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Length Scaling in Spacecraft Dynamics
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Length-scaling represents a new degree of freedom for spacecraft mission design. This paper presents a method for
comparing the length scales of arbitrary spacecraft and uses this approach to evaluate the relevance of 12
environmental forces and torques. Three sample spacecraft geometries are considered: a sphere, a cube, and a thin
square plate, at three near-Earth altitudes: 500, 1000, and 10,000 km. This analysis offers a guide for orbit and
attitude simulations of small bodies, by suggesting which effects can and cannot be neglected for a given environment
and error tolerance. This approach to length scaling may enable extremely small spacecraft to exploit unfamiliar
dynamic behaviors that result in solar sail maneuvers, atmospheric reentry, and Lorentz propulsion.

Nomenclature

= cross-sectional area

surface area

translational acceleration

angular acceleration

magnetic field

one of a set of body-fixed orthogonal axes
self-capacitance

speed of light in a vacuum

specific heat

= thickness

force acting on a body

gravitational defocusing factor

mass moment of inertia for a body’s mass center
electrical current

Knudsen number

direction of aerodynamic lift

conductor length

magnetic dipole moment

mass

surface-normal vector

number of coils in an electromagnet
pressure

pressure associated with solar flux
thermal energy

electrostatic charge

Reynolds number

planetary radius

= position vector from the gravitational barycenter to the
spacecraft mass center

temperature

torque acting on a body

time

orbital velocity, time derivative of r
surface-normal velocity of molecule

solar energy flux at distance r, from the sun
electrical resistance

= solar pressure lightness number

ballistic coefficient

universal gas constant
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y = single-axis attitude (angle of a body-fixed vector
relative to a single reference)

d.n = position vector of an expected mass center measured
relative to a body’s actual mass center

d,, = position vector of a center of pressure relative to a
body’s mass center

o = position vector to the point of a force’s application,
measured relative to a body’s mass center

&0 = permittivity of free space

e = mean free path

n = optical coefficient for simpler reflection/absorption
model

nsw = optical coefficient associated with absorption

ng = optical coefficient associated with diffuse reflection

n,. = normal and tangential momentum-accommodation
coefficients

n, = planetary Bond albedo

Ner = optical coefficient associated with specular reflection

K = dimensionless scale factor associated with geometry

A = characteristic length of a body

I = acentral body’s gravitational constant

& = material nondirectional emissivity

P = mass density

Pa = atmosphere density

o = material resistivity

10 = electric potential

Q = magnetization

® = angular velocity vector

Subscripts

AD = aerodynamic drag

AL = aerodynamic lift

EC = eddy current

G = gravity

LZ = Lorentz Force

M = magnetic attraction or repulsion

PA = planetary albedo

PC = particle collisions

PR = Poynting—Robertson drag

p = planetary

SP = solar radiation pressure

SW = solar wind

TE = thermal emission

I. Introduction

PACECRAFT length scale determines the magnitude of many
accelerations for which the space environment is responsible.
For spacecraft designers and mission engineers, this scaling drives
common mission concerns, such as orienting a spacecraft to mini-
mize aerodynamic drag effects or determining the magnitude of
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disturbance accelerations. Instead of neglecting these effects or
merely accommodating them, this research seeks to exploit length
scaling to achieve novel mission opportunities. The following
analysis surveys most near-Earth environmental accelerations and
describes a spacecraft architecture whose length scale maximizes
their benefits.

This work is inspired by research in interplanetary dust dynamics
as well as advances in microfabrication techniques. Continually
shrinking electronics and sensors have created a “smaller is better”
paradigm. Naturally, smaller size tends to reduce weight and power,
which benefits any aerospace system. While such advances enable
the fabrication of an extremely small spacecraft, results from the
interplanetary dust community justify such activity. Dust particles,
by virtue of a characteristic size on the order of tens of microns,
experience highly non-Keplerian orbit dynamics. Solar-radiation
pressure has been found to eject dust from the solar system [1-3],
electromagnetic effects capture and eject dust in planet-centered
orbits [4,5], and aerodynamic drag captures and lands dust without
the bright hypersonic ablation characteristic of larger meteors [6,7].
Such effects are passive. This research is aimed at exploiting such
small-body effects actively in new operations concepts.

There are other compelling reasons to develop extremely small
spacecraft: economies of production, reduced launch mass, and dis-
tributed sensing opportunities. Some research has focused on
developing technologies to enable a monolithic integrated-circuit
(IC) silicon spacecraft design [§—15]. This architecture, sometimes
called a “spacecraft-on-a-chip,” capitalizes on advances in IC and
microelectrochemical systems technologies. Barnhart et al. [8]
provides an historical summary of these efforts.

The present work seeks to qualify and quantify the dependence of
length scale on the orbital and angular accelerations experienced by a
spacecraft in Earth orbit. A framework of scaling is introduced that
generalizes an arbitrary spacecraft geometry to a series of non-
dimensional coefficients. Using this framework, 12 environmental
perturbations are modeled for the near-Earth space environment.
This modeling follows Longuski et al.’s survey of nongravitational
accelerations on the Galileo spacecraft, which focuses on order-of-
magnitude calculations [16]. The sources of these perturbations
are associated with gravity, particle collisions, radiation, and
magnetic fields. The environmental accelerations are considered
for three simple and applicable geometries: a sphere, a cube, and a
thin square plate. Using these test cases, the analysis relates the
relative importance of each acceleration on spacecraft orbital
and angular dynamics, across a range of length scales. These
results suggest sample mission applications for an IC spacecraft-on-
a-chip, including solar sailing, atmospheric reentry, and Lorentz
propulsion.

