulse to approximate the actual time 

dependent current pulse [14].  This pulse is approximated by holding peak current 

amplitude constant and then using 

  
 

      
                                      (4.1) 

to calculate the AC frequency.  Using the above equation it was found that the 

appropriate frequency was 80.5 Hz.  Comparing the results of this simulation to that of 

the maximum magnetic field strength of the 2D full transient model it was found that this 

approximation resulted in a true percent error of roughly 2.13%.  To better approximate 

this solution 

 ∫      
 

 
    ∫          

 

 
                                             (4.2) 
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was used to set the total delivered charge equal for both the true and approximate 

solution.  Solving this equation found that the frequency need be 101 Hz resulting in a 

true percent error of only 1.85%; compared to the full 2D transient pulse.  Figure 4.1 

below shows a comparison of the actual current pulse and the approximated frequency 

pulse. 

 
Fig. 4.1.  Comparison between actual and frequency domain current pulse 

 
To calculate the appropriate thermal conditions for this simulation, it is assumed 

that the induced thermal loading is a result of the ohmic heating (not including viscous 

surface effects) and that no cooling occurs during the launch event.  This frequency 

domain thermal solution is assumed to remain constant (as a worst case scenario). 

Although for 2D frequency approximations, the thermal, structural, and 

electromagnetic solutions can be justified, there is one major inaccuracy associated with 

this technique.  By using only one cross section of the rail, all magnetic, thermal, and 

structural data collected was assumed to be associated with the one face seen in Fig. 4.2. 
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Fig. 4.2.Rail face which all 2D simulation data is taken with respect to. 

Therefore the motion and loading associated with the armature’s motion is not captured 

with the frequency domain simulation.  This can be significant since the largest thermal, 

electromagnetic, and structural gradients during the launch event occur around the 

armature. 

GOVERNING EQUATIONS 

 For this 2D problem, only the electromagnetic and structural physics had to be 

solved.  Unlike the 3D point-cloud model, it was not necessary to solve for the thermal 

solution at each time step since the temperature is a function of the current pulse and rail 

geometry which in this case remain constant.  Therefore, the thermal solution from 

previous simulations was used as a constant to adjust the temperature dependent material 

properties.  Since this 2D analysis is in the frequency domain, the previously shown 

equation of motion PDE can be reduced to [39] 

                 .        (4.3) 

As one can see the transient term of this equation seen in Eq. 4.3 has been replace with a 

harmonic term corresponding to the pulse’s frequency.  Also, since it was assumed that 
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the forcing function is in phase with the nodal displacements,   can be set equal to 0.  

For the electromagnetic solution, Eq. 2.1 can again be reduced to the harmonic 

(                           [6].                  (4.4) 

For the 2D simulation the external current density must be applied such that the current 

returns back to the same initial plane.  Assuming the rails are a single turn coil with an 

axial thickness of seven meters the external current density on the rail can be given by 

   
      

  
                    (4.5) 

where      is the voltage of rail’s face.  As seen above, the solution assumes that the 

applied voltage to the system is known.  To treat this surface as current source an extra 

constraint   

      ∫         
                        (4.6) 

must be used to solve for current. 

GEOMETRY 

 Like the simulations in previous chapters, the same 44.45 X 19.05mm rail 

geometry and 40 X 40mm armature were used for this simulation.  As seen in Fig. 4.3,  
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Fig. 4.3.  Geometry used in 2D design analysis and optimization 

 

the insulator was given dimensions equal to the width of the rails (except for the rail 

separation ledge).  This dimension was chosen so that the thickness of the insulator 

would not have an effect on the structural solution.  As seen above, the FP-OHP was 

placed within the insulator.  As shown in Fig. 4.4 below, a preliminary case showed 

significant rail yielding when the OHP channels were placed within the insulator. 

  

Fig. 4.4.  Preliminary test with OHP within rails 
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Further attempts were made by changing the OHP material to incorporate the OHP 

channels into the rail’s design; however the current distribution due to skin effects 

ultimately led to similar yielding.  To help minimize stress concentrations it was decided 

that only circular channels were used for the OHP design and that only a stack of two 

rows be implemented.  To accomplish this it would be recommended that the copper 

alloy cover plates be recessed into to the rail thus making the cover plates flush to the top 

of the rail. 

BOUNDARY CONDITIONS 

 For the quarter symmetry 2D model, structural and electromagnetic boundary 

conditions must be applied to all external boundaries.  For the structural loading, a 

symmetry and translational constraint must be applied.  These constraints are defined by  

                                                      (4.7) 

                  (4.8) 

respectively [39].  For these simulations it was assumed that the outer containment does 

not move relative to the core, therefore Eq. (4.7) was applied to boundaries 2, 3, and 6, 

where translation was constrained in the x-direction for boundary 6 and in the y-direction 

for boundary 2 and 3.  Also, Eq. (4.8) was applied to boundaries 4 and 5 as seen in Fig.  

