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Direct Simulation of Apex Enhancement on the Flux
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The extended direct simulation Monte Carlo method is employed to model � uxes of meteoroid and space debris
onto surfaces of the sun-pointingspacecraft European Retrievable Carrier. Apex enhancement of the Earth motion
on � ux is considered by including a parameter to describe the anisotropic velocity directionality in the meteoroid
distribution. The anisotropy of the measured � uxes onto different surfaces is well explained by this approach, and
results are consistent with measured data. Also, the effect of the apex enhancement of the Earth motion on the
morphology of the impacts is analyzed, and a good agreement with measured data is achieved. Our simulation
allows an estimation of the extent to which the directionality distribution of the meteoroid velocity unit vectors
deviates from the isotropic distribution.

Nomenclature
As = area of a surface of EURECA, m2

as = semimajor axis, km
di = diameter of a particle, m
es = eccentricity
FN = particle weighting factor
G = Earth gravitational constant
is = inclination,deg
J = � ux of particles, m¡2 s¡1

M© = mass of the Earth, kg
N = surface normal unit vector
Ncqp = maximum number of selected pairs between species

p and q in a cell
Np.q/ = number of simulated particles of species p (q) in

a cell
P = probability
Ram = random number between 0 and 1
r = particle altitude, km
t = time, s
V j = volume of the j th shell, m3

v = particle velocity, m/s
v2

esc = escape velocity of a particle at r from the Earth
center, m/s

vRpq = relative velocity of particle p to q , m/s
vtot = total velocity of a meteoroid at r from the Earth

center, m/s
v1 = velocity of a particle at in� nity, m/s
xi ; yi ; zi = xyz components of a particle’s position
® = parameter used to describe apex enhancement effect
¯i = angle between N and vRpq, deg
° = parameter used when distributing a meteoroid’s

velocity
1t = simulation time step, s
2 = angle between N and r, deg
µc = half-angle of shielding by the Earth
µi = latitude angle of a meteoroid in the Earth-centered

frame,deg
µs = true anomaly, deg
¾Tpq = total cross section between particle q and p, m2
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’ = polar angle of a meteoroid in the Earth-centered
frame, deg

Äs = right ascension of ascending nodes, deg
!s = argument of perigee, deg

Introduction

D URING the last decade, the successful retrieval of the Long
DurationExposure Facility (LDEF) spacecrafthas boosted the

development of various models for the descriptionof natural mete-
oroid and man-made space debris particles in the near-Earth space
environment.The applicationsof Kessler’s (NASA 96) space debris
model1 and Grün’s meteoroid model2;3 have been used to explain
many of themeasuredresults from LDEF. Our own direct simulation
Monte Carlo (DSMC) model4;5 differs signi� cantly in its approach.
Our DSMC is based on orbit mechanics and statistical mechan-
ics and produces a uniform and self-consistentmethod to simulate
the collision process for both meteoroid and space debris with a
spacecraft surface. Our DSMC has predicted � uxes consistentwith
measured data onto differentsurfacesof LDEF. In our own previous
work and those in Ref. 1–3, an isotropic incident distribution with
respect to the Earth’s surface has been assumed for meteoroid.6

However, a large discrepancy appears when the preceding me-
teoroid models are used to estimate the � ux onto the front side of
solar panels of the European Retrievable Carrier (EURECA),3;7 the
largest sun-pointingspacecraft to be retrievedafter LDEF. The mea-
suredvalues (for the total � ux includingmeteoroidand spacedebris)
are almost a factorof 10 belowthe model’s predictedmeteoroid� ux.
This discrepancy has previously been attributed to systematic un-
certainties in � ux measurements.3 On the other hand, for meteoroid
from the isotropic model, a fairly even distribution of impacts for
all sides and both the front and the rear of the solar arrays would be
expected for EURECA.7;8 The same holds to a good approximation
for space debris impacts. Thus the total � uxes on different surfaces
of EURECA should be very similar. However, experimental survey
revealed obvious anisotropies and directionality in the measured
impact � ux onto these different surfaces.6;8

There are signi� cant differences between LDEF and EURECA
in their � ight attitude. The former was gravity gradient stabilized
and kept a � xed orientation with respect to the � ight direction for
all its surfaces; the latter was in a sun-pointing attitude, exposing
different surfaces toward the forward direction along the orbit. This
typical attitude makes EURECA’s surfaces sensitive detectors for
anisotropies in the meteoroid and debris environment around the
Earth.Particularlyevidentis an enhancementseenfrom thedirection
of the Earth’s apex, i.e., the direction toward which the Earth is
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moving as it orbits the sun. However, the precise nature of the
anisotropy in the meteoroid in� ux to Earth is dif� cult to charac-
terize in that not only does meteoroid � ux vary with geocentric
viewing direction, but also the velocity distributionas a function of
viewing directionwill change.6 McDonnell6 implementeda simpli-
� ed approach to apex enhancement in the meteoroid� ux simulation
by “turning”the particle velocityvector to accountfor the Earth mo-
tion and keeping the scalar velocityvalues unchanged.This method
was used to characterize the anisotropic � uxes onto the surfaces of
EURECA and explained some of the � ux directionalityon different
sufaces.

