CH

2020 4 2 A (L s A N Feb. 2020

41 % H 2 JOURNAL OF PROPULSION TECHNOLOGY Vol.41

No.2

Hi

IR E 1B RIS AR R

FoOoM, EMPES, AHES ENRL, A K

(1. FRHE R SHRSIEE2ERE, I RAR 6117315 2. i AIHEREAISERT, Lifg 2011125
3. FIETRAS TR, i 201108)

-

2

S

PR L& R AT E LR P R, FECR IR SRS A
KW : wIH ARG, wAEIEE; Bk BUETH
FESES: V439'4 XERARIREG: A MEHS: 1001-4055 (2020) 02-0469-12
DOI: 10.13675/j.cnki. tjjs. 180653

Investigation on Change Laws of Current Peak Position
in Electrodynamic Space Tether

YU Bo' 2, WANG Zhong-yuan®, QIAO Cai—xia’, KANG Xiao-lu?, ZHAO Qing'

B, AR ECAMSAEER YR L T EALAE, 23— RS HRei TR KE
B FAE R A —— R T RISk ABRIEZ S R0 I, A 135kWE RIEHBASF
BFRR, EATHATFRERZGEIDERE, B Aidr @, HHEHEL A 12.8%, EHHEHG
W, AL A 3.6%, A E AN ARRRERE, RAKEARRLZ AR, dHRAGH LY
R MBS AR B BB ELBATHALT ., ERET: LA ARAGLIEEELSEE
BB EIE ., BAKEIE MR LR AR KM ARG Loy s FaMsh 24, BT & -F Huid iz 3 kb

(1. College of Resource and Environment, University of Electronic Science and Technology of China, Chengdu 611731, China;

2. Shanghai Institute of Space Propulsion, Shanghai 201112, China;
3. Aerospace System Engineering Shanghai, Shanghai 201108, China)

Abstract: In order to precisely study the self-consistent process between the collection and emission of
electrons in a whole electrodynamic tether system, a new hybrid model named 3D circuit and space coupling cal-
culation (3D-CSC) has been established. This model can help to study the change law of peak position under sev-
eral influencing factors. In order to verify the feasibility and accuracy of 3D-CSC model, experimental tests of
current collection using a bare tether have been conducted, and a 1.35kW class Hall thruster is employed as the
plasma generator in the vacuum chamber. Comparisons between calculation and measurement results show that
the error of calculation in circuit is about 12.8%, while in space is about 3.6%. Based on 3D-CSC, we simulated
the steady—state operating characteristics of an on—orbit electrodynamic tether including the current and potential
distribution on tether, as well as the plasma potential distribution in space, under the working conditions of differ-
ent bias voltages, different tether lengths or diameters. The calculation results showed that, the current peak posi-
tion would move to the anode end with the bias voltage increasing, the tether length increasing or the tether diam-
eter increasing. The present study revealed that the difference of the three types of charge transportation, which

are the orbital motion limit, the thermionic emission and the secondary electron emission, respectively, was the
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reason of the current—peak—position change.
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Fig. 1 Physical models involved in 3D-CSC

Update the plasma parameter distribution of the near space, including

the space potential, ion density and energy. By Model A and Model B

Solve the OML current with the input condition of space potential. By Model C
Solve the secondary electron current based on the ion parameters. By Model D

Update the potential distribution, cathode emission current with the conditions of
OML current, secondary emission current and tether circuit. By Model E;

Judge the convergence by comparing the new and old values of current on point I:
If the residual is less than 0.1%, then solution is converged.

Or else, the iteration continues.

Solve the potential of cathode sheath with the condition of cathode current,
spatial parameters of plasma. By Model F;
Update the spatial parameters of plasma. By Model A

I

Record the number and type of the particles that escape from
the computational boundary, and compensate the partiles with

the same number and type into the domain to keep a quasi-meutrality.

Fig. 2 Computational procedures in one time step in 3D-CSC
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Table 1 Electron-Neutral collisional reaction coefficient*

J Reaction equation Reaction velocity/(cm?¥/s) Collision threshold/eV Reaction type

1 e+0, > 2 +0} 9.0 x 107" - T%%exp(-12.6/T) 12.60 Tonization

2 e+0, > e+0) 1.7 x 1077 - exp(=3.1/T,) 0.98 Excitation

3 e+ 0, > e+20 4.2 x 107 - exp(-5.6/T,) 6.40 0-0 bond broken
4 e+ 00— 2+ 0" 9.0 x 107 - 77 exp(-13/T,) 13.62 Tonization

5 e+0—>e+0 4.2 x 107 + exp(-2.25/T) 1.97 Excitation
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Table 2 Voltage-ampere characteristics of the hollow cathode at different operating conditions
Current/A Voltage/V Operating mode Plume pattern
2.5 19.1 Plume Violet, visual divergence angle: 57°
3.5 15.8 Spot Blue, visual divergence angle: 52°
45 14.7 Spot Glaucous , visual divergence angle: 41°
5.5 15.1 Spot Blue, visual divergence angle : 43°
6.5 16.3 Spot Blue, visual divergence angle : 47°
75 18.9 Plume Violet, visual divergence angle: 50°
8.5 20.7 Plume Violet, visual divergence angle: 55°
9.5 23.6 Plume Purple, visual divergence angle : 62°
10.5 26.8 Plume Magenta, visual divergence angle: 71°
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Fig.5 Circuit diagram and simplified model of the tether for simulation
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Fig. 6 Comparison of calculation and measurement results

of the collecting current

Table 3 Input conditions of the calculation

Condition items Value
Moving velocity of tether/(km/s) 8
Orbital altitude/km 350
Components of space plasma 0,,0,0%,e

