[image: image1]2005 MSFC NASA ACADEMY

[image: image15.png]



Finite Element Modeling 
of 
Advanced Propulsion Devices
[image: image16.emf]0

2

2

 

Q

dx

d

D



   

0

) 0 (

  

   

H

H

  

) (

   

 

0

0

2

2















 



dx Q

dx

d

D x W

H



 


Final Report

2005 MSFC NASA Academy

RA:  Julia E. Thrower

PI:  Dr. George Schmidt

Supervisor:  Dr. Claude Irvine
August 10, 2005

Abstract

This research project involves an overview to the theory behind finite element modeling (FEM), extends that theory to a multi-physics modeling software FEMLAB, and presents three problems to which FEM analysis was applied.  The first project, an electric coil cooling design, involved thermal analysis to determine the appropriate pipe diameter for a water coolant flow.  The second project required the design of a plasma shield and cooling configuration, focusing on the plate thickness and cooling pipe configuration.  The third project concerned the modeling of a liquid metal pump to assess the magnetic flux density streamlines and magnitudes induced by the pump design.
1
Introduction

 The research project outlined here was governed by three main objectives, involving the theory, related software, and application of FEM methods.  First, FEM theory was explored to understand the fundamental concepts of this area of study.  Next, the project required training with FEM computational tools, namely FEMLAB and Matlab.  Finally, this understanding of FEM theory and software tools was applied to three design and analysis projects related to advanced propulsion systems.  The first of these projects was related to the cooling of an electric coil, the second regarding a plasma shield for propulsion testing, and the third concerning a liquid metal pump.
2
Method
2.1
Finite Element Modeling Theory

First, this research project explored the basic theory and concepts behind finite element modeling.  The use of finite elements is a modeling technique used primarily for structural and thermal design applications, but is applicable to any physical process that can be characterized with differential equations.  Essentially, FEM involves breaking down a given system, such as a beam, a magnet, or pipe flow, into many tiny elements and approximating the behavior of the system by characterizing the behavior of the individual elements.  The primary steps required in any finite element analysis are as follows:
1. Establish the governing differential equation and boundary conditions  


1
[image: image17.wmf]4

3

2

,

,

f

f

f



Equ. 


[image: image2]  
[image: image3]
Equ. 2
Equation 1 gives an example of a differential equation used in FEM.  The terms in the equation are determined by the physical process that is being modeled.  Equation 2 gives the boundary conditions, or physical constraints, at the extremities of the system under consideration. 
2. Define the system in terms of elements and nodes 
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Figure 1:  One Dimensional FEM System
Figure 1 shows a 1D “beam” system broken into elements and nodes, creating a mesh.
3. Weight and integrate a system of differential equations, one equation for each element
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Equ. 3
In Equation 3, W(x) is a weight function, or shape function, which is defined for each element and serves to interpolate the parameters along the element based on the element’s nodal values. 
4. Solve the system for the nodal values
The nodal values are the physical parameters of the internal nodes.  In this example, the nodal values that would be solved for are
[image: image6].

2.2  
FEMLAB Software

The next part of the research project involved training with FEM computational software, specifically FEMLAB and Matlab.  FEMLAB is a multi-physics modeling software package that has the ability to analyze a wide range of physical processes, including electromagnetics, heat transfer, and fluid dynamics, in both steady-state and time-dependent analyses.  FEMLAB interfaces with Matlab, another computational tool, and can be run from the Matlab consol.
The following steps indicate the process required to setup and run an analysis in FEMLAB: 

1. Specify the governing physics for the modeling problem, e.g. steady-state conduction.
2. Draw the model geometry, either by using FEMLAB’s drawing tools or by importing geometry from another file. 

3. Set boundary conditions on the model, e.g. thermal insulation, heat flux, or temperature source.
4. Generate a mesh from the model geometry.
5. Solve the system for parameter values, e.g. temperature.
6. Post-process and analyze the results, by plotting graphical depictions of the resultant data and outputting parameter values.
3
Application
The foundation of understanding the theory and software applications of FEM was utilized in three design projects, one related to an electric coil cooling configuration, another to a plasma shield, and the last  to a liquid metal pump.
3.1 
Electric Coil Cooling Design
3.1.1
Description

An experimental propulsion concept involves using a solenoid magnet to contour and control plasma exhaust from electric propulsion engines, effectively creating a magnetic nozzle.  For initial testing, an electric coil is to be used to help generate the plasma exhaust, shown in Figure 2.

[image: image7.jpg]



Figure 2:  Electric Coil
The current running through the coil generates excess heat which is to be dissipated by welding copper pipe to the coil and flowing water through the pipe.  

