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Abstract

The general concept of the magnetic reconnection converter (MRC) is considered, based on the cyclic combination of two
physical processes: 1) controlled turbulence using super-linear Richardson diffusion and/or self-generated/self-sustaining
physical processes increases the stochasticity of the magnetic field (MF) in a limited volume of plasma and, accordingly, the
global helicity H through the processes of twisting, writhing, and linking of the MF flow tubes to the level of a local maximum
(optimally global), which is determined by the plasma parameters, boundary conditions, magnetic tension of the field lines, etc.
At this stage of the MF turbulent pumping, the B of plasma will decrease to the minimum possible value with a corresponding
increasing in the accumulated "topological” MF energy; 2) upon reaching the local (if possible global) maximum of MF
stochasticity, turbulent magnetic reconnection (TMR) occurs in the plasma, which reduces the state of the local (if possible
global) maximum of MF stochasticity and increases the kinetic stochasticity of plasma particles, accelerating and heating them,
which is used in direct converters of electrical power. At this stage of turbulent discharge, the p of plasma will increasing to the
maximum possible value with a corresponding increasing in its kinetic and thermal energy; 3) when the kinetic stochasticity of
plasma particles subsequently decreases and reaches a local minimum, the control system repeats the MF turbulent pumping in
the plasma and the cycles are repeated. Practically, the basis of the MRC can be the fusion scheme of two anti-spiral spheromaks,
the helicity of which is increased in a cycle with the help of controlled turbulence before their fusion and the creation of a
field-reversed configuration (FRC) to increase the efficiency of the annihilation of their toroidal and poloidal magnetic fields into
kinetic and thermal energy of plasma particles with its subsequent direct transformation into electrical power for industrial use or
single-volume plasma (spheromak) with changing beta at turbulent pumping/discharge phases of the working cycle.
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1. Introduction

Magnetic reconnection (MR) is a fundamental process by  energy [1-5]. The magnetic energy released by reconnection
which magnetic fields in conductive mediums topologically is transformed into kinetic, thermal, and non-thermal energy
rearrange themselves due to breaking the frozen state and of plasma’s particles [6-10]. MR is a multi-scale physical
moving to a lower energy state releasing stored magnetic phenomenon that preserves the magnetic topology on the
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macro scale, constraining a plasma evolution at disturbances
so that stresses build up free energy in the form of current
sheets (CS). At the micro-scale appears a violation of the
frozen state and magnetic flux slip relative to the motions of
the plasma due to different nonidealities effects in plasma
(e.g., turbulence, resistivity, finite gyroradius effects, etc), and
a destabilization of CSs in plasma. This micro-scale
topological redistribution releases built-up magnetic energy
as plasma heating, bulk outflows, particle acceleration, shock
waves, and other effects of kinetic stochasticity. The region
where the topological rearrangement occurs is the
reconnection region or diffusion region (DR) [2-4].

The topology of magnetic fields is determined through a
generalizing parameter — global magnetic helicity H, which
determines the degree of tangling or braiding of their lines and
flux tubes and has 3 main components: 1) twisting, 2) linking,
and 3) writhing [11]:

H=[u wdV =Y [ 5K+ (Tw + W) (1)
where the integral is performed over all space where exists
magnetofluid with a magnetic field (MF), and each index
labels a vortex tube of magnetic flux I'i (u, ® are velocity and
vorticity of this magnetic flux, and dV a volume element), and
the first term of right side (1) is mutual helicity due linking i-j
flux tubes (or lines) with factor Kj, and the second term of
right side (1) is self-helicity due twisting with factor Twi and
writhing with factor W,. Magnetic helicity is practically
constant with the ideal moving of the medium (continuous
deformations of flow tubes). Twisting Twi is a changeable
local parameter while linking Kj and writhing W, are
non-local parameters of MF flux tubes (lines). At stretching
flux tubes (lines) of a MF, writhing can turn into twisting. At
compressing flux tubes (lines) of a MF, it is vice versa.
Magnetic helicity is constant H = const if resistivity of
medium 1 = 0. Twisted flux ropes store free magnetic energy,
which may be released either in individual flux ropes in the
nonlinear phase of the ideal kink instability, or through
interaction of multiple twisted flux ropes [3]. In the former
case, the field relaxes to a state of minimum magnetic energy

reconnection with ambient untwisted field lines. In the latter
case, multiple flux ropes reduce their energy through
reconnecting into a single flux rope. For two flux ropes, the
energy release is found to be substantially greater if the flux
ropes initially have opposite currents (twisted in reverse
senses) than if the currents are in the same direction [2-4].
This is because the former configuration has zero helicity, and
hence the relaxed state has lower energy. However, the
opposite-twisted flux ropes are much less likely to relax and
release the free energy, since neither the toroidal or poloidal
magnetic field components reverse at the interface between
the flux ropes, and there is no obvious way - apart perhaps
from a strong external perturbation - in which magnetic
reconnection could be initiated. Next, we will consider that
for the proposed magnetic reconnection converter (MRC), as
a strong external disturbance, we will use the physical process
of turbulent pumping through a super-linear Richardson
cascade and/or self-generated/self-sustaining turbulence.

There are three basic particle acceleration processes at MR:
1) Fermi acceleration which takes place as particles stream
along, and drift in relaxing curved MF lines and due reflection
in plasmoids, 2) relatively localized electric fields E; parallel
to the MF, directly accelerate particles, and 3) betatron
heating which occurs as particles drift into regions of stronger
MF while conserving the first adiabatic moment u =
™oL 119):

B

d
—qE||U||+H ® +qE - U+ m |uE|2 2

where ¢ is the energy of a MR output particle, ug is the E>B drift
velocity, % = % + ug - V, Ej is the parallel electric field, and v
is the drift-corrected guiding center parallel velocity. For slowly
varying fields, uc is the curvature drift of particles and reduces to

2
Uc ~ %{ka), where k = b-Vb is the magnetic field curvature

and b is the unit vector in the direction of the magnetic field. The
terms on the right-hand side (2) represent correspondently
energy gain by the parallel electric field, betatron heating, Fermi
acceleration, and the polarization drift respectively, and the first

through internal magnetic reconnections as well as three mechanisms are sketched in Figure 1 [12]:
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Figure 1. lllustration of MR particle acceleration mechanisms.
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As shows on figure 1 MR in a localized diffusion region
connects together oppositely directed magnetic fields to
create new, more bended magnetic field lines with strong
magnetic tension that are ejected at the Alfven velocity to
form outflow plasma jets and causing the inflow of upstream
plasma and magnetic flux so that process is a self-maintaining
[7]. In a real magnetized fluid (plasma), the magnetic
diffusivity (resistivity) n and viscosity v may be small but
finite or v, 1 — 0 (# 0), and as a result exist turbulence (as in
astrophysical and laboratory systems) [13-15], and ideal
MHD cannot be applied. In [16] present a mathematical
formalism of a scale-split energy density, ¥ =B;B./2 for
vector field B(x, t) renormalized at scales [ and L to quantify
the notion of the field topological deformation, topology
change, and magnetic stochasticity level. For MF it is shown
that the evolution of the field topology is directly related to the
field-fluid slippage at MR. The velocity field at the turbulence
can be approached similarly to a kinetic stochasticity level.
Then MR, which can occur on a wide range of scales as a
result of nonlinearities at large scales (turbulence inertial
range) and nonidealities at small scales (dissipative range), is
a relaxation process by which the MF lowers both its
topological entanglements induced by turbulence and its
energy level. When MF decreases its magnetic stochasticity
induced by the turbulent flow by slipping through the fluid, it
may accelerate magnetized fluid (plasma) particles.

In general, MR may be considered as a physical process
that transforms magnetic stochasticity into kinetic
stochasticity [17-21]. And vice versa, Kinetic stochasticity
may be effectively increased through super-linear Richardson
diffusion in turbulent cascades [5, 17, 24] and by using
feedback, when MR creates turbulence as a self-generated
and/or self-sustaining physical process [5, 10, 22, 23]. In this
paper we proposed a general concept of the magnetic
reconnection converter (MRC), that is based on the cyclic
combination of these two physical processes: 1) controlled
turbulence using super-linear Richardson diffusion and/or by
self-generated/self-sustaining physical process increases the
stochasticity of MF in a limited volume of plasma and,
accordingly, the global helicity H through the processes of
twisting, writhing, and linking of the MF flow tubes to the
level of a local maximum (optimally global), which is
determined by the plasma parameters, boundary conditions,
magnetic tension of the field lines, etc. At this stage of the MF
turbulent pumping, the f of plasma will decrease to the
minimum possible value with a corresponding increase in the
accumulated "topological” energy of the MF; 2) upon
reaching the local (if possible global) maximum of MF
stochasticity, turbulent magnetic reconnection (TMR) occurs
in the plasma, which reduces the state of the local (if possible
global) maximum of MF stochasticity and increases the
kinetic stochasticity of plasma particles, accelerating and
heating them, which is used in direct converters of electrical
power and outer coils of electromagnetic inductions
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(explanation follows). At this stage of turbulent discharge, the
B of plasma will be increasing to the maximum possible value
with a corresponding increase in its kinetic and thermal
energy; 3) when the kinetic stochasticity of plasma particles
subsequently decreases and reaches a local minimum, the
control system repeats the MF turbulent pumping in the
plasma and the cycles are repeated. Practically, the basis of
the MRC can be realized as the fusion scheme of two
counter-helicity spheromaks, the helicity of which is
increased in a cycle with the help of controlled turbulence
before their fusion and the creation of a field-reversed
configuration (FRC) to increase the efficiency of the
transformation (annihilation) of their toroidal and poloidal
magnetic fields into kinetic and thermal energy of plasma
particles with its subsequent direct transformation into
electrical power for industrial use. So, we use counter-helicity
turbulent magnetic reconnection (CHTMR). However, in our
opinion, the MRC framework is more perspective-based,
based on single-volume plasma with changing B at turbulent
pumping/discharge phases of the working cycle.

As for the structure of this paper, our goal is to present the
theoretical possibility of the MRC's general concept with
controlled turbulence-driven reconnection. In Section 2 we
consider the relationship between topological complexity,
helicity, and MF energy. The framework and work cycle of
MRC is substantiated in Section 3. Section 4 presents the
possibility of MRC realization based on a fusion of
counter-helicity spheromaks (SPHs) with pre-executed
turbulence pumping and as a single-volume plasma with
various beta (relation plasma pressure to magnetic pressure)
in the work cycle, and estimation of their efficiency. We
provide a summary and discussion in Section 5. Finally, the
calculation of early considered MRC realization and their
efficiency in the PYTHON code is presented in the
Appendixes A-E.

2. The Relationship Between Topological
Complexity, Helicity, and Magnetic
Field Energy

First, we consider a limited volume of plasma with a
boundary area and a MF and describe the increase of the MF
energy in the plasma due to the increase of helicity (as a
parameter corresponding to topological complexity and
magnetic stochasticity) under the influence of turbulent
pumping using super-linear Richardson diffusion or
self-driven, self-sustained turbulence. Let's define the
following basic parameters, concepts and assumptions:

Magnetic Helicity H: for a measure of the magnetic
stochasticity through twisting, linking and writhing of MF
flux tubes.

