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ABSTRACT

A general physics based hydrodynamc flow nodel is
devel oped that predicts the three-di nensional six degrees
of freedom free fall tinme history of a circular cylinder
through the water colum to inpact with an unspecified
bottom Accurate vertical inpact velocity and inpact angle
paraneters are required inputs to subsequent portions of
any Inpact Mne Burial Model. The nodel vertical inpact

velocity and inpact angle are conpared with experinental

data, vertical inpact velocities and inpact angle to
validate the nodel nechanics and accuracy. The three
di mensi onal nodel results are conpared through the

experimental data with | MPACT28 vertical inpact velocities
and inpact angle. Results indicate the three dinensional
nodel nechanics are sound and nmarginal inprovenents are
obtained in predicted vertical velocities. No inprovenent
is gained wusing the three-dinmensional nodel over the
| MPACT28  nodel to predict I mpact angl e. The three
di mensi onal nodel produces dispersed results for inpact
angl e The observed stochastic nature of mne novenent in
experinmental data suggests this three dinensional nodel be
used to nodel the hydrodynamc flow phase in a statistica
mne burial nodel that provides distributions for input
paraneters, and domain characteristics and present a
probabilistic output for developnent of a relevant navy
tactical decision aid.
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. 1 NTRODUCTI ON

The conclusion of the cold war culmnated with the
Union of Soviet Socialist Republics (USSR) effectively
ceasing to exist under international |aw on Decenber 31,
1991. This historical event caused the US. mlitary and
specifically the Navy and Marine Corp Team to shift
tactical enphasis from blue water, deep ocean doctrine to
littoral warfare doctrine. This shift predicated mlitary
responses dealing with a wi de range of worldw de regiona
crises requiring forward sea basing, and expeditionary

force | andi ng support.

The Navy Marine Corp team devel oped a doctrine concept

white paper, . From the Sea, 1992”, to support joint
warfare doctrine concepts  of forward presence and
engagenent devel oped as National Defense Strategy in “Joint
Vi sion 2010, 1996”, (Rhodes and Hol der 1998). The docunent
provided guiding tenets for naval operations of the 21%
century. A subsequent Naval Departnent revision, “Forward
.From the Sea, 1994, and its Marine Corp counterparts
“Qperational Mneuver from the Sea, 1996”, and “Ship to
bj ective Mneuver, 1997”7 all focus on sea based power
projection into littoral regions and guiding naval
operations in those areas in the new mllennium “Joint
Vi si on 2020, 2000” and “Sea Strike, Sea Shield, Sea Basing,
2002” are the current National Defense Strategy and Nava
Department concept papers providing gquiding tenets for
naval and joint operations well into the 21% century. Both
papers incorporate energing technol ogy, processes, people

and organi zations synergized via the netcentric warfare

1



concept to provide total power projection and dom nance

across littoral regions during any crises requiring US.

response.
...the very shallow water (VSW region is a
critical point for our offensive forces and can
easily, quickly and cheaply be exploited by the
eneny. The magnitude of the current deficiency in
reconnai ssance and neutralization in t hese
regions and the inpact on anphibious assault
operations were denonstrated during Operation

Desert Storm M. Gen. Edward J. Hanlon Jr.
“From (Rhodes and Hol der 1998).”

Any mlitary operation that occurs in the littoral
regions also occurs in mne country. The increasing pace of
shal | ow-water naval operations (i.e. Persian GQulf, Adriatic
Sea, Yellow Sea, and Gulf of Aden) translates into a high
probability of encountering mnes. The required shift in
focus of naval operations from the open ocean to the
regional littoral areas increases the inportance of mne
warfare as a navy core conpetency. The proliferation of
i nexpensive, bottom type m nes nmake shallow water and very
shallow water MCM a critical and expensive challenge. In
times of conflict domnation of coastal operating areas
will largely depend on the ability to renove or neutralize
any enplaced littoral mne threat, figure 1, and prepare
the battle space for followon action in a tinely fashion

Naval mnes may be found throughout the water colum
and on or within the seafloor Figure 1. Ask anyone to
describe a typical naval mne to you and the response wll
be a description of the spherical, hertz-horn Wrld VWar |1
vintage drifting m ne shape comon in Hollywood filnms. But,

it is the buried naval mne that poses the npbst severe



threat to naval assets since naval forces possess very
limted resour ces and capabilities for det ecti ng,
identifying, and neutralizing them and the nmne itself
remains fully effective when buried, (Lott, 2001). An
inmportant factor in mne hunting and clearance is the
anount of initial inpact and subsequent sedinent burial a
mne undergoes wth tine because buried mnes are
substantially nore difficult to detect and classify. The
anount of burial becomes a critical paraneter and crossroad
in the naval MCM m ssion planning process because the m ne
counterneasures effort transitions from mne hunting to

m ne sweeping, (Rennie 2002.)

LAND MINES:

= Anti-Personnel Mines

= Anti-Tank (Vohicle} Minas
= Antidnvasion Mines

SEA MINES:

- Flaating Mines
=Mocred Mines
-Closa Tethared Mines

OBSTACLES: -Bottem Mines
-Concertina Wire = Buried Minas
= Anti-Tank Tetrahedral =Rocket Propelled Minas
= Anti-Tank Moats =InartDecoy Mines
- Trip Wiras -Hon-Mina Bottam Objacts
=Hedgehogs
-Enginearing Stakes
I Woodan Polas
Ssoeby Trans LITTORAL MINE
THREAT
Fi gure 1. Littoral Mne Threat. “From Rhodes
(1998)."

M ne warfare, perhaps nore than any other single
[ittoral warfare mission area is the “key” that
will wunlock the “door” to the Ilittoral battle
space. In the nost fundanental way, then, mne
warfare and the need for effective mne
counterneasures must be an *all-hands” concern
for the Navy and the Marine Corps. (Boorda 1995)

3



The O fice of Naval Research (ONR) in 1999 created the
Mne Burial Program (MBP), an applied (6.2) research
program to devel op decision aids and mine burial prediction
tools. The program mission is to predict the behavior of
mnes in different environnents, (Bennett 2000). The I npact
M ne Burial Prediction nodel developnent falls under the

MBP program

The Inpact Mne Burial Prediction nodel developed in
1980 was developed to sem-enpirically nodel the mne
burial process. Several revisions have occurred in the |ast
two decades but there have been Iimtations noted in the
nodel performance, as well as little scientific advancenent
in mne burial prediction, (Dolan et al 1999), (Taber
1999), (Smth 2000), and (G Illess 2001).

The nodel is currently limted to three degrees of
freedom that include two di nensional nonmentum equations and
artificial rotation around the aerodynamically defined
pitch axis. The nodel also makes assunptions on shape
density and assignnent of constants to «certain mne
characteristics and environnent paranmeters that limt
performance. Experinental test data reveals that mne shape
dynamcs are extrenely chaotic (stochastic) during free-
fall through the water colum, (hydrodynam ¢  phase)
(Richardson et al 2001b) and (Valent et al 2002). These
maj or weaknesses in the current nodel are well accepted in

the mne warfare conmunity, (Chu 2001).

The goals of this investigation include devel opnent of
a new mne inpact burial nodel for inplenentation as the
hydrodynam ¢ phase in the short-term into a probabilistic

predi ction nodel for navy tactical decision aids. The |ong-
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term goal is for nodel inclusion as the hydrodynam c phase
in a full spectrum determ nistic nodel for mne burial in a

conprehensi ve navy tactical decision aid.

The current nodeling approach is developnent of a
nodel that lifts the assunption of wuniform density, uses
the three dinensional nonmentum equations, and the three
di mensi onal nonent of nomentum equations for rotation about
the mne shape axes to generate a mne shape’s position
during freefall through the water colum. The external
hydrodynami ¢ forces and torques are nodel ed using enpirical
drag and lift coefficient data. A system of first order
differenti al equations wth approximate solutions is
generated for linear velocity and angular velocity that are
integrated to generate (x, Yy, z) positions and the Euler
orientation angles for the center of nmass of the mne
shape.

Two data sets wll be wused to validate node
performance based on two critical paranmeters at inpact;
fall velocity and inpact orientation. The first data set
was generated at Naval Postgraduate School in July 2001.
The second data set was generated at Naval Surface Warfare
Command, Car der ock, MD in Septenber 2001 under the
direction of principle investigators Dr. Philip Valent and
M. Todd Hol | and.
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1. M NE COUNTERMEASURE WARFARE OVERVI EW

The single greatest threat to U S. sea-based power
projection in littoral areas is the naval mne. There are
over 300 variations of mnes available worldw de, a 75%
increase in the |ast decade, (Lehr 2000). Each nmine type is
listed with a nultitude of triggering devices listed in
( NMAP 2000) .

In terns of sinplicity, effectiveness, availability,
cost efficiency, ease of deploynment and potential battle
space inpact, naval mnes are nost appealing to third world
countries, political insurgents and even stateless actors
such as terrorist groups, Figure 2, determned to prevent
U.S. naval forces from achieving sea control and power

proj ection ashore from sea basing, (NWAW 2000).

The Asymmetric Threat
and U.S. Force Vulnerability

HIGH Capabilities that adversaries may
R pursue to counter U.S. strengths
| L
S
K -
to ?
U‘
sl l
- -l
LOW

EASY DIFFICULTY for ADVERSARY DIFFICULT
to ACQUIRE and to USE EFFECTIVELY
Figure 2. The Risk to U S. Forces Versus the Ease
with Which an Asymmetric Threat can Acquire a
Specific Capability. “From Garrold (1998)."
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The ancestry of naval mnes can be traced to the

fourth century B.C. and Al exander the Great’s siege of Tyre

in the eastern Mediterranean  Sea. The  Phoeni ci ans
frustrated Al exander’s attenpts to land and take the city
by strewing the surrounding shallows with |arge boul ders

The next attenpt occurred in 1585, when the Dutch fl oated
expl osives down the Scheldt River to disrupt a bl ockade of

Ant wer p, Bel gi um by the Spanish fleet.

But an Anerican inventor, David Bushnell, is credited
as the father of naval mnmne warfare, (Lluy 1995). He
devel oped the first true naval mne in 1776 under direction
from the insurgent Continental Arny for use against the
Engl i sh bl ockade of Phil adel phia, using gunpowder, fuse, a
fishing float and a wooden powder keg.

Naval mnes were wused in the Wir of 1812 and
successfully by the Confederacy during the CGvil Wr in
attenpts to thwart the union bl ockade of southern ports; of
notable fane is Admral Farragut at Mobile Bay where eight
ships fell prey to naval mnes. The full inpact of mne
warfare was realized when the Japanese mned Port Arthur
then lured the Russian fleet into the mnefield, and
defeated the Russian fleet during the Russo-Japanese VAr in
1905. M nes were used extensively during both Wrld War |
and World War |I1. In the early hours of 6 June 1944 | eadi ng
up to the Normandy Invasion, 300 allied ships noved al ong
the French coastal waters attenpting to locate and
neutralize the extensive mnefield in place there, (LIuy
1995).

The Wonsan Bay Korea Mne Crisis provides an excellent

exanple of the value of the naval mne as a defensive
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weapon by a third world country against a world superpower.
3000 Russian made, Wrld War | vintage mnes caused 250
ships to wait off the Korean Coast for 8 days doing
circles, “QOperation Yo-Yo”, as mne sweepers attenpted to

cl ear sea-lanes to shore | anding zones, Figure 3.

—— . :
Fi gure 3. Republic of Korea M nesweeper YMS-516
Blown Up by a Magnetic M ne, During Sweepi ng
Oper ations, Wnsan Harbor, on 18 Oct ober 1950.
“From http://ww. history.navy.ml/ (2002).”

Shortly after the Cctober 1950 Wnsan, Korea nine crisis,
then Rear Admiral Allen "Hoke" Smth, Conmander, Anphi bious
Task Force, Wnson, Korea excl ai ned,

W have lost control of the seas to a country

w thout a navy, using pre-WN weapons, laid by

vessels that were utilized at the tine of the
birth of Christ.

More recently, in August 1984, Libya' s General Miuamrar
Gadaffi ordered a commercial roll-on, roll-off ship to |ay
mnes in the Suez Canal and Red Sea during peacetine. It
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took coalition forces nonths to verify the Suez Canal and
Red Sea free of mnes, (Wttern 1991).

Wthin the past 15 years while conducting operations
in the Persian Gulf, three U S. ships have fallen victimto
m nes, the USS Samuel B. Roberts (FFG58); hit an Iraqi
SADAF- 02 contact mne, USS Tripoli (LPH10); hit a LUGW 145
nmoored contact mnmine, and USS Princeton (CG59); activated
an Italian Manta bottom mine. Total ship damages were $125
mllion, (Boorda 1999), while the m nes cost approximtely
$15 thousand, (Lluy 1995). Since Operation Desert Storm
1400 m nes have been renoved from the Persian @Qulf. Mre
recently, strategic planning for possible ground force
operations in Kosovo included plans to deal with possible
mning of Kotar Bay and Durres harbor by Yugoslavian
forces. Since 1980, 38 vessels have been lost or severely
damaged by mnes worldw de, (NMCF 1991). In fact 80% of
U.S. ship damage in the last 50 years is a direct result of
m nes, (Avery 1998, as cited in GCceanography and M ne
War fare 2000).

Today, an estimated 50 countries, including those in
politically sensitive regions possess sone sort of mning
capability, an increase of 40% in the |ast decade. Thirty-
two countries have denonstrated m ne production capability,
a 60% increase since 1988 and 24 countries have attenpted
to export the systens, a 60% increase since 1992, (Lehr
2000). Mnes can be used in both offensive and defensive
roles. Ofensively, they can be placed in eneny waters or
nearby sea-lanes in order to harass mlitary and comerci al

shi ppi ng. Defensively, they can be used to delay or prevent
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anphi bi ous assaults limt harbor use or deny conmand of the

sea.

M nes have evolved over the years from the dunb
“horned” contact mnes simlar to those that danaged the
“Tripoli” and “Roberts” to relatively sophisticated m nes
with; non-magnetic materials, irregular shapes, anechoic
coatings, mnmultiple sensors and ship count routines such as
the Manta mne the “Princeton” activated. Despite their
i ncreased sophistication, mnes remain a relatively
i nexpensi ve weapon and are relatively easy to manufacture,

mai ntai n and depl oy.

M nes provide a small country with an inferior defense
infrastructure and/or no navy wth a highly efficient and
potent force nultiplier and defensive system with m ninal
expense, one that is readily available on the arns nmarket
today; the poor nman’'s navy. Mne's are particularly
valuable to asymetric forces that cannot or wll not
engage U.S. forces directly, (NWAP 2000). Any political
insurgent or terrorist group with noney can buy quantities
of mnes on the black arnms market to use in sea-lanes

and/or ports around the worl d.

Intelligence estimtes the fornmer Soviet Union mne
stockpil e exceeds half a mllion mnes, and an increase in
sales from the independent states of the region to third
world countries, stateless factions and others is expected
to increase as economc and political conditions continue
to languish in the region, (Wttern 1991). The grow ng
threat cones from small craft from hostile nations easily

concealing mning operations from intelligence gathering

11



initiatives, and the isolated acts of terrorismon the high
seas, (NWP 2000.).

Through history to nodern day the naval mne has
proven again and again to be a cost effective weapon that
causes physical danage, creates psychological uncertainty
and requires a counterneasures effort far out of proportion
to the initial mning effort costs (LIluy 1995). The m ne
itself need not be laid: the threat itself will change the
focus of operations within any battle space.