3.1.2
Problem

With the given power dissipation, it was uncertain as to what diameter pipe would be optimal for the cooling configuration.  A design needed to be conceived that would satisfy cooling requirements, while taking into consideration other constraints on the design.  These constraints included a pressure drop across the pipe, the availability of certain pipe sizes, the maximum final temperature of the water coolant, and the achievable volume flow rate in the pipe.
3.1.3
Approach

Using Mathematica, a system of 1D heat transfer equations was generated to characterize the cooling problem.  The two primary concepts used for this model were the steady flow energy equation, given in Equation 4, and the expression for pressure drop in a pipe flow, given in Equation 5.
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Equ. 4
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Equ. 5
In this model, the power dissipated by the pipe was a function of the pipe dimensions, as shown in Table 1:

Table 1:  Power Dissipation for Different Pipe Diameters

	Cu Pipe Diameter [in.]
	Power Dissipated [W]

	1/8
	9262

	1/4
	4600

	1/2
	2300


The model was run for each pipe diameter and respective power dissipation to approximate the change in temperature of the water coolant through the pipe. 
3.1.4
Results

The temperature rise in the water for the different pipe diameters are shown in Table 2.
Table 2:  Temperature Results

	Cu Pipe OD [in.]
	Delta T [ºC]

	1/8
	4537

	1/4
	25

	1/2
	1


The 1/4” pipe was the best design choice for the coil cooling, with a temperature change of 25 ºC.
3.2
Plasma Shield Design

3.2.1
Description

A test setup for electric thrusters is to be configured inside a vacuum chamber.  To protect the chamber and testing equipment from the energetic plasma exhaust of these engines, a one-meter square, alumina-coated aluminum plate is to be placed in the exhaust path and used to absorb the energy from the plasma plume during testing.  Alumina will be used to coat the aluminum plate due to the effectiveness of this material in absorbing energy from the plasma particles, rather than deflecting them.  As the plate will be absorbing a large amount of energy and consequently heating up, it will need to be cooled using water flow through rectangular copper pipes, 1/2” by 1” in cross-sectional area, on the back face of the plate.  However, the alumina has a low thermal conductivity, and is therefore more difficult to cool than the aluminum substrate.  Furthermore, the alumina coating has a tendency to flake off the substrate if the coating is thick, and if it is subjected to high temperatures.
3.2.2
Problem

First, the optimum thickness of the plate and alumina coating needed to be determined, considering the thermal properties of the alumina with respect to the aluminum.  Then, a pipe configuration to appropriately cool the plate needed to be designed.   In the design process, material availability was taken into consideration.
3.2.3
Approach

The problem was modeled with steady-state convection and conduction in FEMLAB’s Heat Transfer module and steady-state incompressible Navier-Stokes in the Fluid Dynamics module, first in two dimensions and then in three.  The two-dimensional analysis allowed for the optimum plate and coating thicknesses to be specified, and the three-dimensional analysis was reserved for the coolant design.

A Gaussian power distribution was used to simulate the heat flux of the plasma exhaust onto the plate during testing, as shown in Figure 3.
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Figure 3:  Gaussian Power Distribution
Multiple tests and pipe configurations were run to test and perfect the cooling design.
3.2.4
Results

From the 2D analysis, the optimum shield material thicknesses were determined to be a 1/4” aluminum plate with a 5 mil alumina coating.
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Figure 4:  Surface Temperature of Plate and Cooling Pipes
Figure 4 shows the final cooling configuration of three parallel pipes, and the temperature distribution that resulted from the FEMLAB analysis.  The key numerical results from the analysis are given in Table 3.
Table 3:  Resultant Parameters
	Parameter
	Value

	Water volume flow rate [gal/min]
	7.6 gal/min

	Initial water temperature
	10 ºC

	ΔT across middle pipe
	0.7 ºC

	ΔT across side pipes
	0.5 ºC


3.3
Liquid Metal Pump Analysis

3.3.1
Description

A pump design is being developed for a Hall thruster system, to drive liquid metal propellant using a magnetic field.  A CAD drawing of the pump design is shown in Figure 5.
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Figure 5:  Liquid Metal Pump
The liquid metal flows through the center of the pump, guided by the tube.  The components relevant to the magnetic field generated by the pump include eight samarium cobalt permanent magnets, which act as the source of the magnetic field, and the iron yoke and pump inserts, which guide and concentrate the magnetic field lines.  An electric potential applied across the electrodes directs the magnetic field and causes the metal to flow.
3.3.2
Problem

As the design had not yet been built and tested, a computational model was desired to approximate the magnetic field appearance and intensity.  This model would serve to both verify the design and set expectations for the actual test prototype.
3.3.3
Approach

The liquid metal pump design was modeled in FEMLAB, using magnetostatics.  The components modeled include the iron yoke, pump inserts, and permanent magnets.  The effect of the electrodes and the associated potential was not of interest for this modeling problem.
3.3.4
Results

Figure 6 shows the appearance of the magnetic flux density lines from the FEMLAB analysis.  
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Figure 6:  Magnetic Flux Density Lines
A cross-sectional slice plot along the pump’s plane of symmetry, shown in Figure 7, quantifies the magnitude of the magnetic flux density on that plane.  Of particular interest is the strength of the flux density, between 0.4 and 0.5 Tesla, in the liquid metal flow region, indicated in Figure 7.
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Figure 7:  Magnetic Flux Density Magnitude
Conclusion

In conclusion, this project was successful in the modeling of advanced propulsion devices through a fundamental understanding of FEM and the software used to apply it.

Future Work

The research presented here has opened several avenues for future work.  First, related to the plasma plate cooling, further study regarding the coupling of fluid dynamics with heat transfer in FEMLAB’s multi-physics mode is necessary.  The use of these two physics applications at times yielded results that were not fully understood and should be investigated further.  Additionally, further development of the plasma plate cooling model itself should be pursued, to connect all of the pipes into a single flow to more accurately reflect the design.  Finally, with respect to the liquid metal pump project, as the pump itself still remains to be built, the FEMLAB model should be reconciled with the actual pump once a prototype has been developed and tested.
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