II. Geometric and Kinematic Scaling

The geometry of a body of interest can be decoupled into functions
of length scale and dimensionless parameters. Here, units of length
are generalized into a single variable A, the characteristic length of
the spacecraft. For example, the volume V of a sample spacecraft
is taken as the characteristic volume A scaled by a dimensionless
factor ky:

V =k A3 (1)

The spacecraft’s mass m is the product of its volume and mean mass
density p:

m = kyph’ 2)

The density and scale factor are taken to be constant properties of the
spacecraft, while A is an independent variable. The cross-sectional
area and total surface area can be defined using «. and kg,
respectively:

Ac = kc)? 3)

Table 1 Dimensionless scale factors

Scale factor Sphere Cube Thin square plate

Ky &0 G 6
Kc x 1 1
Ks b4 6 2
AS = Ks)\.z (4)

Likewise, a mass moment of inertia / about the spacecraft’s mass
center can be treated as the product of the density and A°, scaled by an
appropriate coefficient k;:

I'=k;ph (&)

Table 1 gives the dimensionless scale factors k; for three geom-
etries of interest: a sphere, a cube, and a thin square plate. Figure 1
shows these shapes with body-fixed basis vectors b;. For a sphere, a
shape that resembles many dust particles [2], the characteristic length
is taken to be the diameter. For a cube-shaped body (e.g. the aptly
named CubeSat [17]) A is taken to be the side length. Finally, for a
thin square plate that evokes spacecraft-on-chip architectures, A is the
length of a side. While the descriptions of the sphere and cube are
one-dimensional, two parameters fully describe the square plate: the
side length and the thickness. These two parameters are related by
the constant aspect ratio «,, the ratio of the thickness of the plate d to
the side length A of the square:

d
K, = . Kk, <K 1
Previous studies [10,11] have suggested an IC spacecraft-on-chip
architecture with a side length of 1 cm and a thickness of 25 pm. This
combined length and thickness yields a value of «x, = 0.0025.
A ratio that appears in many environmental accelerations is the
cross-sectional area-to-mass ratio:

Ac _ Kc ) (6)
m  Kyp

The ratio depends on length scale indirectly and geometry via k/ky .
For a sphere and cube, k/«y reduces to a constant value of 1.5 and
1.0, respectively. For a thin square plate, x-/(kyA) reduces to the
plate’s thickness d = kA.

The sphere and the cube have triaxial symmetry; mass moments of
inertia of such a body are equal for any axis passing through the mass
center. The inertia matrix I for a triaxially symmetric body can be
expressed as a scalar multiple of the identity matrix:

b, /
b, s

Fig. 1 Characteristic length and axis of rotation for geometries of
interest: sphere, cube, and thin square plate.
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I =k pA 15,5 )

The thin square plate has biaxial symmetry. In b; axes, which are
chosen to align with the principal axes of the plate, the inertia about
the mass center is

I e = K;pA diag(1, 1,2) (8)

Scaling also appears in the orbital and attitude equations of
motion. Newton’s second law, written in terms of acceleration,
includes an implicit dependence on A:

a=—=—)"73 &)

Likewise A appears in angular accelerations. Angular acceleration
is related to torque 7 according to Euler’s equation of motion for a
rigid body [18]:

I o+toxIl-w=1 (10)

For triaxially symmetric geometries, as in the sphere and cube,
® x I - ® reduces to 0. Alternatively, for nonsymmetric geometries,
one can consider the case of slow spin, Iw* < t, with nutation
damping. These cases simplify the analysis, such that angular
acceleration o = @ is proportional to I:

o=

T
- 11
7 an
« can be thought of as the ratio of torque to inertia, or as the angular
acceleration for one-dimensional cases.

Often the torque of interest is caused by a force acting at a point §
measured from the spacecraft’s mass center:

T =8, xF (12)

A scale factor k; can be defined to account for both the location and
orientation of the force’s application, yielding a scalar equation in
terms of A:

7=k FA (13)

For most practical cases, K changes often. Here, k; is treated as a
parameter whose value is fixed for a given case. This choice enables
different torques to be compared in terms of their dependence on A.
With this framework of dimensionless constants, a spacecraft’s
sensitivity to characteristic length can be explored in terms of each
environmental force and torque model.

III. Gravity
The following analysis verifies that gravitational accelerations are
uniquely length-independent and suggests that the opportunities and
challenges associated with gravity gradient torques, n-body maneu-
vers, and planetary oblateness effects are present at any length scale.

A. Two-Body Orbits

Newton’s Law of Universal Gravitation gives the force acting
between two bodies:

F;=—=mr (14)
where the substitution u = Gm, is the product of the universal
gravitational constant G and the opposing body’s mass m,. The
magnitude of this force scales with the spacecraft’s mass and thus
with A3:

"
Fg =KVP7)~3 (15)

The acceleration is the familiar, length-independent right-hand side
of the two-body equation of motion:

b,
Fig. 2 Angle of rotation associated with gravity gradient torques.

ag=—"1¢ (16)

Tl=

As long as m < m,, the characteristic size of the orbiting body is
unimportant.

Gravitational force is said to act at a body’s center of gravity, a
point that can differ from a body’s center of mass because gravity
depends on distance from the central body. As a result, the force due
to gravity can apply the familiar gravity gradient torque. This torque
is related to the body’s inertia tensor and the direction of the
gravitational acceleration — [19]:

e =M GEx1-hG (17)
-

For a sphere or cube, triaxial symmetry reduces the vector product
FxI-F to 0O for any attitude, indicating that there is no applied
torque. For the thin square plate, rotation about any axis
perpendicular to bs, as illustrated in Fig. 2, reduces this term to
|F x I-F| =1,cosygsiny; where cosy;=r-b;. The zero-
torque equilibria are at y; = k7, where k is an integer. Odd values
of k represent marginally stable equilibria; even values of k represent
unstable equilibria. More simply, gravity gradient torques tend to
orient a square plate such that 7 L b.

A mass imbalance can introduce unexpected gravity gradient
torque. For a deviation §..,,, of the mass from the expected mass center,
the parallel-axis theorem gives the inertia I; about the shifted mass
center [18]:

I& =1+ m(63m13><3 - Scmacm) (18)

This results in a gravity gradient torque proportional to (mrx
8emdcm - ), a term that goes to zero as 8., ||F. For a plate geometry
with a mass center displacement in the b,-b, plane, the magnitude of
the resultant torque goes with «,A382,, cos y sin yg, with equilibria
at7 L by and ., ||7.

B. Higher-Order Gravitational Accelerations

Gravity is also responsible for effects such as accelerations
associated with secondary bodies [19], central body nonspherical
mass distribution [20], general relativity [21], Lense—Thirring frame-
dragging [21,22], and ocean and planetary tides [23]. In each of these
cases, the accelerations are still length-independent. Any maneuver
based on these physics, such as a low-energy transfer orbit, is equally
possible for a small or large spacecraft.

IV. Particle Collisions

Spacecraft accelerate when they collide with very small particles.
These particles are associated with atmospheres, interplanetary dust,
and solar wind. The accelerations that these collisions produce scale
with A-/m, implying that the associated acceleration depends on
A~1. A smaller body is more sensitive than a large body to particle-
collision accelerations.

