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Nonisotropic Model of Microdebris from Impacts
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Microdebris particles generated by hypervelocity impacts between complex projectiles and ballistic missile
targets can affect sensitive components of such aerospace systems. Current models assume an isotropic dispersion
of this microdebris about the postimpact debris cloud center of mass. Data collected from recent tests indicate that
a nonisotropicmicrodebris dispersion model is needed. The results are presented of a study aimed at improving the
capabilities of an existing model that characterizes the microdebris environment created in a high-speed impact.
Following a review of test data collection techniques, a nonisotropic microdebris dispersion model is developed as
a series of modi� cations to the existing microdebris size distribution model. Relevant test data are then used to
evaluate the proposed nonisotropic model. It is found that the modi� ed model is more correct in accounting for
the microdebris fragment population created in a high-speed impact than the current isotropic dispersion model.

Nomenclature
Asurface = surface area of a sphere
a = point on shotline located a vertical distance

(parallel to X 00) and horizontal distance
(parallel to Y 00) from target c.g.

b = point where projectile path intersects exterior
surface of target

C = distance from target nose to target c.g.
D = target diameter
L = target overall length
N = number of fragments exceeding

a given fragment size
P = arbitrary point
R = range from target c.g. to collection device
r = radius of sphere
r p = distance from origin to point P in target

coordinateY –Z plane
r 0

p = distance from origin to arbitrary point P in
temporary target coordinate system X–Z plane

X , Y , Z = X , Y , and Z axes in target coordinate system
X p , Yp , Z p = X , Y , and Z coordinate of point P
X 0, Y 0, Z 0 = X , Y , and Z axes in temporary target

coordinate system
X 0

p , Y 0
p , Z 0

p = X 0, Y 0, and Z 0 coordinate of point P
X 00, Y 00, Z 00 = X , Y , and Z axes in test chamber

coordinate system
X 00

p , Y 00
p , Z 00

p = X 00, Y 00, and Z 00 coordinate of point P
® = elevation angle between microdebris bias

vector and witness panel, deg
¯ = angle between line segment from origin to point

P and target coordinate Y axis
¯ 0 = angle between line segment from origin to point

P and temporary target coordinate system Z 0 axis
° = coef� cient in beta distribution function
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µ = horizontal angle from shotline to collection
device, deg

¸ = coef� cient in beta distribution function
Á = vertical angle from shotline to microdebris

collector, deg

Introduction

H YPERVELOCITY impacts associated with ballistic missile
defense intercepts can produce tens of billions of fragments

in excess of several micrometers in size. Whereas micrometer-sized
fragments, that is, microdebris, are unlikely to result in structural
damage in subsequent encounterswith aerospace systems, they are
capableof affectingsensitivecomponentsassociatedwith these sys-
tems.Suchcomponentsincludeopticalsensors,solarcellarrays,and
communication antennas. As a result, there is a need to be able to
quantify accurately the microdebris environments associated with
hypervelocity impacts and to develop simulations that model and
propagate these environments.

The kinetic impact debris distribution (KIDD) simulation1 is a
semi-empirical Monte Carlo code based on data collected from
a wide range of � ight tests, light-gas gun tests, and rocket sled
tests representing a variety of projectiles, targets, velocities, and
geometries. These data have been used to develop a series of mod-
els for debris fragment sizes, shapes, areas, materials, masses, ve-
locities, temperatures, and ballistic coef� cients.2 A database rep-
resenting over 43,000 fragments exceeding 1 mm in size has been
used to developand validate thesemodels. Recent efforts, including
the work presented in this paper, have emphasized obtaining data
and re� ning the models in KIDD for debris sizes extending down
to 1 ¹m.

The current version of KIDD makes the simplifying assumption
that microdebris expands isotropically from both the projectile and
target debris cloud postimpact centers of mass. However, exami-
nation of data collected from recent tests has revealed that the ge-
ometry of impact and target/projectile characteristics are expected
to result in biased, nonisotropic microdebris expansions. As a re-
sult, new techniquesare needed to support improved KIDD models
for expanding microdebris clouds. This paper presents the results
of efforts aimed at reducing the amount of extrapolation at small
fragment sizes and better characterizing microdebris direction and
size distributions. For the purpose of the study described herein,
microdebrisare de� ned as debris fragments smaller than 100 ¹m in
size. This size threshold is used because very few microdebris im-
pacts larger than 100 ¹m were observed during test data analysis.
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Following a discussion of the methods and assumptions used to
reduce test data, efforts to improve the KIDD microdebrismodel are
presentedand discussed.These efforts include the developmentof a
dispersion direction microdebris bias vector (MBV) and modi� ca-
tions to the KIDD small fragment size distribution slopes. Finally,
predictionsof the modi� ed microdebris model are compared to ac-
tual test data.

Test Data Reduction
Introduction

Ideally, a model de� ning the microdebris environment immedi-
ately following an impact between a complex projectile and bal-
listic missile target would predict microdebris direction, velocity,
and temperature (material phase). Because dedicated tests with suf-
� cient instrumentation to measure fully these environments were
not possible, microdebris data collection efforts were conducted as
noninterferingpiggybackexperimentsconductedduringhigh-speed
impact tests against complex, multimaterial, multilayered targets.
As a result, the number and/or location of collection devices were
not always optimal. In this section, we discuss the dif� culties as-
sociated with data collection in this type of environment and some
of the assumptions made to account for test chamber effects. We
also review available test data3;4 and highlightdata that apply to the
objective of understandingnonisotropicmicrodebris dispersion.