In this paper we document the extention of this model to include
an apex enhancement factor for capturing the directionality in ve-
locity distributionof meteoroid, caused by the Earth’s motion in the
solar system, in order to estimate the extent to which the meteoroid
environment around the Earth is anisotropic. We also demonstrate
further the validity of our DSMC model and investigate the effects
of apex enhancementon the meteoroid � ux and impact morphology
on EURECA’s surfaces. The total � uxes onto different surfaces of
EURECA are � nally calculated.

In the followingsectionswe � rst presenta brief introductionto our
extended DSMC model with the inclusion of an apex enhancement
parameter ®. We omit here the more detailed description of the
basic method, which is represented fully in Refs. 4 and 5. We then
give the description of meteoroid and space debris in the selected
reference frame, as well as the geometry of EURECA. A discussion
of the simulated result is carried before the conclusions are drawn
in the � nal section.

Extended DSMC model
DSMC modeling is a probabilistic simulation method that em-

ploys a large number of statistically selected simulated particles of
the correct physical size, with each simulated particle representing
a � xed number FN of real particles. Simulation is based on the as-
sumption of particle chaos9 and the requirement of a dilute particle
system. The method is able to determine, among other propertiesof
the system, the collisionrate betweenthe particlesin the systemover
a period of time. DSMC modeling is essentially a direct simulation
of the Boltzmann equation and the procedures for the probabilistic
selection of a representative set of collisions based directly on the
relations that have formed the basis of kinetic theory for more than
a century.4;10

The modeling system is established by assigning each simulated
particle, at initial time t0, a positionand a velocityvector that follow
from the phase space distribution function. A statistical ensemble
representedby fri , vi gt , i D 1; 2; : : : ; N in phase space, where N is
the total number of the simulated particles, is built up to describe
the state of the system at some later time t . The evolution of the
system is approached by time marching with a step 1t , and the
state of the updatedsystem is replacedby fri , vi gt C 1t . The modeling
environment is divided into many cells of volume V j , where j is the
index number for the j th cell.

The DSMC modeling process for collision impact in the space
environmentconsistsof two main routines:particle propagationand
collision probabilitydetermination.After the initial state of the sys-
tem is distributed assuming microscopic chaos,9 the kinetic theory
is then used to move particles between the cells after a reasonable
time interval 1t . This time step is selected from a balance, in that
it should be small considering the accuracy of tracing a particle’s
motion but should be relatively large to achieve a consistent com-
putation of collision rate caused by the low population of particles
in the low-Earth-orbit(LEO) environment.The particlepropagation
routine is straightforwardand is describedmore detailed in Ref. 4. It
assumes a non-Keplerian nature of orbital evolution. The collision
determination routine is important for the extension to our DSMC
model and it is outlined in the following steps: 1) calculation of
the number of selected pairs in a DSMC cell of volume V j and 2)
determination of a collision.

In the � rst step the probability of a collision between two parti-
cles, with species index p and q respectively, is proportional to the
product of their relative speed vRpq and total collision cross-section
¾Tpq. The probability P of collision, between two simulated parti-

cles representing Fp and Fq real particles respectivelyover the time
interval 1t , is equal to the ratio of the volume swept out by their
total cross section moving at the relative speed between them to the
total volume of the cell, i.e.,

P D FN ¾TpqvRpq1t=V j (1)

where FN is the smaller one between Fp and Fq and the relative
speedvarieswith the choiceof the collisionpartners.The maximum
number of selectedpairs between species p and q from the cell over
the time step is

Ncqp D 1
2
[Np

NNq FN .¾TpqvRpq/max1t ]=V j (2)

Here Np is the number of simulatedparticlesof species p, and NNq is
the average number of simulated particles of species q in this cell.

During second step, for every pair of particleswhich is randomly
selectedfrom V j the product¾TpqvRpq is calculated,and the collision
is computed with probability

Pc D
¾TpqvRpq

.¾TpqvRpq/max

(3)

and compared with a randomly produced number Ram , which is
uniformly distributed between 0 and 1. The pair is accepted as a
collision event and recorded if

Pc ¸ Ram (4)

If this condition is not met, the collision will be rejected. Initially
an estimated value of .¾TpqvRpq/max is set for different species at the
beginning of the simulation, but is then updated if a larger value is
subsequently found.

In the simulation process, at each time step, particle propagation,
the two steps are repeated for every possible pair for all different
species groups, for every cell in the system. Each simulation period
(e.g., the actual duration of orbital exposure of the spacecraft) is
broken down into these time steps. The results from one simula-
tion contribute to an overall ensemble of measurements of collision
freqency.Eventuallyafter many such simulationsan ensemble aver-
age can be obtained (togetherwith appropriatestatistics) to provide
collision rates for different species groups.

Description of EURECA, Meteoroid,
and Orbital Debris in the Simulation

Sporadicmeteoroidand spacedebris in the LEO environmentcan
be considered to be a dilute system of particles caused by their low
numberdensity. In general, spacedebris arrive temporaneouslywith
a random distribution although there may be enhancements in � ux
that can be traced to a variety of individual breakup events of the
larger particles.11 For meteoroids an isotropic spatial distributionin
the LEO environment is assumed. Their individual orbital elements
near the Earth are taken to be uniformly distributed at the inital
time t0 . Because their geocentric hyperbolic orbits transit the LEO
environment in a very short time interval, their orbital evolution
has little in� uence, and we therefore ignore this evolution in our
considerationof their collision with a spacecraft.