4.5 below to fully constrain these boundaries.  Since the thermal load being applied is 

imported as an initial condition, thermal symmetry/insulation boundary conditions are not 

needed for this set of simulations.  For the electromagnetic solution, Eq. (3.11) was 

applied to boundaries 1, 2, and 3 respectively to ensure magnetic field symmetry along a 

conductor. 
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Fig.4.5  Boundary assignment numbers for boundary conditions 

 

The remaining boundaries were set as magnetically insulated as defined previously by 

Eq. (3.12). 

MATERIALS 

 Although in previous chapters the material properties of the insulator and 

containment surrounding the rails were neglected, for a structural analysis of the gun’s 

core, these bodies must be accounted for.  As seen in Fig. 4.2, the insulator surrounding 

the rails was chosen to be G-10/FR-4.  This is currently the most commonly used 

insulator due to it relatively high strength, insulation properties, and cost [16 ,43].  

Previously mentioned, the FP-OHP for this design was also chosen to by G-10.  Doing 

this ensured that the OHP remain insulated.  Table 4.1 shows a list of material properties 

of G-10. 
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  Table 4.1.  FR4/G-10 Material Property List [33] 
FR4/G-10 Material Properties 

Structural Value Units 
Density 1,900       
Young's 22 GPa 

Yield Strength 276 MPa 
Poisson’s Ratio 0.4 

 Electromagnetic Value Units 
Resistivity 250     

Permeability 1 H/m 
Permittivity 5 F/m 

Thermal Value Units 
Conductivity 0.27       

Max. Operating Temp. 140 °C 
 

Since ultimately the heat pipe’s effectiveness is a result of the working fluid within the 

channel, it is viable that the FP-OHP can be made from a composite, ceramic, or other 

insulating material. 

 Initially it was intended that the rail material remain as ETP-Copper to remain 

consistent with previous chapters. However, once FP-OHP geometries where 

incorporated into the cross sectional design, immediate yielding of the rail occurred.  In 

order to select a better rail material, a basic 2D analysis seen in Figs. 4.6–4.8, was run to 

compare three common rail materials ETP-Copper, C18000, and C18200 [40,26,16]. 

Table 4.2 below shows a comparison of the varying material properties of these copper 

alloys. 
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Table 4.2.  Copper Alloy Material Properties [33] 
C18200 

 

C18000 

Structural Value Units 
 

Structural Value Units 
Density 8,890       

 
Density 8,800       

Young's 130 GPa 
 

Young's 131 GPa 
Yield Strength 235 MPa 

 
Yield Strength 607 MPa 

Poisson’s Ratio 0.3 
  

Poisson’s Ratio 0.3 
 Electromagnetic Value Units 

 
Electromagnetic Value Units 

Resistivity 2.16       
 

Resistivity 3.83       
Permeability 1 H/m 

 
Permeability 1 H/m 

Permittivity 1 F/m 
 

Permittivity 1 F/m 
Thermal Value Units 

 
Thermal Value Units 

Conductivity 171       
 

Conductivity 183       
Specific Heat Capacity 385        

 
Specific Heat Capacity 140        

 

 
Fig.4.6.  Von Mises stress for C18000 stress analysis 
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Fig. 4.7  Von Mises stress for C18200 stress analysis 

 
Fig. 4.8  Von Mises stress for ETP Copper stress analysis 
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As one can see for this example, ETP Copper exceeds its yield stress while C18200 

nearly approaches its yielding stress.  Ultimately C18000 (chromium copper alloy) was 

chosen due to its high yield strength and still relatively high electrical conductivity.  

Table 4.3 shows the maximum stress and corresponding yield stress for each material.  

One observation to make from this data is that the Von Mises stress does not change 

much for different copper alloys.  This is due to the Young’s modulus of the alloys not 

varying significantly. 

  Table 4.3  Stress comparison for rail materials 
Copper 
Alloy 

Max. Von 
Mises 

Yield 
Stress Units 

C11000 291.38 76 MPa 

C18200 290.67 235 MPa 

C18000 290.95 607 MPa 

 

MESH 

 Although electromagnetic problems can be solved using linear quad elements, due 

to intricate geometries, a second order triangular element was used to obtain a solution.  

This was chosen because after multiple test series, it was found that the much higher 

deformation gradients ultimately governed the mesh independence of the solution.  As for 

the structural analysis, Comsol’s default 4th order triangular elements were used.  For the 

vast majority of the body a standard mesh independence study was conducted by varying 

the mesh’s density.  Figure 4.9 shows the maximum Von Mises stress for C18000 as a 

result of a changing number of DOFs and its relative time for the solution. 
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Fig. 4.9 Mesh sensitivity analysis for 2D analysis 

As seen the solution converged when the DOF reached roughly 150,000 DOFs.  

Although this solution ultimately showed an ideal convergence, a solution resulting in 

75,000 DOFs was ultimately chosen since its solution time was nearly half that of the 

ideal case and its true percent error from the converged solution was less than 0.5%. 

PRELMINARY RESULTS 

 Figure 4.10 below shows the thermal solution calculated from the frequency 

domain test. 