Data Collection
Different types of collection media were used to obtain informa-

tion about microdebrisclouds resulting from hypervelocityimpacts
between complex vehicles. Instrumentationincluded fragment spin
velocimeters,3;4 which utilized a rotating witness panel positioned
behind � xed apertures;makescreens,which were used to determine
the leading-edgevelocityof the debris cloud;and static witness pan-
els of various materials and thicknesses,which were used to record
the microdebrisdepositionat multiple locations in the impact cham-
ber. A review of the available test data3;4 reveals them to be rather
sparse in some instances, less so in others, and occasionally fairly
complete.This variation in the completenessof the data is primarily
because the microdebris collection devices were added wherever
space permitted within the test camber.

The piggybacknature of data collectionprevented the ideal num-
ber and placement of microdebris witness panels (or fragment ve-
locimeters). Another contributor to sparse witness panel data in
some of the tests is posttest recovery. Witness panels were attached
to bundles of soft-catch material that surrounded the impact area.
During each test, large debris fragments pulverized this soft-catch
material. Approximately5.7 m3 of this soft-catch,large debris frag-
ment and witness panel mix were shoveled into trash cans and then
hand sifted to recover target debris and witness panels.4

The very nature of this type of hand sort, combined with the ex-
tremely harsh test chamber environment during impact, resulted in
witness panel recovery as low as 50% on some tests and as high
as 100% on others. On later tests where thicker witness panels
were used, recovery was higher. Unfortunately, but not unexpect-
edly, some unrecoveredpanels were at locations receiving the most
harsh microdebrisenvironment.As a result, witness panel locations
did not adequatelycover the full 4¼ sr surroundingthe target.In sub-
sequent analyses, data from multiple tests are combined to provide
suf� cient data to observe the nonisotropicnature of the microdebris
cloud.

Test Chamber Effects
There are indications that the microdebris can be at a molten

or near molten state when it reaches the witness panel. It is un-
certain at this time as to whether the microdebris is in this state
immediately after impact or whether it is heated as it travels the
1–2 m in the test chamber to the witness panel by interacting with
the chamber environment.Small debris particles travelingat speeds
between 1 and 6 km/s in a low-pressure atmosphere result in low
Reynolds numbers, causing high aerodynamicdrag. A key factor in
understandingthis phenomenonis to understandfree molecule � ow
conditions,where particle sizes are about the same as the mean free
path between molecules in low-pressure air. The resulting particle-

to-molecule collisionsmay result in the heating and decelerationof
the smaller microdebris particles, that is, smaller than 10 ¹m, as
they travel toward the witness panels. However, an analysis relat-
ing to free molecule � ow is beyond the scope of this study, and the
characterizationof this effect is deferred to a later time.

Another light-gas gun test chamber effect that should be consid-
ered is the high-velocitygas following the projectile into the impact
chamber at the time of impact. Most of this gas is contained up-
range in blast tanks. High-speed cameras indicate, however, that
some swirling gases do reach the impact area. Because of the de-
layed arrival time of this gas, and based on further review of the
high-speed � lm, it is assumed that the microdebris has suf� cient
time to reach the witness panels before it is affected by this gas.

The possibility of microdebris ricochet off the chamber wall,
which would increase the effectivewitness panel surface area by re-
� ecting microdebris not originally dispersed in the witness panel’s
direction into the witness panel, was investigated. In one of the
tests, a witness panel was installed facing away from the impact
point. This sample was analyzed after the test, and no microdebris
deposition was observed. It is assumed, therefore, that microdebris
depositionsconsideredin this study are the result of � ight in a direct
path from the impact point to the witness panel.

Data Reduction and Observations
Posttest Microdebris Identi� cation and Measurement

Microdebris deposition materials were identi� ed using scanning
electronmicroscope/energy/dispersivex-ray (SEM/EDX) analyses.
The SEM/EDX provides composition information for all elements
thatmay be present, fromboron throughuranium.SEM/EDX analy-
ses were only performed on witness panels that appeared to be able
to yield useful microdebris material and deposition data. Highest
priority was placed on witness panels that only received target mi-
crodebris deposition.Therefore, the ability to differentiatebetween
target and projectile microdebris using the SEM/EDX is very im-
portant. Target and projectile materials as well as elements used in
their alloys were carefully scrutinized.

Photomicrographswere taken of small witness panel areas so that
microdebris size distributionscould be measured. Various magni� -
cations were used, depending on the amount of microdebris depo-
sition on the witness panel. This was done to keep the number of
microdebrisimpacts at a manageablelevel for manual size measure-
ments. Low magni� cations, that is, 80£ were used for panels with
light deposition. Higher magni� cations, that is, 200£ were used
for heavy deposition. A typical 100£ photomicrograph is shown
in Fig. 1. This photomicrograph was taken with a SEM; similar

Fig. 1 Photomicrograph example.
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photomicrographsused in subsequentanalyses were taken using an
optical microscope.

Microdebris size distributions were generated by measuring the
size of each microdebris impact from an enlarged witness panel
photomicrograph.Enlargementswere made to reducemeasurement
errors associated with small photographs. Because it is impossible
to recoverand measure themillionsof microdebrisfragmentsgener-
ated in an impact, a revisedmethod of reporting the size distribution
must be used. This is accomplished by normalizing the size distri-
bution to the surface area of a sphere at a given radius as follows.