In the simulation the LEO environment is divided into a group
of Earth-centeredconcentric shells with a width of 50 km, from the
surface of the Earth to an altitudeof 2050 km. Meteoroidsand space
debris are grouped by mass into 19 bins, respectively, with equal
mass ratio intervals of 10 over the mass range from 10¡18 g to 1 g.
EURECA is treated as a separate orbit particle group.

The way to describethepositionandvelocityof a meteoroidis dif-
ferent from that of an Earth-orbitingobject because the meteoroid’s
motion is heliocentricand space debris’ motion is geocentric. In the
following subsections we will represent the distribution of position
and velocity of meteoroid in detail.

Positions and velocities are de� ned in a rotating reference frame
centeredat the Earth, with the Z axis pointing to the North Celestial
Pole, the X ¡ Y plane passing through the equator, with the X axis
in the direction of apex of the Earth motion around the sun and the
Y axis points to the center of the sun.
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Fig. 1 EURECA spacecraft con� guration.

Fig. 2 EURECA pointing geometry.

EURECA Exposure Geometry
Figure 1 shows a sketch of the EURECA spacecraft con� gu-

ration. The EURECA mission started on 2 August 1992 and was
retrieved at altitude of 460 km on 24 June 1993 after being exposed
to the space environment for 326 days, starting from an initial or-
bit of 508 £ 502 km and 28:5-deg inclination.We have adopted, as
have previous investigators,an orbit for EURECA to be constant at
500 km (Ref. 6).

Throughout its mission, with the exceptionof maneuver periods,
EURECA was in a sun-pointing mode, with the front side of the
solar arrays and one face of the spacecraftbody (CZ 0 axis) pointing
toward the sun. (See Fig. 1 for a description of the geometry of
EURECA in a spacecraft � xed system denoted as X 0-Y 0-Z 0.) The
solar arrays were rigidly attached to the main body, i.e., they had no
additional degree of freedom.

The long axis of the spacecraft body (Y 0 axis) was in the orbital
plane with the exception of certain brief periods during April and
May 1993 when rotations around its Z 0 axis were performed for
experimental purposes.

Unlike LDEF, forEURECA the forwardor ram-facingaxisvaried
along the orbit. At local noon the ¡Y 0 axis and at local midnight the
CY 0 axis was facing forward. The CZ 0 axis (front of solar arrays)
was facing forward during the local morninghours and the ¡Z 0 axis
during the evening. The CX 0 axis was perpendicular to the orbital
plane pointing toward north. A schematic drawing of EURECA in
orbit, illustrating EURECA’s attitude, is shown in Fig. 2.

Being treated as simply one of the groups of the orbital ob-
jects simulated, we use the six Kepler orbital elements to describe
EURECA’s positionin space, i.e., semimajor axis as , eccentricityes ,
trueanomalyµs , inclinationis , rightascensionof ascendingnodeÄs ,
and argument of perigee !s . For the orbit parameters of EURECA,
we have assumed es D 0.0, is D 28:5 deg, and as D re C 500 km,
where re is the radius of the Earth, and the other three orbit ele-
ments µs; Äs; !s were randomly initialized as a result of the long
period of orbit evolution considered.

In the de� ned X 0Y 0 Z 0 frame the normal unit vector N for the
front side of the solar array and body face at CZ 0 is [0, 1, 0], for

the scuff plate at CY 0 it is [1, 0, 0], and for the Time Band Capture
Cell Experiment (TICCE) surface it is [0,

p
2=2,

p
2=2]. These

pointing directionshave important consequencesfor the analysisof
anisotropies and directionalities in the measured impact � ux.

Space Debris
Each simulateddebrisparticleis expressedby sixorbital elements

similar to those for EURECA, i.e., a, e, µ , i , Ä, ! evolvedwith time.
Green et al.12 developed a space debris size distribution in LEO,

which does not differ signi� cantly with inclinationor altitudeabove
200 km. For the altitude range of interest (near the altitude of
EURECA), we take this space debris size distributionand change it
to mass distribution by a density ½ (Ref. 6).

The inclination and eccentricity distribution of the space debris4

are introduced to de� ne the initial orbit elements i and e, and the
others, a, µ , Ä, and ! are assumed to be uniformly (randomly)
distributed for all debris sizes.

During simulation, instead of tracing the trajectoryof each space
debris and EURECA, each of them is ascribed a most probable
location, based on a time-weighted residence.4 The aerodynamic
drag, which causes the semimajor axis a and e to be changed, is
included, and the full formulas are adopted from the King-Hele
theory.13

In the process of cumulating the number of debris collisions for
each of EURECA’s surfaces, in addition to Eq. (4) no collision is
recorded if

¼=4 < 2 · 3¼=4; vi ¢ N · 0 (5)

or

3¼=4 < 2 · ¼; vi ¢ N ¸ 0 (6)

where 2 is the angle between the surface normal N and the position
vector of the i th debris particle relative to the spacecraft and vi is
the relative velocity vector of i th particle. The preceding constrains
are caused by the fact that when a particle is in the opposite half
sphere to the spacecraft and moves toward the direction against the
normal of the surface or when the particle is behind the surface and
moves toward the direction of the normal of the surface the particle
cannot collide with the surface in the time interval ±t , even if Eq. (4)
is satis� ed.