Turbulent Pumping P: the transfer of energy from
small-scale turbulent motions (eddies) to large-scale MF.
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Richardson's  Super-linear Diffusion or self-driven,
self-sustained turbulence T: an enhanced diffusion process in
turbulent plasmas where the diffusion coefficient increases
with the scale size of the turbulent eddies.

Plasma Volume V: The volume of plasma under
consideration.

Boundary Area S: The surface area enclosing the plasma
volume.

Magnetic Field B: The magnetic field within the plasma
volume.

The evolution of magnetic helicity in a plasma volume is
governed by the helicity balance equation:

dH o0H
Y= 2f, E-Bav - | (ExB+V1,b)dS+;]P 3)

where: (dH/dt) is rate of change of magnetic helicity within
the volume, E is electric field (EF), B is MF, v is helicity flux
function, OH/ot|p is rate of change of helicity due to turbulent
pumping. The increase in MF energy is related to the helicity
injection rate through:

BZ
i) _ woon
at Vv ot

(4)
where y, is the permeability of free space. The turbulent
pumping term (6H/dtlp) can be modeled using Richardson's
super-linear diffusion (we assume that this component also
includes mechanisms of self-generated and self-sustained
turbulence):

0H

atlp

= V- (DVH) (5)

where D is the turbulent diffusion coefficient, which depends
on the scale size of the turbulent eddies and can be expressed
as D = Dy (I/15)* with Dy as the reference diffusion coefficient,
| is the scale size of turbulent eddies, |, is reference scale size,
and o is Super-linear diffusion exponent (typically a > 1).

The mathematical model (3)-(5) describes the increase in
magnetic field energy due to helicity injection under the
influence of turbulent pumping driven by Richardson's
super-linear  diffusion and includes mechanisms of
self-generated and self-sustained turbulence. Key points of
this system are:

The model captures the interplay between magnetic helicity,
turbulent pumping, and super-linear diffusion in driving
magnetic field amplification.

The turbulent diffusion coefficient D plays a crucial role in
determining the efficiency of energy transfer from small-scale
turbulence to large-scale magnetic fields.

The model can be extended to include other physical
processes, such as magnetic reconnection and dynamo action,
to provide a more comprehensive description of magnetic
field evolution in turbulent plasmas.

Solving this system of equations requires knowledge of the
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electric field E, the helicity flux function v, and the turbulent
eddy scale size I, which may be obtained from experimental
measurements or numerical simulations of the plasma.

This system of equations, along with appropriate boundary
conditions and initial conditions, can be solved numerically to
study the dynamics of magnetic field amplification in
turbulent plasmas.

Relative to this model turbulent pumping of MF energy
through increasing helicity appears to be an interesting
question: if the energy of the magnetic field is proportional to
B%2 o, i.e. only to the square of the magnitude of the
induction vector, and helicity does not affect it, why can a
more complex topology of the magnetic field correspond to a
greater field energy? However, a more complex magnetic
field topology can indeed lead to a higher overall magnetic
energy within a given volume V, and here's why:

Increased field strength in localized regions: a complex MF
topology often involves regions of higher field strength due to
twisting, linking, and writhing of the MF lines. A more
complex magnetic field topology often requires more field
lines and/or stronger field gradients to maintain its structure.
This translates to a higher overall magnetic field strength B in
certain regions, leading to an increase in the total magnetic
energy within the plasma volume, even though the energy
density itself is still just B%/2p,. In some cases, a complex
topology might also lead to the formation of current sheets or
other localized regions of high current density, which can
further contribute to the magnetic energy. Even if the average
field strength remains the same, these localized regions of
higher B contribute disproportionately to the total magnetic
energy due to the square dependence.

Increased volume of the MF: a more complex topology
might lead to the MF occupying a larger effective volume.
Think of a tangled flux tube taking up more space than a
straight one. This increased volume, even with the same
average field strength, results in a higher total magnetic
energy.

Helicity and energy dynamics: while helicity H doesn't
directly appear in the magnetic energy formula, it plays a
crucial role in the dynamics and evolution of the MF. Higher
helicity H often implies a more complex and tangled field
configuration. Processes that increase helicity, like turbulent
pumping or dynamo action, can lead to the generation of
stronger magnetic fields and thus higher magnetic energy.

We can refine the formula of magnetic field energy within a
volume V, W = (1/2p,) | B2 dV, to reflect the influence of
topology or helicity H through their indirect effects on the
magnetic field energy:

1. Incorporating Current Density:

The magnetic field energy can also be expressed in terms of
the current density J using the vector potential A:

W=(1/2)](J-A)dV,

This formulation highlights the contribution of currents to
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the MF energy. Complex topologies often involve higher  theoretical or empirical investigation.

current densities, leading to increased energy. Numerical simulations can provide valuable insights into
2. Helicity-Based Correction: the relationship between topology, helicity, and magnetic
While a direct analytical relationship between helicity and field energy in various plasma systems.

energy is complex, we can introduce a phenomenological Therefore, while the simplified magnetic energy formula

correction factor to account for the stabilizing effect of  doesn't directly include topology or helicity, we can refine it

helicity W = (1/2p,) | B> dV * f(H), to capture their indirect effects. These refinements highlight

where f(H) is a function that increases with helicity (H), the contributions of current density, helicity-induced stability,
reflecting the tendency of higher helicity configurations to  and topological complexity to the overall magnetic field
support stronger magnetic fields and currents. energy within a given volume. Further exploration into

3. Topology-Dependent Term: advanced theoretical models and numerical simulations is

In principle, we could introduce a term that explicitly = necessary to fully understand the intricate relationship
depends on the topological complexity of the magnetic field. between topology, helicity, and magnetic energy in complex
However, defining and quantifying such complexity is plasma configurations, and it may be theme of further
challenging. One possible approach is to use the magnetic ~ explorations.
field line length (L) as a proxy for topological complexity: W

= (1/2p0) | B> dV + g(L),
where g(L) is a function that increases with the total length 3. The Framework and Work CyC|e of

of magnetic field lines within the volume, capturing the MRC

additional energy associated with more convoluted

topologies. In [5, 13-21, 25] considered turbulent magnetic
Caveats and Considerations: reconnection (TMR). At fast TMR, turbulent mixing of
The refined formulas with helicity or topology-dependent ~ Plasma parcel trajectories with MF flux tubes appears in a

terms are more conceptual than rigorously derived. turbulent inertial range (on any inner scale). If we define the

The exact functional forms of f(H) and g(L) would depend ~unit tangent vector on I-scale, B; = B,/B; then in this scale
on the specific plasma configuration and require further the components of the coarse-grained induction equation are:

5 _ Vx(ulel)J'

.8, = — (5 +o1), 0B, =V x (u; x B)" - B(E] + o] (6)
1
where (.)" indicates the perpendicular component to the I-scale field B, that defines MF topology changing, (.)") indicates the

parallel component to the I-scale field B, that defines MF energy changing, u; is plasma parcel velocity in the I-scale. Parameters
connected with slipping “field-plasma” in turbulent and laminar modes are:

VXR VXP
5, =%,ol = ;l), R, = —(ux B), +u x B, P, = E, + (ux B), )
In (7) the term X governs MR in turbulence due to the (6)-(8) shows that magnetic topology changes on all

non-linear term R; (the turbulent electromotive force (EMF) turbulent inertial scales | in the turbulent inertial range, it is
1= —Ry, is the motional electric field induced by turbulent independent of small scale (non-ideal) effects in plasma, and
eddies of scales smaller than 1), and o) to govern MR in is proportional to eddy turn-over rate on scale I. In laminar
laminar plasma parcels flows at I-scale due to the flows, this rate is proportional to negligible resistivity.
renormalized Ohm’s law P; = E; + (u>B); or non-ideal effects For general estimation of turbulence influence on MF
in plasma on small scales. In [25] have shown, that the rate of ~ topology and energy i, (X, t) in plasma in [16-21] defined the
magnetic topology change (MR rate) depends on the  spatial complexity, or stochasticity level by £,-norm of the
functional derivative of BX; (and Bjo; on small scales in magnetic Sp(t) and velocity sy(t) fields in an arbitrary spatial
laminar flows): volume V on the coarse-grained scales | and L, and if take for
simplicity p=2 we obtain the rms values:

5(3125‘) Aug

= e P g - T 8)

sBF |~ 1

1 115 A 1. A
Y (x,t) = EBlBL’Sz(t) =3 ”BlBL - 1||rms: s,(t) = 2 12,8, — 1lms %)

In general, turbulence in plasma tends to tangle and entropy through the magnetic stochasticity level 0:Sp > 0. As
complicate initially smooth MF flux tubes increasing their ~ these tangling and complicating increase, magnetic tension
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forces of flux tubes will also increase, and at some point, this
resistance can provide a sharp slippage of flux tubes in plasma
or MR. At this point, &S, = 0 and further magnetic
stochasticity will be decreasing otSp < 0. If we define the

T,() = 25,(t) = 50, (|1B.B, - 1], ) = 0

&

derivative of magnetic stochasticity T, (p=2) then the
phenomenon of MR will appear at the next conditions of MF
[18]:

0,T,(t) = 107 (||§,§L - 1||rms) <0 (10)

After meeting the conditions (10), and due to the action of magnetic tension which does not allow further increase of magnetic
stochasticity Sy(t), there is a sharp increase in Kinetic stochasticity level to some maximal level, depending on the previously
achieved level of magnetic stochasticity, that corresponds to plasma jets (particle acceleration):

72(t) = 0;5,(t) = 20, (1, — Lllyms) > 0

Condition (11) relaxing MF to some minimal magnetic
stochasticity level depends on the achieved maximal level of
Kinetic stochasticity Somax(t).

Based on the equations system (3)-(11) we proposed the
framework of the magnetic reconnection converter (MRC),
which is based on the cyclic combination of these two
physical processes: 1) controlled turbulence using
super-linear Richardson diffusion and/or by
self-generated/self-sustaining physical process increases the
stochasticity of MF in a limited volume of plasma and,
accordingly, the global helicity H through the processes of
twisting, writhing, and linking of the MF flow tubes to the
level of a local maximum (optimally global), which is
determined by the plasma parameters, boundary conditions,
magnetic tension of the field lines, etc accordingly equation
(7). At this stage of the MF turbulent pumping, the  of
plasma will decrease to the minimum possible value with a
corresponding increase in the accumulated "topological”
energy of the MF; 2) upon reaching the local (if possible
global) maximum of MF stochasticity, turbulent magnetic
reconnection (TMR) occurs in the plasma, which reduces the
state of the local (if possible global) maximum of MF
stochasticity and increases the kinetic stochasticity of plasma
particles, accelerating and heating them accordingly equation
(8), which is used in direct converters of electrical power and
outer coils of electromagnetic inductions (explanation
follows). At this stage of turbulent discharge, the B of plasma
will be increasing to the maximum possible value with a
corresponding increase in its kinetic and thermal energy; 3)
when the kinetic stochasticity of plasma particles
subsequently decreases and reaches a local minimum (after
passing the maximum), the control system repeats the MF
turbulent pumping in the plasma and the working cycles are
repeated. In general, there is an analogy that the working cycle
of the MRC uses the "breathing” of the plasma at different
stages, namely "inhalation-exhalation" corresponds to the
expansion-compression of the plasma in the volume.