Consider the millions of microdebris fragments expanding radi-
ally in all directions from the impact point through the boundary
of a sphere. For an isotropic expansion, that is, equal probability
of dispersion in all directions, a normalized size distribution can be
calculated using

number/cm2 exceeding D number exceeding=Asurface (1)

where Asurface D 4¼r 2 is the surfaceareaof the sphere(with radiusr ).
As such, this represents the number of fragments passing through a
unit area of a sphere at radius r .

Two normalized size distributions at different ranges from the
impact point (or sphere radii) can then be comparedby simply mod-
ifying one normalized size distribution to the same sphere radius as
follows:

number/cm2 exceeding2 D number/cm2 exceeding1.r1=r2/2 (2)

where number/cm2 exceeding1 and r1 are the number of fragments
per square centimeter exceeding a given size and witness panel
radius, respectively, from witness panel 1. Similarly, number/cm2

exceeding2 and r2 are thenumberof fragmentsper squarecentimeter
exceeding a given size and witness panel radius, respectively, from
witness panel 2.

Microdebrissizes measured from a photomicrographon one wit-
ness panel can now be easily compared to other measured pho-
tomicrographsize distributionsor model predictionsusing this sur-
face area and range normalization technique. For example, sup-
pose a 100£ witness panel photomicrographhas a surface area of
0.016 cm2 and was placed, before impact, at a range of 179 cm to
the target c.g. Two steps are required to normalize this measured
size distribution.First, measured cumulative fragment numbers are
divided by the measured witness panel surface area using Eq. (1).
(Asurface D 0:016 cm2 in this case.) Second, the distribution is nor-
malized to a 150 cm radius using Eq. (2), that is, it is multiplied by
(179/150)2.

Henceforth, all microdebris size distributionsfrom witness panel
measurements and model predictionswill be normalized and scaled
to a 150-cm range to facilitate comparisons between tests. For ease
of readability, when shown the x axis will range from 1 to 100 ¹m
(0.0001 to 0.01 cm) and the y axis will have a minimum value of 1.
Although it will not be shown, note that subsequent demonstrated
data still extend to meet the large fragment data.

Splatter Effects
When comparing microdebris deposition test data from witness

panels to model predictions, the amount of growth each fragment
experiencesas it “splatters” onto the witness panel must be consid-
ered. This is accomplished by the use of error bars. Because KIDD
predicts fragment size before it is deposited on the witness panel,
the deposition size measured on each witness panel is given a nega-
tive error bar based on the estimated amount of growth. These error
bars are estimated using a volumetric approach. Figure 2 shows an
edge-on (80 deg from normal) SEM image of microdebris deposi-
tion at 1700£. The large black area in Fig. 2 is a dust particle. The
length and height of the deposition to the right of that dust particle
was measured, and its volume was calculated.A volume was equiv-
alent sphere diameter was calculatedto be one-half of the compared
length of the measured deposition, indicating in a growth factor of
2, that is, growth factor equals deposition size divided by original
fragment size.

Several deposits on other samples were also volumetrically ana-
lyzed. These deposits all had calculated growth factors between 2

Fig. 2 Sample SEM image at 1700 £ £ .

Fig. 3 Deposition measurement for sample 9602.02.

and 3. A qualitativevisual inspectionof several SEM images, how-
ever, reveals that some deposits could have experienced growth as
high as 4 or 5 times the size of the original particle diameter. Error
bars with a growth factor of 5, therefore, will be used in the follow-
ing analyses, with the understanding that most growth factors are
more likely to be between 2 and 3.

Comparison of Microdebris Data and KIDD Predictions
A series of 10 tests performed at the University of Alabama in

Huntsville/AerophysicsResearch Center (UAH/ARC) provides the
best opportunity to measure microdebris density and dispersion di-
rection.The hard polishedsurfaceof sapphirewitness panels turned
out to be excellent for microdebris collection and measurement.
Other bene� ts of sapphire witness panels are their ease in mounting
in the test chamber,posttestcleaning,and � at surfacefor SEM/EDX
analyses.

Figure 3 shows a fragment size distribution plot that is typical
of these 10 tests. As can be seen in Fig. 3, the isotropic KIDD size
distribution underpredicts the number of microdebris fragments by
more than an order of magnitude. When a 5£ growth factor is as-
sumed (shown using error bars in Fig. 3), KIDD still underpredicts
the microdebris environment by an order of magnitude. Note that
the test data shown are from witness panels that were mounted at
variousuprangeand downrange test chamber locations,that is, vari-
ous dispersiondirections.These discrepanciesbetween the existing
KIDD model and test data are too large to model with the most
nonisotropic of dispersion models. Efforts aimed at reducing these
discrepancies are addressed in the next two sections.
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Nonisotropic Microdebris Cloud Model
At the heart of the nonisotropic microdebris model developed

herein is the MBV. The MBV is a vector that is de� ned using target
dimensions and the impact geometry parameters used in light–gas
gun tests as well as in KIDD. It also provides a reference direction
based on a given impact condition,which can subsequentlybe used
to de� ne nonisotropicdebris dispersion. This directional reference
is necessary for a debris characterizationmodel such as KIDD to be
able to assign a direction to a postimpact fragment.