Naval mnes are characterized by three factors:
position in water (bottom nmoored, rising, floating),
met hod of delivery (aircraft, surface, subsurface) and

AHERE
 Wnti-Ihvasion
dnttom
.h'Ennrr:I
B waning
-y Riging
Buried/
Partially Moored Floating Rising

Anti-Invasion Buried Bottom

Fi gure 4. The Littoral Battle Space M ne Regions and
the Types of M nes That Could be Encountered in
Each Regi on. “From NMAP (2000)."
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nmet hod of actuation (acoustic and/or magnetic influence,
pressure, contact, <controlled), (Cceanography and M ne
Warfare 2000). The littoral battle space is divided into

five regions based upon water depth. Wthin each of these
regions naval forces can encounter nmnultiple types of
threats, Figure 4. The littoral regions are defined, (NWWP
2000):

. Deep Water (DW. Water depths: >300 ft. Threat:
mainly moored and rising mnes, although a few
| arge bottom m nes exist.

. Shal | ow Water (SW. Water depths: from 40 to 300
ft. Threat: bottom noored and ri sing.

. Very Shallow Water (VSW. Water depths: from 10
to 40 ft. Threat: bottom noored, rising and
control | ed.

. Surf Zone (SZ). Water depths: < 10 ft. to the
beach itself. Threat: sane as VSW but | and nines
and obstacles can al so be encount er ed.

. Craft Landing Zone (CLZ). Water depths: the beach
itself. Threat: conventi onal land mnes and
obst acl es.

The nost challenging mne counterneasures (MM
scenario in Figure 4 involves the bottom m ne. Bottom m nes
are inherently hard to detect in the conplex littoral
environment due to their small size conpared to the
surroundi ng environnental spatial scale. Common bottom m ne
seedi ng ar eas i ncl ude shi ppi ng channel s, har bor s,
anchorages, rivers, and estuaries. Aircraft, surface ships
or submarines can deploy mnes. Although bottom mnes are
designed to deploy from specific platforns, nost mnes are

easily adapted to deploy fromany size seaworthy vessel.
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Bottom mines rest on the ocean floor and are generally
deployed in the Ilittoral areas from the Shallow Wter
region into the Craft Landing Zone region, (NMCF 1991).
Bottom mnes are seldom seen as a viable threat beyond a
depth  of 70m (LI'uy 1995). The  nost i nfluenti al
envi ronnmental paraneter to successful MCM operations is the
character of the bottom This primary planning paraneter
often determ nes whether an area should be swept or hunted.
Bottom clutter in the form of rock outcroppings, coral
reefs, man-made debris and slope irregularities provide
false sonar contacts and reverberation that increase
overall <clearance tinmes. In addition, in areas where the
sea floor is rough with Non-m ne, mne-like bottom objects
(NOVBGCs), adversaries can create an effective mnefield
with a few mnes, dummy mnes or even no mnes; the threat
i s enough, (NMAP 2000).

Bottom Predi cted M ne Bott om Bott om
Conposition Case Burial %| Roughness | Category
Snoot h B
Rock 0 Moder at e C
Rough C
Snoot h A
0 TO 10 Moder at e B
Rough C
MJUD Snoot h A
R 10 TO 20 Moder at e B
SAND Rough C
Snoot h A
25 TO 75 Moder at e B
Rough C
75 TO 100 Al l C
Tabl e 1. MCM Doctrine Bottom Definitions For

| npact Burial. “From Oceanography and M ne
Warfare (2000).”
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Soft bottom sedinents such as marine clays and silts
can cause a high degree of mne burial upon inpact. Buried
or partially buried bottom nmines are of greatest concern to
the MCM planner, (Glless 2001). Bottom nines normally

undergo sonme percentage of burial into the bottom sedi nent.

The Navy currently wuses only anecdotal information to
characterize burial into general categories 0-10% 10-20%
20-75% and 75-100% The prediction only centers on the
initial bottom inpact burial. Any subsequent burial is
ignored for planning purposes. These subsequent buri al
processes include but are not limted to: scour, bed-form
m gration, and the unknown contributions by |iquefaction,
gravity shakedown, and biological nodification of the
sedinment, (Lott 2001). The conplexity of the subsequent
burial processes rely on a wide array of oceanographic and
atnospheric factors wth varying spatial and tenporal
scal es.

The “initial” burial depth percentage is the second
critical environmental parameter currently required by m ne
warfare decision makers as part of devel oping any
oper at i onal m ne counterneasures strategy in a given
operating area. This burial depth paraneter is influenced
by a wide array of other conplex near-shore atnospheric and
oceanogr aphi c processes, (i.e. bat hynet ry, currents,
tenperature and density.), (NWMAP 2000). The conbination of
buri al percentage and bottom <character are wused to
enpirically categorize mning areas and determ ne whether
m ne counterneasures operations are conducted via hunting
or sweeping. A transition occurs from hunting for bottom

mnes to sweeping for bottom mnes when nore than 80%
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burial has occurred or Bottom Type C is enpirically
derived, Table 1, (NMCP 1991). Qperators and planners alike
prefer to hunt for mnes vice sweep for mnes as the later
is much nore dangerous. The discouraging factor is that
mnes remain effective when buried and nuch harder to
detect and neutralize, (Lott 2001).

M ne Count er measures doctrine has changed little since
the end of World War I1. Bottom mi nes cannot feasibly be
searched for visually within time limts of nava
operations, and if even partially buried difficult to hard
to locate with acoustic sensors. SACLANTCEN MCM sonar
performance nodels predicts the SNR of a buried mne wll
be approximately 20 dB | ower than that of a mne resting on
top of a bottom sedi nent, (NATO SG31 1999).

I n conducting m nesweepi ng operations, n ssion success
hi nges on knowi ng as nuch intelligence as possi bl e about
the m nes that have placed in the area and the effects the
envi ronment has had on that placenent. Any estimate of the
area or height protrudi ng above the bottom sedi nent, or
conplete mne burial is a crucial paraneter in the MCM
deci si on maki ng process and subsequent execution of m ne

counter neasure operations in an area, (Taber 1999).
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[11. MNE | MPACT BURI AL PROGRAM HI STORY

A MODEL DEVELOPMENT

The essential output paraneters required from M ne
| npact Burial Prediction nodels evolve from a fundanenta
understanding of physics, engineering and hydrodynamn c
theory associated with a solid body free falling through a
fluid medium and inbedding into a sem -porous surface and
dissipating its acquired kinetic energy. The nodeling
process involves nonlinear behavior across a w de range of
conpl ex, coupled environnental, sedinment transport and
seabed properties that occur in shallow water coastal
zones, (Bennett 2000). Mdeling solid body behavior 1is
still an inexact science. Enpirical relationships and
I inear expressions have provided the nost feasible and
accurate determnistic solutions to describe m ne behavior

in the past.

Arnone and Bowen (1980) of Naval Coastal Systens
Center developed the first dynamc based nodel to predict
the amount of burial a mne undergoes when it inpacts the
bottom marine sedinents in 1980. The nodel is based on
sinple cylindrical shapes and the associated theoretical
equations and experinmental data that exist in current
literature for cylinders. Sonme of the data is nore than 75
years old. The nodel was witten in Basic |anguage. This
nodel created an al phanuneric read-out of the two-
di rensional tinme history of a right circular cylinder as it
free falls through three possible phases, (air, water,
sedinment) and two sub-phases (air-water cavity and water-
sedi nent cavity), Figure 5.
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A sunmation of the forces acting on the cylinder is
calculated at discrete time steps, and the resulting
accel eration conputed. The acceleration is integrated in
time to determne the velocity and transverse Xx-axis
excursion by the cylinder during free-fall. 1t calculates
the burial depth of the mne after it initially comes to
rest in the nodeled bottom marine sedinment. Arnone and
Bowen point out that both inpact velocity and orientation
at the sedinment interface are inportant paraneters to

determning final mne burial depth.

The Arnone and Bowen nodel becane the standard to
predict mne burial, known as Inpact Mne Burial Prediction
(IMBP). The nodel since that tinme has been evaluated
extensively both paranetrically by the authors and by a
vari ety of sources (Satkow ak 1988), (Runmbell and Kitchings
1989), (Hurst and Murdoch 1991), (Ml hearn 1993), (Taber

Without Moment

Fi gure 5. Arnone and Bowen | BPM M ne Moti on
Depi cting Constant Angle in the Water Wt hout
Rotation. “From G lless (2001).”
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1999), (Smith 2000), (Richardson et al 200l1a), (G lless
2001), and (Valent et al 2002) using experinental data. The
maj or contributors to nodel inprovenents since Arnone and
Bowen are (Satkow ak 1987), and (Hurst 1992).

The initial nodel was conceptually sound, but the code
did contain flaws. (Satkow ak 1987) recognized there were
problens with the certain routines in the nodel and nade a

nunber of substantial nodifications. These incl ude:

o Correcting the reference flow area used in the
drag cal cul ati ons

. Correcting the cal culation of the added nmass term

o Including a termto calculate the drag due to the
front nose of the cylinder

. Al'l owi ng for non-blunt noses (i.e., front end) of
m nes

o Including an option to input water tenperature

(impacts both density and kinematic viscosity
cal cul ati ons)

. Including the retarding forces in the sedinent
due to its sem-solid nature

. Redef i ni ng t he net hod of det erm ni ng t he
viscosity and density of the water/sedinent
m xture during the sedinment/cavity regine.

(Satkow ak 1987) points out the inprovenents greatly
i nproved the predictive capability of the nodel as assessed
in (Satkow ak 1987, and 1988). Satkow ak stresses that the
orientation and inpact velocity of the mne at the water
sedi nent interface are tw critical paraneters to
determining the final burial depth of a particular mne
shape into the bottom sedinments. (Satkow ak 1988) also
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points out that the final buri al depth and i npact
paranmeters are highly dependent on accurately initializing
nodel inputs. It is discussed that if sonme degree of
uncertainty exists in the initial paraneters the nodel
should be used in a probabilistic nmanner vice determnistic

manner .

(Runball and Kitchings 1988) translated the code to
HP- UX Technical Basic to run on a HP 9000 conputer with a
UNI X operating system They subsequently tested the node
and acquired results simlar to Satkow ak’s results. 1In
1990, S Murdock, (Hurst 1992), converted the code to
Qui ckBasic to run on an | BM conpati ble PC and converted al
units fromEnglish to netric.

(Hur st 1992) provided the next generation  of
substantial inprovenments to |IMBP. He recognized that to
this point the nodel treated the falling shape as a one-
di mensi onal dynami c system a sinplifying feature
recognized as I|limting the overall accuracy of inpact
burial predictions, (Lott 2001).

The nodifications involved devel oping new nethods for
deriving the forces acting on the mne as it passes through
the air-water interface and sedinent. Specifically a new
reference franme was developed to sinplify conputation of
external drag forces acting on the mne. Additionally the
nodel was extended to allow rotational novenent of the mne
in addition to the norrmal Ilateral and vertical novenent

covered in the original |IBPMnodel, Figure 6.
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With Constant Rotation

Fi gure 6. Hurst 1 BPM M ne Motion with Rotation.
“From G lless (2001).”

The nodified nodel differed from the original version

in seven primary areas:

e Calculation of fluid drag
e Calculation of forces at the air-water interface
e Calculation of forces during inpact in the sedi nent

e |nmproved Treatnment of nulti-Ilayered sedinents.

Allowing for rotational novenent of mne as it falls
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e Calculation of the fall angle fromsolid body
dynam cs.

e Treatnent and cal cul ation of water density and
Vi scosi ty.

The discussion that follows expands the explanation of
those inprovenents significant to the water phase
hydrodynanmi cs and inportant precursors to current nodeling
efforts. Alowing the cylinder the nove in mltiple
directions and experience rotational notion requires that
two coordinate systens be used. This is a novel approach
to nunerical nodeling to find solutions to the solid body
dynam cs system The two systens used by (Hurst 1992) are

shown in Figure 7. The coordinate systens are rel ated by:

V, =\, sine6+V cos o

a

(1)

V. V, cos 6 +V sino (2)

C

As seen, the cylinder rotates with respect to the
(x,z) system as it falls. The addition of the mne-
oriented coordinate system is inportant because the tota
mass of the mne differs in axial and cross axis flow
directions due to inclusion of hydrodynam c mass, (Lanb,
1932. Wthout the reference franme transformation the nass

woul d have to be treated as a tensor quantity.

Additionally, <calculation of fluid drag forces is
sinplified in the new coordinate system Hurst recognized
that the mne notion is neither purely cross nor axial but
rat her obli que. He made a cal culated hypothesis that the

drag can be estimated by calculating cross and axial drag
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from the cross and axial velocities as if they were
i ndependent. (Suner and Fredsoe 1997) provide a simlar and

conplimentary assessnment to determ ning the axial and cross

V, center of mass velocity

Fi gure 7. The Fixed (x,z) and M ne-orientated
Coor di nate Systens Devel oped by Hurst. “From
Hurst (1992).”

flow drag and |ift forces. Hurst performed analysis of
different methods for calculating the drag forces with at
nmost a 10% increase in drag force. Thus this effect is
deened second order and the approxi mati on adequat e.

Hurst also determned that if a mne is both rotating
and falling, the cross drag force would act unevenly al ong
the length of the mne. This danpens any rotating notion of
the mne about the cross flow axis and is called braking
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t or que. Using the notation of Figure 8, Hurst devel oped
and incorporated a braking torque calculation where the

total cross-velocity of a point on the mne is:

V=V + ol (3)
Ve = cross velocity
V, = total cross velocity for point along

the long axis of the mne

o = angul ar velocity

I = di stance fromthe center of a point
d = di aneter of the cylinder

Adding the contributions from the novenent of the
center of mass and rotation for an elenment, dl, the torque

about the center of mass due to drag forces becones:

6—t:-cdd x(dl)pf V. + ol )?/2 (4)
ar
ot = differential torque about the center of
mass
Ca= drag coefficient for cross notion

Pv= fluid density
d = dianeter of the nm ne

The total torque is determ ned by integrating along the
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entire length of the mne, (i.e., -L/2 to L/2) according to

t he equati on:

T = - Cdp, VLY 12 (5)

Hurst performed analysis on the tinme step stability in
the nodel and found that doubling or halving the tine step
from the established 0.01 seconds produced |less than 0.5%
change in final burial depth calculations. This version of
| MBP was designated | MPACT25 and further nodel inprovenents
have been based on this baseline nodel code.

Al/'\/dl
> 4

v
/ V. +al

\o
d

Fi gure 8. Braki ng Torque: Notation Used by Hurst.
“After Hurst (1992).”

The last mmjor docunmented changes to occur to the
nodel code occurred in (Ml hearn 1993). Ml hearn devel oped
a formulation for sedinment bearing strength that includes

sedi nent shear strength as well as the object mass and
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center of geonetry to conpute bearing strength. He also
nodified the code to allow for a mne center of nmass

di spl aced fromthe center of vol une.

B. MODEL SENSI TI VI TY STUDI ES

Model Sensitivity studies by (Hurst and Miurdoch 1991)
(Taber 1999), (R chardson et al 200l1a) and (Smth 2000)
shows that the sedinent density and shear strength are the
two nost inportant environmental factors influencing mne
burial. Satkow ak (1987) shows that in different initial
conditions and bottom characterizations either shear
strength of density can dom nate the sedinment penetration
but in nobst case the shear strength is the dom nating
factor in the sedinment phase. (G Illess 2001) and (Val ent et
al 2002) both observe that the current nodel solid body
dynamics tend to incorrectly predict both sedinent inpact
velocity and inpact angle. These two paraneters are viewed
as the nost inportant paraneters from the hydrodynamc
phase of the nodel required to produce accurate Kkinetic
energy dissipation predictions in the sedinent phase of the
nodel . (Smth 2000) provi de evi dence t hat | MPACT
overestimtes penetration in sone sedinent types by an
order of magnitude. It was observed by (Valent et al 2002)
that the hydrodynam c section of the current inpact buria
program was contributing significantly to orientation and
penetration errors. The errors at tinmes approach 150%

There are currently nore than 10 versions of |BPM
avail able. They all operate using the sane physics, and
solid body dynamics with three degrees of freedom The
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nodel s predict the vertical free-fall time history of a
vari ety of m ne shapes as the shape passes through the air,
ai r-water cavity, wat er, wat er - sedi nent cavity, and
sedi mrent phases. The defining output is sedinment mne
buri al dept h. Envi r onnment al paranmeters are considered

constants in all these npdel versions.