Consider the general formal mathematical model of MRC.
Let's delve into how the concept of turbulence-reconnection
correlation can be incorporated into the specific formulas
describing  super-linear ~ Richardson  diffusion  or

&

113

Sz(t) = %”ﬁlﬁL - 1“rms - SZmax(t) (11)
self-generation/self-sustained turbulence mechanisms. In
super-linear Richardson diffusion, the diffusion coefficient D
increases faster than linearly with the scale size |. This leads to
enhanced mixing and transport of magnetic field lines,
potentially facilitating faster reconnection. The diffusion
coefficient D in the helicity and energy evolution equations
can be modified to include a dependence on the turbulent
parameters. One possible approach is to express D as a
function of the turbulent velocity fluctuations u’, magnetic
field fluctuations B', and the scale size I
N fun\P B\
p=0,(;-) () (5)
where: Dy is the reference diffusion coefficient, lo, uo, Bo
are reference scale size, velocity, and magnetic field, a, B, v
are exponents representing the scaling of diffusion with scale
size, velocity fluctuations, and magnetic field fluctuations,
respectively. For super-linear diffusion, o > 1. The enhanced
diffusion due to turbulence can lead to a faster dissipation of
magnetic energy and a more efficient reconnection process.
For generated and/or sustained turbulence by the reconnection
process we must create a feedback loop where reconnection
drives turbulence, which in turn enhances the reconnection
rate. A source term representing the generation of turbulence
due to reconnection can be added to the turbulence evolution
equation. This term could depend on the reconnection rate,
current density, or other relevant parameters. The enhanced
turbulence can then be incorporated into the diffusion
coefficient or the reconnection rate scaling, as described
above, creating a feedback loop between reconnection and
turbulence. The specific form of the modified diffusion
coefficient or turbulence generation term will depend on the
specific turbulence model and the physical mechanisms
driving the turbulence-reconnection correlation. Numerical
simulations play a crucial role in exploring the impact of these
modifications on the reconnection dynamics and energy
conversion process. Experimental validation is essential to
compare the simulation results with real-world observations
and refine the models further.
Let's formulate a general mathematical model in the form
of a system of equations and inequalities that describes the

(12)
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operation of a Magnetic Reconnection Converter (MRC)
based on the combination of controlled turbulence and
magnetic reconnection processes:

The controlled phase of turbulent pumping, which includes
the following physical processes:

a. Helicity evolution:

%I: 2f, E-BaV -2y [, (- B)dV + aR, + f(I) (13)

b. Magnetic energy evolution:

dWmag__ . _ 2 daH
— == f S-dA-n], Jfdv+p_ (14

c. B plasma decrease due magnetic energy increasing:

ap(t)

d. Turbulent intensity increase:
dal
T 0 (16)
f. Termination condition:
SZ (t) = SZminmax(t) OR ﬁ(t) < ﬁmin (17)
The controlled phase of magnetic reconnection, which

includes the following physical processes:
a. Energy Conversion:

AWmag _ _ AWkin _ AWen 2
ac dt dt n fV Jrav (18)

b. B plasma increase due magnetic energy decreasing:

dp(t)
>0 (19)

c. Kinetic stochasticity (particles acceleration) increase:

dsz(t)

pranall (20)

d. Termination condition:

S2 (t) = SZminmax(t) OR B(t) = Bmax (21)

Cycle Repetition
a. Kinetic Stochasticity Decrease:

ds, (t)
dt

<0 (22)
b. Termination condition:

S2 (t) < SZmaxmL'n(t) OR B(t) 2 Bmaxmin (23)

were, we use the following notations: f(I') represents the
contribution from self-generation/self-sustained turbulence
mechanisms, H is global magnetic helicity, B is magnetic
field, B is plasma beta (ratio of plasma pressure to magnetic
pressure), Rjis Richardson number, | is turbulence intensity,
Sa(t) is magnetic stochasticity, I is turbulence generation rate,
Whag IS magnetic energy, Win is kinetic energy of plasma
particles, Wy, is thermal energy of plasma particles, n is
magnetic diffusivity, E is electric field, and J is current
density.

The efficiency of the MRC can be calculated as the ratio of
the useful kinetic energy generated to the total energy input
during the turbulent pumping stage. It may be achieved with
use a sophisticated control system which to monitor the
plasma parameters, initiate the different stages at the
appropriate times, and optimize the overall efficiency of the
MRC. This mathematical model provides a framework for
describing the operation of an MRC based on controlled
turbulence and magnetic reconnection. In ideal conditions, a
significant portion of the magnetic energy injected during the
turbulent pumping stage could be converted into Kinetic
energy of plasma particles during reconnection. Further
research, numerical simulations, and experimental validation
are necessary to refine the model, optimize the MRC design,
and realize its potential for efficient energy conversion. The
optimal plasma parameters, turbulence sources, and
geometric dimensions for achieving of need useful power will
depend on the specific design and configuration of the MRC.
However, some general considerations include:

Plasma Parameters:

High plasma density and temperature to maximize the
energy density and reconnection rate. Typical densities may
be in the range of 10'° to 10 particles per cubic meter. The
plasma temperature should be sufficient to facilitate the
desired turbulence and reconnection processes. Temperatures
in the range of several million degrees Celsius are often
required (a range of several keV (kilo-electron volts) might be
required).

Low collisionality
reconnection.

Appropriate  magnetic field configuration to enable
controlled turbulence and efficient reconnection. A strong
magnetic field is necessary to confine the plasma and enable
efficient energy conversion. Magnetic field strengths of
several Tesla are typically used in fusion devices.

Turbulence Sources:

External injection of turbulence using electromagnetic
waves, neutral beams or radio frequency heating.

Self-generation of turbulence through instabilities or
dynamo action within the plasma. The plasma may
self-organize into turbulent states under certain conditions,
providing a potential source of turbulence for the MRC.

Geometric Dimensions:

The size and shape of the MRC will depend on the desired
power output and the specific plasma parameters.

to facilitate efficient turbulent
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Optimization of the dimensions is crucial to ensure efficient ~ magnetic field configuration, an energy extraction system that
energy conversion and minimize losses. converts the kinetic energy of plasma particles into electrical
Challenges and Losses: power, and a reconnection control system that need to control
Energy Losses: Energy can be lost due to radiation, particle ~ and trigger the magnetic reconnection process.
escape, viscosity, and other dissipation mechanisms during

both turbulent pumping and reconnection stages. ;
Incomplete Energy Conversion: Not all of the magnetic 4. Two ways of praCtlcaI MRC

energy may be converted into kinetic energy. Some may realization
remain as thermal energy or residual magnetic energy in the
FRC. 4a. Based on the mathematical model of general MRC

Control and Synchronization: Maintaining precise control ~ (13)-(23) we can define the mathematical model of MRC,
over the turbulence and reconnection processes and which realized fusion of two counter-helicity spheromaks

synchronizing them effectively can be challenging, leadingto ~ (SPHs) with early made turbulent pumping, integrate the

inefficiencies. concept of super-linear Richardson diffusion or
MRC basic elements should include a plasma chamber that ~ self-generation/self-sustained turbulence.
contains the plasma and magnetic fields, a turbulence Stage 1: Spheromak (j=1, 2) formation and turbulent
generation system that injects or induces turbulence in the pumping.
plasma, magnetic field coils that generate and control the Helicity evolution:
% =2, E-B;dV;—2n [, (J;* B;)dV; + a;R;™I; + £;(T), (24)

where m; > 1 represent the super-linear dependence on the
Richardson number. H; 2 Hitarger OR Wi = Witarger (27)
Energy evolution:
Stage 2: Merging and Reconnection.
de _

2 dH; ; .
—L=- fs S;-dA; -1 fv J2dv; + ﬁjd_tJ (25) Reconnection Rate:

aij
Turbulence Control: dR A
2 < Va (Z) * FRi)(T) (28)
= . . 2 )
Hy = F(1;) = Hymax (26) In (28) the reconnection rate now depends on the
Richardson numbers and turbulence generation rates of both

SPHEs.
Energy Conversion:

where I; are controlled to achieve desired helicity levels.
Termination Condition:

awy , dW, _ _dWrrc _ Wgkin _ AWin _ AWrad _ @Wioss (29)
dt dt dt dt dat dat dat
Helicity Evolution during Reconnection: Termination Condition:
dHFRC — ﬂ dﬁ _ dHipss (30)
dt dt dt dt
Wkin < Wkin min (34)

Termination Condition: . .
Cycle Repetition: the control system monitors Win, when

31) condition (34) holds, the system initiates Stage 1 again.

Key changes equations system (24)-(34) are:

The helicity evolution equations now include the
super-linear dependence on the Richardson number R;™ that
reflects the enhanced diffusion and turbulence at larger scales
in super-linear Richardson diffusion and inclusion of fj(T7})

R = Rtarget

Stage 3: Energy Extraction and Plasma Relaxation.
Energy Extraction:

AWkin _ —Py; — AWeh _ AWioss (32) N : !
dt dt dt accounts for the contribution of self-generation/self-sustained
turbulence mechanisms to the reconnection rate.
Plasma Relaxation: The reconnection rate formula incorporates the Richardson
ar i o numbers anq Furbulence generation r_ates of bpth spheromak_s.
= <0, <0, — - <0 (33) The specific forms of the functions R;™ and fi(Tj) will
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depend on the detailed turbulence and reconnection models
used. Numerical simulations are crucial to explore the
parameter space and optimize the MRC design and operation.

MRC which realized fusion of two counter-helicity
spheromaks (SPHSs) consist of three main chambers:

Two spheromaks formation chambers (left and right).

A central merging/reconnection chamber.

These chambers are connected by conduits or channels that
allow for the controlled transfer of the spheromaks. The entire
system is enclosed within a vacuum vessel to maintain the
necessary plasma conditions. Each chamber contains MF
coils to generate and sustain the SPH configuration,
turbulence injection system (e.g., neutral beam injectors, RF
antennas) to induce and control turbulence, diagnostics to
monitor plasma parameters (density, temperature, magnetic
field, etc.). Merging/reconnection chamber is larger than the
SPH formation chambers to accommodate the merging and
reconnection process and contains MF coils to guide and
control the merging of the SPHSs, diagnostics to monitor the
reconnection process and the FRC formation, energy
extraction system (e.g., direct energy converters) to convert
the kinetic energy of accelerated particles into electrical
energy. A central control system monitors and controls the
entire MRC operation, including turbulence injection in the
SPH chambers, SPH transfer and merging, reconnection
process, energy extraction, plasma diagnostics and feedback
control. Auxiliary systems include vacuum pumps to maintain
the vacuum environment, power supplies for the MF coils and
other systems, cooling systems to manage the heat generated
during operation, shielding to protect the surrounding
environment from radiation. Key functional blocks of the
MRC based on a fusion of counter-helicity SPHs with
pre-executed turbulence pumping are illustrated in the
diagram, figure 2:

I ————
Direct
Converter
—
SPH1 MR SPH2

Chamber Chamber Chamber

N A A\_
Turbule_nce Control Tu rbule_nce
Pumping '« System » Pumping
System 1 ¥ System 2

Figure 2. Key functional blocks of the MRC based on a fusion of
counter-helicity SPHs with pre-executed turbulence pumping.