 

Fig. 4.10  Thermal input to frequency domain test 
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Comparing the above values to those in Ch. 2.2, this thermal load is 35 °C less than the 

3D point-cloud model.  Most likely this is due to the assumption made in Chapter 4.2 

regarding the armature motion.  Since C18000, a much stronger copper alloy, was 

chosen, the yielding is most likely to occur in the insulator section making this difference 

negligible.  As seen in Figs. 4.11–4.12, initial results from the 2D electromagnetic and 

structural analysis show the highest current/magnetic field strength concentrations appear 

on the inside and outside rail corners, consistent with rectangular rail geometries [26]. 

 

Fig. 4.11.  Magnetic field strength for 2D preliminary analysis 
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Fig. 4.12  Von Mises Stress distribution from 2D preliminary analysis 

Figure 4.12 shows that the largest stress concentrations tend to be located around the 

inside and outside corners of the rail at the OHP location.  Since the vast majority of the 

loading is perpendicular to the armature/rail interface, it makes sense that the largest 

stress concentration within the rail occurs on the outside rail corners. 

 

4.3 OPTIMIZATION ROUTINE 

DESIGN SETUP 

 Using Comsol’s “LiveLink” with MatLab, communicating between programs was 

made relatively straight forward.  Within MatLab, fmincon.m was chosen to run the 

optimization process.  For each iteration of the program, fmincon.m would calculate the 

appropriate design variables values.  Using this script, Comsol then runs in the 
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background and insulator and rail yield stress is then exported into MatLab for 

evaluation. 

DESIGN VARIBALES  

 In optimization processes, design variables are the selected variables of a system 

for which the algorithm changes to acquire the optimal solution.  In the case of this 2D 

analysis, it was desired to optimize the efficiency and ergo the heat transfer capability of 

the FP-OHP.  Table 4.4 lists the selected design variables associated with Fig. 4.13. 

          Table 4.4: Design variable list 
Variable Definition Units 

x1 Channel Radius mm 
x2 FP-OPH Thickness mm 
x3 Inside Offset mm 
x4 Outside Offset mm 

 

 
Fig. 4.13.  Optimization setup for 2D analysis 

O 

y 

x 
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To incorporate the design variables into the optimization required first taking the 

previously developed 2D analysis in section 4.2 and make all defining dimensions of the 

OHP variables.  If one assumes that the center of the core is the origin (Point O), the 

location of the first top channel’s center’s y-coordinate is W(y), then the OHP separation 

thickness can be calculated using 

    (             (4.9) 

Since the array of channels are defined by the x-displacement between them (s), the 

outside offset distance can be defined as a function of rail’s width, the number of 

channels, and the outside offset distance as seen in 

      (                  (4.10) 

Like Eq. 4.10, if the location of the first bottom channel’s center’s x-coordinate is X(x), 

then the inside offset distance can be defined by 

    (                      (4.11) 

The fifth design variable for the simulation is the number of sets of channels (n).  

Since the number of channels is a discrete variable, gradient-based optimization 

algorithms such as those in fmincon.m are not applicable.  Although branch and bound 

and genetic algorithms exist to solve for discrete problems, the decrease in efficiency of 

these methods make the time required to compute an optimum prohibitive.  Instead a 

brute force approach was implemented where the simulation was run multiple times for a 

varying number of sets of channels.  For FP-OHP in a horizontal orientation it is 

recommended that the minimum number of channels is 10 – 12 [22].  Experimental tests 

done at the University of Missouri have shown unreliable OHP startup when using 

configurations which have less than this amount of channels. 
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OBJECTIVE FUNCTION 

 As stated above, the goal of this optimization is to maximize the total channel 

contact surface area while also minimizing the OHP separation thickness.  Ideally, more 

surface contact area would allow for larger heat transfer rates into the evaporator section 

of the OHP, increasing its effectiveness.  In the case of 3D FP-OHPs, heat is transferred 

not only to the first row of channels but by means of conduction, to the second row of 

channels.  This added feature effectively increases the efficiency of the OHP.  By 

minimizing the separation thickness between channel layers, more heat is allowed to 

penetrate the second row of channels.  Using the above design variables the objective 

function which the optimizing algorithm will minimize is defined as: 

                 (                  (4.12) 

As seen a correction coefficient was added to the first term of the objective statement.  

This was done due to the fact that the values for both terms differ by roughly two to three 

magnitudes of order.  In this setting   equal to 100 allowed for the minimal thickness to 

be reached. 

CONSTRAINTS 

 The constraints for this optimization are divided into three distinct categories: a) 

Manufacturing constraints, b) Geometric Constraints, and c) Structural Constraints.  For 

the manufacturing constraints it must assumed that the channel radius cannot be zero.  

For current OHPs, the recommended minimum radius is 0.76mm.  This is due to the ease 

of machinability and an increased in capillary pressure, making the act of charging/filling 

the OHP channels difficult.  Another manufacturing constraint must be applied to the 
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distance between channels.  Using the design variables defined above, the wall thickness 

between channels can be found using 

  
            

   
.              (4.13) 

When manufacturing an OHP, channels are milled into the OHP’s medium.  The cover 

plates are braised to these open surfaces, and then the OHP is vacuumed/charged (Fig. 