In an inexact science containing conplex nonlinear

processes, limting the degrees of freedom of the solid
body and assuming uniform shape density |imts the
usef ul ness of out put for bot h probabilistic and

determnistic prediction nodels and tactical decision aids
in the fleet. This investigation develops a three
di rensi onal nodel that involves all six independent degrees
of freedom Solutions are obtained for the linear system
of ordinary differential equation approximtions to for the
momentum and nonment of nonentum equati ons. This nodel is
then conpared to two independently obtained data sets for
m ne shape’s positions obtained at defined increnents
during free fall through the water col um.
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V. M NE DROP EXPERI MENTAL DATA

Two independent data sets are used to validate the
Three Dinensional Mne I|npact Hydrodynam c Flow nodel. The
first data set was collected during a Mne Drop Experinent
(MDEX) that took place at Naval Postgraduate School (NPS)
in July 2001, (G lless 2001).

The second data set originates fromthe Carderock M ne
Drop Experinent designed principally by Dr. Philip Valent
and Todd Holland of the Naval Research Laboratory, Stennis
Space Center, (Valent and Holland 2001). The experinental
work was conducted 10-14 Septenber 2001 at the Naval
Surface Warfare Center, Carderock Division, Explosion Test
Pond, (Valent and Holland 2001) and funded by the O fice of
Naval Resear ch.

The experinments are summarized briefly. The details of
each experiment can be found in (Glless 2001), (Chu et al
2002), (Vvalent and Holland 2001), and (Valent et al 2002).

A M NE DROP EXPERI MENT

M DEX took place at the Naval Postgraduate School
swinmng pool. It consisted of dropping cylindrical mne
shapes, Figure 9, into the water and recording the position
as a function of time using two digital caneras at (30 Hz)
as the mne shapes fell 2.4 neters to the pool bottom The
scale of the mne used was tailored to be representative of
dropping a full-scale bottom mne into 45 nmeters of water.
A 15:1 ratio provided a safety factor on weight forcing so

as to not danage the bottom of the concrete sw nm ng pool .
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Fi gure 9.

Exteri or

the M ne Shape.

Facade and Iterior Conponents of
“From G lless (2001).”

Tabl e 2.

2 Ly —
Plastic
S L/EL 5 L s
= r:f:f:::T:::::;7é‘f:§;’::::::,8727{::::::::;55 =
= =
bt —= L
4 | L Tl
lastic |
Y i 1 I—S R N P A —
units: mm
mine# D1 Dz | O3 | D4 D5 L1 Lz L3 L4 LS L&
1 40 25 G 24 | 11.5 7 138 | 136 |26.94| O 25
2 40 25 G 24 |11.56 7 107 | 108 |[17.00| & 24.5
3 40 25 <} 24 |11.5 7 77.2 |77.3 |15.31| © 25
Material Aluminium Plastic Steel Copper
Specific—gravity(g!cma) 2.7 1.155 7.8 8.93
mine# massikg | J1(kg*m?) Jz(d3) chifm) Lim) vol{m?) rmean
1 03225 |3.30496e—05|0.00060878| 46e—05 0152 |0.00019101| 16885
0.0005783 | 0.007411
0.00062338| 0.014772
z 02542 |2.7132e-05|0.00034262| 0.000644 0121  |0.0001520S| 16717
0.00032065| 0.005307
0.00033126| 0.00897
3 02153 |2.3503e-05|0.00016952| 2.9e-05 0.0912  |0.00011481|  1.8785
0.00015775| 0.002911
0.00015568| 0.005796
M DEX M ne Shape Characteristics. Left

Col um I ndicates COM position 0, and R ght Col um

| ndi cates COM Position 2.
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The control paraneters for the drops were: center of

mass position (COM, initial velocity (V), drop angle and

m ne aspect ratio, (%) Three m ne aspect ratios were used.

All mnes had a dianmeter of 4 cm and lengths of (15,12,9)
cm The range of |engths accounts for the variety of mne
in use today worldw de. The characteristics of each mne
are shown in Table 2. An internal threaded weight was used
to vary the center of mss (COM between 5 different
positions (2,1,0,-1,-2), as shown in Table 3, for each of
the three mne shapes. Initial velocity was obtained using
an infrared photo detector and backing out a near

i nst ant aneous velocity as the shape past the unit.

Mine Length — 15 12 9
COM Position
2 0.1939 0.1594 0.1198
1 0.0969 0.0797 0.0599
0 0 0 0
-1 -0.0969 -0.0797 -0.0599
-2 -0.1939 -0.1594 -0.1198
Tabl e 3. Non- di nmensi onal COM Positions. Non-

di mensi onal COM Positions Determ ned Using 2M/L.
“From G|l less (2001).”

The drop angle was neasured with the pool walkway
serving as the x-y plane and the drop injector angle (pitch
angle) was varied from 15° to 75° in 15° increnments. The
range of drop angles represents conservative limts of mne
entry angles into the water from air borne and waterborne
craft. The COM position on the mne shape was set based on
positions (0,1,2) and l|oaded into the drop injector nose
first. The negative COM positions were achieved by | oading

the mne shape into the injector with the COM behind and
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above the center of buoyancy. Two grids were constructed on
the pool walls to neasure the cylinder position relative to
the wall as the shape fell through the water colum. The
two di nensional neasurenents were then conbined to create a
t hree-di nensional data set. The spacing between grid
divisions was 10 cm The nunber of drops conducted, for
each COM and drop angle, is shown in Table 4. A total of
230 mine shape drops were analyzed and results conpiled in
(Glless 2001).

Drop Angle —» 15° 30° 45° 60° 75°
COM Position
2 13 15 15 15 12
1 9 15 15 15 9
0 12 15 14 18 6
-1 0 6 6 6 0
-2 2 6 6 0 0
Tabl e 4. Nunber of Drops Conducted by Drop Angle

and COM Position. “From G lless (2001).”

B. CARDERCCK M NE DRCOP EXPERI MENT

The nodel mne drop experiment at Carderock was a
direct result of inpact burial tests wusing NRL's first
generation mne-like instrumented cylinder in Septenber and
Novenmber 2000. The results from at sea testing off of the
M ssi ssi ppi Sound and East Bay, LA were a strong indication
of deficiencies in the hydrodynamc (water) portion of the
| npact Burial Prediction Mdel currently in use, (Valent
2002). The Mne Burial Project Team |ead by principal
investigator; NRL's Dr. Philip Valent, and M. Todd Hol | and
desi gned the Carderock Experinent to gather a statistically
representative data sanple from many test drops of scaled
nodel s.
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Concerns over “dynamic simlarity” (Panton 1996) via
Reynol ds nunber differences between scaled nodels and full
size prototypes led the Mne Burial Project Team to
determine 1/3-rd scale nodels, with dianmeter of 0.168 m

length to dianmeter ratio of 3 and 6, and mass up to 45 kg,

M, =17.2kg
M, =222ks

-

0.168

i

Li 0477 4" M= M5 kg

M, = 46.3 I

* 0.982 ,|

Figure 10. 1/3'% Scale Blunt Nosed Mddels Used for
Carderock M ne Drop Experinment. Dinensions in
Meters, “After Valent et al (2002).”

were the smallest acceptable nodel size. Cross sections of
the nodels are shown in Figure 10 with conplete m ne shape

characteristics include in Table 5.

The m ne shapes are fabricated from al um num pipe with
a urethane covered alum num front plate. The center of nass
was coincident with the center of volume for four nodels
and placed 5.5 cmforward of center of volume in nodel five
and 8.7 cm forward of center of volune in nodel six. The
void area was ballasted with alum num and steel plates and
wat er to adjust bulk densities to 1.60 and 2.10 My/ n?, see
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Table 5. Figure 11 shows all six blunt nosed nodel m ne
shapes on deck at the experinent site awaiting a drop

cycl e.

The nmine drops of interest for nodel validation, 44

drops total, consisted of all in water drops of blunt nosed
mnes from three initial t ar get drop orientations;
horizontal, wvertical, and 45 nose down. Due to the

buoyancy nonent acting on the mnes during initial water
insertion the target drop orientations were not achieved

CHARACTERISTICS OF MNEMODHELS USEDIN TEST FOND, NSWC CARDEROCK, MD, 10-14 Sept 2001 (Revised 28 Feb 2002)
Modk! nuoer 1 2 3 4 5 6
Bunt Mine Paranreters
Diareter, m(in) 0168663 0163663 0163663 0168663 0163663 0163(663)
Length, biurt, m(in) 0477(1878)  0477(1878) Q9R(B/EH) QM (B/E) 092(B6H) 0K (3BED)
LDfor biunt nose 28 28 58 58 58 58
Volure, cum(cuft) (dlurt) Q0106(0374) Q0106(0374) 0IB(O771) 0IB(O771) 0I8(O771) 0Q1B(0771)
Wight (Ibs) B 49 I (1) 100 B5
Mess, kg 172 22 35 463 454 M7
Mess Wet kg (4) (lurt) 633 13 1213 BB B0 2%
Bulk dersity, jocf (Vyjcur) 1016163 13102100 WE(15)  1R3212) 107208 1278209
x=(COM-CV) (m) Q00356 00018 000194 -000883 Q045172 Q.075%
(QM- W/ (nrirelength) 00006 0004 002 0000 0046 0078
Morrent of Inertia about QU
ke, kgt (Ib-irf) Q0B47(21)  0Q0BB(275) 01362(465) 016%B(50) 016B(58) 0162 (573)
s kgt (lb-irf) 0366(1216)  0477(1627) 29 (P10) 3&(13080) 3%(13440) 457 (15600)
L, kgnf (Ib-irf) 03B(124)  04/6(165) 290 (P10) 3R(13050) 3K (1340) 457 (15600)
Note:
1. Ly about long axis (RAl)
2 1,,, about rarsverse vertical axis (Yaw)
3 |, sbout fransverse horizorta axds (Fitch)
4, \\&t nvesss calauiations recired for IMPACT28
V\& ess caloUiation besed onweter density 10258 kgt

Tabl e 5. Physi cal Characteristics of Cylindrical
Bl unt Nosed Mbdel M nes Used in 1/3"9% Scal e Tests,
NSWCCD Expl osi on Test Pond. “After Valent et al
(2002).”
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B . o

Figure 11. Si x Bl unt Nosed Moddels. “From Val ent and
Hol | and (2001).”

for all orientations, especially significant for nodels
five and six. Table 6 shows the water borne initial drop

angl es neasured in at NRL after the experinent.

Mine Target | Actual Drop
Shape Angle Angle

1 +45 +35

2 +45 +37

3 +45 +38

4 +45 +38

5 0 +30
+45 +30

6 0 -8
+45 +50

Tabl e 6. Model M ne Shape In-Water Initial Drop

Angl es. “From Val ent and Hol | and (2001).”
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A design change in the lifting lugs on the nine caused

additional drop angle changes for the remainder of the

model s when hung at the target 45° down angle, see Table 6.

Naval Surface Warfare Center, Carderock Division, Wst
Bet hesda, Mar yl and, agreed to let the Mne Burial
Prediction Goup drop the 45 kg mne shape nodels and
associated inpact force approximately 26 ft into their
concrete-floored pond, shown in Figure 12.

Figure 12. Expl osi on Test Pond, NSWCCD, West
Bet hesda, MD. “Photo courtesy of NSWCCD, WIIiam
Lew s.”
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This facility is the only facility in the United
States capable of delivering high-speed, high-resolution
underwat er photography. NRL and NSWC Technical Media Lab
designed a subnerged three <canera digital high speed
recording analyzer, Figure 14, that captured the entire
fall of the mne shapes through the water colum in high
resolution, color recordings at 125 fps on all three

caner as.

e ) i . N LU
5 e “

Fi gure 13. The Underwater Calibration Target for the
Digital Camera Tracking System

The caneras were calibrated each day using a geo-
referenced calibration target consisting of white balls
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strung uniformy across the plane of the canera on aircraft
cabling, Figure 13. The =z-axis was acquired and fixed
through use of a weighted pole tied off to a bottoned
wei ght that hung freely from the overhead crane ball hook.
This allowed the canmeras to initialize their position in
the pond each day so the digital canmera analyzer and notion
analysis software could conpute positions to the mne
shapes.

A Pelican hook was attached to the m ne shape rel ease
cable and activated through an electrical powered sol enoid.
The video analyzer was synchronized wth the solenoid
activation to start the three-canmera high-speed recording.
The data was transmitted through an ethernet cable to a
comercially | eased, hi gh power ed, I mage- processi ng
conputer Figure 14 that contai ned an advanced notion

Figure 14. The Digital Canmera Anal yzer Network and
the Digital Imging Processing Conputer at
NSWCCD
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anal ysis “Redl ake” software, typical of those used in the
autonotive industry to nmneasure inpact accelerations, in
crash tests The inmage processor tracked mnultiple positions
on the mne shapes to derive (x, Yy, 2z) positions. NRL
reduced the data to positions, yaw and pitch angles, linear
velocities and instantaneous accelerations for each mne

dr op.

The mne shapes were brought into place by a
commerci al heavy overhead crane and |owered into the water.

The external forcing due to cable sway were allowed to

danpen to bring the resultant m ne velocities to near zero.

Fi gure 15. Bl unt Nose Moddel M ne Shape Four Being
Lowered Into Place by the Crane and Aligned for
Rel ease. Dr. Philip Valent Steadies the Mne
Shape as it is Lowered into the Water.
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The mine was aligned with the head of the mne away
from the cantilever pier that hung out over the pond, as
shown in Figure 15 and released. The digital cameras
tracked the free fall of the nmine recording the (x, y, 2z)
position at 125 fps, for exanple in Figure 16. Wile not a
clean imge the analyzer software tracked the digital
images frame by frame to calculate increnental position
par anet ers.

Fi gure 16. Digital Canmera Shot of M ne Shape Six
During Free-fall froman Initial Horizontal
Position Towards the Pond Floor. “Photo courtesy
of NRL-SSC, M. Todd Holl and.”
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V.  MNE | MPACT THREE DI MENSI ONAL MODEL

A DYNAM CS EQUATI ONS

Any solid object (such as a mne) falling freely
t hrough the water colum should obey two essential |aws of
the notion: nmoment um bal ance and the nonment of nonmentum
bal ance. They are wusually represented by six equations
fully describing the position and orientation of the object
at any time along its path.

Let (x, y, z) represent the Earth coordinates and

(u, v, w) be the velocity conmponents of the mne' s center
of mass point (M in the (x, y, z) directions. Let (B, L,
d, g) represent the mne center of volune, mne |[ength,
mne dianeter, and the gravitational acceleration. The

nonment um equation of the falling object is witten:
fcawrdt) dm=YF (6)

In this case V=(u, v, wW is the mne velocity, mis the

mass of the mine and (F) is the resultant force acting on
the mne. The nonment of nonentum equations describing the

angul ar velocities of the mne around COMis given by:
j[rx(d\*//dt)]dmzzm (7)

Here (F) is the position vector, and (M) the resultant

monment .
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The nonmentum equation (6) and the nonent of nonentum
equation (7) conprise the core hydrodynam c system of m ne
novenent in the water colum. Al the Newtonian dynamc
equations (monmentum and nonent of nonentum equations) are
originally based on the earth fixed reference franme as
shown in Figure 17(a). To sinplify the conputation, the
nmonment of nonentum equations are sol ved using the mne body
coordinate reference frame, with the external forcing being
transferred fromthe drag-lift force reference frane to the
appropriate reference frame to include in the nonentum and
the nonment of nmonmentum calculations (Boiffier 1998). 1In
this study, the mne is assunmed cylindrical and axially
symetri c.