Figure 2 shows blocks “SPH1(2) Chamber” which make
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Spheromaks formation and sustainment. For controlled
turbulence injection and helicity increase in the spheromaks
using blocks “Turbulence Pumping System 1(2)”. Transfer of
spheromaks to the merging chamber shows wider blue arrows.
Merging and magnetic reconnection, leading to FRC
formation in cycle making in “MR Chamber”. Energy
extraction from the accelerated plasma particles is made in
“Direct Converter” block.

Due to the complexities and interdependence of the
equations in these MRC models, performing a full numerical
calculation for the entire MRC operation with the provided
parameters isn't feasible without additional assumptions and
simplifications. The model requires detailed descriptions of
turbulence generation, magnetic reconnection, and energy
extraction processes, which are not fully specified in the given
information. Additionally, the coupling between different
stages of the MRC operation and the potential for non-linear
behavior in plasma dynamics further complicate the
numerical solution. However, we can gain some insights by
focusing on specific aspects of the model and making
reasonable assumptions. For instance, considering the energy
conversion stage, we can estimate the required total magnetic
energy in the two spheromaks to achieve the target output
power of 1 MW. Let's attempt a more detailed numerical
calculation for the proposed MRC, leveraging insights from
MRX [2, 26-28], SSX [29-33], and other relevant experiments.
While a comprehensive simulation would necessitate
extensive computational resources and specialized codes, we
can enhance our simplified approach by incorporating
experimental data and making informed assumptions. We can
draw upon data from experiments like SSX and MRX to
refine the spheromak parameters. For instance, typical values
might be: density (ni): 10 m?3, toroidal field (Bwr): 1 T,
poloidal field (Bpo): 0.3 T, major radius (Rs): 0.3 m.
Experimental observations can guide our assumptions about
turbulence levels and reconnection rates. Let's consider:
Richardson number (R;): 0.1 (indicating moderate turbulence),
reconnection rate (dR/dt): 10 m?/s (based on typical values
observed in MRX). While achieving high efficiencies is a goal,
let's assume a conservative value of 5% based on current
experimental limitations. Let's focus on estimating the
required spheromak parameters to achieve the target 1 MW
output power, considering these experimental insights.
Required total magnetic energy in SPHs (2*W1) = Output
Power (Pou)/Energy Conversion Efficiency (neonv) = 2*W1 =
1 MW / 0.05 = 20 MW = 20-108 Joules. So, assuming each
SPH has roughly equal magnetic energy have W1 = 107 Joules.
The magnetic energy of a SPH can be approximated as: W1 =
((Btor® + Bpo®)/(2*0)) * Vspu. The volume of a SPH can be
estimated as Vspr = (2/3)12 Rs®. Combining these estimations,
the PYTHON code for solving the MRC based on the fusion
of two counter-helicity SPHs presented in Appendix 1.

We have, that to achieve 1 MW output power of MRC with
5% efficiency, each spheromak needs to have a magnetic
energy of about 10 MJ. With the updated parameters based on
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experimental insights, the required toroidal field strength in
each spheromak is approximately 2.43 Tesla, and the volume
of each spheromak is estimated to be around 0.0359 m?3of
plasma. This calculation still involves simplifications and
assumptions. A more accurate analysis would require for
detailed modelling of turbulence generation and its impact on
helicity injection, accurate simulation of the merging and
reconnection dynamics, considering the 3D geometry and
turbulent effects, realistic modelling of the energy extraction
process and associated losses. Further refinements could
include exploring the impact of different turbulence injection
techniques and control strategies, investigating the effect of
varying plasma parameters and magnetic field configurations,
optimizing the design and operation of the MRC to maximize
efficiency and power output.

To perform a sensitivity analysis, we'll systematically vary
key parameters related to the counter-helicity turbulent
pumping device and the work cycle frequency, and observe
their impact on the output power and efficiency of the MRC.
We'll use the previously calculated required magnetic energy
as a baseline and make some simplifying assumptions to
illustrate the process. Since we don't have the exact equations
governing the complex dynamics of the MRC, we'll make
some reasonable assumptions to demonstrate the sensitivity
analysis process:

Power of the Turbulent Pumping Device: We'll assume that
the power of the turbulent pumping device directly influences
the rate at which magnetic energy is built up in the
spheromaks. A higher power pumping device will lead to
faster energy accumulation.

Construction Efficiency of the Pumping Device: We'll
assume that the construction efficiency of the pumping device
affects the amount of input power that is effectively converted
into magnetic energy in the spheromaks. A higher efficiency
means less energy is wasted.

Work Cycle Frequency: The frequency of the work cycle
(how often the spheromaks are formed, merged, and the
energy is extracted) will impact the overall power output. A
higher frequency generally leads to higher power output, but
there might be limitations due to the time required for each
stage of the cycle.

Let's define some variables and relationships to capture
these assumptions:

Poump: Power of the turbulent pumping device.

Neump: Construction efficiency of the pumping device.

feyele: Frequency of the work cycle.

teycle: Time taken for one complete cycle (1/fcycle).

Emagaccumulated:  Magnetic  energy accumulated
spheromaks during one cycle.

Pout: Output power of the MRC.

We'll assume the following relationships:

in the

Emagaccumulated = I:)pump * Npump * tcycle-

Pout = Nconv * Emagaccumulated * fcycle-

where meonv IS the energy conversion efficiency during
reconnection (previously assumed to be 0.05). We'll vary

117

Poump, Npump, and feycie OVer reasonable ranges and observe their
impact on Poy and the overall efficiency of the MRC.

The sensitivity analysis, even with the simplified
assumptions, reveals some interesting trends:

Pumping Power and Efficiency: There seems to be a
trade-off between pumping power and overall efficiency.
Lower pumping power generally leads to higher overall
efficiency, but it might require a higher cycle frequency to
achieve the target output power.

Cycle Frequency: Increasing the cycle frequency can
increase the output power, but there might be practical
limitations on how fast the cycle can be repeated due to the
time required for each stage (spheromak formation, merging,
energy extraction, etc.).

Pump Efficiency: Higher pump efficiency directly
translates to higher overall efficiency, as less energy is wasted
during the pumping process.

Specific Observations:

With a pumping power of 3 MW and a pump efficiency of
0.7, a wide range of cycle frequencies (1 Hz to 10 Hz) can
achieve the target output power of 1 MW. The overall
efficiency in this case is 0.35.

With a pumping power of 4 MW and a pump efficiency of
0.5, the same range of cycle frequencies can also achieve the
target output power, but the overall efficiency is lower at 0.25.

Overall, this sensitivity analysis provides a preliminary
understanding of how different parameters influence the
output power and efficiency of the MRC. It highlights the
importance of optimizing the pumping power, pump
efficiency, and cycle frequency to achieve the desired
performance.

Potential Devices for Counter-Helicity Turbulent Pumping
that may be applied to MRC are:

Advanced Helicity Injection Systems

Coaxial Helicity Injection (CHI): While CHI is already a
common method for helicity injection [34, 35], advancements
in electrode design, power supplies, and control algorithms
can lead to more efficient and precise helicity injection,
potentially improving the MRC's performance.

Electrostatic Helicity Injection (EHI): EHI offers an
alternative approach to helicity injection [36], utilizing
electrostatic fields to drive currents and generate helicity.
Advancements in EHI technology could lead to improved
control over the helicity injection process and potentially
higher efficiency.

Other Helicity Injection Techniques: Exploring novel
helicity injection methods, such as rotating magnetic fields
[37] or plasma guns [29-33], might uncover new opportunities
for efficient counter-helicity spheromak formation.

Oscillating Field Current Drive (OFCD): This technique
utilizes oscillating magnetic fields to drive currents in the
plasma, leading to helicity generation [40]. Optimizing the
frequency and amplitude of the oscillating fields could
enhance the efficiency of helicity injection and turbulence
generation.
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Active Turbulence Generation Techniques

Neutral Beam Injection (NBI): NBI involves injecting
high-energy neutral particles into the plasma, which can drive
turbulence and enhance the reconnection process [38].
Advancements in NBI technology, such as higher beam
power and improved control over the beam deposition profile,
could lead to more effective turbulence generation.

Radiofrequency (RF) Waves: RF waves can be used to heat
the plasma and drive instabilities that lead to turbulence [39].
Exploring different RF wave frequencies and coupling
schemes might reveal optimal strategies for turbulence
generation in the MRC.

Plasma Guns: Plasma guns can inject high-velocity plasma
jets into the spheromaks, potentially triggering turbulence and
enhancing the reconnection process [33].

Plasma Wave Injection: Injecting specific plasma waves,
such as Alfvén waves or whistler waves, can selectively drive
turbulence in desired regions of the spheromaks, potentially
improving control and efficiency [41].

Feedback Control Systems: Implementing advanced
feedback control systems based on real-time plasma
diagnostics could allow for more precise manipulation of
turbulence levels and spatial distribution, leading to optimized
reconnection conditions [42].

The choice of a specific device for counter-helicity
turbulent pumping will significantly impact the MRC's
efficiency. Key factors to consider include:

Helicity Injection Efficiency: The chosen device should be
capable of injecting helicity into the spheromaks with high
efficiency, minimizing energy losses during the process.

Turbulence Control: The device should allow for precise
control over the turbulence level and its spatial distribution in
the spheromaks and the merging chamber.

Compatibility with MRC Design: The device should be
compatible with the overall MRC design, including its size,
geometry, and operating parameters.

Technological Maturity: The chosen technology should be
mature enough to ensure reliable and reproducible operation.

Cost-Effectiveness: The cost of the device and its
associated infrastructure should be considered in the context
of the overall MRC system.

By carefully evaluating these factors and conducting
detailed numerical simulations and experiments, we can
identify the most effective device for counter-helicity
turbulent pumping in an MRC. This optimization process is
crucial for maximizing the energy conversion efficiency and
realizing the full potential of this promising technology for
clean and sustainable energy generation.

4b. Based on the mathematical model of general MRC
(13)-(23) we can define the mathematical model of MRC,
which is realized as not the spheromaks merging but as a
single-volume vessel of pulsed plasmas when at the first
phase of the turbulent pumping and beta decreasing this
volume wider and on the second phase of the turbulent
discharge or turbulent reconnection this volume is
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compressed with beta and kinetic stochasticity increasing.
Namely, the concept of the MRC can certainly be realized as a
single-volume vessel with pulsed plasmas, where the volume
undergoes expansion and compression during different phases
of the cycle. This approach offers an alternative to the
merging of two spheromaks and presents its own set of
advantages and challenges.

Conceptual Framework of this single-volume MRC
included the next phases:

Turbulent Pumping and Expansion Phase:

Plasma Formation: The cycle begins with the formation of
a plasma within the single-volume vessel.