Geometry, coordinate systems, and methodology for calculating
the MBV are introduced in this section. These geometries and co-
ordinate system transformations are then used to relate test obser-
vations to the proposed nonisotropic model. Following a review of
coordinate system de� nitions and transformations used to calcu-
late geometry-dependentparameters in the nonisotropicdispersion
model, the procedure for calculating the MBV is presented. This
section concludeswith a discussionof the nonisotropicmicrodebris
dispersionmodel and a review of potentialnonisotropicdistribution
functions. The next section applies these methods to microdebris
test data to ascertain the validity of the proposed nonisotropic mi-
crodebris dispersion model.

Coordinate System De� nition
Two coordinate systems are used to simplify the MBV calcula-

tions. The � rst coordinate system is located on the target, with its
origin at the target nose. The Z axis goes through the centerline of
the target. The X , Y , and Z axes are mutually orthogonal and fol-
low the right-hand rule. If the target has no pitch or yaw, the X axis
points up. A schematic of this target coordinate system is shown in
Fig. 4. When target pitch or yaw are present, this coordinate sys-
tem is pitched or yawed with the target. Positive pitch is de� ned as
nose up, that is, clockwise looking down the Y axis. Positive yaw
is de� ned as counterclockwiselooking down the X axis. This coor-
dinate system simpli� es MBV calculationsbecause the equation of
the target surface, that is, a cone, is given by

Z 2=L2 D .X 2 C Y 2/=D2 (3)

The second coordinate system is a � xed test chamber coordi-
nate system, which is used as a reference to relate witness panel
locations and MBV calculations. In this coordinate system, rectan-
gular and spherical coordinatesare both used.Vectorialcalculations
are carried out using rectangular coordinates,where Z 00 is along the

Fig. 4 Target coordinates.

Fig. 5 Rectangular chamber coordinates.

shotline(projectilepath) pointingdownrange, X 00 is pointingup, and
Y 00 points to the right when lookingdownrange.The X 00, Y 00, and Z 00

axes are mutually orthogonaland followthe right-handrule. Double
prime notation is used in this coordinate system to reduce confu-
sion between it and the target coordinate system. Figure 5 shows
a schematic of this rectangular coordinate system in a test cham-
ber. Dispersiondirectionalcalculationsare usually performedusing
spherical coordinates,where angles are measured relative to the Z 00

axis. Positive µ is counterclockwisewhen viewed from above, and
positive Á is up. Transformationsbetween these coordinatesystems
are discussed in the next subsection.

Coordinate System Transformations
Target to Rectangular Chamber Coordinate Conversion

The target to rectangular chamber coordinate system conversion
is used to convert points on the target, that is, target c.g. location
and points on the MBV, to have the same frame of reference as
witness panel locations. This conversion is performed in two steps.
The � rst step rotates about the X axis, opposite the amount of yaw.
The second step rotates about the Y axis, opposite the amount of
pitch. Note that both coordinate systems are the same when there is
no target pitch or yaw and that no conversion is necessary.

The � rst conversionis about the target X axis.A temporary target
coordinate system is used in this development, and parameters in
this temporary coordinate system are denoted using a prime nota-
tion. Because this is a rotation about the X axis, the X 0 axis and
coordinates remain unchanged. An arbitrary point P, with coordi-
nates X p , Yp , and Z p on the target, is transformed in this example
using Eqs. (4–7). Equation (7) calculatesa line segment length from
the origin to point P . The angle from this line segment to the pos-
itive Y axis is calculated using Eq. (6). Next, the angle from the
line segment joining point P and the origin to the new Y 0 axis is
calculated using Eq. (5). The intermediate yaw rotated X 0, Y 0, and
Z 0 coordinates for point P are then calculated using

X 0
p D X p (4a)

Y 0
p D r p cos± (4b)

Z 0
p D r p sin ± (4c)

where

± D ¯ C yaw angle (5)

¯ D tan¡1.Z p=Yp/ (6)

r p D
q

Y 2
p C Z2

p (7)
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The second conversion is a rotation about the Y 0 axis, opposite
target pitch.Temporary target coordinatesare again denotedusing a
prime. The coordinatesof point P 0 generated in the � rst conversion
are used for the calculations in this rotation. Because this rotation
is about the Y 0 axis, the Y 00 axis and coordinatesremain unchanged.
Equations (8–11) are used in the same manner as Eqs. (4–7) to cal-
culate X 00, Y 00, and Z 00 values in the rectangularchamber coordinate
system:

X 00
p D r 0

p sin ± (8a)

Y 00
p D Yp (8b)

Z 00
p D r 0

p cos ± (8c)

where

±0 D ¯ 0 ¡ pitch angle (9)

¯ 0 D tan¡1.X 0
p=Z 0

p/ (10)

r 0
p D

q
X 0

p
2 C Z 0

p
2 (11)

Rectangular to Spherical Chamber Coordinate Conversion
The rectangularto sphericaltest chambercoordinatesystemtrans-

formation is performed for generic point P , using Eqs. (12–16).
Equation (12) calculates range. Equations (13) and (14) calculate
the horizontal angle µp (in degrees) from the Z 00 axis for Y 00

p values
greater than and less than zero, respectively. The vertical angle Áp

is calculated using Eqs. (15) and (16) for X 00
p values less than and

greater than zero, respectively:

