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ELECTROSTATIC FLIGHT

A recent proposal by Dzdalus Research suggests using electrostatic
forces to lift and propel a small airborne vehicle. We show here that al-
though this is permitted by the laws of physics, it is very inefficient, and is
limited to low areal loads by the requirement to avoid electric breakdown.
Electrostatic propulsion offers no special advantages which might justify the

price of its inefficiency.

In electrostatic propulsion, just as in propulsion by a rotating airfoil,
it is not necessary to exert thrust directly downward in the manner of a
helicopter. It may be possible to employ a wing to provide lift and to make
the thrust horizontal, only overcoming the drag induced by flow over the
wing. Just as for a conventional aircraft, this reduces the thrust required
to maintain altitude, in comparison to that required by a helicopter, by the
lift-to-drag ratio L/D of the vehicle. This is about 5 even for very small
(cm-sized) wings, but may be less for the vehicle as a whole because of the
necessity of moving a broad electrostatic propulsor broadside through the

air.

The principle of electrostatic lift and propulsion is to fill a volume of
air with a net negative charge density by introducing electrons from a field
emitting cathode, and then to exert a force on this charged air by applying
an electric field. The charged air fills the volume between two parallel flat
electrodes, taken to be squares of side s separated by a distance b. We will
make the approximation that this can be treated electrically as if b < s,
neglecting fringing fields.

Electrons are assumed to be injected at the cathode by field emission at

numerous sharp points, and then to attach to O, molecules, which have an
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electron affinity of 0.44 eV, and are the only major component of air with a
positive electron affinity. Wé assume all the electrons are bound in the form
of Oz, which (using the Saha equation) is found to be a good approximation
at room temperature, but which will not be correct at higher temperature.
We also assume that no other ions are present; if other ions are created the

efficiency will be less than even the low values we calculate.

The electric field between the electrodes accelerates the O3 towards
the anode, and collisions transfer momentum to the neutral air molecules.
The electrodes must be porous to admit a flow of neutral air through the
cathode and to permit it to escape through the anode, at which the ions are
neutralized. This flow of air provides the reaction force against which the
electrostatic engine exerts its thrust, and is analogous to the downwash of a

helicopter rotor or a propellor wake.

We first present a very simple rough estimate. Assume the charge den-
sity and electric field between the electrodes are uniform, which is correct in
the limit in which the charge density is small (and the field imposed by the
electrodes is large). Then the total charge contained between the electrodes
is

Q = —niesh, (1)

i

where n; is the ion density and —n;e the net charge density. The magnitude
of the thrust or force is

F=EQ, )
where E = V/b is the electric field produced by the electrodes and V is the
potential drop.

The charge @) produces an additional electric field which tends to push
the ions and air out from between the electrodes, keeping the ions from
reaching the anode by the most direct path and reducing the reaction force

imparted to the air. This is undesirable, because it reduces the net charge
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@ on which the imposed field acts, increases the frictional losses as ions are
pushed laterally through the neutral air, and reduces the net field acting on
the net charge. We can approximate this self-field

E, forb<s (3)

~ 9
(s/2)?
(b > s is an inefficient electrode geometry because the fringing fields are

dominant).

In order for the efficiency to approach its maximum value we must have

Es < E. (4)
Then 12
Filzg

In order to minimize F (which will turn out to be uncomfortably large) we

maximize @ by taking the inequality (5) to be an equality. Then

s-a(2)" o
and ) P12
V=2 (?) . (7

There are two concerns: the power which must be expended to supply
the thrust F' and the magnitude of the potential. The power expended is
largely that dissipated resistively at a rate jE per unit volume, where j is
the current density. The ratio of power to thrust

P jEs® _ neEsbug, _ QFvq,

F F F F

where g, the ion-neutral drift velocity, given by

= Vdr, (8)

Vdr = kE. (9)
The mobility of O3 in air k = 4.4 cm?/(Volt s) = 1.3 x 10% cgs. Hence

P F 1/2
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For plausible values of F' = 10° dyne and s = 1 cm, P/F = 8 x 10* cm/s. We
have ignored inefficiencies resulting from the significant value of E;, viscous

drag in air flow through the porous electrodes, etc., which may be significant.

This value of P/F should be compared to the value found for more
conventional propulsion by rotating airfoils, which is & [F/(pairs%)]/2 =~ 900
cm/s. Electrostatic propulsion demands nearly 100 times as much power, a
ratio which is independent of the areal loading F/s®. The reason for this
inefficiency is the large power dissipated in friction between the ions and the

neutral air, whose relative drift velocity is vg,.

