SIMULATION OF FACILITY EFFECTS ON
MAGNETIC

NOZZLE EXPANSIONS

Diego Garcia Lahuerta, Mario Merino, Eduardo Ahedo

Equipo de Propulsion Espacial y Plasmas (EP2),
Universidad Carlos Ill de Madrid, Leganés, Spain

PlasmaTech 2023




CoNTENTS

e Motivation:

Electric Propulsion

e Electrodeless Plasma Thrusters
e Objectives
e Model

Collision frequencies

Simulation Setup

e Results

e Discussion

‘ZFIRQTHUSTRF! SIMULATION OF FACILITY EFFECTS ON MAGNETIC NOZZLE PLASMA EXPANSIONS



INTRODUCTION TO ELECTRIC PROPULSION

e Advantages over chemical propulsioén:
Higher specific impulse
Higher efficiencies
Lower propellant mass.
e Electric Propulsion Devices:
Mature Technologies:
e Gridded lon Thruster
e Hall Effect Thruster
Development:

e Electrodeless plasma thrusters (EPTs)
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ELecTrRODELESS PLAsSMA THRUSTERS

Operational principle:
Energizing electrons via electromagnetic waves.
Acceleration of plasma in a magnetic nozzle.
Advantages:
No plasma-wetted electrodes:
e Longer thruster lifetimes.

e Use of alternative propellants.

e Simple electronics.
Better scalability to lower Powers.
Expansion of plasma in the magnetic nozzle:
Convergent-Divergent magnetic field.
e Confinement and magnetic thrust thanks to Lorentz force.
e Convert electron thermal energy into ion kinetic energy via ambipolar electric field.

e Detachment from closed magnetic lines downstream.
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OBJEeCTIVES

e Ground testing of EP devices induces facility
effects.

Effect of background pressure has been
studied in other EP devices.

e Still poor knowledge of MN response
to backpressure.

e First assessment of the effect of background
pressure on MN performance, taking into
account late ionization in the plume.

Magnetic thrust.
Behaviour of plasma properties.
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MobDEeL

% Two-Fluid Model:
Quasineutral plasma
Massless, polytropic, fully magnetized

electrons.

— .Y
® Do =n,

Cold, singly-charged ions

lonization collisions with neutral background.

B = 0, negligible selfinduced magnetic field.

Under givenassumptions electron equations are
found to be algebraic:

Electron momentum equation can be
solved a priori —» Thermalized potential (H,)

T -1 =g

~10H,  0H,

uye(lpB) = B 91, = _al/)B

H, =

on
E+V-(nui)=5
anui
n +V - (nu; Qu;)) =—nVp+nu; XB
on

E+V-(nue)=5

0=-VnT, +nV¢p —nu, X B

lon equations are similar to Euler egs.
Forcementin momentum egs. given by:
e Thermalized potential:

e Encapsulatesambipolar electric
field.

e |on magnetization, low importance.

Source term in continuity eq. given by
collisionality.
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COLLISION FREQUENCIES

% Collision model in continuity equation: % Typicalvalues:
S=vn o~ 10717 m?
e Uniform background of neutrals. 4 6 3
Only valid for low collisionalities. p~13-107"pa=mn, = 3.1-107m
e One free parameter (collision frequency). Vep = 1.3 - 106?
Depends on: y~ 4110351
e Crosssection.
e Neutraldensity. vy = I—’;% ~ 1.5-10%s71
e Velocity.

be ai by- ) . .
e (CanDbe given by e After non dimensionalization:

= v
1% on, v, v_ ~ 0.03
0
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SIMULATION SeETUP

® Numericalsetup:

Discontinuous Galerkin discretization
(FEniCS)

e Runge Kutta time-stepping
Unstructured mesh (Gmsh):

e Celldiametersuch that the nozzle
throatis resolvedin 40 cells.

e Order 1 elements.

e Physical parameters:
Gaussiandensity profile:n(0) = n, and
n(Ry) = 1073n,
Coilradius: R, = 2R,
Sonic axial velocity
Ye = 1.2
Collisionalities:v € [0, 0.01, 0.03, 0.06]

‘ZFIRQTHUSTRQ SIMULATION OF FACILITY EFFECTS ON MAGNETIC NOZZLE PLASMA EXPANSIONS




ResuLTts - PLasmAa PRroreRrTIES MArs

Collisionless case

I

1

Nominal case
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ResuLts - AxiaL BeHAvVIoOuR

Density at symmetry axis increases.
Lower final ion velocity with increasing collisionality:

50% drop of ion mach number over the tested ranges.
Lower potential drop:

20% drop over tested ranges.

Density at symmetry axis Mach number at symmetry axis Potential at symmetry axis
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ResuLTts - GLoOBAL PARAMETERS

Total massin the domain increases by ~ 80%
More plasma subject to ambipolar acceleration.
e Totalthrustincreasesby ~ 20%
Stabilization of the magnetic force happens further downstream for increasing collisionality.
Plasma expansion takes a longer distance.

F(2)/F(0)
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DiscussioN

e First step for the study of background pressure on nozzle
performance.

Characterization of main effects on total thrust.
Background pressure, has a noticeable effect ion dynamics.
e Augmented thrust due to background pressure might

mask in-space behaviour.

e Very low pressures needed for ground testing.

e Limitations:

Including collisions in electron momentum equations'*o
yield lower confinement.

Non consistent simulation of neutrals:

Neutral depletion

Other types of collisions could also play a role:

CEX, excitation collisions...
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ExTRA SLIDES



MeTHoDOLOoOGY: THE DEG-FEM METHOD

Finite Element Method with traits of Finite dou; +V,Fy = f,
Volumes.
e Discretisethe domainin k cells D, and asume Lkvi Oru; dQ+ Lkvi ViFijd Q= kavtfi d Q)
a local solution described by a polinomial.
Don’t asume continuity at cellinterfaces. Lkvi d,u; d O + LDkFijvi ndQ— Lf”vjvi Q= kavifi 40
Enforce the satisfaction of the conservation
law weakly through multiplication by test f b o d J R md st f R
Functions. o @ Oftexe

Use of a numerical flux to approximate the

physical flux between discontinuous cell * LQMHU nj (v = v )ds = fﬂvzﬁ- ¢fl

interfaces.
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