Turbulent Pumping: Controlled turbulence is induced in the
plasma, leading to an increase in helicity and magnetic
energy.

Volume Expansion: As the magnetic energy increases, the
plasma pressure also rises, causing the plasma to expand
against the confining magnetic field. This results in a wider
plasma volume and a decrease in plasma beta ().

Turbulent Reconnection and Compression Phase:

Triggering Reconnection: Once a desired level of helicity
or magnetic energy is reached, the turbulence control system
triggers magnetic reconnection within the plasma.

Turbulent Reconnection: The turbulent fluctuations in the
plasma enhance the reconnection rate, leading to rapid
conversion of magnetic energy into kinetic and thermal
energy of the plasma particles.

Volume Compression: The decrease in magnetic energy
during reconnection causes the confining magnetic field to
compress the plasma, leading to a reduction in volume and an
increase in plasma beta.

Energy Extraction: The accelerated plasma particles
interact with the energy extraction system, generating
electrical power.

Cycle Repetition:

Plasma Relaxation: After energy extraction, the plasma
cools down and relaxes to a lower energy state.

Cycle Restart: The control system initiates the next cycle
by triggering turbulent pumping again, and the process
repeats.

Advantages of the MRC Single-Volume Approach are
simplified design: eliminates the need for multiple chambers
and complex merging mechanisms, potentially leading to a
simpler and more compact MRC design, reduced complexity:
fewer moving parts and control systems might be required
compared to the spheromak merging approach, potential for
higher efficiency: efficient energy transfer during the
compression phase could lead to improved overall efficiency.

Challenges of the MRC Single-Volume Approach are
turbulence control: achieving precise control over turbulence
generation and its spatial distribution within a single volume
might be challenging, reconnection triggering: reliably
triggering magnetic reconnection at the desired time and
location within the plasma volume requires careful control
strategies, energy extraction: efficiently extracting energy
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from the accelerated particles while maintaining plasma
stability during the compression phase is crucial.

The MRC mathematical model presented earlier can be
adapted to describe this single-volume approach. The key
changes would involve:

Single Set of Equations: Instead of two sets of equations for
two spheromaks, we would have a single set describing the
evolution of helicity, energy, and plasma beta within the
single volume.

Volume Change: The equations would need to incorporate
the dynamic change in plasma volume during the expansion
and compression phases.

Reconnection Trigger: The model would need to include a
mechanism to trigger reconnection at the appropriate time,
potentially based on reaching a threshold helicity or magnetic
energy level.

In mathematical model for Single-Volume Pulsed Plasma
MRC we applied the next notations:

H: Global magnetic helicity within the single volume,

B: Magnetic field,

B: Plasma beta,

Exin: Kinetic energy of plasma particles,

T: Turbulence intensity,

Ri: Richardson number,

I': Turbulence generation rate,

n: Magnetic diffusivity,

J: Current density,

E: Electric field,

V: Plasma volume.

The system of equations and inequalities describe:

Stage 1: Turbulent Pumping and Expansion

Helicity evolution:

dH

—=2[, E-BdV =2, (- B)dV + aR™ +
f(@), (35)
where m > 1 represents the super-linear dependence on the

Richardson number.
Energy evolution:

aw _ _ CAdA — 2 aH
==, S:dA—-n{, JFav+p— (36)
Plasma beta decrease:
ap
o < 0 (37)
Volume expansion:
av
o 0 (38)
Termination Condition:
H > Hiarget OF W > Wharget (39)

Stage 2: Turbulent Reconnection and Compression
Reconnection Rate:

oy (1) FROMD) (40)
Energy Conversion:

aw — AWkin _ AWin _ AWrad _ AWioss (41)

dat dt dt dt dt

Helicity Evolution during Reconnection:

dH _ dH _ dHioss (42)
dt  dt dt

This equation highlights that helicity is not perfectly
conserved during reconnection, and there might be losses.
Volume compression:

av

" < 0 (43)
Plasma beta increase:
ap
o= 0 (44)
Termination Condition:
R > Ruarget (45)

Stage 3: Energy Extraction and Plasma Relaxation
Energy Extraction:

Tt = Py — Tt T ()
Plasma Relaxation:
T <0 L< o, £<o (48)
Termination Condition:
Wiin < Wiinmin (49

Cycle Repetition

The control system monitors Wiin.

When condition (49) holds, the system initiates Stage 1
again.

Key Features of this Model:

Single Volume: All the processes occur within a single
plasma volume, eliminating the need for merging two
separate spheromaks.

Dynamic Volume: The volume of the plasma changes
during the cycle, expanding during turbulent pumping and
compressing during reconnection.

Turbulence and Reconnection Coupling: The model
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incorporates the interplay between turbulence and
reconnection, with the reconnection rate depending on the
turbulence parameters.

Energy Conversion and Extraction: The model accounts for
the conversion of magnetic energy into kinetic energy during
reconnection and the subsequent extraction of this energy to
generate power.

This model provides a framework for describing the
single-volume pulsed plasma MRC. Specific forms of the
functions f(I'), f(Ri), and g(I') and the volume change
dynamics need to be determined based on detailed plasma
physics models and experimental data. Numerical simulations
are crucial to solve these equations, analyse the MRC
performance, and optimize its design and operation. This
mathematical representation, along with the previous
discussions on refinements and potential challenges, offers a
comprehensive picture of the single-volume pulsed plasma
MRC concept. Further research and development in this area
hold the promise of unlocking new pathways for efficient and
sustainable energy generation.

To perform a numerical calculation for the 1-volume MRC
model and estimate its efficiency, we'll need to make some
simplifying assumptions and estimations for various
parameters involved in the process. We'll leverage the insights
from previous discussions and experimental data from similar
devices to make these estimations as realistic as possible.

We'll focus on key stages of the MRC operation:

Turbulent Pumping and Expansion Phase:

Estimate the energy input required to achieve the desired
helicity or magnetic energy level in the plasma.

Consider the volume expansion and the corresponding
decrease in plasma beta.

Turbulent Reconnection and Compression Phase:

Estimate the energy conversion efficiency during
reconnection, considering the impact of turbulence.

Account for the volume compression and the increase in
plasma beta.

Energy Extraction and Plasma Relaxation Phase:

Estimate the energy extraction efficiency and any
associated losses.

By combining these estimations, we can calculate the
overall efficiency of the 1-volume MRC and assess its
feasibility for generating 1 MW of output power. Let's start by
defining the key parameters and their estimated values based
on experimental data and previous discussions (Appendix C).
Now let's calculate the magnetic energy in the plasma, the
required pumping time, and the energy input during the
turbulent pumping phase. We'll use the following formulas
and make some simplifying assumptions:

Initial Magnetic Energy (Winital): We'll assume the initial
magnetic energy in the plasma is given by Winitia = (1/210) |
B=2dV, where we'll approximate the integral by B=2V. We'll
use the value of p, (permeability of free space) as 4m x 107
H/m.

Required Increase in Magnetic Energy (AW): To achieve
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the target output power, we need a certain amount of magnetic
energy to be converted during reconnection. We'll estimate
this as AW = Pou/(Nconv™ Next)-

Pumping Time (tpump): The time required for turbulent
pumping to achieve the desired increase in magnetic energy
can be estimated as toump = AW / (B * dH/dt), where we'll
assume B (the proportionality constant between helicity
increase and magnetic energy increase) to be approximately
0.1.

Energy Input During Pumping (Ein): We'll assume a
constant power input during the pumping phase and estimate
it as Ein = Ppump™toump, Where Ppump is the pumping power.

Finally, we will calculate the overall efficiency of the MRC
as Noverall = Pout / Ein.

Based on the numerical calculations with the estimated
parameters presented in Appendix C, here's a summary of the
1-volume MRC's performance:

Initial Magnetic Energy: 9.95 kJ.

Required Increase in Magnetic Energy: 8.33 MJ.

Turbulent Pumping Time: 83.3 seconds.

Pumping Power: 200 kKW.

Overall Efficiency: 6%.

The estimated overall efficiency of 6% suggests that there's
significant room for improvement in the MRC design and
operation. Potential areas for optimization include:

Energy Conversion Efficiency: Increasing the efficiency of
converting magnetic energy into Kinetic energy during
reconnection.

Energy Extraction Efficiency: Improving the efficiency of
the energy extraction system to minimize losses.

Turbulence Control: Refining the turbulence control
mechanisms to enhance the reconnection rate and reduce
energy losses during the pumping phase.

It's important to remember that these calculations are based
on simplified assumptions and estimations. More detailed
numerical simulations and experimental validation are
necessary to obtain accurate predictions and optimize the
MRC design for improved efficiency and power output.

There are several potential strategies to increase the
efficiency of a 1-volume MRC:

1. Enhance Energy Conversion Efficiency During
Reconnection:

Optimize Plasma Parameters: carefully control the plasma
density, temperature, and magnetic field profiles in the
merging/reconnection chamber to create conditions that favor
efficient reconnection and energy conversion. This might
involve techniques like localized heating or current drive to
tailor the plasma parameters in the reconnection region.

Turbulence Optimization: fine-tune the turbulence level
and its spatial distribution to maximize the reconnection rate
while minimizing energy losses due to turbulent transport and
instabilities. This could involve advanced turbulence control
techniques and feedback mechanisms.

Reconnection Triggering: develop precise and reliable
methods to trigger reconnection at the optimal time and
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location within the plasma volume. This might involve using
external perturbations or leveraging internal instabilities to
initiate the reconnection process.

2. Improve Energy Extraction Efficiency:

Advanced Energy Conversion Technologies: research and
implementation more efficient energy conversion technologies,
such as advanced direct energy converters or innovative concepts
like the use of traveling wave structures (TWS) [43-45] or
plasmadynamic converters (PDC) [46], and reviewed further the
plasma varied volume induction method (PVVIM).

Minimization of Losses: reduce energy losses during the
extraction process by optimizing the design and operation of
the energy extraction system. This could involve minimizing
thermal losses, particle losses, and radiation losses.

3. Optimize the Turbulent Pumping Phase:

Efficient Helicity Injection: utilize advanced helicity
injection techniques (e.g., EHI, OFCD) to maximize the rate
of helicity injection and magnetic energy buildup in the
plasma. Optimize the design and operation of the helicity
injection system to minimize energy losses and improve
efficiency.

Turbulence Control: implement precise turbulence control
mechanisms to enhance helicity injection while minimizing
energy losses due to turbulent transport.

Plasma Confinement: improve plasma confinement during
the expansion phase to reduce particle and energy losses,
thereby increasing the overall efficiency of the cycle.

4. Explore Novel Concepts and Configurations:

Alternative Magnetic Topologies: investigate alternative
magnetic configurations that might offer advantages in terms
of stability, energy confinement, or reconnection efficiency.

Multi-Stage Reconnection: consider incorporating multiple
stages of the turbulent reconnection or merging to further
enhance energy conversion.

Hybrid Systems: explore hybrid approaches that combine
the advantages of different magnetic confinement concepts or
energy conversion technologies.