Rp D
q

X 00
p

2 C Y 00
p

2 C Z 00
p

2 (12)

µp D tan¡1

³
Z 00

p

Y 00
p

´
¡ 90 for Y 00

p > 0 (13)

µp D tan¡1

³
Z 00

p

Y 00
p

´
C 90 for Y 00

p < 0 (14)

Áp D cos¡1

2

6664
Y 00

p
2 C Z 00

p
2

r
Y 00

p
2 C Z 00

p
2
q

X 00
p

2 C Y 00
p

2 C Z 00
p

2

3

7775 for X 00
p < 0

(15)

Á p D ¡ cos¡1

2
6664

Y 00
p

2 C Z 00
p

2

r
Y 00

p
2 C Z 00

p
2
q

X 00
p

2 C Y 00
p

2 C Z 00
p

2

3
7775 for X 00

p > 0

(16)

Spherical to Rectangular Chamber Coordinate Conversion
The sphericalto rectangulartest chambercoordinatesystemtrans-

formation is performed for generic point P , using Eqs. (17a–17c).
These equations calculate the X 00

p , Y 00
p , and Z 00

p values, respectively,

X 00
p D Rp sin Áp (17a)

Y 00
p D ¡Rp cos Áp sin µp (17b)

Z 00
p D Rp cosÁ p cosµ p (17c)

MBV Calculation
The MBV is calculatedusing several target and impact geometry

parameters, including target length, diameter, pitch, yaw, and posi-
tion relative to the projectile path in the impact chamber. The MBV
is used to provide a reference direction pointing from the target c.g.

Fig. 6 MBV geometry.

througha point on the target surface where the projectile � rst makes
contact with the target. Visual test observations, for example, ve-
locimeter disks, soft-catchmaterial damage, etc., indicate shielding
by large undamaged target debris is taking place during an impact,
which reduces the amount of microdebris dispersed in directions
opposite the MBV. Microdebris deposition on witness panel loca-
tions relative to the MBV is used as the basis for developmentof the
nonisotropicdispersion model, which is discussed in the following
sections.

Calculationof the MBV is performedin a seriesof steps.Figure 6
shows a generic impact scenario,where the projectileimpacts the aft
target area at pointb, which is always on the target surface.Point c is
the target c.g. location,whereas pointa is located along the shotline
(or projectile path) at a vertical offset (VO) and horizontal offset
(HO) distance from point c (in the chamber coordinate system).
Points b and c are used to de� ne the MBV. VO is parallel to the X 00

axis and HO is parallel to the Y 00 axis. Depending on the amount
of VO and HO for any given test geometry, point a may be inside
or outside the target. The target (and target coordinate system) is
rotated about its c.g. by the amount of pitch and yaw on each test.
Positive pitch and yaw are target nose rotations in the positive X
and Y axis directions, respectively.A vector passing through point
b with its origin at point c de� nes the MBV.

The targetcoordinatesystemisused to solvea systemof equations
for point b, that is, Xb , Yb , and Zb , on the surface of the target.
Equation (3) gives the mathematical equation for the surface of a
cone in terms of targetgeometryshown in Fig. 5. A set of symmetric
equations for a line representing the projectiles path (or shotline)
through the target surface in the target coordinate system is then
substituted into Eq. (3) and solved for Xb , Yb , and Zb .

Figure 7 shows a two-dimensional view in the Y –Z (yaw) plane
to demonstrate relationships used in this plane to generate these
symmetric equations. Nearly identical relationships apply in the
X–Z (pitch) plane. Coordinates for point c are given as follows:

X c D 0:0 (18a)

Yc D 0:0 (18b)

Zc D C (18c)

Coordinates for point a are calculated from the impact geometry
and are given as follows:

Xa D VO cos(pitch angle) (19a)

Ya D HO cos(yaw angle) (19b)

Za D C ¡ HO sin(yaw angle) ¡ VO sin(pitch angle) (19c)

where the yaw and pitch angles are de� ned in Fig. 7. The solid
triangle with corners at points a and c in Fig. 7 is used to generate
Eq. (19b) and the � rst two terms in Eq. (19c). Similar relationships
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Fig. 7 X–Y plane geometry.

in the pitch plane are used to generate Eq. (19a) and the last term in
Eq. (19c).

Next, another point on the shotline is needed to complete the
symmetric equations. This temporary point p is shown in Fig. 7.
Line segment ap has length C to simplify the symmetric equations.
Coordinates for point p are given as follows:

X p D Xa ¡ C sin(pitch angle) (20a)

Yp D Ya ¡ C sin(yaw angle) (20b)

Z p D Za ¡ C cos(yaw angle) C Za ¡ C cos(pitch angle) (20c)

The dashedline trianglein Fig. 7 is used to generateEq. (20b)and the
� rst two terms in Eq. (20c). Similar relationships in the pitch plane
are used to generate Eq. (20a) and the last two terms in Eq. (20c).