B. THREE COORDI NATE SYSTEMS

The coordinate systens wused in the nodel are all
t hr ee- di nensi onal , or t hogonal and ri ght - handed. The
associated transformation nmatrices between coordinate
systens only require a rotation conponent about the origin.

No transl ation conponent of the axes is required

1. Earth Fixed Coordinate System F.(o,i,j K)

In the earth fixed coordinate system Figure 17(a), the
position of the «cylinder’'s <center of mass (M S
represented by (x,y,z), the velocity of (M is represented

by (u,v,w). The vector iw is along the nine cylinder’s |long

axis with the direction from center of volume (B) to (M.
The angle between two vectors (iw) and (k) are denoted by

y,+n/ 2. The projection of the vector (im) onto the (x, )
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pl ane creates angle (vy,) between the projection and the x-

axi s.

Figure 17. The Three Coordi nate Reference Franes Used
to Perform Transformation in the Three
D nmensi onal Model ; (a) Earth Fi xed Coordi nates,
(b) Body Fi xed Coordinates, (c) Drag Lift Force
Coor di nat es.

2. Body-Fixed Coordinate System F,(M i, j, Ky)

The body-fixed coordinate is wused for effectively
conputing the noment of nmonentum The origin of this

coordi nate systemis at the COM of the cylinder (point Min

Figure 17(b). In the plane (consisting of vectors iwm and k
(passing through the point M called the IM plane), two

new unit vectors (j,, ky are defined wth (Jw) perpendicul ar
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to the IMK plane, and (kw) perpendicular to (im) in the I M
pl ane. The body-fixed coordinate system directors are

expressed:

ad EXFM

= XX 8
I ‘kxi M‘ (8)
RM:errM (9)

Use of the body-fixed coordinate system sinplifies the
calculations for the nonents of inertia as well as the
resultant action of individual external forcing torques on
the cylinder. The Earth-fixed and body-fixed coordinate

systens are connected by the transformation,

i_’M = ellr +821T +631R ( 10)
Ju=e, tey, ek (11)
IZM = e13r+e23f+eS3R ( 12)

3. Drag-Lift Force Coordinate System
FF(M rF' TF’ RF)

The drag and |ift forces and nonents of a noving
cylinder are determned not only by the position of the
cylinder, but also by the relative water velocity flow ng
past the cylinder, Figure 17(c). To sinplify the
calculation of the |ift and drag forces and torques acting
on the cylinder, we propose to use the drag-lift force

coordinate system Let (V,) be the fluid velocity. The

relative velocity the fluid to the cylinder is represented
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by V=V, -V, and deconposed into two parts: (V) is paralle
to the cylinder’s axial direction (i,), and perpendicular to

the cylinder’s axial direction, V,=V-V,.. Two unit vectors

for the drag-lift force coordinate reference frame can be
defi ned:

— —

e =iy (13)

Je =V |V (14)

The third unit vector for the drag-lift force coordinate

systemis defi ned:
Ke =] (15)

The Earth-fixed and drag-lift force coordinate systens are
connected by the transfornmation:

e = ellr'i'enjﬁ"'esllZ (16)
J?F:ellziﬁ"'elzzjﬁ"'elgzR (17)
ke =e' 13r+e. 23jﬁ+el 33R (18)

C. COCRDI NATE TRANSFORVATI ON MATRI CES

Rot at i onal matri ces connect the three coordinate
systens. Let EfE M F indicate the Earth fixed, body-fixed,

and drag-lift force coordinate systens. The position vector
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represented in the body-fixed coordinate system ("“P) are
transferred to the earth coordinate system ( °P) through the

rotation matrix (. R) as:

®p= ER.MP (19)

The rotation matrix is conputed by:

€, €, €5 cosy, -siny, O|| cosy, O siny,
R=|e,, e,, €,|=|siny, cosy, O O 1 0 (20)
€ €3 €5 0 0 1||-siny, O cosy,

The reverse rotation process is given by:

“P=VR."P (21)
"R= SR (22)
The rotation matrix to transfer between the earth-fixed
coordinates and drag-lift force coordi nate systens:
*P=ER-FP (23)
ell élz élS
IER: e21 e22 e23 (24)

e3l e 32 e 33

"p=FR. 6P (25)

ER=fR'=le,, €, ey (26)



The rotation matrix between the body-fixed coordinate and

drag-lift force coordinate systens:
“P="'R.TP

"P=FR.YP

This relationship can be expressed in terns

respective angular velocity conponents in body

coordi nates and drag-lift force coordi nates:

0 0
©, |= fR| 0,
| @3 0y |
o 0

This results in the transformati on matri ces:

1 O 0
';ARE 0 d,, dy|= ’\EAR'ER
0 d;, dg
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(30)
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D. HYDRODYNAM C NMASS

Hydrodynam ¢ mass is defined as the as the mass of the
fluid around a solid body that is accelerated with the
novenent of the body due to the action of pressure forcing,
(Sumer and Fredsoe 1997).

When a solid body is accelerated through a near stil

fluud at sonme velocity (V), a kinetic energy balance

between the end states reveals that when the body is
accelerated from Qtl) to V(t,) the flow field at the second

speed has nore kinetic energy than at the first speed,
(Panton 1996). The difference in kinetic energy between the
end-states results from not only accelerating the mne
shape but also the fluid nmedium (water or seawater) in the
i mredi at e nei ghborhood of the m ne shape. The hydrodynam c

mass (m,) can be included in Newton’s equations in genera

terns as:

F=(m+m)-a (34)

Lanb (1932) outlines the steps to <calculate the
hydrodynanm ¢ nmass based on inertial coefficients associated
with the axial, cross, and rotational flow properties.
These coefficients are adapted from (Lanb 1932) and (Arnone
and Bowen 1980). The nine shape is treated as an ellipsoid
of rotation, where the maximum mne dianmeter and the
maxi mum mne length equate to the axes of the ellipse,
(Hurst 1992).
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The inerti al coefficients are based on t he

eccentricity of the mne shape:

) d 2 1/ 2
e—(l- (Ej ] (35)

(L) is maximum length and (d) is maxinmum dianeter of the
m ne shape. The inertial coefficient for the mne shape

axi al flow conmponent is defined as:

° (36)

o :[2(1e-ge2)}(1/ 2| nEL:} ej (37)

The inertial coefficient for the mne shape cross flow

conponent is defined as:

k,=—to (38)

—1/, (L€, Lt
=3 (52 oofe]
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The inertial coefficient for rotation about the cross flow

axes of the m ne shape is defined as:

k, = L (40)

| (2 J'((so-z o) (2 1]]

The hydrodynam ¢ mass correction along either the axial or

cross flow axis is the product of the appropriate inertial

coefficient and the di splaced mass of the mne shape:

m, =( k(1,2,r)) (pw (1) (41)
Here the variable set k,,, denotes the appropriate inertial

coefficient, (p, the fluid nmedium density, and (I) the

vol une of the n ne.

The hydrodynamic mass is added to the external forcing

i n the nonmentum equati ons:

WV oErm (42)
dt
'Er =H f(kl,k2) (43)

A correction factor is wused. Here f,;,, denotes the

appropriate correction factor based on whether the forcing

is along the axial or cross flow direction.

m = m+m (44)
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m :5H+k(1'2)pwﬂ (45)

m = n{1+k(1,2,r)x%—WJ (46)

— Pw
f(kl,kz) _[1+k(1,2)x?j (47)

Simlarly the hydrodynam c mass is accounted for and added
to the external torque forcing in the nonent of nonentum

equat i ons:

do -

—=M/[J 48
=M (48)
M =Mf,, (49)

The correction factor used, (f,,), denotes the appropriate

correction factor for rotation about any of the body fixed

axes axis.

m = ol +k, 0,11 (50)

m :rr{1+k(r)x%j (51)
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Q”:(1+&UX%%j (52)

E. MOVENTUM EQUATI ONS

The nmonmentum equations in a general format are
witten, (Von Mses 1959):

o
<

(53)

T
1
D-?
—
I
o

T
1
oIt
+
pay

(54)

For these equations, (n) is the mne mass, and (p) is the

average mne density, then m=p-1, where (1) is the m ne

vol ume. The force vector F =F,, F

sx? | sy?

F, conprises the
resultant surface forces, (drag and lift forces) where
added mass has been taken into account. (F) is the volune

force including both the buoyancy force and gravitation

force. The body force is witten:

Pb:'H(ﬁ' pw)gk (55)

Here (p,) 1S seawater density. The seawater density can be

calculated based on enpirically fitting an equation to
tabular data found in (CRC Handbook 1981, as cited in
Hurst, 1992).

0, =1028. 17- 0. 0742xT- 0. 0048xT° (56)
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The surface force is the resultant force from both the
drag and lift force on the rotating, noving cylinder as
expressed bel ow

F =F,+F,+F,+F (57)

The di nensi onal nonmentum equation descri bes the novenent of
the center of mass (M for the cylinder as expressed bel ow

d—v=-(1-&j-g-R+ R (58)

The conponent nmomentum equations are expressed:

du_ Ry (59)
dt pxn
F
v _ T (60)
dt pxn
dw 0 F
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F. MOVENT OF MOMENTUM EQUATI ONS:

The nonment of nonmentum equations are witten in the
body-fixed coordinate reference frame, the mne angular

velocity is deconposed into conponents:

&= By, + B (62)



In this case, &, ,=Q-im, is the angular velocity around the

m

fi xed- body axis director (im) and angul ar vel ocities around

The (j, and k) mine body axis directors are:

At =w2fM+w3RM (63)

The noment of nonmentum equations can be expressed in
terms of the conmponent angular velocities, (Von M ses
1959):

o
el
<
1]
gl
()
o
el
5

(64)

The conponents of angular velocity can al so be expressed:

do .. -
J.—= + 65
at M, +M (695)
0= Qrm+®2TM+w3EM (66)
M= M, +M (67)

(M) is the body force monment and (M) is the resultant

surface force nonment where added mass ahs been taken into

account. The gravitation force nust pass the nmine shape’s

mass center, so its relative nonent is zero. The fl oat
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force nonent of nonmentum reduces to only buoyancy force
nmonment, where x=(M-(B):

M, =X, -COSY, J (68)

1. Monment of Inertia Tensor

The matrix [J] constitutes the mass nonents of inertia
(gyration) and mass nonents of deviation, (products of
inertia) for the mne shape, (Von Mses 1959) and (Wite

1979). The square matrix [J] is commonly called the inertia

tensor for an arbitrary solid body, (Cannon, 1967).

‘]l 12 J13
J =13, J, J, (69)
‘J31 ‘J32 3

Ji, Jo, and J; are the three nmonents of inertia around the

princi pal body fixed coordi nate axes and are expressed:

Jy=[(r3+rd) dm (70)
3,=[(r3+rf)dm (71)
Jg=[(rZ+r2)dm (72)

The nonents of deviation (or inertia products of second
order) are for exanple expressed:
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Ja :jr3rldm (73)

For a symmetrically shaped cylinder the principal axes
are aligned such that the nonment of deviations are,
J, =3, =33 =33 =03, =3, =0, (Von Mses 1959) and
(White 1979). The conponent nonent of nomentum equations

sinplify in this case to:

de_M, (74)
dt J,

do, _TIxgp M,

— 2 =""AIMW cos, +—2 75

dt J, v J, (73)
do; _ M, (76)
dt  J,

2. Mass Monent of Inertia

Cal cul ations of the nonents of inertia for the mne
shapes include allowances for non-uniform mne density
along the length of the mne shape, Figure 18. Here the
of fset between the center of mass (M and center of vol une
is given by x:

J‘ip'x dx |
x=—2 =[i@-%-dx (77)
..._ZLp'dX 2P
2
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The variable density of a nmine shape is expressed as:

o = p(x). The nass nonent of inertia around body-fixed

coordinate reference frame director (iwm) (cylinder
director) will be:

leimodz
8

Fi gure 18. The M ne Shape Body Fi xed Coordi nate
Systemwith the Center of Mass (M to Center of
Vol une (B) O fset - (x) Shown.

The mass of the mne is determned fromthe expression:

n-d?-L

T
N |0

57
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The mass nonents of inertia around mne body-fixed

frame axes principal directors, (j,and kw) will be equal

due to mne shape’s symmetry, as foll ows:

m(d) m 2
=9 (5] el e me (80)
2 o(n) )
¢= [ |=—=-1|n’dn (81)
1 P
i

The first and second ternms evaluate the nonent of
inertia for the uniform cylinder. The last term conputes

the differences encountered along the length of a non-
uniform density mne shape cylinder where n:%- defines a

non-di mensi onal position along the | ength of the cylinder.

G DRAG AND LI FT FORCES ON MOVI NG ROTATI ONAL CYLI NDERS

The circular cylinder body has been studied widely in
fluid dynamcs, from both a theoretical and experinental
standpoint. Drag data for cylinders are known for the w de
range of Reynolds nunbers and flow orientations encountered
in nmodeling a mne shape free fall through the water
colum. The relative flow velocity around the mne shape
cylinder is expressed:

Vi =Vu-V=WV+VWV=Vic+V, |, (82)
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Here (V:) represents the relative flow velocity across the

solid body, (Vu) is the water velocity (currents) and (V)

represents the mne shape’s velocity.

F)

F

dl)

Fi gure 19. The Drag-lift Force Coordi nate Reference
Frame Under Oblique Relative Flow Conditions
Across the M ne Shape Solid Body.

Wen a cylinder is placed at an angle to the flow as
in Figure 19, the so-called independence or cross-flow
principle is applicable, for calculation of the cross and
axial flow drag forces, (Hoerner 1965, as cited in Fomer
and Bredsoe 1997). Hurst (1992) used the sane approach for
nodel inprovenents, and although the technique follows
sound engineering practice it may be an oversinplification
of the nonlinear effects oblique flow produces on the solid

body dynam cs.
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Essentially the nobdel works on the assunption the
drag-lift franme coordinate velocity conmponents act to
produce independent axial and cross flow drag and 1lift
forces that act on the cylinder. The along cylinder axia

vel ocity conponent is witten:

Vi=V,-cos(U,) =V, -ir=(u,-u)e, +(V,- v)e, +(w,- we,,  (83)
The cross-flow velocity conponent is witten:

Vo=V, -V, (84)

The cross flow axis director is expressed:
TF:e'lzxi"+e'22xj“+e'32xIZ=%‘ (85)
2

The determ nation of the velocity conponents relative
to the drag-lift force coordinates allows for calculation
of conponent drag and |ift forces. The axial drag force

al ong the cylinder is given by:

—

Fio =farir=fy (e11r+ezlf+e31l2) (86)

The cross-flow drag force:

'tdz:fdz'TF=fd2(el12iﬁ+e'22jq+e'32r(.) (87)

The lift director, (ke =1ir xj.), induced drag force is
produced as a direct result of the lift force acting on the
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solid body of uneven density causing a rotational response.
The solid body lift force is tied directly to rotation of

the solid body (@) around the drag-lift force coordinate

director (ir), (Crowe et al 2001). The resultant lift is
expressed:

E :fl ke (88)

The solid body drag force due to the lift force is tied

directly to rotation of the solid body (w,) around the drag-

lift force coordinate director (j.), (Von Mses 1959). The

resultant drag force due to lift is expressed:

E, =, ke (89)

The lift force and induced drag force act along the sane
lift-drag force director expressed as:

F+F, = (f) +y) (€4 +€ 40 +€,K) (90)

The total surface forces acting on the solid body will be:
F =F, +F, P +F =f i e+ of o +(F o+, ke (91)
In general, a mnes velocity during free fall is on

the order of mgnitude, 1 ms, the seawater kinematic
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viscosity is v = 1.4x:MT6”§/, and the radius of the mne

r =0.2-0.4m. The average Reynolds nunber for the flow

regime to calculate drag and |ift forces is Re = 10°. The
flow is assumed to remain |amnar around the mne shape
with turbul ent vortex shedding occurring in the wake region
for this Reynolds nunber flow reginme as discussed (Purday
1951) and (Suner and Fredsoe 1997).