Given a spacecraft that is much larger than the mean distance
between particles, collision forces can be modeled as a pressure that
acts at an effective center of pressure §cp. For the regular shapes
considered here, this force acts through the center of mass. Therefore,
these three shapes experience torque-free particle collisions. In
practice, an arbitrarily small dislocation of 8p produces a torque of
the form in Eq. (12). This torque scales with A3, resulting in an
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Fig. 3 Orientation of lift and drag forces on a flat plate in a fluid flow.

angular acceleration that scales with A~2. If the spacecraft is
sufficiently small (e.g. at the A of the particles themselves), particle
collisions are more rare and no longer accurately modeled as a
pressure.

A. Aerodynamic Forces

Bodies traveling through an atmosphere experience aerodynamic
forces. In the rarefied upper atmosphere that spacecraft in low Earth
orbits (LEO) experience, aerodynamic drag often dominates the non-
gravitational accelerations. This drag acts in the direction opposite
velocity, removing energy and angular momentum from the orbit
[23]. Here, drag is evaluated in a model with simplified, hyper-
thermal, free-molecular flow that neglects spinning and tumbling
body effects. The force’s magnitude is proportional to the body’s
cross-sectional area, a quantity that scales with A2 [23]:

1 .
F o= _EKADACpszv (19)

The local atmospheric density is given by p,, a quantity that
encapsulates the force’s strong dependence on altitude and solar
activity. Some shapes also experience aerodynamic lift, which takes a
form similar to that of aerodynamic drag [23]:

1 R
F = _EKALACIOAUZL (20

This force is directed along L, avector perpendicular to v and in the
plane of F,p and b;, as illustrated in Fig. 3.

The coefficients of drag «,p and lift x,; account for the surface
interactions associated with diffuse and specular reflection, as well as
molecular accommodation, the proportion of momentum imparted
by the impacting molecules [24]. Table 2 gives characteristic values
these coefficients. A flat plate behaves like an airfoil in that it has
coefficients that vary with attitude. Here, the so-called angle of attack
is referenced to b3, cos y, = b5 - 0. Storch gives equations for i p
and «,p for a flat plate in hyperthermal free-molecular flow. These
equations, in terms of y,, are [24]

vw
Kap = 2[77, + HHTCOS(VA) +Q2-n,— n;)cosz(m)] cos(ya) (21)

KaL = [nn UT") +Q=n,—n) COS()/A)] siny) - (22)

Molecular accommodation is modeled with the normal and
tangential momentum-accommodation coefficients 7, and 7,
respectively. They are a function of both the surface and fluid
properties. The normal component of the thermal velocity of
molecules escaping the plate’s surface v,, is given by [24]

Table 2 Coefficients of drag and lift
for geometries of interest

Scale factor ~ Sphere [25,26] Cube [25]  Thin square
plate [24]

KAD 2.2 2.2 Equation (21)

KarL 0 0 Equation (22)

Kap' KaL

At

-90 -60 -30 0 30 60 90
Angle-of-Attack y,, deg
Fig. 4 Drag and lift coefficients vs angle of attack for a flat plate in

hyperthermal free-molecular flow with 5, =5, =0.7 and v, /v = 0.05
[24].

aI'T
=4/ — 23
vy, 3 (23)

where I is the specific gas constant and T is the surface temperature
of the plate. Setting 7 to the local atmospheric temperature and using
circular LEO velocities yields characteristic values for v, /v of
roughly 0.05. Figure 4 plots Egs. (22) and (21) over angle of attack
for these sample conditions. Positive lift is associated with
cos(F, - F) > 0. Both coefficients go to zero at d L b;, the
equilibrium attitude. At 9 L b; there is no lift, and drag is
maximized, especially since the full square area is leading.
Aerodynamic accelerations scale with the critical ratio of A-/m:

1 A KapK
Aap = 5Kap — pav? = 22C p, 020! 24
2 m 2Ky p

B. Micrometeoroid Collisions

The solar system is populated by small dust and meteoroid
particles orbiting the sun and planets. As these particles collide with a
body, they impart momentum, similar to the mechanism of aero-
dynamic forces. The force associated with these impacts can be
modeled by [16]

F p =mpAcvpc (25)

where r1p is the mass flux rate of particles with velocity vpc relative
to the impacted body. Near Earth, the mean particle velocity is
roughly directed Earthward:

vpc =Gpx20 [km] ) (26)

s
and is a function of the gravitational defocusing factor Gp: [20,27]

R
Gp =057+ 0.43=-EL Q7
g

where Ry is the radius of the Earth.

C. Solar Wind

The sun ejects ionized protons and electrons from its upper
atmosphere. Like micrometeoroids, these particles impart energy
and momentum when they impact a body. This interaction can be
modeled with an effective momentum flux pgyw, taken as a constant
value at a given reference distance from the sun r,. The effective
momentum flux at a position r, is then estimated with an inverse
square law [16]:



ATCHISON AND PECK 235

. o LI
Fgw = psw o Ar, (28)

s

Most of these particles are rejected by Earth’s magnetopause, so pgw
can be thought to represent an upper-limit in the near-Earth envi-
ronment [28].

V. Radiation

Photons have both energy and momentum, both of which are
related to wavelength. When a photon is absorbed or reflected,
momentum is exchanged. The sources of photons considered here
include solar radiation, planetary albedo reflection, and thermal
radiation. These can be modeled as pressures, whose resultant force
is a function of the exposed area A, and the surface characteristics,
which determine how the incoming photons are specularly reflected,
diffusely reflected, or absorbed. The dimensionless fractions 7, N4,
and 7,, account for each of these respective effects for a given
wavelength, 71y + ng + ., = 1. Accelerations associated with
radiation scale with the familiar ratio A, /m.