Meteoroids
Based on Divine’s � ve population interplanetary meteoroid

model,14 combiningthe Galileoand Ulyssesdata sets and takinginto
account the effect of radiationpressureon small particlesGrün15 de-
veloped a new meteoroid population model, which provides a very
detailed picture of the meteoroid populationdistributionup to 3 as-
tronomical units (AU) from the sun and of the distribution of their
heliocentric orbital elements. For simplicity, we adopt an isotropic
total meteoroid concentration distribution15 with the mass of the
meteoroid at 1 AU. This distribution is assumed to be constant with
changingaltitude in the LEO environmentbecausewe are interested
in only a narrow altitude range for collisions, relative to the distance
between the sun and the Earth. The number of simulated meteoroid
particles in each simulation shell can be easily calculated by the
product of concentrationand cell volumes.

For any simulatedmeteoroidparticle i the spherical coordinatein
termsof positionri , latitudeangleµi , andpolarangle’i are randomly
distributed, and further the coordinates fxi ; yi ; zi g are obtained by
the simple transformation from spherical coordinates to Cartesian
coordinates.

Each meteoroid is assumed to approach or leave the Earth on a
hyperbolic trajectory11 with a velocity at in� nity of v1. The Earth’s
gravity complicates matters by accelerating the meteoroid toward
it, changing its velocity to vtot at a distance r from the center. Con-
servation of energy demands that vtot be calculable from the initial
space velocity and the amount of kinetic energy gained from falling
into the Earth’s gravitation potential well, i.e.,

vtot D v2
1 C v2

esc (7)
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where v2
esc is the escape velocity at the distance r from the Earth,

which is of the form vesc D 2G M©=r , and r D
p

.x2
i C y2

i C z2
i /.

The magnitudeof velocityv1 , for every simulatedmeteoroidpar-
ticle,was adoptedfromTaylor’s meteoroidvelocitydistribution,16;17

whichoriginatesfrom theHarvardRadio MeteorProjectdata,where
about 20,000 meteor observations were taken. Considering that of
the total population of meteoroids in the LEO environment at any
time t , some will be moving hyperbolically toward the Earth and
some will be moving hyperbolicallyaway to return to interplanetary
space, we introduce a modulating parameter ° , which is between
0.5 and 1, de� ned as the ratio of the number of the meteoroidsmov-
ing toward the Earth to the total number of meteoroids in order to
indicate the radial direction of the space velocity of the meteoroids,
i.e., for a produced random number Ri of the simulated particle i ,

v1.i/ D
¡v if Ri < ° (toward the center of the Earth)

v if Ri > ° (away from the center of the Earth)

where v is given a value from Taylor’s velocity distribution as just
mentioned. If there is no Earth gravity and in the absence of atmo-
sphericdrag effects,° shouldbe 0.5 on average, i.e., each meteoroid
only enters the LEO environment brie� y, before returning to inter-
planetary space. A proper value for ° can be found by � tting the
simulation results to the observed data. Its deviation from the aver-
age value will indicate what portion of meteoroid will not return to
interplanetaryspace after entering the LEO environment as a result
of collision with Earth or atmospheric capture. In the following cal-
culations ° D 0:75 was adopted,which was emprically obtained by
� tting LDEF prediction data to measured data.5

For the situation of LDEF, the orientation of the meteoroid ve-
locities is described by an uniform distribution over the solid angle
4¼ because each face of LDEF has nearly equal chance of facing
the direction of the apex of the Earth motion, and thus the apex
enhancement of the Earth motion has nearly the same effect on its
each face.McDonnell6 reported that inclusionof apex enhancement
of the Earth motion resulted in an decreasedmeteoroid � ux onto all
of LDEF’s faces by 4% on average. Therefore, the effect of apex
enhancement of the Earth motion on meteoroid � ux onto LDEF’s
surfaces can be neglected. Unlike the case of LDEF, for EURECA
an anisotropicorientation distributionof meteoroid velocities is re-
quired to includethe apex enhancementeffect as a resultof its orbital
attitude in space as already stated. The direction of the meteoroid
velocity thus is assumed to have a bias toward this direction (i.e., X
axis in our de� ned Earth-centered reference frame). In our descrip-
tion of the apex enhancement effect, the scalar velocity distribution
ofmeteoroidsis not changedand still followsTaylor’s meteoroidve-
locity distributionin which the velocity already includes the Earth’s
motion.

Denoting the angle between the i th meteoroid’s velocity vector
and the X axis as ’ 0

i (0 < ’ 0
i < 2¼ ) and introducinga bias parameter

®, the probability P.’ 0
i / of ’ 0

i lying within any unit interval in the
the range [0, 2¼ ] is 1=2¼ for the isotropic direction distribution,
but for an anisotropic direction distribution P.’ 0

i / should be larger
than 1=2¼ in a certain subset of [0, 2¼ ] and smaller than 1=2¼
in the remainder of [0, 2¼ ] in order to keep the normalization of
P.’ 0

i / over the interval [0, 2¼ ]. For example, this subset can be
resonably choosen as [¡¼=4, ¼=4], and then the simplest form of
the dependence of P.’0

i / on ® can be written as

P.’ 0
i / D

.1=2¼/.1 C ®/ if ¡¼=4 < ’ 0
i · ¼=4

.1=2¼/.1 ¡ ®=3/ if ¼=4 < ’ 0
i · 3¼=4

(8)

with
2¼

0
P.’0

i / d’ 0
i D 1 and 0 · ® < 3, where ® is chosen in such a

way that the � ux results � t the measured data and ® D 0 corresponds
to an isotropicdistributionand ® D 3 correspondsto the extreme sit-
uation that the probabilityof the orientationof a meteoroid velocity
vector in the subset [¡¼=4, ¼=4] is 1, or, in otherwords, the velocity
vectors of all meteoroids are within the cone de� ned by half angle
¼=4 with respect to the X axis. It is obvious that the form of P.’ 0

i /
will be different for the various choices of the particle subset.