The flow around the cylindrical mne shape transitions
rapidly through the low and md Reynolds nunber flow
regi mes once the shape is released and begins a trajectory.
It rapidly accelerates into the high Reynolds nunber sub-
critical flow reginme where pressure effects and boundary
| ayer effects dom nate the nonmentum and nonent of nonmentum
external lift and drag forces, (Panton 1996).

Drag forces are conposed of both form drag and skin
friction drag. The skin friction drag is a result of the
viscous forces acting on the body as it noves through the
wat er usually making up no nore than 2-3% of the total drag
force, (Sonmer and Fredsoe 1997). The form drag is due to
t he unbal anced pressure forces acting on the body. The sum
of the two independent drag forces is called the total or
profile drag. Drag coefficients are enpirically obtained
for common bodies (like right symetric cylinders) based on
calculation of the profile drag force through the
collection of experinental data using the follow ng

rel ati onship.

(92)



where (A,) represents the bodies characteristic area, and

(L) in this case is sone characteristic size scale for the
consi dered body shape. It is common in hydrodynam c drag
calculations to use the shape dianeter (d) and projected
area as the characteristic length and area scal es, (Purday
1949) .

The drag-lift force coordinate reference frane
selection sinplifies the projected area calculations. The

reference area for axial flow is (A, = ygdz), and the

reference area for cross flowis (A, =d-L).

A factor of 1.1 is nomnally added to the profile drag
force to account for surface roughness and body
inperfections in both the axial and cross flow drag
coefficients, (Hurst 1992). The enpirical equations used to
formulate axial and cross flow drag coefficients used in
nodel conputations enconpass both form and skin friction

drag, or conprise the profile/total drag coefficient.

1. Cylinder Axial Drag Force

The axial drag force is expressed as:

@Cdl.njz.pw.‘vl‘.ﬂ

:Cfl"V1"(ellr+ezlr+ealR) (93)

dl =
fkl
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1 rd? -
EQn'jIHPWWWJ
G, = f (94)
k1
The axial flow velocity conponent in the drag-lift force
coordi nates can be expressed:
Vi= (Vw' Vo)'(elli +e21j +e31k) (95)
=U8 - U8y TV 850 - V8 TWEs, - WEy,
This allows the axial drag force to be expressed:
€1 €1
Ifdl = Cf 1 (Uwen V.61 +Wwe31) €51 |- Q 1 (uoell V€5 +Woesl) €51
€31 €31
2
€11 0 0 u, 0 €116 €1,°65 || U,
_ 2
_'le 0 €51 0 Vo 'Cflx €51 €11 0 €,1°€51 || Vo (96)
2
0 0 €31 W, €31°€11 €576y 0 W,
2
€1 €1°€ €5,°65 || U,
2
+Cf1 X €, € €51 €51°€31 ||V
2
€31°€11 €5,°€65 €31 W,

To calculate the drag coefficients as well as later
calculate the lift coefficients requires the calculation of

axial flow Reynolds nunber, (R,):

vd

V

R.= (97)

The kinematic viscosity of pure water (v) that is used

to calculate the Reynolds nunber is enpirically derived
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from tabul ar data, (Crowe et al, 2001) for the tenperature

range of concern:

(T) °C < 10°
n=-5.7471-0. 0136xT
(98)
v=10"
(T) °C >10° < 40°
n=-5.77592-0. 010718xT
(99)

v=10"

An enpirically derived conversion factor (CRC Handbook
1981, as cited in Hurst 1992) allows for conversion from
pure water Kkinematic viscosity to the seawater Kkinenatic

Vi scosity:

V., =Vv-F (100)

sw

F=1.058(1+0. 0000363xT) (101)

The axial drag coefficient (GC,) can be related to the

aspect ratio of the cylindrical object and considered to be
i ndependent of axial Reynolds nunber, (Sumer and Fredsoe
1997). An enpirical fit to the axial drag coefficient data
for a symetrical cylinder, (Crowe et al 2001), is

devel oped for (C,) based on aspect ratio (AR). Aspect
Ratio is defined:

ARZEé (102)
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The enpirical axial drag coefficient relationships are

expressed:
For AR > 8
G,=1.0
AR > 0.5
C,= 0.75 + AR N 0. 096212 (103)
32.1934 (AR
AR < 0.5
C,=1.15
The enpirically fit formul as agree well W th

experinmental drag coefficient data gather and plotted by
Rouse (1938). This piecewise, linear fit to data in (Crowe
et al 2001) produces a nore conservative drag coefficient
than the coefficient calculation used by (Arnone and Bowen
1980) and detailed in (Hoerner 1951). To account for
i nperfections along the flow surface of the cylinder and
followng conservative engineering practice, the drag
coefficient is adjusted 10% simlar to procedures
di scussed in (Hurst 1992) and (Taber 1999).

C,=1.1-C, (104)

2. Cylinder Cross Flow Drag Force

The cross flow drag force is conputed in the drag-Ilift
force coordinate reference franme, as shown in Figure 20.

The cross flow relative velocity component (V.) is aligned
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to sinplify drag and |I|ift coefficients using

enpirical data.

exi sting
For any (w,), the cross flow drag force can
be expressed:

1 21,
2Cd2d-L-pW{(V2+Xco3) +12L2(o32) B
T (105)

fk2

:(Qz'V2+fcf2)’(é12r+e'22J?+e'32R)

c,= f (106)

cf2 = f (107)
k2
2 .
€ 0 0 U, 0 €,°€, 1232 o
- 2 '
Itdz_'(;z 0 €. 0 Vo |- sz €€, 0 2°€3 || Vo
0 e’ |lw e, e, €.,-e 0
32 o 32°%12 32°%22 o
o | (108)
€1 €1,°€5 12 €37 w 12
- .
+Cf2 2212 €2 22°€3 ||V +fcf2' 22
' ' "2
32°€1p €3,°€ €3 W, 32
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Fi gure 20. The Drag-lift Force Coordi nate Reference
Frame Depicting the Cross Flow Velocity | npacting
t he M ne Shape.

The cross flow drag coefficient is (GC,). An enpirically

derived relationship is developed from the curve for cross
flow around a cylinder of infinite length, Figure 21.

First determne the cross flow Reynolds nunber, (R,):

vd

V

R.= (109)
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Fi gure 21. Drag Coefficient Curve for an Infinite
Symrmetric Grcular Cylinder. “From Crowe et al
(2001).”

The calculation of the cross flow drag force is
directly related to the Reynol ds nunber and AR

R, > 350000

G, =1/ (641550/ R, +1. 5) (110)
R, > 150000

C,=1.875-0. 0000045xR, (111)
R. > 12000

The majority of the cross flow drag force coefficients
occur calculations used in the nodel occur in the region of

the curve shown in Figure 21 for Reynolds nunbers between

1x10* and 3x10°. (Rouse, 1938) shows that for a cylinder of

finite length the change in stagnation pressure felt on the
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front face of the cylinder is reduced due to | eakage around
the ends of the <cylinder and the <cross flow drag
coefficient |owers depending on the (AR) of the cylinder.
An enpirical relationship is derived from (Rouse 1938) for

this Reynolds nunber reginme based on (AR) of the given

cyl i nder.
For AR > 10
C,=1.20-4/ AR (112)
For 2 < AR <10
C,,=0.835 - 0. 35/ AR (113)
For AR £ 2
C,=0.7 - 0.08/ AR (114)

These formulas are enpirically derived from a I|inear
piecewise fit to a curve from (Rouse 1938). The drag
coefficient values are slightly higher (nore conservative)
than those derived using the Mnning Coefficient used by
Arnone and Bowen (1980) for the original nodel. The nore
conservative drag coefficient data is wused for nodeling
purposes as the two dinmensional nodel is known to over
predict vertical i mpact velocities, (Sat kowi ak  1987),
(Taber 1999), (Smth 2000), (Glless 2001) and (Valent et
al 2002). The fornmulas agree well wth experinental data
plotted in (Hoerner 1951), and (Rouse 1938).
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Continuing to |ower Reynolds nunbers for cross flow

conditions the results follow the curve in Figure 21.

R. > 2000
C, =0. 84+0. 00003xR, (115)

R > 180

C,, =0. 8555+89/ R, (116)
R > 12

C,=1.261+16/ R, (117)
R <12

C,=1.9276+8/ R, (118)

Again, to account for inperfections in the flow surface
around the cylinder the base cross flow drag coefficient is
i ncreased by 10%

C,, =1.1xC,, (98)

3. Cylinder Lift Force

It is well docunented that the |[ift coefficient for a
cylinder can be witten:

C=1—"5— (119)
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The reference area (A, represents the wetted cylinder area

in the lift-drag force coordinate frane. The I|ift force

along the (ki) director in the drag-lift force coordinate

systemis expressed:

L
fQ-dZ-pWJ._ZLXX(VZ- ools.nyjn
F= 2 Ke = (G Vatfq ) (6.4 +e, +€4K)(120)

fk2

1
~o-d?0 -L
2 Pw

G =2— (121)

f = " (122)

0 €13°€, €553°€5
- Cfl' €€, 0 €,3€5, || Vo (123)

_e33'e12 €33°€ 0 W

€157€, €,3°€, €,53°€5 ||U, €13
. . . . . . +f .

33°€12 €353°€ ess'esz_ Wy €33
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If o, =0 the flow independence principle discussed
earlier is also applicable to the calculation of [lift
coefficients for a cylindrical mne shape, (Suner and
Fredsoe 1997). Now consider cylinder lift coefficient data,

Figure 22. A linear piecewise fit to the plotted
experinmental data for rotation rates, d;QS8, around i
Z
pr oduces:
d-Q
C=r— (124)
Z
1

4. Lift Axis Induced Drag Force

If w,#0, as is the case when the center of mass (M
is not coincident with the center of volune (B) in a non-

uniform density cylinder the angular velocity will inpart

an induced drag force on the lift axis, (ke):

F.=f, ke #0 (126)
1 . L
Ecds'd'pw'wz"wz‘ 2 ) ) % .
Fio = ([ydy- [ ydy)ke (127)
sz 0 L
2
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. 112Cd3'd 'pw-x-(3L2 +4x2)-‘(o'2"(o'2
d3

Ke :Qg'RF
fra

(128)

:Qs '(é13r+é23]?+é33R)

Assum ng 2§358, in Figure 22, the linear fit can be applied
2

to the curve to provide the enpirical relationship where

C:;=GC,. In this case the force coefficient can be

sinplified and expressed:

1 o
- —C,-d-p,- (32 +4v?)-|w. |-
G=12 " Xf( )b (129)
k2
10
|
8 ,/

e

_ _ / Cp FLF

2 D
l re

6 8

1] 2 4
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Fi gure 22. Cross Flow Coefficients for Drag and Lift
on a Rotating Cylinder. “From Crowe et al (2001),
After Rouse (1938).”
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H. DRAG AND LI FT MOMVENTS ON MOVI NG ROTATI NG CYLI NDERS

The conposite rotation of a cylindrical mne shape
about the three drag-lift force coordinate axes directors

U},fp RF) w Il produce response nonents on a position near

the body center of mass due to interaction with the fluid

medi um creating drag and |ift.

Here it is established that at oblique angles of
attack the nmonent arm center occurs neither at the center
of mass (M of the object nor at the center of volune (B)
but at sonme point between the two, (Maxwell 1890, as cited

in Lugt 1983). Wen the mne shape is at oblique angles to
the incomng flow an enpirical adjustment e=¢ (sin2y,) is

applied to the nonment arm cal cul ations, as shown in Figure
23.

The value (g, 1is the maxinum percentage of the
di stance between the between the center of mass (M and the
center of volune (B). This is set as the default in the
source code, but an input line allows this value to be
changed by the operator running the code to evaluate the
effect of changing it. The correction dimnishes to zero as

the flow orients towards either purely axial or cross flow

and reaches a maxi num val ue when vy, =45°.

The technique inproves the three-dinensional nodel
performance when conpared to actual mne drop results, but
this technique may oversinplify the actual nonment dynam cs

affecting the solid body notion.
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Fi gure 23. The M ne Body Coordi nate Reference Frane
in Oblique Flow Conditions Across the Solid Body,
Showi ng the Correction Factor ¢ Applied to the
Center of Mass offset, x, to Approximate the

Drag-Lift Force Monent Center.

1. Cylinder Axial Mnent
Consider a steady flow between two cylinders with a

common center. The nonent of nonentum around the (if) axis
will be, (Wiite 1974):

rm-r
ez (0 - @) (130)
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The radii (r, r,) are the inside and outside cylinder
radius, (o) and (w,) are inside and outside angular

velocities. Wien r, - « and «,=0:

M= -4mu - rf? - o, (131)
Ml:_H.p.L.dZ.Q.rF:Cm-Q-rF (132)
C,=-mu-L-d? (133)

2. Lift Axis Drag Monment

The lift axis drag nonent is calculated nmuch as the

cylinder axial nonent, but taken about (ke) and expressed:

Mgs = Mys ke = M3 .(d23fM+d33EM) (134)

'dy:CnB'('O‘S-'-n]:n’B (135)

-Cp,d-p (f'z\/st +V,Lx? +;L3o)'3x+;x3co'3j
Ce= = (136)

My = (137)
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Let ©,=&-ke=w,-d,+w,-d,;, and perform the rotation from the

drag-1ift force coordinate (TF,EF) to body-fixed coordinates

(fM RM):

3. Cross Flow Axis Drag Monent

Following a simlar process the nonment around (j}) can

be expressed:
IY/Ldz = I\/Ldz 'qu = NLdZ '(d22TM+d32RM) ( 139)

The Reynol ds nunber for cross flow nonment cal cul ations
is based on the angular velocity around the drag-lift force
coordinate director (if). In this case, the rotation is

Q, =0 and R, £2. This allows the drag nonment coefficient

o

to be approximated as C, = (8/R,), (Crowe et al 2001). This

enpirical technique allows the drag nonent coefficient to

be witten in the form

8v
C, = | —r— (140)
{Iyl'\Wz\'dJ
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TET (141)

X
1
ECdZ d pw 2 |y|

X

-zl

.
N
N Fe ™

xdy (142)

My, = -

r

Substituting for (C,), the torque can be expressed

L/ 2-x
'411032 '[ y

Mp=—"7F—" i — R dy:CnQ'(dzz‘wz"'dzs'ws) (143)
K

r

_- p(LS/ 3+4Lx2) (144)

(11% fk

r

Now using the relationship w,=&j,=w,-dy,+w,-d,;, the torque

can be rotated from the drag-lift force coordinate frane

G@ RF) to the fixed body coordinate frane (fM kMy

4. Cross Flow Axis Lift Mnment

Last consider the noment due to pure lift around (}F)

due to established rotation about the axis:
M| =M, ‘qu =M, '(dzzfm+d32i2m) (146)
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- 1@ d?. 0 %x
-=-X w
M, = f -dy=—4——— [ (W-ay)ydy (147)
kr kr %X
lodet, 4o
M, =f—-(v2x+EL2w3+x2w3]=Cm wm, o (148)
kr
Q-d?-p, L-(214L2 XZJ
C, = f (149)
kr
;Q.dz.pW.L.\/z.X
My =5 (150)
kr

Let w,=&ke=w,-d,+w,-d,;, this torque can also be rotated

from the drag-lift force coordinates (fF RF) to the fixed

body coordi nat es (fM, kM):
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MODEL LI NEAR ORDI NARY DI FFERENTI AL EQUATI ON SOLUTI ONS

In each time step (0<t<t,), where (t,) is synonynous
with the nine shape reaching the bottom the variable (q)
is defines the vector: q = [u,v,w Q, o, and w,].