For a radiation pressure P, the force acting on a sphere is [20]

4
F :AC[I +§ndr]P (29)

and for a flat surface with normal 7 as illustrated in Fig. 5 [20]
~ L AL 2 R ~
FS = PAC(P l’l) 2nsr(P : n) +§ndr n+ (nab + ndr)P (30)

For the sake of added intuition, this analysis assumes that a cube
experiences radiation forces similar to those that a sphere experi-
ences [given Eq. (29)], and adopts a simple specular reflection model
for the flat plate, taking cos y, = (ﬁ - 1) as the pitch angle [29]:

F g = 2nyPAccos?y, i (31)

Here, the surface properties are captured in the single coefficient 7.
The direction of these accelerations acting on a plate is a function of
the orientation of the surface-normal vector. Thus the orbital and
attitude dynamics can be highly coupled. The force acts at an
effective center of pressure. As before, any nonzero §qp produces a
torque according to Eq. (12), resulting in an angular acceleration that
scales with A2

A. Solar Radiation Pressure

Photon flux originating from the sun produces an effective
pressure Pggp that can be modeled by [29]

Wy (102
Pgp=—" (—“) 7 (32)

c Fy

where c is the speed of light, W, is the energy flux from the sun taken
at a reference distance .

Fig. 5 Pitch angle and relevant vectors associated with solar radiation
pressure.

B. Planetary Albedo

Solar flux is also reflected from planets or moons in the solar
system. A body orbiting a reflective planet experiences these photons
as a secondary pressure originating from the planet’s center. Blanco
and McCuskey give a model that estimates a maximum radiation
pressure from a diffusely reflecting planet at a distance r, [30]:

2 R
Pon=P\=n,-2L|F 33
PA 5(37]17’%)'.17 ( )

where R, is the planet’s radius. The fraction of the incident solar
power that is reflected is given by 7, the planet’s Bond albedo. This
value can vary, particularly for planets with dynamic atmospheres.

C. Planetary Thermal Emission

Energy and momentum are also associated with thermal emission.
The Stephan—Boltzmann law gives the thermal power emitted from
an area surface element at a temperature 7 with emissivity &:

dE

— =o0£T*dA 34)

dr
Secondary bodies near a thermal emitter can intercept this radiated
power and experience a pressure. For an emitting planet with radius
R,, temperature T, and emissivity £, the effective pressure on a
secondary body varies inversely with distance r,, squared [16]:

o0&, T% (R,\2.
PTE:@(—I) r, (35)

c }"p

D. Thermal Emission

If abody is emitting heat, it can experience a force described by the
differential equation in terms of surface elements dA [31]:

o€T*

dFg = dA (36)
Taking the surface to be isothermal, one can integrate Eq. (36) and
find that regular shapes experience no net force or torque. However, if
the temperature is nonuniform, a net force results opposite the
direction of the temperature gradient.

E. Poynting—Robertson Drag

If thermal radiation is anisotropic in an inertial frame, a secondary
effect known as Poynting—Robertson drag results. This effect is
associated with the motion of aradiating body. Here, the difference in
the Doppler shifts between the thermal energy radiated in the velocity
and antivelocity directions produces a force [32]. As a hot body
orbits, heat radiated forward (along ) is blueshifted by the orbital
velocity, implying a higher energy level than the radiation associated
with a static body. Alternatively, heat that is radiated backwards is
redshifted by the orbital velocity. The result of this effect is a force
acting in the drag direction (—?) that removes energy from the orbit.
This drag is given by [2]

okT*
Fop= —i—zAcv 37)

a quantity that is generally small owing to the ¢~ term.

F. Yarkovsky Force

The temperature gradient and resultant force for a spinning body is
known as the Yarkovsky force [2,33]. The present analysis focuses
on nonspinning equilibria, and hence this force is neglected.
However, because the Yarkovsky force is a secondary effect resulting
from solar illumination, it can never be greater than the force due to
solar radiation pressure and can therefore be bounded.

Models for the Yarkovsky force are typically complicated, owing
to the force’s dependence on a body’s spin axis and surface
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temperature profile (see for example [34]). The spin axis determines
the magnitude of the diurnal and seasonal Yarkovsky effects. The
temperature profile depends on the body’s geometry, illumination,
thermal properties (conductivity, emissivity, specific heat) and spin
rate [33]. Models often evaluate the length scale of the thermal
penetration depth to differentiate between fast spinning and slow
spinning models [2]. Because of the specificity of these models and
assumptions, it is challenging to estimate the Yarkovsky force’s
magnitude across unique geometries or make specific statements
about length scaling. Broadly speaking, the Yarkovsky force
vanishes for both very small and very large objects and has a
maximum value when the body’s length scale matches the thermal
penetration depth [33].

VI. Magnetic Fields

Magnetic fields in the space environment can affect a spacecraft’s
orbit and attitude through a variety of mechanisms.

A. Magnetic Attraction and Repulsion

Magnetic fields are commonly considered in the design of space-
craft attitude subsystems as either actuators (e.g. torque rods) or
disturbances. However, magnetic fields can be produced on a space-
craft both intentionally and unintentionally. In both cases, a dipole-
field model is generally sufficient for evaluating the force and torque.

The interaction between a spacecraft-fixed and local environ-
mental magnetic field produces a force according to [35]

where M. is the magnetic moment of the spacecraft and B is
the local environmental magnetic field. For the case of a dipole
approximation of the spacecraft and planetary magnetic fields (given
dipole moment M ), this equation can be approximated by [36]

3 R N
M=4“3 [(Fy x M) x Mp + (Fyy x Mp) x M
7l
— 27y (M - Mp) + 57y ((Fyr X M) - (Fyy X Mp))] (39)

where [, is the permeability of free space and rj, is the vector
separating the planet and spacecraft centers. Experience suggests that
this force tends to be negligibly small, even for powerful magnets
located at the Earth’s surface. However, the torque applied between
the two magnetic fields can be significant [20]:

Ty=M.xB (40)

This “compass torque” is the magnetic effect that is most often an
issue for spacecraft.

For a permanent magnet, the magnetic moment is a function of the
geometry and magnetization 2, the dipole moment strength per unit
volume, roughly [37]

M =i\ (41)

The direction of magnetization points from the magnet’s south pole
to north pole. The magnetic dipole moment of a permanent magnet
goes with A. Dividing this torque by inertia as in Eq. (11), one finds
that angular acceleration due to magnetic torques is proportional
to A2,

For an electromagnet with n,, coils of conductor with current i, the
dipole moment is given by [38]

Mscz¢idA=nMiA 42)

where A is the area effectively enclosed by each coil, e.g. Ac.
Electrical resistance x is the product of the conductor’s material
resistivity o, and the ratio of the conductor’s length /,, to its cross-
sectional area A, [37]:

l
X =0y 43)

As the current or number of coils increases, a larger conductor cross
section is required to maintain the same i>y power losses. Conse-
quently, the dipole magnetic moment of an electromagnet goes
also with A3 [37]. The magnetization model in Eq. (41) can therefore
be applied to both permanent magnets and current-carrying
coils. Table 3 gives an estimate for the magnetization of three cases:
a rare Earth permanent magnet, a nonspinning spacecraft with an
unintentional residual magnetic field, and commercially available
magnetic torquers. According to this model, magnetic orbital
acceleration is length-independent, and angular acceleration scales
with A 72,

B. Eddy Current Damping

A conductive body moving through a magnetic field experiences a
damping effect associated with eddy currents. The changing
magnetic field within the conductor drives electrons, which set up
current loops. Resistance in the material dissipates these currents as
heat, removing energy from the system. The net effect is a force and
torque opposite the direction of motion.