Therefore we can make a quantitative estimation concerning
the extent of the apex bias in the orientation of the meteoroid ve-

locities. Finally the velocity components fvtot ¡ x ;i ; vtot ¡ y;i ; vtot¡z;i g
can be easily obtained by a spherical to Cartesian coordinate
transformation.

During the simulation, we do not trace an individualmeteoroid’s
motion over every time step 1t , because the tracing computation-
ally complicates the model; more signi� cantly, however, tracing
individual particle’s motion is not neccessary because of the short
residence time in the LEO environment (as a result of their high
approach speed between 20–70 km/s). Isotropy in the meteoroid
spatial distribution is assumed for EURECA, and thus it is not nec-
essary to considerthe actualmeteoroidorbitalhistory.6 At each time
step a new statistical sample is taken from the simulated meteoroid
particles with new sets of positions and velocities.

During the simulation, in addition to the condition of Eq. (4), no
collision contribution is recorded if 1) the meteoroid cannot impact
the surface of EURECA (e.g., ri ¢ N < 0) and 2) the spacecraft is
shielded by the Earth. This condition can be considered as follows:
a tangent to the Earth’s circumference passing through EURECA
subtendsan angleµc with the directionof theEarth’s center.Thus the
meteoroid cannot strike the spacecraft if approaching from within
the cone de� ned by half angle µc , which is given by18

sin µc D
re v2

1 C v2
esc.re/

r v2
1 C v2

esc.r /
(9)

where re is the radius of the Earth. The term of v2
esc is from the

gravitational focusing effects.
The � nal point to note during the simulation is that a modi� cation

to Eq. (3), which is the form taken for collisions between spherical
objects, is needed for an oriented surface with its surface normal
not along its direction of motion. Equation (3) is thus rede� ned to
become

Pc D
¾TpqvRpq cos ¯i

.¾TpqvRpq cos¯i /max

(10)

The collisionalcross-sectionarea ¾Tpq is given by As C ¼d2
i =4, with

As being a surface area of EURECA and di the diameter of i th
meteoroid, assumed to be spherical, and is related to the meteoroid
mass as just noted. During the simulation, we calculate all of the
collision frequencies from meteoroid and debris impacts separately
on each of EURECA’s surfaces.

The ensemble average is used to obtain the average collision
number of each species for different faces of EURECA over 100
individual runs with each run simulating the period of 326 days.
The values of � uxes are obtained by dividing the average collision
number with ¾Tpq and the time of 326 days. In the followingpresen-
tation of results, we denote cumulative � ux over the mass range of
interest as � ux for brevity.The simulations also produce the impact
velocity distribution and impact angle distribution,which could be
of value in understanding the morphology of the craters caused by
these impacts.

Results and Discussion
Fluxes onto the Solar Arrays

The solar arrays are the largestexpose surfacesof EURECA with
a total area of about 96 m2. Each wing was made of � ve panels with
dimensions 3:4 £ 1.4 m2. The dashed line in Fig. 3 is the meteoroid
� ux on the front side of the solar arrays of EURECA calculated by
Staubach’s upgraded model.3 The comparison of that model with
EURECA’s measured data is clearly disappointing, as can be seen
from Fig. 3. After comparing their data with measured total par-
ticles � ux (circles in Fig. 3 ), Staubach attributed the signi� cant
discrepancy to be caused by systematic uncertainties of particle
� uxes obtained from crater counts and associated crater morphol-
ogy. However their simulated meteoroid � ux onto the solar arrays
of LDEF can match the measured data very well,3 which is obtained
from the same method of impact crater analysis.7 It seems that the
uncertainties in translating crater size into impactor masses could
not be the main reason to cause the discrepancyobservablein Fig. 3.

The solid line in Fig. 3 shows the meteoroid � ux alone onto the
front side of the EURECA’s solar arrays calculated in our DSMC
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Table 1 Meteoroid � ux with different apex enhacement

log J , m¡2 s¡1

log mass, g ® D 0:0 ® D 1:0 ® D 1:5

¡1.80EC01 ¡1.30EC00 ¡1.35EC00 ¡1.38EC00
¡1.70EC01 ¡2.29EC00 ¡2.37EC00 ¡2.40EC00
¡1.60EC01 ¡3.14EC00 ¡3.18EC00 ¡3.20EC00
¡1.50EC01 ¡3.61EC00 ¡3.67EC00 ¡3.73EC00
¡1.40EC01 ¡4.28EC00 ¡4.32EC00 ¡4.38EC00
¡1.30EC01 ¡5.01EC00 ¡5.08EC00 ¡5.14EC00
¡1.20EC01 ¡5.31EC00 ¡5.39EC00 ¡5.45EC00
¡1.10EC01 ¡5.51EC00 ¡5.60EC00 ¡5.65EC00
¡1.00EC01 ¡5.66EC00 ¡5.74EC00 ¡5.81EC00
¡9.00EC00 ¡6.11EC00 ¡6.20EC00 ¡6.28EC00
¡8.00EC00 ¡6.36EC00 ¡6.44EC00 ¡6.54EC00
¡7.00EC00 ¡7.02EC00 ¡7.10EC00 ¡7.19EC00
¡6.00EC00 ¡7.92EC00 ¡8.01EC00 ¡8.12EC00
¡5.00EC00 ¡8.63EC00 ¡8.72EC00 ¡8.82EC00
¡4.00EC00 ¡9.62EC00 ¡9.74EC00 ¡9.84EC00
¡3.00EC00 ¡1.09EC01 ¡1.09EC01 ¡1.10EC01
¡2.00EC00 ¡1.22EC01 ¡1.22EC01 ¡1.24EC01
¡1.00EC00 ¡1.32EC01 ¡1.34EC01 ¡1.35EC01