The system of force-balance equations for the solid
body can be represented in matrix notation as a system of
differential equations, (Cannon 1967). In this case the
system of ordinary differential equations sinplifies to a
system of first or der i near ordinary differential
equations of the form

3—?=a-q+b (a#0) (152)

The analytical solution will take the form (Cannon 1967)
and (Boyce and Di prima 1997):

q(t)=q(0)+b-t  (a=0) (153)

This represents ordinary integration in a single variable,
g=f(t). O herw se:

q(t ):(q (0)+9jea"I - g (a#0) (154)
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The solution for single variable integration will take on

form

[, a(t)pt =q(0)-t +%b-t2 (a=0) (155)

The system of first order, linear ordinary differential

equati ons have solutions of form (Boyce and Diprim 1997):

a

I;fq(t it =§(q (0)+Ejea‘t -—t (a=0) (156)

The nodel i ng nunerical procedure is outlined in Appendix D.
The MATLAB application nodel source code is found in
Appendi x B.
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VI . DATA RETRI EVAL AND ANALYSI S

A DATA RETRI EVAL

Two separate data sets exist for analysis and
validation of the three dinensional nodel di scussed
previously. Upon conpletion of the drop phase in both the
M DEX and Carderock experinents, the video clips from each
canera were converted to digital format and archived for
subsequent analysis. Al the data analyzed was acquired
within a controlled environnent where drop angles and
initial velocities had some controllable tolerances about
desired values. Al values derived from the digital video
clips and archived to data sets are reported in Sl units.

1. M DEX Dat a

The digital video clip files for each view of M DEX
data (9 nodel variations and 5 different drop angles from
two caneras) were analyzed frame by franme (30 fps) in order
to determne the mne's position in the x, -z and -y, -z
planes (G lless 2001). These two di nensional positions were

then conbined into one data file for each drop containing
el apsed tinme, (x, y, z) positions, (v, U¥;) pitch and yaw
angles, derived (u, v, w Ilinear velocities and (w, w)
derived angular velocities. Data files were created and
archived by drop angle (15, 30, 45, 69, 75) degrees.
Inquiries for access to the MDEX data archive for use in

m ne burial prediction program research should be directed
to NPS, point of contact Dr. Peter C. Chu; (G Illess 2001).
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2. Carderock Experinment Data

The digital video clips and digital data analyzer
out put from the Carderock experinments were anal yzed by NRL-
SSC personnel (Valent and Holland 2001) and condensed into
a primary data record for each drop containing elapsed

time, (x, y, z) positions, (U, y,) pitch and yaw angles,
derived (u, v, w linear velocities and (w, ;) derived

angul ar velocities. Oher secondary data such as initial
point tracked and final point tracked are included in the
data set for downstream research use. In addition to the
data record a digital video record at 125 fps from three
cameras and an analog video record at 30 fps from one
camera were generated for each nmine shape drop. This allows
researchers the chance to observe each drop visually and
investigate common characteristics as well as anomalies
noticed in drop data. The conplete data set from the
Carderock experinment contains over 150 drops. This thesis
investigated and analyzed only those drops of blunt nosed
cylinders, 44 drops. Inquiries for access to the Carderock
m ne drop experinment data for use in mne burial prediction
research should be directed to NRL-SSC, point of contact
Dr. Philip Valent, (Valent and Hol |l and 2001) and (Val ent et
al 2002).

B. SOURCES OF ERROR

1. Data Error

There were several sources of error that hindered the
determ nation of the mne's exact position within the water

colum. Locations above or below the canera's focal point
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were subjected to parallax distortion for both experinents.
Placing the cameras as far away from the expected fall
path, while still being able to resolve the nine shape
notion, mnimzed this error. An object injected into the
water wll generate an air cavity. This air cavity can
greatly affect the initial notion, particularly at very
hi gh speeds (hydro ballistics). Many of the drops could not
be tracked until 10 — 20 frames into the drop after the air
cavity bubble formation had di m nished. The initial
position and angle error is estimted to be 1-2% for the
M DEX data (G lless 2000) and 2-3% for the Carderock Data
(Val ent and Hol |l and 2000). The error while not itself |arge
can lead to larger error in both the initial |inear
velocity calculations and the initial angular velocity
calculations wused to initialize the three dinensional
nodel . Estimates of |inear velocity error and angular
velocity error are 0.17 nis and .1 rad/sec respectively.

2. Model Sinplification Error

The initial conditions fed to the three dinensional
nodel from the 270 experinmental data cases all assune the
mne shape is fully wetted and feels no residual effects
from the air-water cavity surface interaction when it

begi ns the hydrodynam c phase at nodel t_, = 0. As nodel ed

previously by Arnone and Bowen (1980), Satkow ak (1987),
and Hurst (1992), it was assuned that once the mne is
fully wetted it noves directly to the hydrodynamic flow
regime wthout any residual effects from the previous
regime. This is deened an acceptable assunption for the

Carderock mne drops. These drops all occurred with the
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mne fully wetted and any initial novenent had been danped
out. The MDEX data begins tracking the mne shapes once
the bubble cavity collapses and the nmne shape is visible
against the grid in the background. This point was set as

t, =0, and the initial positions and subsequent tracking

[o]

are based on that point.

While this sinplification is acceptable in both cases,
Hurst (1992) discusses the fact that a singular point
transition does not exist in the real notion but would
actually occur as a transition zone where the renote
effects of the cavity zone would continue to dimnish for a
short period after the mine shape enters the fully wetted
hydr odynam ¢ phase. Currently no nethod or technique is
available to include in the nodeling to handle this nore
conpl ex notion and effects of the air-water cavity phase as

it transitions to fully wetted purely hydrodynam c fl ow.

A second sinplification consists of assumng that both
the axial and cross conponents of flow remain |amnar
during the bodies free fall through the water colum. A
long body or a tapered body would tend towards turbul ent
flow as the flow continued further aft on the solid body in
the axial direction, (Schlichting 1979). Purday (1949)
presents a nethod to handle this phenonenon if data becones
available to suggest a transition to turbulent flow does
occur in the axial direction along a cylinder, or tapered
shapes are considered in the future.

Third under oblique flow condition it is assunmed the
end plates continue to feel Ilamnar flow It could be
argued that at oblique angles of attack the front end plate
would feel lamnar flow while the rear end plate would
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transition to turbulent flow and a change would occur in
the torques on the solid body. No data currently exists
for oblique flow around <cylinders to support this
hypot hesis. Panton (1996) presents nmethods to handle this
effect if data or a coupling principle becones available to
support the hypothesis. 10 test cases were run using the
Faul kner-Skan simlarity nethod (Panton 1996). The nethod
was used to determine the differences in flow across each
of the end plates. The effect was determ ned to be a second

order effect for the Reynol ds nunber reginme of concern.

Last, vortex shedding in the wake of a cylinder placed
into a flow pattern is well docunented to occur in the
Reynol ds nunber reginmes of concern, (von Karnmen 1911, in
Rouse 1938) and (Suner and Fredsoe 1997). This is a
nonlinear effect that can renotely affect the solid body
nonment um and nonents of nmonmentum (Suner and Fredsoe 1997).
The three-dinensional nodel first order solution assunes
the vortex shedding is decoupled fromthe solid body notion

and has no effect on the nonentum and nonents of nonentum

C. DATA ANALYSI S

The data set analysis centered around three central
goals: 1) create experinment drop results in a plot format
easily conpared to the nodel output plots, 2) provide
necessary initial conditions from each of the experinment
drops to the three dinensional nodel and create a plot of
the nodel results, and 3) Create initial conditions for
entry into the existing mne burial prediction nodel,
| MPACT28. The key conparison paraneters at the end of each
drop were the inpact fall velocity and the pitch angle of
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t he shape. These values were archived from all 270 cases

for the experinental drops, three-dinensional nodel and
| MPACT28.

1. Mne Modeling Paraneters

The required nodel inputs consist of three |inked sets
of paraneters, Table 7, Table 8, and Table 9.

M ne Characteristics
¥ center of mass of fset
P, mMmne mean density
| mne length
d mne dianeter
m m ne nmass

—

J nonent of inertia tensor

Tabl e 7. M ne Characteristics Required for the
Three Di nensi onal Model .

Initial Conditions

Xoo Yo Z, initial position vector
u, v,, W, initial velocity vector
Q, o, o, initial angular velocity vector
Wor Wa initial angle vector
At time step increnent
Tabl e 8. Initial Conditions Required for the

Thr ee Di nensi onal WModel .
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Hydr odynam ¢ Characteristics
Vi=Vi+V, relative water velocity vector

R, reynol ds nunber

G, axial flow drag coefficient

G, cross flow drag coefficient

G lift coefficient

T, wat er tenperature

P wat er density

1% wat er ki nematic viscosity
Tabl e 9. Hydr odynam ¢ Characteristics Required

for the Three D nensi onal Mbdel.

Al though both data sets and the three dinensional
nodel are referenced to a conventional earth fixed
coordinate reference frame (right hand rule), all three
initialize the mne orientation differently. The node
initializes with the head of the mine pointing along the
positive x-axis direction, the MDEX data set has the head
of the mne pointed in the negative y-axis direction, and
the Carderock data set has the head of the mne pointed in

t he negative x-axis direction.

Both data sets positions and velocities values had to
be transferred to the sanme orientation as the nodel to
perform conparisons  of nodel out put plus eval uate
conparisons of inpact fall velocities and inpact angle.
This sinple conversion at tines becane very confusing

t hroughout the anal ysis process.
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A second data conversion issue occurred because
approximately fifteen percent of the Carderock experinent

drops did not have data at t_ = 0. These particul ar drops

(o]

were adjusted to create initial conditions for a psuedo

t., =0 by subtracting the initial value of the drop from

(o]

every position, angle, and tine value colum to create a

new t, =0 referenced data set for that drop. Resetting
drops to the newinitial conditions at the new pseudo t, =0

mai nt ai ned t he maxi mum nunber of drops in the data set.

Three blunt nosed mne shape drops in the Carderock
data set were not investigated and analyzed in this
investigation due to an excessive gap where no data was
recorded during the mne shape’'s fall. The drops not
consi dered during analysis are, 2w5, 10w5, and 17w 1.

2. Mne Drop Mddel Conparison Plots

The mine drop experinental data is plotted alongside
the nodel output for each experinental case. An exanple
plot of a drop case form the Carderock data is shown in
Figure 24. The two-dinensional x-z planar sub-plots
present the cunulative distance traveled by the mne shape
for both the experinental data and the nodel output. This
gives an indication for how well the first order nodel
solution deals with the nonlinear notion the actual mne
experiences as it falls through the water colum. The
second set of sub-plots shows a trace of the mne travel
projected onto an x-y plane as the mne falls. And lastly
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Final Drop Mine Shape Final Model

Parameters Parameters Parameters
time: 1.49(s) d: 0.168 (m) time: 1.4 (s)
nyfe: 0.0722 (m) L 0.982 (m) XY, © 0.232 (m)
I -0.00112 ; 454 (k .
e’ (m/5) 4 (kg) V. 0.0858 (m/s)
V' -0464 (m/s) Jo 0.169 (kg*m?) %5 e
V. 4.3 (mis) J 3.94 (kg'm?) V"fm: -0.11 (m5s)
yl 93.7° J 3.94 (kg'm?) am® ~4.31 (M/s)
depth#4.022 (m) 1 0.04517 (m) Wotm+ 93.2°
Carderock Experiment Run: 13w-5 3-D Model Solution: 13w-5
0 T T T T T T T T
Model Initial
051 i _Parar.neters |
Wy, 89.3°
AL | ®3,-0.11 (t/s) |
V., 1-0.015 (m/s)
15t 1| V0 -0.192 (m/s) |
_ V., 1-0.0229 (m/s)
£ dt: 1715 (s)
= 25 T ]
=
@D
]
25| 1t .
S ek 2}
35 1t .
4L il .
2 1.5 1 0.5 0 -05 1.5 1 0.5 0 05 -1
Path Distance (m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0
2 2
1 _ = 1 =
Eo0 ] £ -2 E O 1 £ -2
> 3 > &
-1 &) -3 -1 o -3
-2 -2
-4 -4
-2 0 2 42024 -2 0 2 42024
X (m) @, (/sec) X (m) ®, (fsec)

Fi gure 24. Exanpl e of Mne Drop to Mddel Conparison
Pl ot Show ng the x-z Depiction, x-y Depiction,
“Mass Center Trail” and the yaw velocity Trace as
the M ne Shape Falls Through the Water Col umm
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the third set of sub-plots shows the increnmental val ues of
yaw angul ar velocity (rad/sec) of both the experinmental
m ne shape and the nodel output. These last tw sets of
plots also gives a good conparison of the 1st order node
solution approximation to the actual nonlinear notion the
m ne shape experiences as it falls through the water
colum. The entire group of 270 plots for both data sets is

presented in Appendi x A

3. Inpact Parameter Conparison Plots

A conparison of the experinental data to the current
operational nodel |MPACT28 required conversion to stil
anot her coordi nate depiction because the | MPACT28 rotation
angle directions are reverse of the angle rotation
directions for the three dinensional nodel. The initial
conditions were converted from the three dinensional node
initial conditions to |IMPACT28 format and saved to a

spr eadsheet .

| MPACT28 is not an easy application to wuse. It is
witten in obsolete code and requires manual entry of all
the nodeling paraneters discussed earlier for each of the
270 cases of Appendix A The inmpact fall velocity and
i npact angle output from |IMPACT28 for each of the 270
experinmental drops was saved as a text file and then
manual |y entered into a spreadsheet of final conditions for
impact fall velocity and inpact angle from the experinental
data, | MPACT28 nodel and the three di mensional nodel.

An exanple of a typical conparison scatter plot for
the 270 cases is presented in Figure 25. Additional

conparison plots are presented in the follow ng chapter
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VI 1. RESULTS

A TRAJECTORY PATTERNS

Glless (2001) developed six descriptive trajectory
patterns referenced to the body-fixed coordinate reference
frame that are commonly seen for solid bodies undergoing
free fall through a fluid nedium Table 10. Figure 26
presents the five basic trajectories patterns that can be
conbined to produce the nore conplex notion of a
conbination trajectory. In Figure 26 the final frame shows
a flip flat conbination as an exanple of a conplex
trajectory. The conbination trajectory is the nost conmon
trajectory pattern occurring in 80% of the 270 mne drop
cases investigated. This becones the first indication the a
m ne shape’s free fall notion is not linear and sinple but
tends nore towards chaotic notion as discussed in Aref and
Jones (1993). The chaotic notion tendency has repeatedly
been observed and discussed by authors throughout the
| npact M ne Burial Prediction nodel devel opnent.

B. CARDERCCK TRAJECTORY PATTERNS

The fifty blunt nosed mne shape experinmental drops
conprising the Carderock data were evaluated to determ ne
i ndi vi dual trajectory patterns. The trajectories were
determined through use of di fferent views  of t he
experinmental data from different caneras. Analog and/or
digital video clips for each drop were analyzed if
avai l able. The forty-two drops that contained sufficient
tracking data for determning position were analyzed by
| ooking at the experinental drop data plots. An exanple of
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the data plots is presented in Figure 27. Appendix A
contains the conplete set of the MDEX and Carderock

experiment drop data plots.

