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Analysis of Colloid Thrusters for Nano-satellite Propulsion

Kun Joong Park* - Ho-Young Kim** - Seung Jin Song**

ABSTRACT

The mode transition from cone-et to dripping in colloid thruster operation has been analytically
investigated. The transition has been predicted by the dynamic behavior of a liquid drop at the tip of
the conejet. Conservation laws are applied to determine the upward motion of the drop, and an
instability model of electrified jets is used to determine the jet breakup. Finally, for the first time, the
analysis enables prediction of the transition in terms of the Weber number and electric Bond number.

The predictions are in good agreement with experimental data.

Key Words: Colloid Thrusters(ZZ°l= F¥7]), Nano-satellite(tt=<1F94),
Stability (174 )

Cone-jet(Z A E),

.M B the order of several kV to several tens of kV,

the liquid meniscus forms a unique cone
The interest in colloid thrusters has been shape at the needle tip. Also, a thin jet emits

intensively increased in the last decade from the cone apex and a spray forms. Taylor

because of the emphasis on the miniaturization
of spacecrafts and satellites. Specifically, colloid
thrusters is known to be adequate for future
space missions such as precision orbit and
attitude control of nano-satellites.

Colloid thrusters are operated by using
electrospraying, which refers to electrostatic or
electrohydrodynamic spraying of liquids. When
a liquid propellant is pumped through a

capillary needle under an electric potential on
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(1964) first analyzed the existence of the cone
validated  his

experiments[1]. Thus, the

shape and theory  with
liquid cone is
referred to as the Taylor cone.

One major unresolved issue is the stability
or transition of the Taylor cone-jet. Fernandez
de la Mora & Loscertales (1994) investigated
the transition[2], and since then it has been
known that the mode change from cone-jet to

dripping occurs when the nondimensional flow

rate 75 ,OKQ/ Yeg, ,

€ are the density,

surface

where P, K, ¥, and
electrical conductivity,
and dielectric

tension coefficient,
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constant of the liquid, €0 the permittivity in

vacuum, and 0 the flow rate, has a value of
approximately 1. However, the critical value
over which the Taylor cone-jet ensues has
been  different
parameters, and many researchers have tried
transition[3-6].
Nonetheless, the predictions have been difficult

depending on  various

to accurately predict the

probably because the effects of the applied
voltage and electrode geometry have not been
considered.

Therefore, the objective of this research is to
predict the stability of the Taylor cone-jet, or
the transition from the cone-jet mode to the
dripping through

investigation.

mode, an  analytical

22 B

In Fig. 1(a), a drop is attached to a thin

thread emerging from the cone. The liquid is
assumed to be inviscid. In Fig. 1(b), D is the

diameter of the jet. Here D is assumed to be

constant along the axial direction. Vo is the

downward velocity of the jet.

2.1 Upward drop motion
In Fig. 1(b), { is the displacement of the

drop and ¢ the time. If at =0 a drop
completely detaches from the jet, the
remaining part of the jet begins to recede

upward towards the cone and a new drop is

formed at ¢ =0, The mass of the drop, M,

is
M=pS({+Vy), @)

where S is the cross-section area of the jet. If

V is the velocity of the drop, the equation of

motion of the drop can be written as

d
‘d—t(MV)=7ZDy_m1/()(V+I/())—P;I )

where £ represents the electric force

downward. Substituting Eq. 2 into Eq. 1, then

i % +v)-—F.
dt

dt oS e,
(3)

where V, =+47/PD . Here the scaling of D,
presented by Ganan-Calvo (1997), is

1/6
- E,
D=2ﬁ”{§é} 0" s

d _u?_
-;B£+n0 ]—n i

(4)
where /5 is a scaling constant]7]. In addition,
F, is predicted as

F,=2D({ +Vi1)o,E,, ®)
where O is the surface charge density of the
jet and E, the axial electric field acting on

the drop. Then, the substitution of Eq. 5 into

Eq. 3 yields an analytic solution for ¢
8. 2
=2 4V, ~ V)t
é’ 6 ( s 0) , (6)

where "acceleration of electric force"

8. =40.E)/PD, termed analogous to that of
gravity. Therefore, the maximum displacement

of the drop,

30T
6o 2g, . @

2.2 Jet breakup

Once the drop reaches ;max, the drop
begins to move downward and detach from
the jet. This jet breakup is called necking.
From Basset (1894) and Taylor (1969)[8,9], the
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necking time % can be written as

D3 1/2
el
8y ) ®)

where G, depends on the applied voltage
@,

If the drop moves downward a distance l

during the jet breakup, then
L=V, ©)

l

where ‘s is called the necking distance.

2.3 Transition from cone-jet to dripping

¥ L< gmax, the necking point moves
upward, and the cone-jet mode transitions to

the dripping mode. On the other hand, if

L,>¢ max, the mecking point moves downward
so that the jet is extended and maintained.

Consequently, the
/

n = gmax, and it becomes

transition condition is

1/2

2
o 1485 _|[14 85 4
A ¥,

(10)

Here Vo/Ve s replaced with the Weber
_ 2

number defined as We= PV, D/ Y, the ratio

of inertia to surface tension. And the electric

Bond number B0y is newly derived as

(&, 12 o,
Boy =| — 73
14 r. “In(4z,/r), (11)

where % is the radius of the needle.

Therefore, the transition condition, in terms of

We and Bog, is

Bo, =EL l«/We+ !
2 4

-1
C.C, We } (12)

Also, the relationship between We and 77 is
newly given by

e
1 ”. (13)

We =

Thus, the transition condition, in terms of ¥

and Bo; , 1is

Bo, <3 L [128" o A 1
Er2cc, |4 1 2 n .

(14)

3. 4ot 3! E9|

Figure 2 shows a comparison of the

predicted and measured transition

conditions[10]. The agreement is excellent.
Here, if we divide the transition condition into

two parts based on the critical point, with

increasing 77, BOp at the transition decreases
in the left but increases in the right. This "V"

shape forms because, in Eq. 14, the term
involving 1/ \/; dominates the left and the

term involving \/—7; the right.
In Fig. 2, at a certain point in the cone-jet
mode, if O is decreased at a fixed (Do, the

mode transition occurs. € corresponding to

this transition is called the minimum flow rate

Ouin, and is clearly dependent on ®). I our

analysis, the mode transition to dripping is

predicted in terms of ®; as shown in Fig. 2.
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4.2 B

The transition from the Taylor cone-jet mode
to the dripping mode has been analyzed, and,
for the first time, the transition has been
accurately predicted. Therefore, the mechanism
behind this transition is concluded to be based
on the dynamic behaviour of the drop at the
tip of the cone-jet.
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Fig. 1 A Drop at the Tip of the Taylor Conejet. (a)
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Three xtemal Forces; (b) Upward Drop Motion
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