Fig. 3 Fluxesonto the front side of the solararray ofEURECA without
apex enhancement (meteoroid only).

simulation without including the apex enhancement (i.e., ® D 0).
This result appears consistent with the measured total � ux data;
however, the underlying assumption is that only a small contribu-
tion is from orbital debris for the mass range associated with this
data. This assumption seems possible, given reference models for
meteoroid2 and space debris.19

The DSMC model without apex enhancement predicts very sim-
ilar meteoroid � uxes onto both the rear and front sides of the solar
arrays. Again similar meteoroid � uxes are predicted for the §Y 0

surfaces of EURECA body. There is no apparent difference be-
tween §X 0 surfaces and §Z 0 surfaces. This is not surprising for
the assumed isotropic velocity oritentation model with the Earth
shielding on one part of the orbit being mirrored on the opposite
part. Nevertheless,the measurementsof particle � uxes onto the pair
of surfaces of opposite orientations gave us signi� cantly different
data.6;8 This inconsistancybetween model predictionand measured
results is almost certainly a consequence of the real meteoroid en-
vironment having anisotropies.20 We can therefore investigate the
quanti� able predictionsof � ux variations throughvariousvalues for
the anisotropy factor ® as a result of the apex enhancement effect
from the apex motion of the Earth.

The calculation results of meteoroid � uxes onto the front side of
the solar arrays, with different values of ® are listed in Table 1. It
is shown that the meteoroid � ux onto the front side of solar arrays
decreases with increase of the apex effect. The � ux decreases by
17% on average with the value of ® increasing from 0 to 1, i.e.,
the probabilityof a meteoroid particle’s velocity vector lying in the
angular range of [¡¼=4, ¼=4] with respect to the X axis increases
from 0.25 to 0.5. This result is quite reasonable on the basis of our
apex enhancement model because the normal of the front side of

Fig. 4 Total particle � ux onto the front side of the solar array of
EURECA. (DSMC model with apex enhancement factor ® = 1. J is
the sum of meteoroid � ux and space debris � ux.)

Fig. 5 EURECA solar array directionality (front side).

the solar array is pointing to the sun (CY ), which is perpendicular
to the apex direction of the Earth motion (CX ). If the velocities
of meteoroid particles have a bias toward the X axis, away from
the normal of the front side of the solar array the chance for these
particles to collide with the front side will decrease, which clearly
decreases the � ux onto the front side of the solar array.

The preceding result will enable further considerationof the ear-
lier results shown in Fig. 3. We can now evaluate the total � ux onto a
surface with the meteoroid � ux modulated by the apex angle factor
®. Figure 3 shows that the DSMC-modeled meteoroid � ux (with
® D 0 ) is almost equal to the measured total � ux data, and it is wor-
rying that the inclusionof spacedebriswill result in anoverpredicted
total particle � ux onto the front side of the solar array. However, we
can now expect that the contributionfrom the space debris could be
partly balancedby a decrease in meteoroid � ux resulting from apex
enhancement.In Fig. 4 theDSMC-modeled totalparticle� ux agrees
with measured data very well; here the meteoroid � ux is calculated
with the apex enhancementfactor ® D 1:0, and the space debris � ux
is calculated in the way already described.

Figure 5 shows the directionality distribution of the recored im-
pacts on the front side of solar array on EURECA during DSMC
modeling.The solid line represents the result for apex enhancement
factor ® D 1:0 and the dashed line for the isotropicmeteoroidmodel
with ® D 0:0. It is evident that there is a signi� cant bias toward the
CY 0 (X ) Earth apex direction, which is consistent with the same
picture from experimental measurements.20

One of the more surprisingresults of the EURECA impact inves-
tigationwas the large numberof craters that show signsof ellipicity.
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Fig. 6 Impact angle distribution for front side of the solar array.

Fig. 7 Ratio of elliptical impacts to total impacts onto the front side of
the solar array.

A total of 221 of the 703 impacts analyzed in detail on the front side
of the solar array show signs of an impact at an inclinedangle.8 Dur-
ing DSMC modeling, the morphology of the impact can be studied
by the recorded impact angles. Figure 6 shows the simulated impact
angle distribution for the situation of ® D 1:0. According to the ex-
perimentalsimulationresult reportedbyBerthaudandMandeville,21

when the impact angle is larger than 60 deg the crater is obviously
elliptical,and when the impact angle is larger than 80 deg the decap-
itation effect appears.From the impact angle distributionit suggests
that 30:1% of impacts occur with impact angles lying within a cone
of 60–80 deg from the normal. This result is consistent with the
measured value 221

703
£ 100% D 31:4% (Ref. 8). Figure 7 shows the

dependence of impact morphology on the apex enhancement fac-
tor ®. It is seen that the ratio of elliptical impacts to total impacts
increases with the variation of the extent of the apex enhancement
effect. The ratio is at its best � t to the experimental measurements.