The required electric fields are large. For the previous parameters E =~
20,000 Volts/cm. This is uncomfortably close to the breakdown field of
30,000 Volts/cm for air. In the neighborhood of the field-emitting points the

field is substantially larger, and at least corona discharge may occur.

In the thin capacitor limit (b < s) an exact calculation, allowing for
the effect of the self-field of the space charge, is straightforward. Poisson’s
equation for the electrostatic potential is

&¢
24— —
\v% ¢—-é;2-——47rnie, (11)
where z measures the distance from the cathode. The conservation of charge
implies that the current density j is constant, and j is related to the electric
field by the ion mobility:

j=E(z)ni(z)ek ' (12)

Eliminating n;(z)e gives

dwg _d2¢ _dE(2)
kE(z) = dz?2 dz

(13)

Upon integration ,
. 1/2
E(z) = [8—’2(z _ zo)] . (14)




The constant of integration 2y depends on the charge density. The maximum
possible charge (and hence the smallest electric field for a given surface load-
ing F/s?) is found if zp = 0, so that the field drops to 0 at the cathode (the
charge density —n;(z)e becomes infinite there, by Equation 12). The surface

loading is found from the difference in electric stresses at the two electrodes:

F _ E*b) - EX0) _ jb

s? 8 Tk (15)
The power dissipated is
P X . .
§=/3Edz=]/Edz=]V | (16)
The ratio of power to surface load is
P Vk 2 :
Y -ékE(b). (17)

The field E(b) is 2.5 times the rough estimate of Equation 6; requiring
E(b) < 30,000 Volts/cm to avoid breakdown limits the surface loading to
400 dyne/cm?. Equation (14) shows that E(b) = 3V/(2b); that is; the ionic
space charge increases the field at the anode by 50% compared to a uniform
field with the same potential. At this surface loading the ratio of power to
thrust is 9 x 10* cm/s, close to the rough estimate of Equation 10. The
ratio P/F for a rotating airfoil with the same surface loading is ~ 550 cm/s.
Electrostatic propulsion demands about 150 times more power than a ro-
tating airfoil, a ratio more pessimistic than the rough estimate, but again

independent of the areal loading.

Another way of looking at the inefficiency of electrostatic propulsion is
to estimate the endurance of such an aircraft. This depends on the power
supply, which we will take to be a battery with the highest estimated specific
energy of any battery, £ = 400 Wh/kg = 1.44 x 10" erg/gm for lithium
thionyl chloride. Fuel cells may provide a few times higher specific energy,
but are not available off the shelf. Hydrocérbon fuels have even higher high
energy content (roughly an order of magnitude greater than that of the best
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batteries), but micro-scale heat engines and generators do not exist, and may
have low efficiency if they are built. Taking a fraction f, of the vehicle’s mass
M as battery and equating the energy available to the power expended in an
endurance time ¢ yields

gM(P/F)t

fbgM: L/D )

(18)

where L /D = 1 if the thrust is exerted directly downward, as in a helicopter.
SubStituting fo=10.5, L/D =1 and taking the previously estimated P/F =

9 x 10* cm/sec yields
_ HE(@L/D) _
9(P/F)

The numerical value depends on a number of parameters whose values can

t 85 sec. (19)

only be estimated (for example, it is not possible to draw the energy of a
battery nearly as fast as required). It is still apparent that the endurance
time is hundreds of times shorter than that of more conventionally powered

aircraft, and is too short to be useful.




DISTRIBUTION LIST

Director of Space and SDI Programs
SAF/AQSC

1060 Air Force Pentagon
Washington, DC 20330-1060

CMDR & Program Executive Officer
U S Army/CSSD-ZA

Strategic Defense Command

PO Box 15280

Arlington, VA 22215-0150

Superintendent

Code 1424

Attn Documents Librarian
Naval Postgraduate School
Monterey, CA93943

Director

Technology Directorate
Office of Naval Research
Room 407

800 N. Quincy Street
Arlington, VA 20305-1000

DTIC [2]

8725 John Jay Kingman Road
Suite 0944

Fort Belvoir,VA 22060-6218

Dr Albert Brandenstein

Chief Scientist

Office of Nat'l Drug Control Policy
Executive Office of the President
Washington, DC 20500