4.14). 

 
Fig. 4.14.  Sketch of 3D FP-OHP with one cover plate not attached 

When the cover plates are braised, there must be enough surface area for adherence.  

Also, when machining the channels, the channel walls must be thick enough so that the 

walls do not buckle [23].  Recommend by manufactures, this constraint is defined as 

             (4.14) 

 Multiple constraints must be applied to the simulation due to geometric limits.  

For example, Comsol’s system of boundary numbering, requires that a minimum distance 

of 1 micron be applied to both    and   .  Although Eq. 4.14 ensures that no two 

channels can overlap, a second constraint Eq. (4.15), was added to keep any channel from 

being located outside the thickness of the rail. 

      (                    (4.15) 

Another geometric constraint must be added to the maximum allowable radii of the OHP 

channels.  For systems involving capillary action,  
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       (4.16) 

can be used to determine the maximum allowable radius of that system [38].  The final 

two geometric constraints which were added to the simulation were to guarantee that the 

maximum inside and outside offset distance be attainable.  For the case were the wall 

thickness and channel radius are at their minimum, the constraints on the inside and 

outside offset distance can be defined by 

                              (4.17) 

 The final two constraints added to this model were structural constraints from the 

Comsol simulations.  During execution of the Comsol model the maximum calculated 

Von Mises stress are calculated within the rail and insulator domains.  Within MatLab 

these were compared to the yield stress of the various materials.  Theses structural 

constraints on the rail and insulator are given by 

                        (4.18) 

                          (4.19) 

respectively.  The final constraint used was made to determine if the simulation 

associated with a corresponding number of channels is physically possible.  To determine 

this the following inequality 

          (                    (4.20) 

was used.  In order to put a limit on the possible number of channels within the FP-OHP, 

this thickness was then compared during the initialization of the optimization routine and 

compared to the minimum allowable thickness.  If the value was less than this constraint, 
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the set of iterations for this configuration was skipped.  Equation 4.21 below shows the 

fully defined optimization problem. 

                              (       (4.21) 

Subject to: 
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BOUNDARY CONDITION 

 For the vast majority of the boundary conditions, they remained the same as of 

those in section 4.2.  The major difference is that due to the boundary numbering system 

within Comsol, the boundaries’ numbers for which the condition are applied change as a 

function of the number of channels.  Since it can be assumed that with each additional set 

of channels added, the number of boundary conditions will increase sequentially.  

Equation 4.22 below shows the general form for of this boundary numbering sequence 

where Z is the initial boundary number with only two sets of channels (i.e. n =1) and 

     is the new boundary number. 

                  (4.22) 
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MESHING CONSIDERATIONS 

 Unlike Section 4.2, the mesh is able to change depending on the design variables.  

In order to maintain a mesh independent solution, three sets of mesh refinements were 

added to the boundaries surrounding the heat pipe channels.  The first refinement was 

added to the channel walls on the OHP/insulator interface.  By calculating the wall 

thickness (s), the mesh density on the edge was refined to 0.08 mm.  The second set of 

refinements were done on the boundaries defined by    and   .  Similarily the mesh 

density on these two boundaries was set to 0.08 mm. 

 After running these simulations, it was noticed that no stress constraint seemed to 

be active.  Although the insulator stress levels were near that of the limit, it seemed that 

there were still active mesh dependencies.  To combat this, a third mesh refinement was 

created in the corner near the OHP outside channels.  First an arbitrary boundary of one 

micron was set leading up to these corners.  Then the mesh distribution on this boundary 

was set to one.  By doing this, it was believed that the stress concentration formed in 

these corners would no longer be a function of the mesh since the mesh size would be 

held constant.  Figure 4.15 below, shows a comparison between the original mesh and the 

refined mesh. 

 
Fig. 4.15.  Mesh comparison of original (left) and refined (right) mesh 



- 83 - 
 

 The final consideration which had to be made for this optimization was similar to 

that of boundary layer numbers.  Since the distribution number and location can now 

change as a function of the design variables, it was essential to control this numbering.  

This was again done using a function of the same form as Eq. 4.22. 

4.4 PARETO OPTIMALITY 

BACKGROUND 

 Pareto optimization, also known as optimality, was initially developed by an 

economist Vilfredo Pareto in 1906. In economics optimality is used when the optimum 

economical state is a function of multiple criteria.  If these different criteria are searched 

over, an optimal design curve can be generated which show how changes in different 

economical “trade-offs” effects the overall economic state [41, 42].  In engineering this 

approach can be used as well to find relations between design constraints and objective 

function results. 

OPTIMALITY SETUP 

 For this Pareto analysis it was decided that it would be beneficial to understand 

the objective function’s sensitivity to the insulator’s yield strength.  Since it was believed 

that ultimately the OHP’s design would be limited by either the geometric constraints of 

the rail or the yield strength of the insulator, after preliminary studies were conducted it 

was found that generally the failure mode was from the insulator.  For this study the 

insulator’s yield constraint, defined in Eq. 4.23, was given values ranging from 206 MPA 

to 689 MPa. 

