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Background
▷ The magnetic compression has been proved an effective

method to heat field reversed configurations (FRCs).
▷ The short timescale and drastically dynamic behaviors of the

compression process make it difficult to develop diagnoses.

3 of 19



Background
▷ The 1D adiabatic model [R. L. Spencer et al 1983] is a

concise and valuable theory to predict the parameters of FRCs
during the compression.
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Table 1: Spencer’s scaling laws[21] for flux compression, ϵ > 0

parameter scaling law

Bw x−(3+ϵ)
s

pm x−2(3+ϵ)
s

nm x
−6(3+ϵ)

5
s ⟨β⟩

−2(1−ϵ)
5

Tm x
−4(3+ϵ)

5
s ⟨β⟩

2(1−ϵ)
5

l x
2(4+3ϵ)

5
s ⟨β⟩

−(3+2ϵ)
5

scaling laws can be used both in magnetic compression and wall compression[25, 26].

For the magnetic compression that is the concern in this article, the scaling laws are

shown in Table 1. The nm is the maximum density, Tm the maximum temperature, l

the length of the FRC, and ϵ ∈ (0, 1) is a flux profile index where the ϵ = 0.25 is most

frequently used. To be consistent with other usages of the adiabatic model[27, 26], we

use ϵ = 0.25 in this article.

2.2. Numerical model

Simulations in this work have been implemented using the NIMROD code[23]. The

single-fluid MHD equations solved in simulations are as follows:

∂n

∂t
+∇ · (nu⃗) = 0 (5)

ρ(
∂u⃗

∂t
+ u⃗ · ∇u⃗) = J⃗ × B⃗ −∇p−∇·

↔
Π (6)

n

γ − 1
(
∂

∂t
+ u⃗ · ∇)T = −p∇ · u⃗+Q (7)

∂B⃗

∂t
= −∇× E⃗ (8)

E⃗ = −u⃗× B⃗ + ηJ⃗ (9)

where n is the plasma number density, ρ the mass density, p the pressure, T = Ti + Te

the total temperature, u⃗ the fluid velocity, J⃗ the current density,
↔
Π the viscosity tensor,

▷ However, some assumptions that are inconsistent with the real
situation are introduced in the model, for example,

∗ FRC is in the equilibrium state with u⃗ = 0 at every moment
∗ FRC keeps a large elongation during the compression
∗ The profiles of temperature or density are not considered
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Motivation

▷ The applicability of the analytical model to the more realistic
and dynamic FRC compression process in full 2D or 3D
geometry remains to be systematically tested in simulations.

∗ What are the changes of FRC parameters vs theory when
assumptions of the theory are not considered

∗ How do these assumptions affect the compression process
∗ Which of theoretical predictions are basically reliable

▷ Then there will be less doubt when using the analytical model
in the designs of FRC experiments.
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Numerical model

∂n
∂t +∇ · (nu⃗) = ∇ · (Dn∇n − Dh∇∇2n)

ρ(
∂u⃗
∂t + u⃗ · ∇u⃗) = J⃗ × B⃗ −∇p −∇·

↔
Π

n
γ − 1(

∂

∂t + u⃗ · ∇)T = −p∇ · u⃗ + Q

∂B⃗
∂t = −∇× E⃗

E⃗ = −u⃗ × B⃗ + ηJ⃗

[C. R. Sovinec et al, 2004]

▷ The numerical parameters
are set as close to the theory
as possible

▷ Single-fluid MHD equations
▷ η0

µ0
= 1m2/s (very small for

FRCs), where

η(t) = η0
(

T(t)
T0

)− 3
2

▷ Parallel viscosity of 104m2/s
[A. I. D. Macnab et al, 2007]
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Numerical model
▷ NIMEQ equilibrium [E. C. Howell

and C. R. Sovinec, 2014] and [H. Li
and P. Zhu, 2021]

∗ Constant pressure in vacuum
∗ No initial perturbations
∗ Uniform density profile,

n0 = 1 × 1021m−3,
Tm = 422eV

▷ Compression boundary
conditions

∗ n = 0 only
∗ covers the boundary r = rw

∗ A⃗ = Aθ θ̂ = RBzf(z)g(t)θ̂

∗ f(z) = 1
1+e(z1−z)/λ+e(z−z2)/λ

[R. D. Milroy et al, 2010]

Compression BC
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Typical results
(a) (b) (c)

(d) (e) (f)

▷ To be consistent with the 1D theory, p, T and n are maximum
values at the z = 0 plane.

▷ p, T and l are basically consistent with the theory. 8 of 19



Typical results
(b)(a)

▷ Evolutions of pressure (left) and temperature (right).
▷ The FRC shrinks toward the middle and becomes oblate.
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Typical results
(a) (b)

(c) (d)

▷ 1D slices at z = 0 plane. 10 of 19



Typical results

▷ Assuming that Ψ(u) and p(u) are even functions with
u = r2 − r2

o, the theory predicts that rs =
√

2ro during the
compression. [W. T. Armstrong et al, 1981]

▷ The rs =
√

2ro is a good approximation to describe the
magnetic field structure of FRCs. 11 of 19



Effects of the initial density profile
(a)

(b)

▷ The 1D theory does not presuppose a density profile.
▷ The density profile of FRCs in the equilibrium state is usually

measured similar to the rigid rotor (RR) model.
▷ To study the effects of the density profile, a modified density

profile which is consistent with the RR model is used.
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Effects of the initial density profile
(a) (b) (c)

(d) (e) (f)

▷ The different initial density profiles mainly affect the evolutions of the
temperature and density during the compression, and slightly affect
the variation of the volume. 13 of 19



Effects of the initial density profile
(a) (b)

(c)

▷ The radial density profile loses its hollow structure during the
compression.

▷ The theoretical prediction rs =
√

2ro still holds.
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Effects of the rising rate of the compression magnetic field
(a) (b) (c)

▷ The 1D theory assumes u⃗ = 0 everywhere, and the FRC goes
through a series of equilibrium states during compression.
However, the real compression process is highly dynamic.

▷ A convenient way to study the effects of the dynamic process
is to vary the rising rate of the compression magnetic field.

▷ The pressure evolution is still consistent with the theory.
▷ The evolution of the length is slightly affected.
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Effects of the rising rate of the compression magnetic field

(d)

(b)

(c)

(a)

▷ As the rising rate of the compression field increases,
∗ the temperature rises more slowly with Bw2/Bw1
∗ the density rises more rapidly after Bw2/Bw1 > 3
∗ the radius of the FRC decreases faster with Bw2/Bw1 16 of 19



3D results
(a) (b) (c)

(d) (e) (f)

▷ Without initial perturbations, the 3D simulations are same as
the 2D typical results, and no additional n > 0 instability is
observed. 17 of 19



Summary
▷ The detailed comparisons between simulation results and the

adiabatic model [R. L. Spencer et al 1983] have been presented.
∗ Single-fluid model is applied, and numerical parameters are set as close

to the theory as possible.
▷ The effects of the assumptions of the theory on the compression

process have been explored.
▷ The pressure evolution agrees with the theoretical prediction under

different conditions. rs =
√

2ro is also a good approximation.
▷ The axial contraction is a little faster than the theoretical prediction,

and can be affected slightly under different conditions.
▷ The n and T can be affected significantly by the initial equilibrium

profile and the rising rate of the compression magnetic field. The
radius is another parameter that is susceptible to the rising rate of
the compression field.
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Discussion

▷ The finite-Larmor radius effects and the two fluid effects can
be further considered.

▷ When more complicated effects and initial perturbations are
considered, the MHD instabilities such as the n = 2 rotational
instability may be excited.
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