Now that target coordinatesof two points on line segment ap are
known, they are substitutedinto the symmetricequationsfor a lineas
given by Eq. (20c). Expressions for the coordinates de� ning points
a and p as given by Eqs. (19a–19c) and (20a–20c) are substituted
into

.X ¡ Xa/=.X p ¡ Xa/ D .Y ¡ Ya/=.Yp ¡ Ya/

D .Z ¡ Za/=.Z p ¡ Za/ (21)

to obtain expressions for X and Y in terms of Z . Next these expres-
sions are substituted into Eq. (3) and solved for Z , which is the Z
coordinate for point b, Zb , in the target coordinate system. The X
and Y coordinatesfor pointb, Xb and Yb , are calculatedby substitut-
ing Z D Zb into Eq. (21) and solving for X and Y . The last step is to
convert the MBV from target coordinatesto the chamber coordinate
system. Points b and c, which de� ne the MBV, are simply converted
to target coordinates using Eqs. (4–11).

Model Concept and Geometry De� nition
of Nonisotropic Microdebris Cloud Model

As already mentioned, test data indicate that more microdebris is
dispersed in directions not shrouded by large target debris follow-
ing an impact, whereas the current KIDD model assumes isotropic
microdebris dispersion. A method that uses the impact geometry-
dependent MBV developed previously is now presented in an at-
tempt to improve the KIDD microdebrisdispersiondirectionmodel.
This is accomplished using a distributionfunction that predicts mi-
crodebrisdispersiondirectionsrelative to the MBV. A new elevation
angle parameter ® is used to de� ne dispersion angle relative to the
MBV. Figure 8 shows an example of this geometry. An imaginary
sphere with radius r is shown in Fig. 8 to assist in visualizing the
three-dimensionalgeometry of this model. The MBV is calculated
with points b and c using pretest target geometry and impact con-
ditions. The posttest MBV passes through this imaginary sphere at
point m in Fig. 8 and moves with the posttest debris cloud center
of mass after impact. The posttest target center of mass is assumed
stationaryfor tests used in these analysesbecause the expansionve-
locity is much greater than the target debris cloud center of mass.4

Values for ® range from 0 to 180 deg, with a value of 0 deg
indicating a dispersion elevation angle in the direction of the MBV,
whereas a value of 180 deg indicates a dispersion elevation angle
oppositethe MBV. At constantelevationangles, isotropyis assumed
at all azimuth angles. For example, points q, s, and t in Fig. 8 have
the same elevation angle relative to the MBV and receive the same
predicted microdebris environment.

Several different functional forms of the elevation angle ® were
evaluated for suitability of use in subsequent analyses. The func-
tional form ultimately selected is based on the beta probabilitydis-
tribution function. This form was chosen because, like ®, the beta
distributionhas discretemaximum and minimum values. These dis-
crete values will ensure that elevation angles less than 0 or greater
than 180 deg are not selected. The beta probability density for an
interval 0 < ® < 180 deg is given as

f .®/ D
0.¸ C ° /

0.¸/0.° /

³
®

180

´¸ ¡ 1³
1 ¡

®

180

´° ¡ 1¿
180 (22)

where f .®/ is the probability density for ¸ and ° values greater
than zero.

In the next section, comparisons of empirically observed disper-
sion directions relative to the MBV are used to correlate beta func-
tion ¸ and ° parameters in an attempt to model the observed non-
isotropicdispersiondirections.This formof thedistributionfunction
will be shown to possess the characteristics necessary to represent

Fig. 8 Small elevation angle example.
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correctly the trends observed in the limited test data available and
in numerous photographs taken 1 ms after impact.

Model Comparison with Test Data
Introductory Comments

Sapphire witness panel test data are used to evaluate the non-
isotropic microdebris dispersion model proposed in the preceding
section.4 Comparisons between measured test data and the pre-
dictions of the isotropic KIDD model, especially the distribution
slope for small particles, are addressed as well. The normalization
techniques discussed earlier are used to ensure all comparisons are
surface area normalized based on a 150-cm spherical radius. An
additional normalization method is also developed to allow data
from multiple tests, with different MBV directionsand microdebris
environments, to be combined.

In this section,themethodused to calculateelevationangle,which
is used to relate the impact point to the witness panel location on
each test, is presented and discussed. The method used to calcu-
late deposition ratios, which are de� ned as the ratio of measured
microdebris deposition on a witness panel to the number of mi-
crodebris fragments predicted using the isotropic KIDD model, is
also presented. The deposition ratio also allows data from differ-
ent tests with varying impact geometries and large fragment size
distributions to be combined using KIDD predictions as a baseline.

Elevation Angle Calculation
All witness panel locations are identi� ed in terms of their ele-

vation angle ® relative to the MBV. Impact geometry and witness
panel locations are used, on each test, to calculate vectors from the
target to the MBV and witness panel coordinatesin the chamber co-
ordinatesystem, respectively.A dot product is then used to calculate
® for each witness panel as follows:

® D cos¡1

³
MBV ¢ cp

kMBVkkcpk

´
(23)

where theMBV is calculatedusingpointsc andb as de� ned in Fig. 6,
and cp is the vector between point c (the target c.g.) and point p,
which represents the location of a witness panel. These calculated
values of ® are used for comparisonsbetween depositionsobserved
on each witness panel and distributionfunction predictionsat those
angles.

Deposition Ratio Calculation
Microdebriswitness panel test data for the various tests are com-

bined by normalizing measured size distributions with respect to
isotropic KIDD predictions for each test. This is necessary because
the different impact geometries for each test result in debris distri-
butionsof differentmagnitudes.Normalizationis performedby cal-
culating the deposition ratio, which is the ratio of the measured size
distributionnumber of fragments per square centimeter at 10 ¹m to
the isotropic KIDD prediction at 10 ¹m. Because measured frag-
ment sizes calculated from test data are subject to growth factor
related uncertainties, the deposition ratios are also obtained assum-
ing 3£ and 5£ growth factors.