From both Figs. 6 and 7 we see that when ® D 1 both the impact
� ux and the ratio of elliptical impacts to total impacts on the front
side of the solar array match with the measured data very well. We
will use ® D 1 in the following calculations.

An investigationof the meteoroid � ux onto the rear side of solar
array has also been carried out. The results show that the ratio of
meteoroid � ux onto the front side with respect to rear side rises from
1 to 1.15, when the probabilityof the velocity vector of a meteoroid
particle lying the interval of [¡¼=4; ¼=4] doubles from 0.25 to 0.5
(i.e., ® varies from 0 to 1). It means that the meteoroid � ux onto
the front side decreases more slowly with the increase of the apex
enhancement of the Earth than that onto the rear side as a result
of the fact that the front side faces forward when the spacecraft
moves towards the apex; the relative collision velocity of an apex
enhancemented meteoroid to the front side is always higher than
that to the rear side.

This ratio is similar to McDonnell et al.’s resulting ratio of 1.17,
which is from their apex enhancement simulation. The comparison
with measured data is not available because the rear side panels are

Table 2 Meteoroid � ux onto +Y 0 scuff plate with different
apex enhancements

log J , m¡2 s¡1

log m, g ® D 0:0 ® D 1:0 ® D 1:5

¡1.80EC01 ¡1.26EC00 ¡1.23EC00 ¡1.21EC00
¡1.70EC01 ¡2.25EC00 ¡2.24EC00 ¡2.21EC00
¡1.60EC01 ¡3.06EC00 ¡3.04EC00 ¡3.02EC00
¡1.50EC01 ¡3.55EC00 ¡3.53EC00 ¡3.52EC00
¡1.40EC01 ¡4.21EC00 ¡4.18EC00 ¡4.17EC00
¡1.30EC01 ¡4.97EC00 ¡4.93EC00 ¡4.91EC00
¡1.20EC01 ¡5.27EC00 ¡5.23EC00 ¡5.21EC00
¡1.10EC01 ¡5.46EC00 ¡5.43EC00 ¡5.42EC00
¡1.00EC01 ¡5.61EC00 ¡5.58EC00 ¡5.57EC00
¡9.00EC00 ¡6.06EC00 ¡6.03EC00 ¡6.01EC00
¡8.00EC00 ¡6.31EC00 ¡6.28EC00 ¡6.27EC00
¡7.00EC00 ¡6.95EC00 ¡6.93EC00 ¡6.92EC00
¡6.00EC00 ¡7.83EC00 ¡7.84EC00 ¡7.83EC00
¡5.00EC00 ¡8.57EC00 ¡8.52EC00 ¡8.50EC00
¡4.00EC00 ¡9.57EC00 ¡9.52EC00 ¡9.50EC00
¡3.00EC00 ¡1.07EC01 ¡1.08EC01 ¡1.07EC01
¡2.00EC00 ¡1.22EC01 ¡1.20EC01 ¡1.19EC01
¡1.00EC00 ¡1.33EC01 ¡1.32EC01 ¡1.32EC01

Table 3 Meteoroid � ux onto § Y 0 scuff plate

log J , m¡2 s¡1

log m, g CY 0 ¡Y 0

¡1.80EC01 ¡1.23EC00 ¡1.36EC00
¡1.70EC01 ¡2.24EC00 ¡2.37EC00
¡1.60EC01 ¡3.04EC00 ¡3.16EC00
¡1.50EC01 ¡3.53EC00 ¡3.67EC00
¡1.40EC01 ¡4.18EC00 ¡4.32EC00
¡1.30EC01 ¡4.93EC00 ¡5.06EC00
¡1.20EC01 ¡5.23EC00 ¡5.36EC00
¡1.10EC01 ¡5.43EC00 ¡5.56EC00
¡1.00EC01 ¡5.58EC00 ¡5.71EC00
¡9.00EC00 ¡6.03EC00 ¡6.16EC00
¡8.00EC00 ¡6.28EC00 ¡6.42EC00
¡7.00EC00 ¡6.93EC00 ¡7.08EC00
¡6.00EC00 ¡7.84EC00 ¡7.96EC00
¡5.00EC00 ¡8.15EC00 ¡8.28EC00
¡4.00EC00 ¡8.62EC00 ¡8.76EC00
¡3.00EC00 ¡9.10EC00 ¡9.24EC00
¡2.00EC00 ¡9.58EC00 ¡9.72EC00

coveredby Kapton foils or other more ductile materials so that only
impacts from much larger particles are visible.

Fluxes onto EURECA Body Surfaces
The external surfaces of the EURECA body are mainly covered

by thermal multilayer insulation (MLI) blankets, which limited the
smallest detectable impact features to about 100 ¹m (»10¡6 g).
Thus we are not able to compare the absolute value of the predicted
particle � ux with the measured data, but instead we concentrate on
discussions about the apex enhancement effects on the meteoroid
� ux onto different surfaces.

Listed in Table 2 are DSMC predicted meteoroid � uxes onto the
scuff plate (CY 0) pointing in the apex direction of the Earth motion
(CX in our reference frame). It is seen that with the increasingapex
effectfactor®, i.e., an increasingdirectionalityof the velocityvector
of meteoroid particle in the apex direction of the Earth motion, the
� uxes onto the CY 0 scuff plate gradually increase because of the
highereffectiveimpactvelocitywhen themeteoroid’s incidentangle
has a bias toward the surface normal.