The video and tracking position analysis results were
conpared and a conposite trajectory pattern type was
selected for each of the Carderock experinmental drops,
Table 11. The Carderock drops display trajectory results
consistent with those determned for the MDEX drops,
(Glless 2001). The conbination trajectory dom nated the

Carderock results.

M ne Descri ption
Traj ectory
Pattern
Strai ght or M ne exhibited little angul ar change
Sl ant about z-axis. For straight mne attitude

remai ned nearly parallel with z-axis (%
15°). For slant, mine attitude was 45° off
z-axis (+ 15°).

Spi r al M ne experienced rotation about z-axis
t hroughout its water phase trajectory.
Flip Initial water entry point rotated at
| east 180° during m ne notion.
FI at Mne's angle with vertical near 90° for
nost of the trajectory.
Seesaw Simlar to the flat pattern except that

mne's angle with vertical would

oscillate between greater (less) than 90°

and less (greater) than 90° - like a

seesaw.

Conbi nat i on Conpl ex trajectory where m ne exhibited

several of the above patterns.

Tabl e 10. Description of Mne Shape Trajectory
Patterns. “Adapted from (G Iless 2001).”
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Bunt Nosed Mne Shepes

wseries Rat-Soirdl Hat-Soiral Rat Rat-Soird Sart San-Soird
10nsexieg Ha Rat Rat Rat Sat Sant-Sord
11wsaieg Aa-Soird Rat Hat Hat Sani-Hat Sen-Sird
Awvseries Sraight-Hat Sraight-Hat Sraight Sraight Sraght Sraight-Sart
12wvsaries Straight-Aat-Seesaw | Straight-Hat-Soird Straight-Spird (flooded mine) Straight Straight
13wseries Sraight-Hat Sraight-Hat Sraight (flooded nrine) Sraight Sraight
17Awseries Hat-Seesawairal Hat-Seesaw Hat-Seesaw Sani-Aat Sraight-Sat San-Soird
2Dwseries Hat-Seesaw Ra-Seesaw Sani-Hat-Seesaw | (flooded nrire) Sant-Soird Sant-Soird
2lwseries Seesaw-Spird Rat-Seesaw Hat-Seesaw (flooded rine) Sant-Soird Sant
Tabl e 11. bserved Trajectory Patterns for the

Bl unt Nosed M ne Shapes Dropped at NSWC- CCD,
Carderock, MD, 10-14 Septenber 2001.

Fi gure 26.
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C. MCDEL SI MPLE MOTI ON MECHANI CS

The three dinensional nodel output was investigated
and conpared to experinment results for two sinple notion
types, axi al flow and cross flow This conpari son
denonstrates that the three dinensional nodel can
skillfully produce output results consistent wth the

experinmental results for sinple notion flow orientations.

1. Sinple Axial Flow Mtion

A vertical nodel mne shape drop (2w4), where pure
axial flow domnates the flow, shows the nodel can
replicate with skill characteristics seen in t he

experinmental results Figure 27.

2. Sinmple Cross Flow Motion

A horizontal nodel mne shape drop (11w4), Figure 28
denonstrates the nodel can skillfully replicate the
experinmental results for a case where pure cross flow
dom nates the flow pattern. Both Figure 27 and Figure 28
denonstrate that the three dinensional nobdel can handle
sinple dynamc notion that equates to calculations of
external forces and torques acting on the mne shape solely
al ong primary axes.

3. blique Flow Conplexity

olique angles of attack present nore conpl ex
inmpinging flow conditions. The nodel sinplifies the

cal cul ati on by applying the i ndependence rule (Sunmer and
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.49(s) d: 0.168 (m) time: 1.4 (s)
XY, 0.0845 (m) 0.982 (m) :
V... 0.306 (m/s) m: 46.3 (kg) nyfm. N
: ) . -0.0139 (m/s
V' 0.0751 (m/s) J,: 0.17 (kg*m?) G .
Vi -4.31 (mis) Ji 382 (kg'm?) wm 0.0273 (mis)
W' 98.5° Ji 382 (kg'm) Vam! -4.38 (/5)
depth:3.922 (m) 5 0.008838 (m) Wit 90.9°

Carderock Experiment Run: 2w-4

3-D Model Solution: 2w4

0 T T T T T T T T T T
Model Initial %
05 | _Parar.neteors
Yo, -89.4
sl || ©20°0.018 (t/s)
V.- 0 (mfs)
S 11 V,,: 0.0129 (mfs)
o V_.1-0.015 (m/s)
£ dt: 1/15 (s)
c -2F JE
j= 5
QD
(]
25} 1r 8
SR 11 i
-35+ 1t .
'4 C 1 1 1 1 1 1 i 1 1 1 1 1
1.5 1 0.5 0 -0.5 -1 1.5 1 0.5 0 -0.5 -1 -1.8
Path Distance (m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 T 1 !
E o . £ -2 E ¢ . £ -2
> oy > &
(] (o]
= -3 “d -3
-2 -2
-4 -4
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) @, (/sec) X (m) o, (/sec)
Fi gure 27. Si npl e Model Motion Mechanics for Purely
Axi al Fl ow.
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.57(s) d: 0.168 (m) time: 1.87 (s)
nyfe.: 0.0336 (m) 0.982 (m) Xy, © 0.279 (m)
o -0.16 (m/s) i3 46.3 (kg) V. _0.207 (i)
Vi 0319 (mss) J,: 0.17 (kg*m?) %o oTani
V.o =212 (mis) J0 3.82 (kg'm?) V‘“m: e (/s
Yo -1.65° Ji 382 (kg'm?) A -3 3(0S)
depth#4.675 (m) 1 0.008838 (m) Vaim® -2.36°
Carderock Experiment Run: 11w-4 3-D Model Solution: 11w-4
0 T T T T T T T T T I. T T T
Model Initial f
-0.5 { {Parameters i
Wopi-1.297
-1 1 ®,,70.076 (1/s) ]
15 V.1 -0.0383 (m/s)
: V. ,'-0.0358 (m/s)
ol 1l V., -0.0617 (m/s) i
£ dt: 1/15 (s)
5250 o4t 1
QD
(]
=3 F 4+ 4
350 1+ :
4 4F i
4.5 ek 4
2 1.5 1 0.5 0 -05 -1 1.5 1 05 0 -05 -1 -15
Path Distance (m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1 -1
1 — 1 _—
—_ Eo _ Eoz
> o > o2
-1 a 3 1 2 3
5 -4 3 -4
-2 0 2 4-2024 -2 0 2 4-2024
X (m) @, (/5ec) X (m) o, (/sec)
Fi gure 28. Si npl e Model Motion Mechanics for Purely

Cross Fl ow Case.
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Fredsoe 1997). The velocity conponents are broken down into
relative conponents acting on the drag-lift force
coordinate reference frame. The axial and cross flow
vel ocity conponents are independently used to derive drag
and lift coefficients and cal culate the external forces and
torques acting on the solid body during free fall. Suner
and Fredsoe (1997) conclude this technique provides an
adequate solution for the dynamcs problem until nore
advanced techniques are fully devel oped to define the axial
fl ow conmponent and cross flow conponent interactions. Lugt
(1983) suggests this sinplification be used but wth

caution in oblique flow situations.

D. MODEL COWVPLEX MOTI ON MECHANI CS

The three-dinensional nobdel handles the nore conplex
slant notion trajectory pattern Figure 29, and flipping
notion trajectory pattern Figure 30, al t hough  not
consistently. This type of notion causes |arger and higher
frequency oscillations in the yaw velocity trace sub-plots
for mne drops displaying this notion type. This is an

i ndi cation of the nonlinear effects on the solid body.

This oscillation appears tied to the non-Ilinear
processes acting on a mne shape at high angle of attack in
the inpinging flow across the mne shape. Lugt (1983)
presents enpirical evidence and discussion that the drag
and lift coefficients for solid bodies at oblique angles to
the flow are nonlinear vice the constancy assunption used
presently in nodeling where conponents are broken into

purely axial and cross fl ow conponents.
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The experinmental data suggests the non-linearity is
tied to both subtle variation of initial conditions and the
angle of attack, (drop angle) from which the mne shape is
rel eased. This variation of angle of attack (drop angle)
i n hydrodynam c oblique flow conditions is the sane as high
angle of attack aerodynamics where separation of the

boundary | ayer occurs, (Schlichting 1979).

Sunmer and Fredsoe (1997) discuss the interaction of
the solid body and the vortex phenonena that occurs in the
wake of a solid body. The frequency and anplitude of vortex
sheddi ng changes with oblique flow conditions causing |arge
nonli near oscillations in the wake region behind the solid
body. The vortex shedding is coupled to the local mne
flow conditions and thus would affect the forces and
nmoments acting on the solid body. The vortex shedding
effects causing nonlinear mne shape notion are not
i nvestigated here. Evidence of the nonlinear body responses
is seen to varying degrees in the data plots in Appendix A
and suggests this type of coupling occurs in oblique flow

E. | NI TI AL CONDI TI ON DI STRI BUTI ON EFFECTS

Conmpl ete investigation and analysis of all 270 cases
denonstrates that small changes to the many input vari ables
could cause substanti al changes in the mne shape
trajectory, inpact fall velocity and inpact angle. The
effects fuel discussion of nonlinear chaotic notion due to
variation and random zation in the final results. This was
briefly discussed in the previous section. Figure 31 and
Figure 32 show the trajectories of the sane mne shape
under the same drop conditions for two drops 15-2-15-1, and
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.92(s) d: 0.168 (m) time: 1.67 (s)
nyfei 1.04 (m) 0.982 (m) XY, | 0.563 (m)
=114 (m/f : 44.7 (k .
xte” m's) = (kg) V. _0.377 (mis)
V' 0.56 (m/s) Ji° 0.169 (kg'm?) .,
V. -3.29 (mis) J 457 (kg'md) V“m: -0.0558 (mis
Y, 56.3° Jii 457 (kg'm?) 2t 4.2 (MfS)
depth4.242 (m) y: 0.0766 (m) Wi+ 88.1°
Carderock Experiment Run: 10w-6 3-D Model Solution: 10w-6
0 T T T T T T T
Model Initial
-05L | |[Parameters |
¥, -8.98"
AL 1L ©5,:0.24 (rfs) i
V. 7-0.0304 (m/s)
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_ V.1 0.00375 (m/s)
£ -2t 1r dt: 1/15 (s) q
i
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3k 1L 4
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Fi gure 29. Model Motion Mechanics for More Conpl ex

Sl ant Traj ectory Case.
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Final Model
Parameters (45/15-2874]

time:
xyfm:
V}{fm:
V\,-'fm:
szm:
wfm:

1.5(s)
0.366(m)
-0.0101(m/s)
7.08e-019(m/s)
-1.53(m/s)
-85.12°

Final Drop Mine Shape

Parameters {45/15-2874] Parameters {45/15-2874]

time: 1.53(s) d:  0.04{m)

X¥- 0.6812(m) L:  0.152(m)

Vit 0.051(m/s) m:  0.323(m)

V.. 0.055(m/s) J,1 3.3e-005(kg'm?)

V.1 -2.48(m/s) J.0 0.000623(kg"m?)

W- -88.6° J.0 0.000623(kg'm?)

depth:2.12(m) ¥ -0.01477(m)

depth:2.15(m)

MIDEX Run 15--2-45, Run 1

3-D Model Output 15--2-45, Run 1
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04l || Wzt60° |
@,,:-0.7 (1fs)
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(o]
-1.4 1t .
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Fi gure 30. Model Motion Mechanics for Conpl ex

Fli pping M ne Trajectory Case.
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15-2-15-2. Small changes in initial Ilinear and angular
velocities occur for these two drops. The experinental
results show that the subtle changes in initial conditions

cause the mne to follow conpletely different trajectories.

The three dinensional nodel does not handl e the change
in initial conditions well for drop 15-2-15-2. The nodel
drop trajectory takes on different orientations during the
free fall and also takes a different path to the bottom
Interestingly in conparison, the final inpact (x-y) planar
position is conparable with drop 15-2-15-1. The drop does
devel op substantial inpact angle error though it maintains
simlar inpact fall velocity to 15-2-15-1 at the bottom

F. | MPACT VELOCI TY AND | MPACT ANGLE CORRELATI ON

There exists a wide array of input paraneters that
coul d have some random effects on the final trajectory and
associ ated paraneters at inpact with the bottom The m ne
shape free fall could be considered a random process and
many truly believe it is due to the coupled local and

renmote nonlinear effects acting on the m ne body.

It was stated previously there are tw primry
paraneters required at the sedinent interface to produce
accurate buri al esti mat es, i mpact fall velocity (w
conponent) and inpact angle. The experinent results and
nodel output were nmintained in a dinensional form to
create several correlation scatter plots for all 270 cases
in the investigation. The scatter plots allow for easy
conparison of both inpact fall wvelocity and inpact angle
from the experinment and nodel results. The correlation of
experinment inpact fall velocity (w conponent) conpared to
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Final Drop

Parameters ({15/15-2190]
time: 1.27(s)
XY, 0.195(m)
V..o 0.108(mfs)
Ve 0.081(mis)
V.o -1.67(m/is)
Yo 79.6°
depth:2.1{m)

Mine Shape Final Model

Parameters {15/15-2190] Parameters (15/15-2190]

d:  0.04{m) time: 1.4(s)

L:  0.152(m) XY 0.675(m)

m: 0.323(m) Vi 0.109(m/s)

J;1 3.3e-005(kg'm?) Vwmi -0.0517(m/s)

J.1 0.000623(kg'm?) Vot -1.52(mis)

Jg 0.000623(kg"m?) Wi 90.75°

v 0.01477(m) depth:2.1{m)

MIDEX Run 15-2-15, Run 1

3-D Model Output 15-2-15, Run 1

0 T T T F,
Model Initial
-0.2 - 1 rParameters §
04l il w20_157° |
@0 1.6 (1fs)
06} 1F V.00 (m/s) .
o 1] Vyo'-1.86 (mis) " |
_ V1147 (mfs)|
E -t {1} dt: 130 (s) 1
.C
2
2-12r 1r .
-1.4 1t .
-1.6 1r .
-1.8 1r 1
2L 4L 4
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Fi gure 31. M DEX Drop Data Pl ot 15-2-15-1.
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Final Drop Mine Shape Final Model
Parameters {15/15-1186] Parameters {15/15-1186] Parameters {15/15-1186]
time: 1.4(s) d:  0.04{m) time: 1.4(s)
X¥.-  0.604(m) L:  0.152(m) X 0.289(m)
V..o 0(mis) m:  0.323(m) V... 0.0589(m/s)
V.. 0.045(m/s) J,1 3.3e-005(kg'm?) Vim- -0.108(m/s)
V.0 -1.93(m/s) J.0 0.000623(kg"m?) Vit -1.54(m/s)
Wies  89.1° J.0 0.000623(kg'm?) Yin-  100.5°
depth:2.02{m) ¥ 0.01477(m) depth:2.06{m)
MIDEX Run 15-2-15, Run 2 3-D Model Output 15-2-15, Run 2
0 T T T e T
Model Initial oF
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W, 33°
04 2 i .
@yoe=1.5 (1fS)
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=2 4k 4
1 0.5 0 0.5 0 -0.5
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Fi gure 32. M DEX Drop Data Pl ot 15-2-15-2.
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3-D Model Inpact Fall Velocity Versus Conposite
Experimental Data Inpact Fall Velocity

/
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Fi gure 33. Three Di nensional Mdel |npact Fal
Vel ocity Versus Conposite Experinental Data
| npact Fall Velocity, 270 drop cases.

the three-di nensional nodel inpact fall velocity Figure 33,
does show the nodel tends to over predict inpact fal

vel ocity magnitude.