Test Data Comparison with Existing KIDD Model
Figure 9 shows calculated witness panel deposition ratios us-

ing the original isotropic KIDD baseline. The open symbols in
Fig. 9 represent data where no evidence of projectile microde-
bris was found with the SEM/EDX, that is, target deposition only.
The diamond symbols represent data where projectile microdebris
deposition in addition to target microdebris was observed. Mea-
sured microdebris size distributions from these samples, therefore,
are greater than deposition containing only target microdebris and
are not considered to be relevant data for development of the non-
isotropic dispersion model. The error bar magnitudes in Fig. 9 rep-
resent 5£ growth factor deposition ratio values.

The comparisonin Fig. 9 indicatesKIDD may be underpredicting
the amount of microdebris at nearly all elevation angles from the
MBV by an order of magnitude or more. One way of improving the

Fig. 9 Deposition ratio comparison.

Fig. 10 KIDD 20% slope increase size distribution for sample 9602.02.

accuracyof theKIDD predictionsis by increasingtheKIDD sizedis-
tribution slope. This slope cannot be increased too much, however,
because fragment mass will not be conserved without substantial
changes to the large fragment size distribution. The next subsec-
tion summarizes the results of modi� ed KIDD runs with increased
size distribution slopes that were performed to reduce differences
between KIDD and measured test data. Nonisotropicdispersionan-
gle distributionfunctions are then compared to test data using these
modi� ed KIDD size distributions.

KIDD Size Distribution Slope Adjustments
A series of KIDD runs were made with modi� ed size distribution

slopes to investigate sensitivities between slope and the amount of
microdebris. As already mentioned, the integral of the entire frag-
ment size distribution gives the mass sum of all fragments, which
must equal the preimpact target mass. Care must be used, therefore,
to ensure that an increase in size distribution slope at microme-
ter sizes does not signi� cantly change the size distribution at large
fragment sizes.

Modi� ed KIDD runs were made with size distribution slope in-
creases of 10, 20, and 30%. Runs with a 10% slope increase only
yielded a slight increase in the predicted amount of microdebris.
Runs with a 30% or more increase in size distributionslope resulted
in signi� cant and unacceptable changes in the large fragment dis-
tributions.These changes were a direct result of mass conservation
enforcement because the number of large fragments was reduced
to account for the increased number and, therefore, mass of smaller
fragments.

Size distribution slope increases of 20% resulted in the greatest
increase in predicted microdebris without signi� cantly changing
large fragment distributions. Therefore, it was decided to limit the
slope increase to 20% and use it to replot the comparison shown as
an example in Fig. 3. Figure 10 shows microdebrissize distributions
from the 20% slope increase KIDD runs. Also shown in Fig. 10 are
the same measured depositiondata with 5£ growth factor error bars
and nominal isotropic KIDD predictions that were shown in Fig. 3.

Examinationof Fig. 10 indicatesmuch closer agreementbetween
the modi� ed isotropicKIDD predictionsand the measured test data.
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Fig. 11 Deposition ratios for KIDD 20% slope increase.

Figure 11 compares deposition ratios at 10 ¹m between test data
and modi� ed 20% slope increase isotropic KIDD runs for the same
witness panels shown in Fig. 9. The baseline isotropicKIDD values
in Fig. 11 used to calculate deposition ratios are taken from the
increased slope size distributions at 10 ¹m shown in Fig. 10. We
note that in Fig. 10 the proposed nonisotropicKIDD modi� cations
have not yet been implemented. In the next subsection, the effects
of implementing these nonisotropicmodi� cations on the agreement
between KIDD predictions and test data are explored.

Nonisotropic Distribution Function Parameter Evaluation
The beta distribution function selected earlier and given by

Eq. (22) is examined in this section as a potentialnonisotropicfunc-
tion to better model the dispersion elevation angle in KIDD. All
comparisonsbetween test data and KIDD model predictions in this
section will use as a baseline the modi� ed 20% size distribution
slope increases as discussed in the preceding section.

Two parameters,¸ and ° , govern the shapeof the beta distribution
function.When ¸ D 1 and ° > 1, the beta functionhas its maximum
value at 0 deg. When ¸ > 1 and ° > 1, the maximum value lies
somewhere between 0 and 180 deg. Target microdebris deposition
ratio comparisons shown in Figs. 9 and 11 indicate greater amounts
of target microdebris was dispersed at elevation angles between 40
and 100 deg. This is consistent with laser photographs taken a few
microsecondsafter impact.Figure 12 shows a laser photographfrom
a light-gas gun test. In this test, the camera is forward and off to the
side from the hanging target. The projectile enters from the right.
In this test, the MBV points in an uprange direction, that is, to the
right.Microdebrisis observedin Fig. 12 as expandingin the shapeof
an annulus about the impact point. There is downrange shrouding
by the target and uprange shrouding by the projectile; thus most
microdebris is directed to elevation angles between 40 and 100 deg
from the MBV. As will be seen shortly, a beta distribution function
adequately models this type of phenomenon.