5. Additional Considerations:

Materials and Technology: Advancements in materials
science and technology could enable the development of more
efficient and durable components for the MRC, such as
high-temperature superconducting magnets and advanced
energy conversion systems.

Theoretical and Numerical Modelling: Continued research
and development in theoretical models and numerical
simulations are crucial for understanding the complex
dynamics of turbulent reconnection and optimizing the MRC
design and operation.

Experimental Validation: Experimental validation of these
concepts and optimization strategies is essential to
demonstrate their feasibility and effectiveness in real-world
scenarios.

We can use the next methods for directly converting the
plasma parcels and particle energy on the output of MR:

Traveling Wave Structures (TWS) [43-45]:
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Principle: TWS utilize a series of electrodes with a spatially
varying potential to create a traveling electric field wave.
Charged particles, such as ions or electrons, can interact with
this wave and be either accelerated or decelerated, depending
on their initial energy and phase relative to the wave.

Integration in MRC: In the context of a 1-volume MRC, a
TWS could be placed at the periphery of the plasma chamber,
or even embedded within the plasma itself, to interact with the
high-energy particles generated during the turbulent
reconnection and compression phase. As these particles
traverse the TWS, they would transfer their kinetic energy to
the electric field, which can then be converted into usable
electrical power.

Potential Benefits:

High Efficiency: TWS can achieve high energy conversion
efficiencies, potentially exceeding those of conventional
direct energy converters.

Wide Energy Range: TWS can efficiently extract energy
from particles with a wide range of energies, making them
suitable for the potentially broad energy distribution resulting
from turbulent reconnection.

Compact Design: TWS can be designed to be relatively
compact, which is advantageous for the single-volume MRC
concept.

Plasma-dynamic Converters (PDC) [46]

Principle: PDCs utilize the interaction of a flowing plasma
with a magnetic field to generate electrical power. The plasma
flow, often generated by expanding high-pressure plasma into
a region of lower pressure, induces currents in electrodes
placed within the magnetic field, leading to power generation.

Integration in MRC: In a 1-volume MRC, the compression
phase, where the plasma is rapidly compressed by the
confining magnetic field, could create a high-pressure plasma
flow suitable for a PDC. Strategically placed electrodes
within the magnetic field could then capture the induced
currents and convert them into electrical power.

Potential Benefits:

High Power Density: PDCs can potentially achieve high
power densities, making them attractive for compact fusion
energy systems.

Simplicity: PDCs have a relatively simple design compared
to some other energy conversion technologies.

Synergy with MRC: The compression phase of the
1-volume MRC naturally creates conditions favorable for
PDC operation.

Plasma varied volume induction method (PVVIM)

We can consider the analogy between the 1-volume MRC
work cycle and the operation of a rotating electrical machine.
Let's delve into this analogy and explore the possibility of
using high-frequency electromagnetic induction in outer coils
for additional power generation. The proposed 1-volume
MRC with its cyclic plasma compression and expansion,
accompanied by changes in plasma beta, indeed bears a
resemblance to the rotor-stator interaction in an electrical
machine.
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Rotor Analogy: The plasma volume can be likened to the
rotor, undergoing periodic compression and expansion. The
changing magnetic field configuration and plasma beta during
these phases mimic the rotating magnetic field in a rotor.

Stator Analogy: The external magnetic field coils
surrounding the plasma chamber can be seen as analogous to
the stator in an electrical machine. They provide the confining
magnetic field and interact with the changing plasma
configuration to induce currents and potentially generate
additional electrical power.

Additional Power Generation through Electromagnetic
Induction

The idea of utilizing high-frequency electromagnetic
induction in outer coils to generate additional electrical power
is quite interesting and potentially viable.

Principle: The rapid compression and expansion of the
plasma, along with the associated changes in magnetic field
configuration, will induce time-varying magnetic fields in the
surrounding space. These time-varying fields can then induce
eddy currents in appropriately placed external coils, leading to
the generation of electrical power.

Advantages:

Increased Energy Extraction: This approach could
potentially increase the overall energy extraction efficiency of
the MRC by tapping into the fluctuating magnetic fields
generated during the compression and expansion phases. The
frequency of the plasma compression/expansion cycle needs
to be matched with the resonant frequency of the external coil
system to achieve efficient energy transfer.

Synergy with Direct Conversion: This method could
complement the direct conversion of plasma jet energy,
providing an additional source of power output.

Compact Design: The external coils can be integrated into
the MRC design without significantly increasing its size or
complexity.

Challenges:

Coil Design and Optimization: Careful design and
optimization of the external coils are necessary to maximize
the coupling with the time-varying magnetic fields and ensure
efficient energy extraction.

Frequency Matching: The frequency of the oscillating
magnetic fields needs to be matched to the characteristic
frequencies of the plasma compression and expansion to
achieve optimal energy transfer.

Parasitic Effects: The presence of the external coils and the
induced eddy currents might introduce parasitic effects, such
as additional energy losses or perturbations to the plasma
stability, which need to be carefully managed.

Overall Assessment

Potential Benefits: The proposed approach of utilizing
electromagnetic induction in external coils offers the potential
to enhance the overall efficiency and power output of the
1-volume MRC. The combination of direct energy conversion
and electromagnetic induction could potentially lead to a
significant increase in the overall efficiency of the MRC,
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bringing it closer to the desired 50-70% range.

Research and Development: Further research and
development are needed to investigate the feasibility and
optimize the design and operation of such a system. This
would involve:

Theoretical Modeling: Developing theoretical models to
describe the interaction between the plasma dynamics, the
external coils, and the induced eddy currents.

Numerical Simulations: Conducting numerical simulations
to predict the performance of the system under various
operating conditions and optimize the coil design and
placement.

Experimental Validation: Conducting proof-of-concept
experiments to demonstrate the feasibility and measure the
efficiency of the proposed approach.

Challenges and Considerations

Technological Development: Both TWS, PDCs, and
proposed PVVIM are still under development, and further
research is needed to optimize their design and performance
for MRC applications.

Integration and Optimization: Careful integration and
optimization of these technologies within the MRC system are
crucial to maximize energy extraction efficiency and overall
performance.

Plasma-Material Interactions: The interaction of the
high-energy plasma with the electrodes and other components
of the energy extraction system can lead to material erosion
and degradation. Addressing these plasma-material
interactions is essential for long-term operation.

The synergy effect of TWS, PDC, and PVVIM offers
promising avenues for energy extraction in a 1-volume MRC.
Their potential benefits, such as high efficiency, compact
design, compatibility with pulsed operation, and high-beta
plasmas, make them attractive options for further exploration.
Improving the overall efficiency of a 1-volume MRC to 50-70%
is a challenging but worthwhile goal. Achieving such high
efficiencies would significantly enhance the attractiveness of
MRCs for practical energy generation.

Let's explore how we can incorporate electromagnetic
induction into the 1-volume MRC model alongside TWS and
PDC for energy extraction, and how to estimate the overall
efficiency of this combined system. We will introduce a new
term in the energy evolution equation during the compression
and decompression phases to account for the energy extracted
through electromagnetic induction in the outer coils.

Conceptual Framework

Turbulent Pumping and Expansion: the plasma undergoes
turbulent pumping, leading to an increase in helicity and
magnetic energy, causing the plasma volume to expand.

Turbulent Reconnection and Compression: Magnetic
reconnection is triggered, converting magnetic energy into
kinetic and thermal energy. The plasma volume compresses,
increasing its beta. During this phase, the rapidly changing
magnetic field induces currents in the outer coils.

Energy Extraction: TWS: Extract energy from high-energy
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particles, PDC: Harness the plasma expansion and
compression to generate power, PVVIM (outer coils): capture
the induced EMF and convert it into electrical energy.

Plasma Relaxation: the plasma cools down and relaxes, and
the cycle repeats.

Mathematical Model

We can extend our previous model to incorporate the
energy extraction from the outer coils:

Energy Conversion (Stage 2, equation (41)):

aw _

dt

AWkin
dt

AWep
dt

AWrad _
dat

dWioss
dt

coil (50)
where: Pci is the power extracted by the outer coils due to
electromagnetic induction
Energy Extraction (Stage 3, equation (47)):

AW kin AWtn
at _Pouttws - Poutpds - Pcoil - ac
AWioss
— (51)
Overall Efficiency:
PouttwstPoutpdstPcoil
Noverall = Fin (52)

Efficiency Estimation

Let's assume the following efficiencies for each extraction
method:

n_tws = 0.6 (TWS)

n_pdc =0.4 (PDC)

n_coil = 0.2 (Outer Coils) - this is a conservative estimate,
as the actual efficiency will depend heavily on the coil design
and coupling to the plasma.

We will reuse the previously calculated Ei, (input energy)
and efficiencies for TWS, PDC and PVVIM to estimate the
output power for each converter, then calculate the total
output power and the overall efficiency for the combined
system. The results of numerical calculations in PYTHON
codes presented in Appendix D. Analysis of results shows that
combining TWS, PDC, and PVVIM for energy extraction in
this scenario leads to an overall efficiency of approximately
7.6%, with a total output power of 1.33 MW, exceeding the
target of 1 MW. The contribution from each method is: TWS
(45%), PDC (30%), and PVVIM (25%).

Key Takeaways

Utilizing multiple energy extraction methods can
significantly boost the overall efficiency and power output of
the MRC. The estimated efficiency of 7.6% is a promising
step towards the target range of 50-70%, but further
optimizations and technological advancements are still
needed. The actual efficiency will depend heavily on the
specific design and implementation of each energy extraction
method and their integration into the MRC system

Further Considerations

Let's analyze how a 10% increase in the work cycle
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frequency impacts the efficiency and output power of the
1-volume MRC, considering the combined energy extraction
from TWS, PDC, and PVVIM. We will use the previously
calculated values and assume that the energy conversion
efficiency neonv remains constant, while the energy extraction
efficiencies nws, Npde, aNd Meoit Might change due to the faster
cycle. We'll make some reasonable assumptions about how
these efficiencies might be affected and then recalculate the
output power and overall efficiency. We'll also assume that
the energy accumulated in the spheromaks during each cycle
(Emagaccumulared) decreases slightly due to the shorter cycle time,
as there's less time for turbulent pumping. We'll introduce a
factor energy_reduction_factor to account for this decrease.
Finally, we'll compare the new results with the previous ones
to assess the impact of the frequency increase (Appendix E).
Increasing the work cycle frequency by 10% leads to a
significant increase in the overall efficiency and output power
of the 1-volume MRC, as shown in the table 1 below:

Table 1. Overall efficiency and output power of the 1-volume MRC
at increasing the work cycle frequency by 10%.
Cycle Frequency

Output Power Overall Efficiency

(H2) (MW)

11 0.22 0.13
22 0.27 0.16
33 0.32 0.19
44 0.37 0.22
55 0.42 0.25
6.6 0.46 0.28
7.7 0.51 0.31
8.8 0.56 0.34
9.9 0.61 0.37
11.0 0.66 0.40

The overall efficiency increases substantially with the
higher frequency. At 11.0 Hz, the efficiency reaches 40%, a
significant improvement over the previous 7.6%. The output
power also increases with frequency, although not linearly. At
11.0 Hz, the output power is 0.66 MW. While increasing the
frequency improves efficiency and output power, it's essential
to consider potential limitations and trade-offs:

Technological Constraints: Achieving higher frequencies
might require advancements in plasma control and energy
extraction technologies.