Accurately modeling eddy currents is challenging [38]. As in the
case of magnetic attractive and repulsive forces, the magnitude of
the eddy current force is exceedingly small. Eddy current torque,
however, can significantly affect spacecraft attitude [40]:

Tgc = —¢épcB X (® X B) (44)

The torque is a source of damping because it opposes angular
velocity. The constant g is associated with the body’s geometry and
resistivity [40]:

fpc = ’% AS 45)

Expressions for egc have been calculated for thin-shell spheres and
cylinders, as well as a circular loop of wire. Here, the sphere and cube
are both treated as thin-shelled spheres with thickness «, A, while the
plate is treated as a circle of wire. The corresponding coefficients kg
are given in Table 4. Dividing eddy current torque by inertia as in
Eq. (11), one finds that the resultant angular acceleration is length-
independent [42].

Though this analysis focuses on nonspinning equilibria, eddy
current damping is included in an effort to understand the magnitude
of damping accelerations that can act during motion transients.

C. Lorentz Force

A charged body with a velocity relative to a magnetic field
experiences the Lorentz force. Here, electrostatic charge can transfer
orbital energy and momentum to and from a planet through its
corotating magnetic field via the Lorentz force. The Lorentz force
F , acting on an orbiting body with electrostatic charge ¢ is [43,44]

Table 3 Magnetization estimates

Source ©,A/m Reference
Rare earth permanent magnets 8 x 10° [39]
Qx, unintentional residual 0.1-1.0 [40]

spacecraft magnetization

Q, magnetic torquers 200-6400 [41]

Table 4 Dimensionless scale factors for magnetic accelerations

Scale factor ~ Sphere [42] Cube [42,45,46] Thin square

plate [40,46]

I T 4
KEC 24 Ke 24 Ke 33 Kcs

Keap 0.5 0.66 0.36
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Fi;=qupxB (46)

where v is the velocity relative to a magnetic field B. For a magnetic
field rotating with an angular velocity w p the relative velocity is [44]

Vp=V—wy XTIy 47

where ry is the body’s position with respect to the magnetic field’s
center, usually taken to be a planet’s center of mass. The direction of
this force is dictated by the body’s orbit and the local magnetic field;
g can only modulate the force’s magnitude along this direction.
Figure 6 illustrates a sample equatorial, retrograde, elliptical orbit
around Earth. The arrows indicate the direction and relative
magnitude of the Lorentz force at various positions for a positively
charged body. The force is largest at perigee, where the body’s
velocity and the local magnetic field are both maximized. The force
can do work on the body’s orbit at positions where F;, has a
component along .

The associated Lorentz acceleration scales with ¢/m, the charge-
to-mass ratio:

aLZ:%v,xB (48)

This ratio is a function of the body’s geometry, electrostatic potential,
and the local space plasma environment. For a desired charge to be
established, a biased electric potential ¢ must be generated on a body
with sufficiently large self-capacitance C:

q=C¢ (49)

In a vacuum, self-capacitance is a function of geometry only. The
three geometries of interest have capacitance expressions that take
the form [45,46]

C = kcppdmegh (50)

where & is the permittivity of free space and kc,p is a dimensionless
coefficient given in Table 4 for each shape. These models suggest that
g/m and the consequent Lorentz acceleration scales with A2

q _ 4megkeap e 51)
m kyp

The environment around a planetary magnetic field generally

consists of rarefied plasma whose presence increases the effective

self-capacitance. As a result, these values can be treated as lower

bounds.

The Lorentz force acts at a body’s effective center-of-charge §,.
The force therefore applies a torque of the form in Eq. (12) when the
center of mass and center-of-charge are not collocated. This torque
has been proposed as an attitude actuator for spacecraft capable of
controllable charges [47]. For the regular geometries presented here,

Fig. 6 Direction of Lorentz force throughout a retrograde elliptical
Earth orbit for g > 0.

Table 5 Acceleration dependence on A and geometric scale factors

Source Orbital Angular
Gravity Ky A0 10
Particle collisions

Aerodynamic forces Kapke j =1 Kapke ) =2

Ky Ky

Solar wind micrometeoroid collisions & Al “ A2
Radiation

Solar radiation pressure planetary & A e A2

albedo thermal emission

: . kc -1

Poynting—Robertson drag ﬁ A —
Magnetic fields

Magnetic attraction (dipole interactions) Ky Al o A2

Eddy current damping b A0

Lorentz force (vacuum environment) % A2 K‘ﬁ A3
d, = 0. However, an arbitrarily small deviation in the local charge

distribution will produce a torque of the form in Eq. (12). In a vacuum
environment, the resulting angular acceleration scales with 173,

VII. Simulation Results

The acceleration scaling from the preceding models are sum-
marized in Table 5. Here, the magnitude of each acceleration is
presented along with the appropriate scale factors. With the
exception of gravitational accelerations, magnetic attraction, and
eddy current damping, each acceleration is somehow dependent
on A. In each case, the accelerations increase in magnitude as A
decreases.

Simulations are used to associate these scaling laws with realistic
values for the near-Earth environment. The simulations use the Earth
Gravity Model (EGM96) [48] and the International Geomagnetic
Reference Field (IGRF95) [49]. For altitudes below 1000 km, the
1976 Standard Atmosphere Model [50] is used. For altitudes greater
than 1000 km, density data from C. W. Allen’s Astrophysical
Quantities [51] is used. Tables 6 and 7 give the environmental and
spacecraft-specific constants used in the simulations, as well as their
references. The spacecraft density is taken to be 79 kg/m?, the rule-
of-thumb density for typical spacecraft [54]. The reflective efficiency
7 is taken to be characteristic of a very reflective surface [29]. Two
magnetic fields are considered, residual and intentional, denoted by
the magnetization terms 2 and 27 respectively. The conductivity
Ogc is taken to be characteristic of gold traces. The Lorentz force is
evaluated for a spacecraft in a retrograde orbit, such that vy is
maximized.