 Using this setup, two extra assumptions were made regarding Pareto analysis.  

The first is that the density of the material remains constant.   The second assumption that 
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was made was that the Young’s Modulus remained the same.  Although both assumptions 

inherently reduce the total number of free variables in the analysis, it also means that the 

improved insulator would have to have similar properties to that of G-10/FR4. 

4.5 RESULTS AND DISCUSSION 

OPTIMIZATION 

 For the initial optimization completed to determine the “optimal” design 

configuration for the FP-OHP, Table 4.5 shows the initial conditions given to the design 

variables. 

  Table 4.5  Initial Values for FP-OHP optimization 

Design Variable 
Initial 
Value Units 

Channel Radius 0.75 mm 

OHP Separation Thickness 0.6 mm 

Inside Offset 1.25 mm 

Outside Offset 1.25 mm 

Number of Channels 10  

 

As seen above the original radius chosen in the simulations was the constrained 

minimum.  This value was chosen to ensure that the first iteration will be valid.  

Although, optimization algorithms are capable of starting in a non-feasible region, this 

would likely result in an impossible geometry and an error in the program.  Similarly, the 

initial condition was chosen as such to dictate that the initial solution not be effected by 

the OHP’s thickness.  Finally the inside and outside offset distances were chosen to again 

provide a feasible solution. 

 For the case where 10 channels (five turns) were optimized the initial conditions 

were of that in Table 4.4.  After running the optimization it was found that solution had 

the properties listed in Table 4.6. 
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Table 4.6  Optimization parameters for 5 turn FP-OHP 
Optimization Parameter Value 

Number of times Comsol was Called 94 

Number of iterations 11 

CPU Time 82 min 

 

Figures 4.16 -4.17 below show the initial geometry optimized geometry and stresses for 

the above optimization respectively. 

 
Fig. 4.16  Initial geometry and stress field before optimization 
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Fig. 4.17 Optimized geometry and stress concentration for case with 10 channels 

As one can see, from the above figures, geometrically this problem does not change 

dramatically.  However, the optimized maximum stress concentration is increased 406% 

from the initial problem.  This shows that the induced Von Mises stress due to the 

addition of OHPs is highly sensitive.  Since EMLs will likely be capable of having 

varying current pulses, this sensitivity to magnetic field strength is not desirable.  

 From this optimization routine, the results shown in Table 4.7, were calculated in 

a spreadsheet from the concurrent design variable values. 
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Table 4.7  Results from optimization routine 

 

As seen in the above table, the overall constraint to the system is the maximum allowable 

insulator stress of 275.79 MPa.  Also, the maximum surface contact area occurs with 

fewer, larger channels rather than more small ones.  That being said, the FP-OHP is 

allowed to be thinner with more channels induced.  Another observation is that the larger 

the channel radii, the further away from the rail corners they must be placed.  As one can 

observe, after 18 channels within the cross section, the solution becomes geometrically 

infeasible, resulting in no calculation for that dataset.  Finally, the wall thickness in each 

case is driven to its minimum.  

 

 

Number of Channel Rows 10 12 14 16 18 20 22 

Radius (mm) 1.424 1.173 0.990 0.864 0.747 N/A N/A 

Separation Thickness (mm) 0.570 0.568 0.508 0.568 0.508 N/A N/A 

Inside Offset (mm) 0.933 0.717 0.694 0.467 0.341 N/A N/A 

Outside Offset (mm) 0.846 0.717 0.453 0.193 0.207 N/A N/A 

Wall Thickness (mm) 0.509 0.509 0.508 0.509 0.508 N/A N/A 

Surface Area (      ) 73.191 72.346 71.241 71.102 69.088 N/A N/A 

Rail Stress (MPa) 325.94 325.32 336.79 339.56 343.06 N/A N/A 

Insulator Stress (MPa) 275.79 275.10 275.79 275.78 275.79 N/A N/A 

Time (min) 183 51 119 81 116 N/A N/A 
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PARETO ANALYSIS 

 For the Pareto analysis, the same initial conditions listed in Table 4.4, were used 

for this simulation.  Since the configuration having 10 channels seemed to be the optimal 

design from the previous analysis, it makes sense that this be the number of channels 

used during the Pareto study. Figures 4.16–4.20 below show how the design variables of 

the optimization change with reference to a changing insulator (G-10) yield strength 

during the Pareto study. (Remaining results can be found in the Appendix A.1). 