Temperature:0.1 eV

Parameters of space plasma Number density: 5x10!m-3

2.12eV(BaO-W emitter)

Work function of the emitter
Operation temperature of the emitter/C 1100
Geometry of emission surface Round, ®@=2.5¢m
Reference plane of “zero potential” Sphere surface of infinity

Time step 2x107"s
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Table 4 Relevant physical parameters at each cases

Potential of the
cathode sheath/ V

Parameter

0*ion number density/mand
average ion kinetic energy/eV

Contribution ratio of each
current I,_ /I _ /I

t=e"“s—e’ Toml

Average [V,=V | in the
collection region/V

Bias voltage: 1kV
Tether length: lkm 16.9

Tether diameter:0.5mm

¥ Bias voltage : 2kV
Tether length: 1km 22.8
Tether diameter:0.5mm

Bias voltage: 1kV
¥ Tether length : 3km 23.3

Tether diameter:0.5mm

Bias voltage: 1kV
Tether length : lkm 17.5
v¢ Tether diameter:0.75mm

1.6x10"

2.0x10"

2.0x10

2.1x10™"

356.9 1.37/0.18/1.55
1.99/0.20/2.19

424.7
(1.92/0.19/2.34)
2.02/0.16/2.18
4054 (1.95/0.14/2.37)
3671 1.46/0.19/1.64

(1.45/0.18/1.75)
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Electron number density/m= 2.0x10*  6.0x10*  1.0x10" 1.4x10% 1.8x10" 22x10% 2.6x10" 3.0x10"

Point 1: Point 2: Point 3: Point 1: Point 2: Point 3:

Cal.: 0.323 Cal.: 0.367 Cal.: 0.617 Cal.: 0.294 Cal.: 0.357 Cal.: 0.606
Test: 0.337 Test: 0.379 Test: 0.636 Test: 0.301 Test: 0.368 Test: 0.629
Error: 4.2% Error: 3.2% Error: 3.0% Error: 2.3% Error: 3.0% Error: 3.7%

1
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endpoint  (a) Bias voltage: 30V (b) Bias voltage: 50V
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Test: 0.274 Test: 0.339 Test: 0.607 Test: 0.257 Test: 0.314 Test: 0.581
Error: 3.3% Error: 4.4% Error: 3.1% Error: 4.7% Error: 1.3% Error: 1.5%
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Fig. 7 Comparisons of calculation and measurement results of the electron number density

(the term “Cal.” denotes the term “calculation results” and “Test” denotes the “test results”)
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Fig. 8 Distribution of the current on the tether at different

bias voltages

—— Bias voltage: 1kV (tether) = Bias voltage: 1kV (space)
—— Bias voltage: 2kV (tether) —— Bias voltage: 2kV (space)
—— Bias voltage: 3kV (tether) —— Bias voltage: 3kV (space)
—— Bias voltage: 4kV (tether) —— Bias voltage: 4kV (space)
Bias voltage: SkV (tether) Bias voltage: SkV (space)

> 60 44.6%

% 31.3%

£ 45 25.6%

ks — 22.1%

% 30F l9_5»%

= Transition of

= 15} 1| peak-points

B S

=}

Q-‘ 00 i 1 1 1 1 1 1

400 600 800 1000

Position on the tether/m
Fig. 9 Potential distribution of both tether and plasma at

different bias voltages

— Tether length: 3km
3 Tether length: 7km
2.64A

— Tether length: Skm
—Tether length: 9km

=2.79A

\

Fig. 10 Distribution of the current on the tether at different

=253A 1, =2.71A Lo

P Sm—
202A" I, 2 18A \\ \
0 b

0

[\8)

—_

Curent distribution/A

Posmon on tether/km

lengths

—— Tether length: 3km (tether)
—— Tether length: Skm (tether)
—— Tether length: 7km (tether)
—— Tether length: 9km (tether)

= Tether length: 3km (space)
= Tether length: S5km (space)
= Tether length: 7km (space)
= Tether length: 9km (space)

\
> 1200 ¢ g
E Transition of peak points
2 800} ~
2 2%
= 400} =
g
o
o
=8} 0t
0 2 4 6 8 10
Position on the tether/km
Fig. 11 Potential distribution of both tether and plasma at

different tether lengths

tether diameters

0.75mm (space)
1.00mm (space)
1.25mm (space)
1.50mm (space)

—Tether diameter:
— Tether diameter:

Tether diameter:
——Tether diameter:

0.75mm (tether) Tether diameter:
1.00mm (tether) — Tether diameter:
1.25mm (tether) — Tether diameter:
1.50mm (tether) — Tether diameter:

z 15 32.9%

E » 0

g 10 31.2%

g : 29.5%

=2 27.99

7 05 %

2

s 00 . :

% Transition of peak points

5 -05 - : ' : - .
= 0 200 400 600 800 1000

Position on the tether/m
Fig. 13 Potential distribution of both tether and plasma at
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Fig. 14 A diagrammatic sketch of the tether and plasma po-
tential distribution in two typical cases
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