Table 8 is the legend for Figs. 7-14. These figures give the
magnitude of each of the 14 modeled accelerations as a function of A.
The accelerations are normalized by the magnitude of Earth’s point-
mass attraction and plotted on a log-log scale. Figure 7 shows
each acceleration at altitudes of 500, 1000, and 10,000 km. The
accelerations are unscaled in that each of the unitless scale factors «;
(with the exception of k) in Table 5 is set to unity. These plots can be
used to provide results specific to any shape of interest. For a given
shape and orbit, the plots identify which accelerations must be
included and which accelerations can justifiably be neglected for an
accurate analysis. Alternatively, these plots identify particular
accelerations and altitudes that offer a predominant environmental

Table 6 Environmental constants used in simulations

Parameter Value Reference

titp 6.13 x 1071 kg/m?s [16.27]
", 0.306 [52]
Psw 2.3 x 107 kg/ms? [28]

ro 1 AU [23]
T, 255K [53]
W, 1368 J/m?s [23]

£ 1 —
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Table 7 Spacecraft constants used in simulations

Parameter Value Reference
] 0.85 [29]
N 0.1 —
Nar 0.1 —
Un 0.70 [24]
uB 0.70 [24]
Ke 0.0025 —_—
Qr 0.5 A/m Table 3
Qp 1000 A/m Table 3
w 0.1 rad/s —_—
o 79 kg/m’ [34]
Ogc 4.2 x 107 (ohm-m)~! [55]
& 0.85 —_—
13 1000 V —_—

acceleration, and therefore an opportunity for possible propellantless
propulsion.

Figure 8 gives the scaled accelerations for the three geometries of
interest in this analysis. These figures include accelerations due to
solar pressure, aerodynamic drag, and the Lorentz force. Each can
dominate the nongravitational dynamics at particular length scales
and altitudes. Aerodynamic drag, for example, is the largest
acceleration at 500 km, while solar pressure is largest at 10,000 km.
With a A= dependence, the Lorentz force becomes the largest as the
characteristic length approaches the submillimeter scale. Figure 8
suggests that the plate geometry, when aligned for maximum area,
experiences the largest effects from nongravitational accelerations,
owing to its high A/m ratio: k¢ /ky.

Finally, Fig. 9 shows the regions of altitude and length scale within
which each orbital acceleration dominates for the choices of
geometry. The cube and sphere share a nearly identical map that is
mostly dominated by acceleration due to Earth oblateness. For the
plate geometry, oblateness dominates large scales, while small scales
are divided between solar radiation pressure at high altitudes
(>600 km) and atmospheric drag at lower altitudes. The dashed line
shows the altitude of geostationary orbit (35,786 km) for reference.

Simulations are also used to find the relative magnitudes of angular
accelerations. Here, the environmental torques are modeled for the
near-Earth environment. Except for gravity gradient, magnetism, and
eddy current torques, all of the environmental torques are a product of
an environmental force along a line of action offset from the body’s
mass center. That is, these torque models take the form of Eq. (12),
where § is taken to be the offset from the mass center. This analysis
focuses on the maximum relative magnitude a torque achieves. To
this end, Eq. (13) is used with k7 taken to be a constant, implying that
the offset § varies with size. For example, given «x; = 0.01, the

Table 8 Acceleration legend
for Figs. 7-14

Initials Acceleration
AD Aerodynamic drag

EC Eddy current drag

GG Gravity gradient

GR General relativity

Lz Lorentz force

M Magnetism

MT Magnetism: torquer

MR Magnetism: residual field
Moon  Lunar gravity

OB Earth oblateness

PA Planetary albedo

PC Particle collisions

PL Solar system planetary gravity
PR Poynting—Robertson drag

SP Solar pressure

SR Special relativity

SW Solar wind

Sun Solar gravity

torques’ moment-arm is 1% of the characteristic length. This
assumption may best model manufacturing errors. Two magnetic
torques are considered: disturbance torques associated with un-
intentional residual fields (denoted MR) and actuator torques
associated with a magnetic torquer (denoted MT). Many of the forces
or torques are dependent on A .. These tend to rotate the plate about a
minor axis since the area perpendicular to the major axis bs is
negligible. The simulations therefore use the minor moment of
inertia.

Figure 10 shows the unscaled (x; = 1) angular accelerations as a
function of characteristic length at altitudes of 500, 1000, and
10,000 km. Eddy-current damping accelerations for v = 0.1 rad/s
are length-independent and relatively large. This suggests that any
rotational dynamics will damp out relatively quickly. Gravity-
gradient accelerations, here due to a displacement of the mass center
by §, are also length-independent. Of the accelerations that scale with
A, magnetic actuators predictably dominate; after all, this simulation
models the entire unscaled body as a single magnetic torquer. As in
the orbital acceleration case, the relative importance of the remaining
accelerations can depend on altitude.

Figure 11 shows the dominant accelerations applied to sphere,
cube, and plate geometries. Again, the plate geometry experiences
the highest of the nongravitational accelerations. At LEO altitudes,
aerodynamic drag can dominate the angular accelerations for small
bodies. At higher altitudes, solar pressure and residual magnetic
interactions become increasingly important. The Lorentz force,
despite having a A~* dependence, does not overcome these
accelerations until submillimeter scales.

Finally, Fig. 12 shows the regions of altitude and length scale
within which each angular acceleration dominates for the geometry
choices. The cube and sphere share a nearly identical map, which
differs from the map for the plate geometry mostly in terms of the
Lorentz force. For the sphere and cube, the Lorentz force can
dominate the accelerations at very small length scales. Roughly
speaking, gravity gradient dominates large bodies (A > 1 m), while
small bodies are dominated by solar radiation pressure at high
altitudes (>600 km) and atmospheric drag at lower altitudes.

Figure 12 also suggests what the passive equilibrium attitude for a
body is if a control actuator is absent. In the solar pressure dominated
regime, the body will tend to align such that the center of solar
radiation pressure is “downwind” of the center of mass. Likewise,
bodies in the aerodynamic drag dominated region will align such that
the center of aerodynamic pressure is downwind of the center of
mass. Finally, those bodies in the gravity gradient dominated region
will align with familiar radially aligned equilibrium.