 
Fig. 4.18.  Pareto optimality analysis of the effect of the insulator’s yield stress on the maximum 
contact surface area of FP-OHP 

 
As seen above, after 420 MPa it appears that increasing the strength of the insulator has 

relatively no effect on the surface contact area of OHP channels. 
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Fig. 4.19  Pareto optimality analysis of the effect of insulator yield stress on the maximum 
insulator stress 
 

 
Fig. 4.20  Pareto optimality analysis of the effect of insulator yield stress on the maximum rail 
stress 

As seen above the insulator and rail Von Mises stress increases linearly proportional to 

the insulator yield stress.  Another observation to make is that at the final data point, the 
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insulator stress is no longer the active constraint and the rail yield stress is.  This makes 

sense since after 607 MPa, the rail is no longer the stiffer material and therefore the load 

will tend to be carried by it.  Since the actual body loads are directly applied to the rail 

domains it makes sense that it would be the rail which would yield first in the case. 

 
Fig. 4.21  Pareto optimality analysis of the effect of insulator yield stress on the inside offset 
distance. 
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Fig. 4.22  Pareto optimality analysis of the effect of insulator yield stress on the outside offset 
distance 

 
The final design variables looked at were the inside and outside offset distance (   and 

  ).  As seen in both cases, these distances seem to approach zero rapidly.  It is believed 

that since the freedom given from these design variables is greatly minimized so quickly, 

ultimately is what leads to the ultra-sensitivity of the objective function after 407 MPa. 
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CHAPTER 5 

CONCLUSIONS 

 

 

 

5.1 SUMMARY 

 The purpose of this thesis was to provide a means of comparing a proposed axial 

FP-OHP passive cooling system.  With the use of FEA, a 3D thermal solution was 

created.  By integrating Comsol with MatLab, four separate models including a control, 

spray/forced convection, cooling channel, and axial FP-OHP model.  To better model the 

realistic behavior of the OHP, a temperature and non-temperature model were created.  

Finally, a 2D electro-structural model was created to evaluate the structural feasibility of 

the axial OHP design.  Using this model an optimization and Pareto study were 

conducted to determine the most efficient OHP design. 

 

5.2 CONCLUSIONS 

 Using Comsol, a 3D thermal solution was calculated to represent the MCL test 

fire from IAT, Austin Texas.  From analyzing the energy distribution throughout the shot, 

it is evident that roughly 87% of the thermal energy deposited in the rails occurs within 

the first third of the rail.  Knowing this, it is unlikely that an effective cooling system 

need to span the length of the full rails like that of current cooling channel designs.  

Although the thermal solution could be calculated for a particular shot, it is unlikely that 

this analysis method would be efficient for multiple shot seeing that it takes 48 hours on a 
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supercomputer to solve.  Furthermore, it was found that the solver must be better 

controlled in order to calculate a consistent solution. 

 After creating the four separate models, it was found that the greatest promise 

appears to reside with either spray/forced convection or cooling channels.  Comparing the 

temperature and non-temperature dependent FP-OHP to these other models clearly shows 

a great advantage towards the later.  From the non-dimensional analyses it is evident that 

an advantage of the FP-OHP design is that it allows a passive cooling system which only 

needs to cover roughly 30% of the rails.  For the OHP design configuration considered in 

this research, the model analysis showed that this FP-OHP design does not efficiently 

remove enough energy from the rails.  The reason is that the FP-OHP design considered 

here for the rail cooling may not best utilize the extra-high effective thermal conductivity 

of the OHP.  A new design, which can fully take advantages of the OHP, is needed for 

the rail thermal management. 

 From the 2D structural analysis, it can be shown that the FP-OHP must be 

electrically isolated from the rail in order to survive the shot event on this MCL.  

Assuming that this OHP design would need to be included within the insulator, an 

optimal design could be found to maximize the surface contact area and minimize the 

OHP’s thickness.  From the Pareto optimality analysis, it was found that the OHP’s 

performance will increase with a stiff insulator material, however this is assuming that 

the rail remain stiffer than the insulator. 

 Although Comsol was able to create a 3D model to calculate the thermal solution 

for an EML, if one wishes to repeat such an analysis for varying geometries and current 

pulses, this process must be made more efficient.  For future work, it is recommended 
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that a higher resolution is achieved in the point-cloud model.  As stated above, the mesh 

size chosen was 18x  larger than the mesh governed by the magnetic Reynolds number.  

Although more computing power would allow for a denser mesh, to gain this high of 

resolution, it would require being able to spatially deform the mesh around the denser 

regions.  Other future work would include the modeling of other FP-OHP geometries 

being designed by the University of Missouri.  Finally it is recommended that a more 

accurate cooling channel model be created to include the temperature rise of the working 

fluid as a function of space and time. 
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APPENDIX 

A.1 OPTIMIZATION DATA 

Table A.1  Data from Pareto optimality study 

Insulator Stress (MPa) 241.32 275.79 344.74 413.69 482.63 551.58 620.53 689.48 

Radius (mm) 0.976 1.321 1.481 1.596 1.581 1.585 1.594 1.600 
Seperation Thickness 

(mm) 0.508 0.508 0.508 0.508 0.508 0.508 0.508 0.508 

Inside Offset (mm) 2.659 0.844 0.152 0.033 0.021 0.015 0.011 0.009 

Outside Offset (mm) 2.634 1.961 1.058 0.030 0.188 0.155 0.072 0.010 

Wall Thickness (mm) 0.749 0.508 0.508 0.508 0.508 0.508 0.508 0.508 
Surface Area 