Because we have only a limited amount of witness panel data
from any single test, a quantitative statistical curve-� tting analysis
to determine the optimum values of ¸ and ° does not appear to be an
appropriateexerciseat this time.Qualitativeanalyseswill, therefore,
be performedon the combinedtargetmicrodebristestdatadiscussed
in the last section so that appropriate beta distribution function pa-
rameters are obtained. Table 1 shows the sets of ¸ and ° values to
be used in comparisonsbetween nonisotropicbeta dispersiondirec-
tion distribution function predictions and test data. Function D is
the most conservativeand represents nonisotropicdispersionthat is
spread out over a large number of elevation angles. It predicts more
microdebris dispersion than the isotropic model at elevation angles
between 25 and 115 deg.

Function C in Table 1 has a peak value at an elevation angle
of 70 deg, which is four times larger than an isotropic function. It
predicts more microdebris dispersion than the isotropic model at
elevation angles between 45 and 105 deg, but very little dispersion
at elevation angles smaller than 30 deg and larger than 125 deg.
Function E is the most nonisotropic of the three shown in Table 1.
It has a peak value 7.5 times larger than an isotropic function at an
elevation angle of 80 deg and predicts more microdebris dispersion

Table 1 Beta distribution
function parameters

Distribution function ¸ °

C 10.0 14.0
D 3.0 4.5
E 40.0 50.0

Fig. 12 Postimpact laser photograph.

Fig. 13 Nonisotropic distribution function for 3 £ £ growth factor test
data.

than the isotropicmodel at elevationanglesbetween62 and 100 deg.
However, this function predicts very little dispersion at elevation
angles smaller than 55 deg and larger than 110 deg.

Figures13 and 14 showa comparisonbetween 3£ and 5£ growth
factor targetdebrisdepositionratiodata,respectively,anddeposition
ratios for the three beta distribution functions described in Table 1.
Both the test data and beta distribution functions use the modi� ed
isotropic 20% size distribution slope increase KIDD predictions as
a baseline, shown in Figs. 13 and 14 as the horizontal line with a
deposition ratio of one. The microdebris data in Figs. 13 and 14 are
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Fig. 14 Nonisotropic distribution function for 5 £ £ growth factor test
data.

for witness panel elevation angles relative to the MBV. We note that
the MBV is unique to each test impact and target geometry and does
not always point in the same direction in every test.

In Fig. 13, nonisotropicdispersiondirectiondistributionfunction
C appears to be the best match to the data shown. It underpredicts
the amount of measured 3£ growth factor microdebris by roughly
the same amount at most elevation angles. It does, however, re� ect
the greater amount of microdebris test data observed at elevation
angles between 70 and 80 deg. Distribution function D is rejected
in this comparison because it does not have a large enough peak
at 80 deg. Distribution function E is rejected in this comparison
because it does not predict enough microdebris at elevation angles
smaller than 40 deg. It does, however, have a desirable large peak
near 80 deg. Unfortunately, both a large peak and wide dispersion
pattern cannot be modeled in the same function because the area
under the curve must equal the area under the isotropicKIDD base-
line. Figure 14 uses the same linear y-axis and upper y-axis value
as Fig. 13 to simplify relative magnitude comparisons between 3£
data, 5£ data, and the nonisotropicdistributionfunctions in Figs. 13
and 14. Nonisotropic dispersion direction distribution function D
appears to be the best match to the 5£ growth factor data in Fig. 14.

Considerable scatter in test data is observed in Figs. 13 and 14
at elevation angles between 70 and 90 deg. This scatter results be-
cause multiple impact geometry and target damage levels are pos-
sible. The data in Figs. 13 and 14 are ratios of actual depositions to
KIDD predictions for different tests. Because some impacts are not
as catastrophic as others and because KIDD cannot make perfect
predictions for every level of damage, some scatter in the plots is to
be expected.The threepointswith the largestdepositionratio values
in this region are representativeof the majorityof impact geometries
for which KIDD is intended to be used. Therefore, when the beta
distributionfunctionswere compared in Figs. 13 and 14, agreement
with the larger values in this range was a higher priority.

More test data are needed at all elevation angles and impact ge-
ometries to generate upper and lower bounds for this scatter. The
fact that distribution function C is a better match to the 3£ growth
factor test data and distribution function D is a better match to the
5£ growth factor test data highlights the importance of the need to
gain a better understandingof growth factor phenomena. However,
these results do show that a beta distributionfunctionmodel for ele-
vation angle is capableof matching empirical data, although clearly
additional data are needed for further validation and con� rmation.

Conclusions
There exists a need to be able to quantify accurately the micro-

debris environmentsassociatedwith hypervelocityimpacts of com-
plex targets. We have used available microdebris data to develop
a nonisotropic dispersion model that can be used to characterize
these environments.Comparisons of model predictionswith exper-
imental results revealedstrengthsand weaknesses in the model, but,
more important, identi� ed what type of test data are needed to con-
tinue this research.Speci� cally, additionalmicrodebris impact tests
would have to be performed to allow the collection of microdebris
data at many different elevationangles and impact geometries.Data
at all elevation angles cannot be collected, however, because some
angles will be in the projectile debris cloud. Dedicated microdebris
experiments using a particle accelerator are also needed to reduce
growth factor uncertainties.These types of efforts should also gen-
erate suf� cient data to select the best nonisotropic elevation angle
distribution function.
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