Figure 13 augments Fig. 12 with a set of contour lines that display
the actuator torque required to overcome the locally dominant
environmental accelerations. Previous figures already suggest that
magnetic torquers can provide these magnitudes of torque at every
length scale given a typical dipole moment. This figure helps to size
other actuators.

Previous studies [10,11] have introduced a prototype IC
spacecraft-on-chip architecture intended to demonstrate function-
ality at small A. The design consists of a silicon plate (p=
2300 kg/m?) with A = 1 cm and «, = 0.0025. Taking § = 1 mm,
Fig. 14 shows simulations of this architecture in the near-Earth
environment. Each of the variables is plotted as a function of altitude.
Further simulation results and details of this sample architecture are
given in Sec. VIIL

VIII. Discussion

These results have implications for small-spacecraft design,
though there are obvious limits in their interpretation. Specifically,
constant spacecraft density likely does not apply across all length
scales. It also may not be realistic to model a plate as having a
constant k, across all A. Despite these limitations, this analysis
inspires relevant applications. The candidate spacecraft-on-chip used
in the preceding analysis is designed with a 1 cm characteristic length
in order to enable new mission opportunities based on nongravita-
tional accelerations. This discussion briefly considers three such
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Fig. 7 Unscaled orbital accelerations at a) 500, b) 1000, and c¢) 10,000 km altitude as a function of characteristic length, normalized to Earth’s two-body

gravity.

opportunities for the candidate bus: solar sailing, aerodynamic
reentry, and Lorentz propulsion.

A. Solar Sail

A solar sail exploits solar radiation pressure as a means of
propellantless propulsion. This analysis suggests that useful solar
pressure can be achieved with small, thin platelike structures. In fact,
solar sail architectures benefit from small size in other ways as well.
Typical sail designs are extremely large and challenging to construct,
deploy, and actuate. Greschik [56] suggests that dimensional chal-
lenges are primarily responsible for the as yet unsuccessful solar sail
tests, despite 30 years of attempts. The range of magnitudes involved
in solar sails make structural analyses intractable, fabrication
demanding, and ground testing extremely challenging. These issues
have motivated the development of smaller architectures including
solar kites [57], microsolar sails [58], and nanosails [39].

For interplanetary dust, solar radiation pressure can exceed
gravity. Here, the critical radius of a particle is roughly a tenth of a
micron, below which the particle can be too small to absorb or reflect
the photon [10]. Highly reflective interplanetary dust particles of this
size can escape solar gravity if released from a comet near the sun [2].
These so-called B meteoroids were most recently detected by the
Ulysses [60] and Galileo [61] spacecraft.

This analysis indicates that the candidate spacecraft-on-chip
architecture can capitalize on length scaling to achieve significant

solar pressure acceleration. That is, the bus itself, by virtue of its
geometry, behaves as a solar sail. The millimeter-scale design can be
fabricated using IC techniques and can be readily tested in a 1 G
environment. Further, by capitalizing on natural dynamics, it may be
capable of avoiding the nontrivial challenges associated with solar
sail control and actuation. Previous research [10] has evaluated this
concept, accounting for passive attitude control mechanisms and
proposing sample missions concepts.

A common metric for solar sail designs is the lightness number
Bsp, which compares the solar pressure acceleration to solar
gravitation [29]:

W, 2
Bsp = 95 o Z0I0TEC )
ag CUpP Ky

(52)

This metric accurately describes the acceleration’s dependence
on body size for lengths above the wavelength of visible light.
The candidate silicon spacecraft-on-chip bus achieves a lightness
number of 0.01, meaning that the magnitude of solar pressure is
1% of solar gravity. Though this value is smaller than many
proposed solar sail designs, there are a number of possible ap-
plications for it in geocentric, heliocentric, or three-body orbits
as explored in previous research [10]. Even thinner bodies retain
the advantages of stiffness and ready deployment, and they
would better compete with the lightness number of larger sails.
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B. Reentry Dynamics

Like most of the nongravitational orbital accelerations, atmo-
spheric drag depends on the area-to-mass ratio A./m. The inverse of
this ratio appears in the commonly used ballistic coefficient, defined
to be a ratio of inertia to aerodynamic drag [62]:

m Kyp

(53)

KapAc  Kapkc

This ratio determines a body’s drag-limited lifetime in LEO. Low
values of B,p correspond to satellites whose orbits are highly
affected by atmospheric drag, and consequently deorbit more
quickly than bodies with high 8,p. Typical spacecraft have ballistic
coefficients on the order of 10 to 100 kg/ m? [63]. When face-on to
the flow (y4 = 7/2), the candidate spacecraft-on-chip bus has a
ballistic coefficient of 0.023 kg/m?.

Figure 14b shows that acceleration associated with magnetic
actuator torque are greater than that associated with atmospheric
drag. This feature suggests that a magnetic torquer could align the
attitude of a plate with the magnetic field when commanded, enabling
a form of controlled aerobraking or reentry.

A primary challenge for spacecraft reentry maneuvers is heat
management, where both the rate and total load of heat can cause
catastrophic failure. Essentially, aerodynamic drag converts the

spacecraft’s kinetic energy to thermal energy. A spacecraft must be
capable of both decelerating and shedding heat rapidly enough to
survive reentry. In their assessment of the survivability of small
orbital debris, Koppenwallner et al. [62] developed a model for
reentry that explicitly considers A. Characteristic length enters the
model through two of the three aerodynamic similarity parameters:
Reynolds number and Knudsen number [62]:

Re =AYy (54)
Hap
S
Kn=2 55
n= (55)

where ji,p is the local atmospheric fluid viscosity and ¢ is the mean
free path of the atmospheric gases. The third similarity parameter, the
Mach number, depends on only velocity and local fluid properties.
These three parameters define the flow environment and heat transfer
regime of the reentering body. Free-molecular flow is defined by
Kn > 10, and hypersonic continuum flow is defined by Kn < 0.1.
Intermediate values are characterized as transitional flow and are
approximated with some choice of bridging function. The heat
imparted to the reentry body is modeled by [62]
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Fig. 11 Angular accelerations for a sphere, cube, and plate at a) 500, b) 1000, and c¢) 10,000 km altitude as a function of characteristic length.

Fig. 12 Regions of dominant angular acceleration for a) both a sphere and cube geometry and b) a plate geometry as a function of characteristic length

and altitude.
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as a function of characteristic length and altitude.