Dr H Lee Buchanan, I11
Director

DARPA/DSO

3701 North Fairfax Drive
Arlington, VA 22203-1714

Dr Collier
Chief Scientist

U S Army Strategic Defense Command

PO Box 15280
Arlington, VA 22215-0280

D ARP A Library
3701 North Fairfax Drive
Arlington, VA 22209-2308

Dr Victor Demarines, Jr.
President and Chief Exec Officer
The MITRE Corporation

A210

202 Burlington Road
Bedford,M A 01730-1420

Mr Dan Flynn [5]
OSWR
Washington, DC 20505

Dr Paris Genalis

Deputy Director
OUSD(A&T)/S&TS/NW
The Pentagon, Room 3D1048
Washington, DC 20301

Dr Lawrence K. Gershwin
NIC/NIO/S&T

7E47, OHB

Washington, DC 20505

Dr Robert G Henderson
Director

JASON Program Office

The MITRE Corporation
1820 Dolley Madison Blvd
Mailstop W553

McLean, VA 22102



DISTRIBUTION LIST

Dr William E Howard I11 [2]
Director of Advanced Concepts &
Systems Design

The Pentagon Room 3E480
Washington, DC 20301-0103

JASON Library [5]

The MITRE Corporation
Mail Stop W002

1820 Dolley Madison Blvd
McLean, VA 22102

Dr Anita Jones

Department of Defense
DOD, DDR&E

The Pentagon, Room 3E1014
Washington, DC 20301

Mr. O' Dean P. Judd

Los Alamos National Laboratory
Mailstop F650

Los Alamos, NM 87545

Dr Bobby R Junker
Office of Naval Research
Code 111

800 North Quincy Street
Arlington, VA 22217

Dr Ken Kress

Office of Research and Development
809 Ames Building

Washington, DC 20505

Lt Gen, Howard W. Leaf, ( Retired)
Director, Test and Evaluation

HQ USAF/TE

1650 Air Force Pentagon
Washington, DC 20330-1650

Mr. Larry Lynn

Director

DARPA /DIRO

3701 North Fairfax Drive
Arlington, VA 22203-1714

Dr. John Lyons

Director of Corporate Laboratory
US Army Laboratory Command

2800 Powder Mill Road
Adelphi,MD 20783-1145

Col Ed Mahen

DARPA /DIRO

3701 North Fairfax Drive
Arlington, VA 22203-1714

Dr. Arthur Manfredi
OSWR
Washington, DC 20505

Mr James J Mattice

Deputy Asst Secretary
(Research & Engineering)
SAF/AQ

Pentagon, Room 4D-977
Washington, DC 20330-1000

Dr George Mayer

Office of Director of Defense
Reserach and Engineering
Pentagon, Room 3D375
Washington, DC 20301-3030

Dr Bill Murphy
ORD
Washington, DC 20505

Dr Julian C Nall

Institute for Defense Analyses
1801 North Beauregard Street
Alexandria, VA 22311




DISTRIBUTION LIST

Dr Ari Patrinos [5]

Director

Environmental Sciences Division
ER74/GTN

US Department of Energy
Washington, DC 20585

Dr Bruce Pierce

USD(A)D S

The Pentagon, Room 3D136
Washington, DC 20301-3090

Mr John Rausch [2]

Division Head 06 Department
NAVOPINTCEN

4301 Suitland Road
Washington, DC 20390

Records Resource

The MITRE Corporation
Mailstop W115

1820 Dolley Madison Blvd
McLean, VA 22102

Dr Victor H Reis [5]
US Department of Energy
DP-1, Room 4A019

1000 Independence Ave, SW
Washington, DC 20585

Dr Fred E Saalfeld
Director

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217-5000

Dr Dan Schuresko
O/DDS&T
Washington, DC 20505

Dr John Schuster

Technical Director of Submarine
and SSBN Security Program
Department of the Navy OP-02T
The Pentagon Room 4D534
Washington, DC 20350-2000

Dr Michael A Stroscio

US Army Research Office

P. O. Box 12211

Research Triangle NC27709-2211

Ambassador James Sweeney
Chief Science Advisor
USACDA

320 21st Street NW
Washington, DC 20451

Dr George W Ullrich [3]
Deputy Director

Defense Nuclear Agency
6801 Telegraph Road
Alexandria, VA 22310

Dr. David Whelan
Director

DARPA/TTO

3701 North Fairfax Drive
Arlington, VA 22203-1714

- Dr Edward C Whitman
Dep Assistant Secretary of the Navy

C3I Electronic Warfare & Space
Department of the Navy

The Pentagon 4D745
Washington, DC 20350-5000