(mm
2
/mm) 50.187 67.941 76.147 82.034 81.283 81.484 81.936 82.260 

Rail Stress (MPa) 323.77 289.08 358.84 430.95 456.62 514.89 572.89 606.74 

Insulator (MPa) 241.32 275.78 344.74 413.67 482.63 551.57 620.53 603.41 

 

 

Fig.A.1  Decreased maximum temperature vs. number of shots for k = 40,000 W/m-K 
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Fig.A.2  Energy removed vs. number of shots for k = 40,000 W/m-K 

 

Fig.A.3  Decreased maximum temperature vs. number of shots for m = 160       
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Fig. 4.  Energy removed vs. number of shots for m = 160       
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A.2  POINT-CLOUD TUTORIAL 

PARAMETERS 

 For this model several parameters must first be defined to reduce redundancy 

during when modeling.  Since Comsol models a current source as a current density, the 

"stub area" for the quarter symmetry rail must be defined.  The other parameters include 

the decay coefficient for the advection equation, the contact surface length of the 

armature, and the rail's shelf distance (difference between rail height and half armature 

height).  Figure A.5 shows how theses parameters are coded. 

 

Fig. A.5 Definition of parameters in Comsol 

INTERPOLATIONFUNCTIONS 

 Since it was decided that the current pulse, molten aluminum heat transfer 

coefficient, and armature position would not be calculated internally, these values were 

defined in a spreadsheet and imported into Comsol via an interpolation function.  Right 

clicking on Global Definitions and selecting Interpolation Function bring up the 
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Interpolation input box.  Under data source one can select from file and then the 

appropriate file can be browsed.  Finally import is selected and under function name the 

name of the function can be given. (NOTE: function are imported unitless and only 

within the interface are given units). 

GEOMETRY 

 To create the geometry first a work plane is defined in the xy coordinate system.  

This can be done by right clicking geometry under model 1.  Since the EML sign 

convention is that the negative z-direction is oriented down the barrel, the position of the 

current source is defined at positive 0.03 meters.  This allows the breech to begin at 

(x,y,0).  The next step is to define the entire geometry as an extruded block.  From there 

the block can be partitioned into the actual geometry.  Below, the definition of these 

partitioned blocks can be seen in Fig. A.6. As seen below, the geometry is composed of 

three extruded block.  After defining one, the next two sequential ones can be created by 

right clicking on block and selecting Duplicate.  The only difference is there initial 

starting position and there extrusion depth.  Table A.2 shows the z-position and depth for 

these blocks. 

             Table A.2.  Geometry block positions 
  Block 1 Block 2 Block 3 

z-position 0.03 0 -7 

depth 0.03 7 0.03 
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Fig. A.6.  Definition of Geometry 

MATERIALS 

 From the model library the appropriate rail (C11000), air, and armature (Al-7075) 

can be selected.  Note that not all properties are known.  The final material is the "current 

stub" material.  The material is simply allowed to have an electrical conductivity of 1,000 

W/m-K to ensure that the solution at the sub/rail interface is stable.  Then each one is 

assigned to its appropriate boundary.  Figure A.7 below shows the final geometry with 

materials assigned. 
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Fig. A.7.  Geometry with appropriate materials assigned 

In the armature region the electrical conductivity must be set as a function of space and 

time as 

 σ = 1+(1/5.15E-8)*exp(-k*((abs(z-ArmPos(t))>(w/2))    

*(abs(z-ArmPos(t))-(w/2)))).       (A.1) 

As seen the armature position is defined such that it specifies that the interpolation 

function is a function of time. 

PHYSICS 

 For this model the only two physics being solved for is the magnetic solution 

(.mf) and thermal solution within solids (.ht).  Once both physics are added to the model, 

it is important to only have the thermal solution solved within the rail domain.  This saves 

approximately 2.3 million degrees of freedom. 
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MAGNETIC SOLVER (.mf) 

 For the magnetic solver, first an external current density is added to the current 

stub.  This is done by first right-clicking on magnetic fields (.mf) and then selecting 

External Current Density.  Since it is assumed that the armature domain is in the negative 

z-direction and the current pulse's magnitude is assumed to be that of the full pulse, the 

external current density can be given by 

2
/)( StubAreatCurrent

J e


 .                (A.2) 

The second addition within this physics setting is to add the conductor symmetry 

boundary condition.  This is done by right-clicking on magnetic fields (.mf) and selecting 

perfect magnetic conductor.  In the field labeled "boundaries" the plane shown below in 

Fig. A.8 is selected. 

 

Fig. A.8.  Magnetic symmetry plane 

Since the default boundary condition for external boundaries is "magnetic insulation", the 

remaining defaults are kept. 
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HEAT TRANSFER IN SOLIDS (.ht) 

 For the heat transfer physics, first a symmetry boundary condition is added to the 

symmetry plane of rail.  This is done by first right-clicking on Heat Transfer in Solids 

(.ht) and then selecting Symmetry.  In the field labeled "boundaries", the plane shown in 

Fig. A.9 is selected. 