. 1
Q aero — 5 StIOAD USAC (56)

where the Stanton number St varies according to the flow regime.
The heat input is therefore a function of A? explicitly, with an
additional, though less clear, dependence on A through the fluid
similarity parameters. Further, the back half of the spacecraft
can radiate heat Qrad to and from the surrounding planet (with
temperature T),) according to the Stephan-Boltzmann law given by
Eq. (34). As before, this radiation term is a function of A2.

Given these models for heat transfer, the temperature of a
spacecraft with specific heat capacity c, follows the first-order
differential equation [62]:

r — Qaero + Qrad

T (7
mc

p

Thus the ratio of A/m also appears in the heat transfer equation,
which suggests that the temperature of small bodies is more sensitive
to heat rates. It turns out that dust particles can survive reentry at low
temperatures thanks to their small size [6,7]. Aerodynamic drag
decelerates the dust particles to subsonic velocities in the upper
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atmosphere where the density is low and aerothermal heat rates are
very low. Each year, thousands of metric tons of small interplanetary
dust particles reach the Earth’s surface unaffected while larger
meteoroids energetically ablate as meteorites [64].

This drag and thermal model was simulated for a proposed
spacecraft-on-chip architecture (a square flat plate with A = 1 cm
and k, = 0.0025) from an altitude of 350 km. The results of this
simulation are given in Fig. 15. For the first orbit, the thin square plate
is kept edge-on to the flow and drag is minimal. Once commanded,
the attitude is taken to be face-on to the velocity, such that drag is
maximized. The altitude rapidly drops, and the temperature increases
to a peak value of only about 105°C during maximum deceleration,
after which it settles to a steady state temperature driven by the
Earth’s thermal radiation. This peak heating occurs in the free-
molecular flow regime and results in temperatures low enough to
suggest that an IC could operate throughout reentry. There may be
meaningful mission opportunities for a small sensor that can sample
many altitudes of the atmosphere continuously throughout the
reentry process, and one that furthermore would not experience
the plasma-related communications dropout of hotter reentering
spacecraft.
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C. Lorentz Force Spacecraft

The Lorentz force is responsible for capturing and ejecting
electrostatically charged dust particles in the rings of Jupiter [65—67]
and Saturn [68,69]. The dust particles attain time-varying charges
that produce non-Keplerian orbits with altered orbital energy. If
charge can be artificially generated on a spacecraft, it could serve as a
means of propulsion. Previous research has explored the novel
spacecraft maneuvers such a technology could enable [44,70-72].
Though a few architectures have been proposed to accommodate the
self-capacitance and potential required for meaningful maneuvers,
they require relatively large structures, such as groups of kilometer-
long filaments. Based on this analysis and previous research [11], the
A~3 scaling of g/m implies that Lorentz force may instead be most
easily achieved using a very small spacecraft.

Power represents a design challenge for equipping a spacecraft to
propel itself via the Lorentz force. The spacecraft must produce
enough power to maintain a net charge in spite of the near-Earth
plasma environment that tends to discharge charge imbalances. The
plasma environment discharges the spacecraft through so-called
thermal and ram currents. These currents are functions of plasma
characteristics, as well as the area of the charged spacecraft. That is,
power requirements reduce according to an area-to-mass scaling. At
small enough characteristic lengths, the discharge currents are
characterized by the orbital-motion-limited regime, which reduces
the power requirements even further.

A promising architecture proposed by Hoyt and Minor [73]
requires only a power source and two plasma contactors to achieve a
net charge. The following thought experiment, illustrated in Fig. 16,
explains the concept. In a vacuum, if two conductive wires are
connected to the terminals of a potential source (e.g. a battery or a
solar cell), each wire can be thought of as reaching a potential equal to
half of the source’s potential and with opposing polarities. However,
in a plasma environment, the wires’ opposite polarities generate
dissimilar plasma currents, resulting in dissimilar wire potentials

Vacuum Electrons + lons
!
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! o @
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Fig. 16 Equilibrium potentials for power supply terminals in a vacuum
and plasma environment.

[74]. Near-Earth, the positive wire would tend to discharge almost
entirely. As long as the power source can supply sufficient current,
the source would maintain the potential difference and would drive
the potential to the negative wire. Such a spacecraft would carry a net
negative charge that may be controlled through the power source.

Using this architecture, the candidate spacecraft-on-chip bus
could be equipped for Lorentz propulsion using only two thin,
conductive wires and a small solar-cell array. The wires act as plasma
contactors and capacitors, and the solar cells produce the potential
difference and current required to overcome plasma discharge
currents. A previous study suggests that the candidate spacecraft-on-
chip bus attached with two 1 m long wires and solar cells can achieve
a ¢/m on the order of a micro-Coulomb per kilogram. For a 500 km
orbit, this ¢/m is sufficient to produce daily growth of roughly 400 m
of semimajor axis or 25 m of along-track motion.

IX. Conclusions

The magnitude of orbital and angular accelerations in the
near-Earth space environment can be highly dependent on the char-
acteristic length A of the affected body. Most near-Earth pertur-
bations can be modeled as pressures, in which case the critical ratio is
the area-to-mass, which is dependent on A~!. The Lorentz force is
dependent on the charge-to-mass ratio, which scales with A2 in a
vacuum. As A is reduced, these orbital and attitude accelerations
become increasingly large, while gravitational accelerations remain
unaffected. This understanding suggests which environmental forces
and torques can and cannot be neglected for a given simulation and
error tolerance. The analysis also identifies regions of characteristic
length and altitude, within which different accelerations dominate
the dynamics of a spacecraft.

A second design parameter is choice of geometry. This research
offers a framework for considering a spacecraft geometry using a set
nondimensional scale factors. With these scale factors, the results
offered herein can be applied to an arbitrary geometry. Of the
geometries considered here, a sphere and cube have fixed scale
factors, while the scale factors for a square flat plate depend on
thickness.

If A is sufficiently small for a selected geometry, nongravitational
accelerations may reach magnitudes sufficient to enable new mission
opportunities. By designing a spacecraft to have a very small A,
mission designers can potentially achieve novel spacecraft maneu-
vers passively and without the requirement of on-board fuel. A
candidate spacecraft-on-chip bus is considered as a solar sail, a
reentry vehicle, and a Lorentz propelled spacecraft. In each case, the
magnitude of nongravitational acceleration suggests the potential for
meaningful propellantless maneuvers.
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