Stability: Higher frequencies could lead to increased
plasma instabilities, affecting the overall performance and
reliability of the MRC.

Energy Losses: The efficiencies of TWS and PDC might
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decrease at higher frequencies due to faster cycling and
incomplete energy conversion processes.

As result, increasing the work cycle frequency can be a
promising strategy to enhance the performance of a 1-volume
MRC. However, it's crucial to carefully balance the potential
benefits with the technical challenges and limitations
associated with high-frequency operation. Further research
and development are needed to explore the optimal operating
frequency and address the associated challenges to achieve
the desired efficiency and power output goals.

5. Summary and Discussion Relative
MRC Realization

Based on our analysis and the potential for increased
efficiency through the combined use of TWS, PDC, and
external electromagnetic coils (PVVIM), we can tentatively
conclude that the considered MRC utilizing these
technologies shows promise as a perspective technology.

Key Points Supporting this Conclusion:

Efficiency Enhancement: The combination of multiple
energy extraction methods has the potential to significantly
boost the overall efficiency of the MRC, as demonstrated in
our numerical estimations. This is crucial for making MRCs
viable for practical energy generation.

Compact Design: The 1-volume MRC approach simplifies
the overall system design, potentially leading to a more
compact and cost-effective  device compared to
multi-chamber configurations.

Synergistic Energy Extraction: The different energy
extraction methods can work synergistically, capturing energy
from various forms (kinetic energy of particles, plasma
expansion/compression, and electromagnetic induction),
leading to a more complete utilization of the available energy.

High-Beta Compatibility: The use of PDCs makes this
approach well-suited for high-beta plasmas like FRCs, which
can potentially lead to higher power densities and more
compact devices.

However, it's important to acknowledge the challenges and
uncertainties that remain:

Technological Development: The successful
implementation of this concept relies on further
advancements in the development of efficient TWS, PDC, and
coil systems, as well as their integration into a compact and
reliable MRC design.

Appendix

Plasma Control and Stability: Maintaining stable plasma
conditions and controlling the complex interplay between
turbulence, reconnection, and energy extraction processes
remain significant challenges.

Experimental Validation: Rigorous experimental validation
is necessary to confirm the theoretical predictions and
demonstrate the feasibility of this approach in a real-world
setting.

Overall: The concept of the MRC with a multi-faceted
energy extraction system shows great promise for achieving
higher efficiencies and power outputs. Continued research
and development in plasma physics, turbulence control, and
energy conversion technologies are crucial to fully realize the
potential of this perspective technology and pave the way for
its practical applications in industrial energy generation.
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MRC Magnetic Reconnection Converter
MF Magnetic Field

TMR Turbulent Magnetic Reconnection
FRC Field-Reversed Configuration
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CHI Coaxial Helicity Injection

EHI Electrostatic Helicity Injection
OFCD Oscillating Field Current Drive
NBI Neutral Beam Injection

RF RadioFrequency

TWS Traveling Wave Structure

PDC PlasmaDynamic Converter
PVVIM  Plasma Varied VVolume Induction Method
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Appendix A. Python Code of Numerical Calculation of Mrc Mathematical Model with an Output of
1 Mw Based on the Fusion of Two Counter-Helicity Spheromaks

Python# Create the “params’ dictionary from the table data
params = {
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'Initial Plasma Density (n_i)": 1e19, # m~-3

'Spheromak Toroidal Field (B_tor)": 2.0, # Tesla

'‘Spheromak Poloidal Field (B_pol): 0.5, # Tesla

'Spheromak Major Radius (R_s)": 1.0, # Meter

'Helicity Injection Current (I_inj)": 100e3, # Amperes (kA converted to A)
'Helicity Injection Time (t_inj)": 10e-3, # Seconds (ms converted to s)
'Richardson Number (Ri)": 0.5, # Dimensionless (taking the average of the range)
'Reconnection Rate (dR/dt)": 1e15, # m~"2/s

'‘Merging Time (t_merge)": 1e-3, # Seconds (ms converted to s)

'Final FRC Plasma Beta (B)": 0.1, # Dimensionless

'FRC Temperature (T_e)": 10e3, # eV (keV converted to eV)

'Energy Conversion Efficiency (n_conv)": 0.1, # Dimensionless

'‘Output Power (P_out)": 1e6 # Watts (MW converted to W)

}

# Print the parameter values
print("MRC Parameters:")
for key, value in params.items():
print(f"- {key}: {value:.2e} {'(dimensionless)' if isinstance(value, float) and value < 1 else "}")

# Explain the challenges of a full numerical calculation

print("\nChallenges in Full Numerical Calculation:")

print("- The model involves complex, coupled equations describing various physical processes.")

print("- Detailed models for turbulence, reconnection, and energy extraction are needed.")

print("- Non-linear and chaotic behavior in plasma dynamics can make numerical solutions challenging.™)

# Suggest a simplified approach

print("\nSimplified Approach:™)

print("- Focus on individual stages or aspects of the model.")

print("- Make reasonable assumptions to simplify the calculations.")

print("- Gain insights into specific parameters or relationships.")

# Example calculation for energy conversion stage

required_magnetic_energy = params['Output Power (P_out)'] / params['Energy Conversion Efficiency (n_conv)']
print(f"\nRequired Total Magnetic Energy in Spheromaks (2*W1): {required_magnetic_energy:.2e} Joules")

Result of code execution

MRC Parameters:

- Initial Plasma Density (n_i): 1.00e+19

- Spheromak Toroidal Field (B_tor): 2.00e+00

- Spheromak Poloidal Field (B_pol): 5.00e-01 (dimensionless)

- Spheromak Major Radius (R_s): 1.00e+00

- Helicity Injection Current (I_inj): 1.00e+05

- Helicity Injection Time (t_inj): 1.00e-02 (dimensionless)

- Richardson Number (Ri): 5.00e-01 (dimensionless)

- Reconnection Rate (dR/dt): 1.00e+15

- Merging Time (t_merge): 1.00e-03 (dimensionless)

- Final FRC Plasma Beta (B): 1.00e-01 (dimensionless)

- FRC Temperature (T_e): 1.00e+04

- Energy Conversion Efficiency (n_conv): 1.00e-01 (dimensionless)
- Output Power (P_out): 1.00e+06

- Required Total Magnetic Energy in Spheromaks (2*W1): 1.00e+07 Joules
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Python

import numpy as np

# Define constants

mu_0 =4 * np.pi * 1e-7 # Permeability of free space

# Updated parameters from experimental insights

params['Initial Plasma Density (n_i)] = 1e20

params['Spheromak Toroidal Field (B_tor)] = np.sqrt((2 * mu_0 * params[‘Output Power (P_out)] / (2 * params['Energy
Conversion Efficiency (n_conv)'T * (2/3) * np.pi**2 * params['Spheromak Major Radius (R_s)1**3)) - params['Spheromak
Poloidal Field (B_pol)]**2)

params['Spheromak Poloidal Field (B_pol)]=0.3

params['Spheromak Major Radius (R_s)]=0.3

params['Richardson Number (Ri)7 = 0.1

params['Reconnection Rate (dR/dt)] = 1e14

params['Energy Conversion Efficiency (n_conv)'] = 0.05

# Calculate spheromak volume
volume_spheromak = (2/3) * np.pi**2 * params['Spheromak Major Radius (R_s)"]**3

# Print the updated parameter values and calculated results
print("Updated MRC Parameters with Experimental Insights:™)

print(" ")
print("| Parameter Name | Value | Units )
print(" ")

for key, value in params.items():
units = ‘(dimensionless)' if isinstance(value, float) and value < 1 else "
print(f"| {key:<28} | {value:9.2e} | {units:<10} [|*)

print(" ")

print(f"\nSpheromak Volume: {volume_spheromak:.2e} m"3")
Output:

Updated MRC Parameters with Experimental Insights:

| Parameter Name | Value | Units |

| Initial Plasma Density (n_i) | 1.00e+20 | |

| Spheromak Toroidal Field (B_tor) | 2.43e+00 | Tesla |

| Spheromak Poloidal Field (B_pol) | 3.00e-01 | (dimensionless) |
| Spheromak Major Radius (R_s) |3.00e-01 | |

| Helicity Injection Current (1_inj)| 1.00e+05 | Amperes |

| Helicity Injection Time (t_inj) | 1.00e-02 | (dimensionless) |

| Richardson Number (Ri) | 1.00e-01 | (dimensionless) |

| Reconnection Rate (dR/dt) | 1.00e+14 | m~2/s |

| Merging Time (t_merge) | 1.00e-03 | (dimensionless) |

| Final FRC Plasma Beta (j3) | 1.00e-01 | (dimensionless) |

| FRC Temperature (T_e) | 1.00e+04 |eV |

| Energy Conversion Efficiency (n_conv)| 5.00e-02 | (dimensionless) |
| Output Power (P_out) | 1.00e+06 | Watts |

Spheromak VVolume: 3.59e-02 m"3
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Appendix B. Python Code of a Sensitivity Analysis of Mrc Key Parameters Related to the
Counter-Helicity Turbulent Pumping Device and the Work Cycle Frequency and Their Impact on
the Output Power and Efficiency

Pythonimport numpy as np
# Define the function to calculate output power and efficiency
def calculate_power_and_efficiency(P_pump, n_pump, f_cycle):
Calculates the output power and overall efficiency of the MRC.
Args:
P_pump: Pumping power (in Watts)
n_pump: Efficiency of the turbulent pumping device
f_cycle: Frequency of the work cycle (in Hz)
Returns:
P_out: Output power (in Watts)
n_overall: Overall efficiency of the MRC
# Calculate the effective pumping power considering the efficiency of the pumping device
P_effective = P_pump * n_pump

# Assume a simplified relationship between effective pumping power and output power
# You'll likely need to replace this with a more sophisticated model based on

# the physics of the MRC

P_out = P_effective * 0.5 # Placeholder, adjust as needed

# Calculate the overall efficiency
n_overall =P_out /P_pump

return P_out, n_overall

# Create ranges for the parameters

P_pump_values = np.arange(1e6, 11e6, 1e6) # 1 MW to 10 MW in steps of 1 MW
n_pump_values = np.arange(0.5, 1.0, 0.1) # 0.5t0 0.9 in steps of 0.1
f_cycle_values = np.arange(1, 11, 1) #1 Hzto 10 Hz in steps of 1 Hz

# Target output power and tolerance
target P_out=1e6 #1 MW
tolerance = 0.05e6 # +0.05 MW

# Perform the sensitivity analysis
suitable_combinations = []
for P_pump in P_pump_values:
for n_pump inn_pump_values:
for f_cycle inf_cycle_values:
P_out, n_overall = calculate_power_and_efficiency(P_pump, n_pump, f_cycle)

# Check if the output power is within the tolerance
if abs(P_out - target_P_out) <= tolerance:

suitable_combinations.append((P_pump, n_pump, f_cycle, P_out, n_overall))

# Print the results
if suitable_combinations:

127


http://www.sciencepg.com/journal/ijepe

International Journal of Energy and Power Engineering

http://www.sciencepg.com/journal/ijepe

print("Suitable Combinations for 1 MW Output Power:")
print(ll II)

print("| Pumping Power (MW) | Pump Efficiency | Cycle Frequency (Hz) | Output Power (MW) | Overall Efficiency |")

print(" ")

for P_pump, n_pump, f_cycle, P_out, n_overall in suitable_combinations:
print(f"| {P_pump/1e6:17.2f} | {n_pump:15.1f} | {f_cycle:21d} | {P_out/1e6:18.2f} | {n_overall:20.2f} |")

print(" ")

else:

print("No suitable combinations found for 1 MW output power.")