 

Fig. A.9.  Thermal symmetry boundary condition selection 

In order to fully couple the thermal solution to the magnetic solution, a heat source must 

be added under Heat Transfer in Solids (.ht).  The domain required in this case can be set 

to all domain since it has already been specified that the only thermal solution is going to 

be solved in the rail.  Under the "Heat Source" tab, General source is selected.  In the 

drop down menu Total power dissipation density (mf/al1) is selected to specify that the 

heating of the rail is from Ohmic heating.  The final boundary condition needed is the 

armature/rail liquid aluminum advecting boundary condition.  Again right-clicking on 

Heat Transfer in Solids (.mf), Heat Flux can be selected.  Since the boundary condition is 
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being specified as a convection term, Inward heat flux is selected under the "Heat Flux" 

tab.  Figure A.10 below then shows the correctly selected boundary condition. 

 

Fig. A.10.  Boundary condition for advecting armature/rail interface. 

Finally the advection equation below is used to make this boundary condition both a 

function of space and time.  

 h = 10+HCoef(t)*exp(-k*((abs(z-ArmPos(t))>(w/2)) 

 *(abs(z-ArmPos(t))-(w/2))))                          (A.3) 

To simulate that the liquid layer is liquid aluminum, the external reference temperature is 

set at 924.8 K. 
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MESHING 

 This simulation, the entire geometry is going to be meshed with linear cubic 

elements.  First one face of the domain is mapped and then finally swept through the 

entire geometry.  First one right-clicks on Mesh 1 and selects Mapped under more 

options.  Setting the geometric entity level to "boundary" the front face's surfaces can be 

selected.  Right clicking on Mapped 1 and selecting Distribution allows one to explicitly 

define the number of elements on this surface.  Figures A.11 gives the distribution needed 

distributions to adequately define this surface. 

 

              (a)                (b) 

   

              (c)                (d) 
Fig. A.11.  Mesh distributions for mapped surface  
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The previous distributions are defined as follows: 

 a)  Fixed number of elements = 7 

 b)  Fixed number of elements = 2 

 c)  Predefined distribution = 14, Element ratio = 10 

 d)  Predefined distribution = 11, Element ratio = 0.1 

After defining these distributions, the mapped surface should look like Fig. A.12. 

 

Fig. A.12.  Mapped front rail surface 

The final operation to complete the mesh is sweep this face through the remaining 

surfaces.  In this case three sweeps will be required; two for the front and back air 

domains, and one for the remain geometry.  Right-clicking on Mesh 1, Swept can be 

selected.  Under swept, the appropriate domains for each sweep are then selected.  On the 

"source face" tab, select all surfaces on the previously mapped face.  Then select the 

mirrored face within that domain as the "destination face".  By right-clicking on each 

sweep, one can select Distribution.  For the front and back air domains, the distribution 
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should be specified as 3 elements, and for the remain geometry, the distribution is set to 

3,500 elements.  After full meshing the geometry it should look like that seen in Fig. 2.#. 

 After meshing the geometry, the element type must be specified.  Using the 

"show" function in the model tree (Fig. A.13), select Discretization. 

 

Fig. A.13.  More options menu in model tree 

On both the "Heat Transfer in Solids (.ht)" and "Magnetic Fields (.mf)" tabs, appear a 

new tab "Discretization."  In both cases the element types are set to be linear. 

SOLVER SETTINGS 

 Under the "Study" tab in the model tree six time dependent steps were created to 

divide up the simulation.  For the first time step under "Study Settings", Times was set 

from 0 to 0.001 with a step size of 0.001/7.  For each successive time step, the upper and 

lower bounds were increased by one millisecond to make the entire simulation 0.006 

milliseconds.  After creating the six study steps right-click on Solver Configurations and 

select Show default solver.  Automatically the defaults within Comsol, ensure that these 
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steps are run chronologically.  By default Comsol only stores the last solution calculated.  

In order to keep all data from the six solutions the store solution option is used.  This is 

done by right-clicking on Solver 1 => Other=> Store Solution.  After completing this for 

all six solvers, there model tree order must be adjusted so that the solution is stored at the 

correct time.  After reorganizing the data, the model tree should appear like Fig. A.14. 

 

Fig. A.14 Solver settings 

 Within each dependent solver the appropriate solver settings must be chosen.  

Each primary solver should be chosen as a Direct solver and a Segregated Solver.  By 

selecting Segregated 1 two "segregated steps" are then created; one of which reference 

mod1.A and the other mod1.T.  Under Direct the solver type changed to PARDISO.  This 

was done since it provides the most stable and robust solving algorithms.  Finally, the 

solver interpolation function is needs to be set to a higher order to help smooth out the 
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electromagnetic solution.  This is done by selecting the following: Time-Dependent 

Solver # => Time Stepping => Maximum BDF Order = 5 and Minimum BDF order = 2.  

The remaining solver setting were left as there defaults for the point-cloud analysis. 