This effect of apex enhancementon the � uxes onto the CY 0 scuff
plate is opposite to that onto the solar array surface. The � ux in-
creases by about 9% when the probablity of the velocity vector of
the meteoroid lying within the half-angleof ¼=4 to the X axis dou-
bles from 0.25 to 0.5. The same calculation for the ¡Y 0 scuff plate
gives a decreasedmeteoroid � ux becauseof the lower effectiveness
of impact velocity due to a meteoroid’s incident angle bias away
from the surface normal; these results are given in Table 3, where
the apex effect factor was ® D 1:0. The ratio of � ux onto CY 0 with
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Table 4 Meteoroid � ux on body surfaces of EURECA

log J , m¡2s¡1

log m, g Y 0.C/ TiCCE Z 0.C/

¡1.80EC01 ¡1.23EC00 ¡1.27EC00 ¡1.32EC00
¡1.70EC01 ¡2.24EC00 ¡2.29EC00 ¡2.35EC00
¡1.60EC01 ¡3.04EC00 ¡3.08EC00 ¡3.13EC00
¡1.50EC01 ¡3.53EC00 ¡3.58EC00 ¡3.63EC00
¡1.40EC01 ¡4.18EC00 ¡4.23EC00 ¡4.28EC00
¡1.30EC01 ¡4.93EC00 ¡4.98EC00 ¡5.03EC00
¡1.20EC01 ¡5.23EC00 ¡5.28EC00 ¡5.33EC00
¡1.10EC01 ¡5.43EC00 ¡5.48EC00 ¡5.53EC00
¡1.00EC01 ¡5.58EC00 ¡5.63EC00 ¡5.68EC00
¡9.00EC00 ¡6.03EC00 ¡6.08EC00 ¡6.14EC00
¡8.00EC00 ¡6.28EC00 ¡6.33EC00 ¡6.39EC00
¡7.00EC00 ¡6.93EC00 ¡6.98EC00 ¡7.03EC00
¡6.00EC00 ¡7.84EC00 ¡7.88EC00 ¡7.93EC00
¡5.00EC00 ¡8.52EC00 ¡8.57EC00 ¡8.62EC00
¡4.00EC00 ¡9.52EC00 ¡9.58EC00 ¡9.64EC00
¡3.00EC00 ¡1.08EC01 ¡1.08EC01 ¡1.08EC01
¡2.00EC00 ¡1.20EC01 ¡1.21EC01 ¡1.22EC01
¡1.00EC00 ¡1.32EC01 ¡1.33EC01 ¡1.34EC01

respect to ¡Y 0 rises from 1 to 1.4, when the directionality dis-
tribution of meteoroid approaching velocities varies from isotropy
(® D 0) to a bias to theapexof the Earth motionwith the factor® D 1.
The measured corresponding impacts ratio between the two scuff
plates is 16

6
D 2:6. We can reasonablyattribute this difference to the

uncertainty in measured data caused by the property of its covering
material and small surface area which result in very limited impacts
being measured.8

The investigation of the meteoroid � ux onto CZ 0 MLI surfaces
reveals very similar values to those for solar array, with the same
response to the change of the apex enhancement effect caused by
their same surface pointing direction.

The calculation predicts an intermediate meteoroid � ux onto the
TICCE surface, which points between the X and Z axis in our de-
� ned reference frame. Table 4 expresses the meteoroid � uxes onto
the surfaces with different pointing directions. The calulation was
carried out with ® D 1. It is shown that becauseof different apex en-
hancementeffectson differentdirectionalsurfacesthe � uxes exhibit
signi� cantly different values onto different directional surfaces as
reported in experimentalmeasurements.6

Conclusions
The applicationof our DSMC model to the spacecraftEURECA

reveals that the meteoroid plays a dominant part in the cumulative
� ux onto EURECA’s surfaces at least in the particle mass range
10¡18 to 10 g. The inclusion of apex enhancement of the Earth
motion is important to explain the anisotropy in the � uxes onto
differently oriented surfaces and the morphology characteristicson
the solar array surface.

It is shown that our apex enhancementmodel of the Earth motion
produces different effects on the meteoroid � ux onto surfaces with
different orientation. The apex enhancement decreases the mete-
oroid impact rate to the CX 0 solar array surface and the CZ 0 MLI
surfacebut increasesthemeteoroid impacts onto the CY 0 scuff plate.

The simulation of total particle � ux onto solar arrays exhibits
excellent agreement with the measured data. Furthermore, the
apex enhancement results in demonstrably different meteoroid � ux
onto both §Y 0 scuff plates and onto CX 0, CY 0, CZ 0 surfaces.
All of the simulated results are consistent with the experimental
measurements.

The inclusion of apex enhancement effects also predicts a much
larger number of elliptical impacts onto the front side of solar array
than that onto LDEF lateral surfaces, where only 11:7% of impacts
are elliptical. The corresponding ratio for EURECA’s front side of

the solar array is about 30:1%, which matches the measured data
very well.

These results show the success of the DSMC model’s application
to predict the particle � ux onto differently oriented surfaces of EU-
RECA and the morphologyof the impacts onto the front side of the
solar array. Finally we can conclude that the apex enhancement ef-
fect from the Earth’s motion around the sun doubles the probability
of a particle approaching from the apex direction.
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