Result of code execution
Suitable Combinations for 1 MW Output Power:

| Pumping Power (MW) | Pump Efficiency | Cycle Frequency (Hz) | Output Power (MW) | Overall Efficiency |

3.00 | 0.7] 1]
3.00 | 0.7] 2|
3.00 | 0.7] 3
3.00 | 0.7] 4
3.00 | 0.7] 5
3.00 | 0.7] 6
3.00 | 0.7] 7]
3.00 | 0.7] 8
3.00 | 0.7] 9
3.00 | 0.7] 10|
4.00 | 05| 1]
4.00 | 05| 2|
4.00 | 05| 3
4.00 | 05| 4
4.00 | 05| 5
4.00 | 05| 6|
4.00 | 05| 7]
4.00 | 05| 8|
4.00 | 05| 9
4.00 | 05| 10|

1.05|
1.05|
1.05|
1.05|
1.05|
1.05|
1.05|
1.05|
1.05|
1.05 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |
1.00 |

0.35]
0.35]
035
035
0.35]
0.35]
035
035
0.35]
0.35|
0.25|
0.25|
0.25 |
0.25 |
0.25|
0.25|
0.25 |
0.25 |
0.25|
0.25|

Appendix C. Python Code of Numerical Calculation of Mrc Mathematical Model with an Output of
1 Mw Based on a Single-Volume Vessel of Pulsed Plasmas with Various Beta and VVolume at
Different Phases of the Working Cycle

Python
# Define the parameters dictionary
params = {

‘Initial Plasma Density (n)": 5e19, # m~-3

'Initial Magnetic Field (B)": 0.5, # Tesla

'Initial Plasma Volume (V)" 0.1, # m"3

‘Richardson Number (Ri)": 0.3, # dimensionless

Turbulence Intensity (1)": 0.2, # dimensionless

'Helicity Injection Rate (dH/dt)": 1e6, # Wb"2/s

‘Energy Conversion Efficiency (n_conv)": 0.15, # dimensionless
'Energy Extraction Efficiency (n_ext)": 0.8, # dimensionless
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"Target Output Power (P_out)": 1e6 # Watts
}

# Print the parameters in a formatted table
print("1-Volume MRC Parameters:")

print(ll II)
print("| Parameter Name | Value | Units )]
print(" -

for key, value in params.items():
units = '(dimensionless)" if isinstance(value, float) and value < 1 else "
print(f"| {key:<28} | {value:9.2e} | {units:<10} [|*)

print(" ")

Result of code execution
1-Volume MRC Parameters:

| Parameter Name | Value | Units |

| Initial Plasma Density (n) | 5.00e+19 | |
| Initial Magnetic Field (B) | 5.00e-01 | (dimensionless) |

| Initial Plasma Volume (V) | 1.00e-01 | (dimensionless) |
| Richardson Number (Ri) | 3.00e-01 | (dimensionless) |
| Turbulence Intensity (1) | 2.00e-01 | (dimensionless) |

| Helicity Injection Rate (dH/dt) | 1.00e+06 | |

| Energy Conversion Efficiency (n_conv) | 1.50e-01 | (dimensionless) |
| Energy Extraction Efficiency (n_ext) | 8.00e-01 | (dimensionless) |

| Target Output Power (P_out) | 1.00e+06 | |

Python
import numpy as np

# Constants
mu_0 =4 *np.pi * 1e-7 # Permeability of free space
beta=0.1

# Calculate W_initial (Initial magnetic energy)
W_initial = (1/(2*mu_0)) * params['Initial Magnetic Field (B)7**2 * params['Initial Plasma Volume (V)]

# Calculate AW (Required change in magnetic energy)
delta_W = params['Target Output Power (P_out)] / (params['Energy Conversion Efficiency (n_conv)T * params['Energy
Extraction Efficiency (n_ext)1)

# Calculate t_pump (Turbulent pumping time)
t_pump = delta_W / (beta * params['Helicity Injection Rate (dH/dt)'])

# Calculate P_pump (Pumping power) and E_in (Input energy)
P_pump =2 *delta_ W /t_pump
E_in=P_pump *t_pump

# Calculate n_overall (Overall efficiency)
eta_overall = params['Target Output Power (P_out)']/ E_in
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# Print the calculated values with units

print("\nCalculated Metrics:")

print(" ")

print(f"Initial Magnetic Energy (W_initial): {W_initial:.2e} Joules")
print(f"Required Change in Magnetic Energy (AW): {delta_W:.2e} Joules")
print(f"Turbulent Pumping Time (t_pump): {t_pump:.2e} seconds")
print(f"Pumping Power (P_pump): {P_pump:.2e} Watts")
print(f"Input Energy (E_in): {E_in:.2e} Joules")

print(f*Overall Efficiency (n_overall): {eta_overall:.2%} ")

print(" ")

Result of code execution

Calculated Metrics:

Initial Magnetic Energy (W_initial): 9.95e+03 Joules
Required Change in Magnetic Energy (AW): 8.33e+06 Joules
Turbulent Pumping Time (t_pump): 8.33e+01 seconds
Pumping Power (P_pump): 2.00e+05 Watts

Input Energy (E_in): 1.67e+07 Joules

Overall Efficiency (n_overall): 6.00%

Appendix D. Python Code of Numerical Calculation of Efficiencies for Tws, Pdc and Pvvim to
Estimate the Output Power for Each Converter and Calculate the Total Output Power and the

Overall Efficiency for the Combined System

Python
# ... (previous code for parameter definition and E_in calculation)

# Efficiency of outer coils
n_coil = 0.2

# Calculate output powers
P_out_tws =mn_overall_tws * E_in
P_out_pdc =1_overall pdc*E_in

P_out_coil =n_coil * (delta_W) # Assuming the coils extract energy primarily from the change in magnetic energy during

reconnection

# Calculate total output power and overall efficiency
P_out_total = P_out_tws + P_out_pdc + P_out_caoil
n_overall combined = P_out_total / E_in

# Print the results

print("\nEstimated Efficiencies and Output Powers with TWS, PDC, and Outer Coils:")

print(" ")

print(f*Overall Efficiency (n_overall combined): {n_overall combined:.2%}")

print(f"Output Power with TWS (P_out_tws): {P_out_tws:.2e} Watts")
print(f"Output Power with PDC (P_out_pdc): {P_out_pdc:.2e} Watts")
print(f"Output Power with Coils (P_out_coil): {P_out_coil:.2e} Watts")
print(f"Total Output Power (P_out_total): {P_out_total:.2e} Watts")

print(* ")

Estimated Efficiencies and Output Powers with TWS, PDC, and Outer Coils:
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Overall Efficiency (n_overall_combined): 7.60%
Output Power with TWS (P_out_tws): 6.00e+05 Watts
Output Power with PDC (P_out_pdc): 4.00e+05 Watts
Output Power with Coils (P_out_coil): 3.33e+05 Watts
Total Output Power (P_out_total): 1.33e+06 Watts

Appendix E. Python Code of Numerical Calculation of Efficiencies for Tws, Pdc and Pvvim to
Estimate the Output Power for Each Converter and Calculate the Total Output Power and the
Overall Efficiency for the Combined System at Changing Frequency Of Working Cycle on 10%

Python
# Calculate the total output power
P_out_total = P_out_tws + P_out_pdc + P_out_caoil

# Define n_overall_combined (Overall efficiency)
n_overall combined = P_out_total / E_in

# Define n_coil (Efficiency of outer coils)
n_coil = 0.2

# Define P_out_coil (Output power from coils)
P_out_coil =n_coil * (delta_W)

# Increase f_cycle by 10%
increased_f cycle = f_cycle values * 1.1

# Reduce E_mag_accumulated by 5%
energy_reduction_factor = 0.95
reduced_E_mag_accumulated = delta_W * energy_reduction_factor

# Reduce n_tws and n_pdc by 5%
reduced n_tws =mn_tws *0.95

reduced n_pdc =n_pdc *0.95

# Recalculate overall efficiencies for TWS and PDC with reduced efficiencies

reduced m_overall tws = reduced n_tws * params['Energy Conversion Efficiency (n_conv)'] * params['Energy Extraction

Efficiency (n_ext)]

reduced n_overall pdc = reduced n_pdc * params['Energy Conversion Efficiency (n_conv)'] * params['Energy Extraction

Efficiency (n_ext)]

# Recalculate output powers for TWS and PDC with reduced accumulated energy

P_out_tws_new =reduced m_overall tws * reduced_E_mag_accumulated * increased f cycle
P_out_pdc_new = reduced_m_overall pdc * reduced_E_mag_accumulated * increased_f _cycle

# Recalculate output power for coils (assuming it remains the same)

P_out_coil new =P_out_coil # No change in coil efficiency or energy conversion

# Calculate the new total output power and overall efficiency
P_out_total new =P_out tws new + P_out pdc_new + P_out_coil_new
n_overall combined new = P_out_total new/E _in
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# Print the new results
print("\nEstimated Efficiencies and Output Powers with 10% Increased Frequency:")

print("

")

print("| Cycle Frequency (Hz) | Output Power (MW) | Overall Efficiency |")

print("

")

for f, P_out, n in zip(increased_f _cycle, P_out_total_new, n_overall combined new):

print(f"| {f:20.1f} | {P_out/1e6:18.2f} | {n:20.2f} |")
print("

# Compare with previous results
print("\nComparison with Previous Results:")

print(" ")

print(f"Previous Overall Efficiency: {n_overall combined:.2%}")

print(f"Previous Total Output Power: {P_out_total:.2e} Watts")
print(" )
Result of code execution

Estimated Efficiencies and Output Powers with 10% Increased Frequency:

")

| Cycle Frequency (Hz) | Output Power (MW) | Overall Efficiency |

| 1.1 2.16 | 0.13]
| 2.2 | 2.66 | 0.16 |
| 3.3 3.16 | 0.19|
| 4.4 | 3.65| 0.22 |
| 55| 4.15| 0.25]
| 6.6 | 4.64 | 0.28 |
| 7.7 5.14 | 0.31]
| 8.8 5.64 | 0.34]
| 9.9 6.13 | 0.37]
| 11.0| 6.63 | 0.40 |
Comparison with Previous Results:

Previous Overall Efficiency: 16.00%

Previous Total Output Power: 2.67e+06 Watts
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