I f the experinent and three-di nensional nodel results
in Figure 33 are considered random distributions, a |inear
regression line can be calculated (Mntgonery et al 2001),
for the experinent and nodel inpact fall velocity scatter
plot joint distribution. In a perfect world, a nodel
devel oper hopes for slopes and correlation coefficients
approaching 1.0. The linear regression |ine and respective

equation in this case show high correlation for inpact fall
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velocity results between the experinent data and the three

di mensi onal nodel output with a slope of 0.84, goodness of

fit r? = 0.636 and a correlation coefficient r = 0.8. Thus
there is a strong linear association between the inpact
fall velocity experinment results and the inpact fall

vel ocity nodel output. Ot her regression techniques could be
considered. But since the nodel is first order a linear
technique is appropriate. The conparison and regression
results shows that a first order nodel from a statistica
standpoint can skillfully predict a mne shape s inpact

fall velocity.

| MPACT28 | npact Fall Velocity Versus Conposite
Experimental Data |npact Fall Velocity
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Fi gure 34. | MPACT28 Mbdel Inpact Fall Velocity Versus

Conposite Experinental Data Inpact Fall Vel ocity,
270 drop cases.
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The experimental inpact fall velocity results were
also conpared to |IMPACT28 nodel inpact fall velocity
results and a scatter plot produced, Figure 34. A linear
regression line calculated for the resulting experinent to
| MPACT28 nodel fall velocity distribution shows the three
di mrensi onal nodel produces slightly better statistical

results than | MPACT28 for the sanple domain considered, 270

dr ops.
3-D Model Inpact Angle Versus Conposite
Experi ment Data | npact Angle
180
*
*

3 13 X AU
5 Regr essi on Equati on
7] * y = 0.7899x + 16.765
°
= R = 0.2099
()
=)
I : : : ‘ . : : : ‘
~ -180 - - - 90 120 150 180
:
: ¢ Inpact Angle Conposite Data Conparison
8 —a— (ne to one correlation
g = =—Linear Regression (Inpact Angle)

Experi ment | npact Angle (degree)

Fi gure 35. Three Di nensional Mdel |npact Angle
Versus Conposite Experinmental Data |npact Angl e,
270 drop cases.

A simlar conparison of experinment results to three-

di nensi onal nodel output for inpact angle (v,) is shown in
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Figure 35. The linear regression line and respective
equation are calculated from the highly dispersive scatter
plot joint distribution. The results statistically do not
show a high degree of |inear association or correlation for

t he inmpact angle distribution.

The experi nental impact angle results were also
conpared to | MPACT28 nodel output inpact angle results and
a scatter plot produced, Figure 36. A linear regression
line was calculated for the resulting experinent to
| MPACT28 nodel i mpact angl e scatter pl ot j oi nt
distribution. The regression |line and respective equation
shows the |MPACT28 nodel produces better statistica
results for inpact angle than the three dinensional node
for the sanple domain considered, 270 m ne drops.

Limting the degrees of freedom within |MPACT28 thus
[imting interacting notion nost likely drives the
i nprovenent in inpact angle prediction performnmance. The
inclusion of all six degrees of freedom fuels the cross
interaction of notion thus feeding the non-linearity and
the nore random dispersive three dinensional nodel inpact
angles at the bottom The first order nodel approxinmations
for the renmainder of the degrees of freedom used in the
three dinensional nodel currently provide no statistical
i nprovenent in prediction perfornmance over | MPACT28. The
nodel cannot determnistically enconpass the nonlinear
effects that produce the chaotic notion and random i npact

angle results at the end of a drop’s trajectory.

The Carderock results allow an investigation into what

effect variations in initial angular velocity o, have on
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| MAPCT28 | npact Angl e Versus Conposite
Experiment Data | npact Angle
180

,g
> Regr essi on Equation
2z y = 0.9811x + 26.413
~ R = 0.6451
)
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E r T T T T T T T T T 1
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S
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o
-é ¢ Inpact Angle Conposite Data Conparison
—a— (ne to one correlation
= ==|jnear Regression (lnpact Angle)
-180
Experiment | npact Angle (degrees)
Fi gure 36. | MPACT28 Mbdel | npact Angl e Versus

Conposi te Experinental Data |npact Angle, 270
drop cases.

the final results in | MPACT28. The Carderock data set had

angul ar velocities with a nean value o, =0.1rad/sec. This
angul ar velocity o, was increased an order of magnitude to

investigate how the initial mne tunbling affects the
| MPACT28 inpact fall velocity results and inpact angle
results. The tunbling effect variation about the mne
shape’s y-axis it was hypothesized would vyield I|arge
variation in results. This was not the case. The results
for inpact fall velocity for the Carderock data are shown

in Figure 37.
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3-D Mdel Inpact Fall Velocity Versus
Carderock Data Inpact Fall Velocity

| MPACT28 Mbdel |npact Fall Velocity Versus
Carderock Data Inpact Fall Velocity
(oi fromthe data)
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nodel output. Case (b) shows the scatter plot of inpact
fall velocity conparing Carderock experiment results wth
| MPACT28 nodel output using the Carderock data supplied
initial angular velocity values. Case (c) shows the scatter
pl ot of inpact fall velocity conparing Carderock experinment
results with | MPACT28 nopdel output using an initial angular

velocity value o, = 0.5rad/sec. Case (d) shows the scatter

2,
pl ot of inpact fall velocity conparing Carderock experiment
results with | MPACT28 npdel output using an initial angular

velocity value o, = 1.0 rad/sec.

The scatter plot conparison shows that varying the
value for the initial rotation rate used to initialize
| MPACT28 changes the scatter plot very little. It also
shows that the three-dinensional nodel produces a slightly
better estimate of inpact fall velocity. Al though both
nodels still tend to over predict fall wvelocity as
discussed in Valent et al (2002). A conparison of
experiment inpact angle results to three dinensional node
output and | MPACT28, Figure 38, yields simlar results
showing that varying the angular velocity used to
initialize IMPACT28 has little effect (only 3% change in

correlation) on the final inpact angle scatter plots.

Past nodel sensitivity studies have been of Ilimted
scope and wused sparse data fields to conduct those
sensitivity analyzes. Smith (2000) discussed the need to
acquire a conplete set of data to validate nodel
performance. In this case the nodel in question was
| MPACT25.
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3-D Model |npact Angle Versus
Carderock Data |npact Angle
180 -

| MPACT28 Model | npact Angle Versus

Carderock Data | npact é\gé;le (wi fromthe data)
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Fi gure 38. Scatter Plots of I|Inpact Angle Conparing
Carderock Experinment Results with the Three-
D nensi onal Mbdel and | npact28 Qutputs for Three
Cases with Variable o, Input to I MPACT28.

This large data set allows one to look for the first

time at nodel performance from a statistical standpoint for
both the three dinensional nodel and the | MPACT28 nodel. To
assess the nodels from a statistical standpoint one nust
assumne accept abl e controls wer e pl aced on t he
initialization paraneters. Al so the assunption nust be nade
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that the data nmeasurenments made during the mne shape’s

free fall fairly resolved and accurate.

The first order three-dinensional nodel produces a
statistically skillful prediction for inpact fall velocity,
al though for a determnistic prediction it tends to foll ow
the |1 MPACT28 nodel and over predict inpact fall velocity.
The error in the prediction though is smaller and an
i nprovenent on performance over | MPACT28. Valent et al
(2002) discussed the desire for inprovenment in the
prediction of wvertical speeds, as the predictions from
| MPACT28 were at tines 150% greater than the observations.
A nore accurate prediction of inpact fall velocity
(vertical speed) leads to a nore realistic mne shape
ki netic energy dissipation into the bottom sedi ment

The first order three-dinmensional nodel does not
produce a statistically skillful prediction for inpact
angle, and does not produce determnistic results that are
any better than the |MPACT28 nodel. Satkow ak (1988)
di scusses the fact that for given sedinents the inpact
angle at the water sedinent interface is critical to
determ nation of percent mne burial in the sedinent. This
area of the three dinensional nodel requires nore attention
and focus to provide nethods to inprove inpact angle

predi ction.
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VIT1. DI SCUSSI ON

The water phase trajectory a nmine shape experiences
drives the resultant inpact fall velocity and inpact angle
it will have when it encounters the bottom sedinent.
Model i ng the hydrodynamic free fall is not an exact science
and currently possesses no true analytical solution. Only
t hrough paraneterizations are nunerical nodels devel oped to
predict the highly non-linear behavior of a mne shape.
Today’s active nunerical nodel for mne burial prediction
| MPACT28, nmakes extensive use of enpirical data, curve
fitting and constants to sinplify the nunerical procedure

to obtain solutions. | NPACT28 al so confines its notion to 3

degrees of freedom (x, z) linear notion and (v,) angular
notion. The three dinensional nodel incorporates all six
degrees of freedom It produces nodeled mne drop

trajectories wusing a first order nunerical sol ution

approxi mati on.

A NONLI NEAR MOTI ON EFFECTS

It was determned during prelimnary analysis of the
video clips from the Carderock experinment drops that
clearly small changes in mne shape orientation, |inear
velocities and angul ar vel ocities lead to chaotic
trajectories and dispersive inpact points at the bottom of
the water colum. Followup analysis of all the drops plots
from both Carderock and MDEX confirm this initial
conclusion. Aref and Jones (1993) support this conclusion
with theoretical evidence that even sinple solid body

nmotion can develop chaotic tendencies given small
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perturbations to an otherwi se inconpressible, inviscid,
irrotational fluid at rest. Wth nonlinear effects in m nd,
the npdel has several areas where it deviates from the

experinmental results.

1. Yaw Vel ocity Devi ations

The  nodel t ends to produce nore conservative
currul ati ve horizontal excursions than the actual m ne drops
experience. The actual mne drops also display a great deal
of yaw velocity novenent. This conmponent of angular
velocity gives a clear indication of the |arge angular
vel ocity changes occurring on the actual body. The nodel on
the other hand presents constant angular velocities around
the yaw axis or angular velocities that change very
snoothly. This is a trait consistent with a first order
nunerical solution used in the three dinensional nodel, and
conbined with the enpirical data used to calculate the

external forces.

2. Horizontal Position Deviations

In 70% of the conparison cases the x-y plane
hori zontal excursions were within 30% of each other when
nodel results were conpared to the actual dr ops.
Conparisons of nodel to experinent in the sinple notion

cases produced the best results overall. This is the best
conparison netric to denonstrate the nodel produces
ski |l ful results for sem-linear sinple notion. The

enpirical data used for external forcing calculations was

collected in conditions of sinple flow either axial or
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cross flow conditions. Thus one expects he nodel to perform

skillfully under those flow conditions

3. Vertical Fall Velocity Deviations

The nodel still over predicts inpact fall wvelocity
values but to a |esser degree statistically than | MPACT28.
This trait is tied to both the nonlinear notion and nodel
sinmplification. The nodel assunes the relative flow across
the solid body can be broken down into purely axial and
cross flow velocity conponents. Al t hough wuseful for
conceptual discussions the velocities realistically nust
interact to sone degree at oblique flow angles. The order
of magnitude of this effect currently remai ns unknown.

Also vortex shedding and possible coupling to the
solid body notion are not included in the nodel. It is well
docunmented in literature that this phenonenon does occur,

and does affect the solid body notion to sone degree.

The fall velocity over prediction also results from
the fact that actual drops for conplex notion produce
hi gher horizontal velocity conmponents (u,v) than the nbde
pr oduces. The nodel continues to proceed towards term na
velocity (w velocity conponent) and produces nuch snaller
hori zontal velocity conponents. The experinental results
show |ower magnitude and nore dispersive magnitude fal

velocities for the conposite data set, Figure 33.

4. Trajectory Deviations

The last chapter discussed snall differences in
initial conditions causing the actual mne drops and the
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nodel to behave differently, Figure 31 and Figure 32. An
investigation of all the drops show the nodel and
experimental trajectory results do remain simlar through
the first 25% to 35% of the free fall. After this point is
where the divergence in the solutions first appears. Again
the sinpler the notion, the less likely the nodel is to

di verge rapidly fromactual drop results.

5. Model Instability

A possible stability problem exists in the three
di rensi onal nodel. As the center of mass is noved towards
the center of volume the nodel begins to produce
i nconsistent results. Also, as the aspect ration (L/d)
decreases the nodel produces inconsistent results. This is
a future area for inprovenent that was not investigated.

6. | nmpact Angle Deviations

The previous chapter discussed the |arge dispersion in
i mpact angle produced by the three-dinensional nodel,
Figure 35. One can relate the dispersion of the nodel to a
conbination of the effects discussed above. A key to
inmproving the inpact angle results resides in the future
stability analysis and incorporation of those results into
nodel inprovenents. Wien the stability is addressed for the
nore neutrally stable mne the nodel will tend to enulate
nore closely the actual mne drops for all cases producing
a better inpact angle correlation.
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7. | MPACT28 Pitch Axis Angul ar Velocity Anal ysis

| MAPCT28 does currently produce better statistical
results for inpact angle than the three-di nensional nodel
The analysis of the angular velocity variation around the
pitch axis in |IMACT28, Figure 37 and Figure 38, does
provi des sone critical thought on the | MPACT28 inpact angle
results. As the angular velocity is increased an order of
magni tude there is little statistical effect on the inpact
fall velocities, Figure 37 or the inpact angles, Figure 38.

The inpact angle correlation changes 3% G anted the sanple
size considered only contained 42 points. The analysis of
the danping nonent effect (Hurst 1992) wused in | MPACT28
produces unexpected results. This snall variation in
correlation as angular velocity is changed suggests that
when a large sanple is considered, | MPACT28 wi ||
statistically produce the same linear regression curve
within some tolerance regardless of the angular velocity

i nput .

B. PROBABI LI TY- TYPE MODEL SOLUTI ONS

Arnone and Bowen (1980), Satkow ak (1988) and Hurst
(1992) all made observations that mne-like shapes inpact
the sea bottom in nearly random orientations. Hurst (1992)
was the first to suggest that due to the conplexity of the
problem and lack of accurate initial conditions, when
available at all, a statistical distribution of burials may
provide the best prediction; a probabilistic nodel vice a
determnistic nodel. This type of nodeling is an effort to
statistically enconpass and quantify the nonlinear notion
effects.
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1. Chaotic M ne Buri al

M ne Warfare and specifically Mne Counterneasures is
one of the nost conplex realns of Naval Warfare. The
conplexity of the threat, the nyriad influences of the
environnment and the ingenuity of any adversary (NMAP 2000)
make devel opnent of any truly determ nistic prediction tool
unattainable for the hydrodynamc trajectory prediction.
Soul sby (1997) conpiled a list of uncertainty for many of
the environnental paraneters encountered in mne burial

i npact prediction.

This list is not conplete by any neans. The undefined
vari abl es are nunerous and the uncertainty and variation in
the defined variables can be large. This readily applies to
the three dinmensional hydrodynam c nodeling portion used
within any integrated mne burial prediction tool where
initial values are supplied to the nobdel and they may
posses both wvariation and wuncertainty. A probabilistic
nodeling approach would handle this variation and

uncertainty.

2. Meteorology Numerical Wather Prediction Anal ogy

Met eorogi cal forecasts have long been viewed in a
determnistic sense. The truth of the situation is the
initial state used to initialize nunerical weat her
prediction (NW) nodels is always inconpletely defined.
Gowh of small errors in the initial conditions can cause
the forecast to diverge with tine from actual conditions.
And, the <closed sets of rmathematical equations are
approximations that make use of paraneterizations to
produce operationally significant nodel results, (Gottshal
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1997). A precedent exists and the sanme solution type is
proposed on a nmuch finer spatial and tenporal scale for

mne trajectory prediction.

Met eorol ogi sts have found the use of ensenbl e
prediction nodels increasingly attractive over the past
decade. These nodels are based on probability and applied
applications. Nunmerical Wather Prediction Mdels of this
type denonstrate skillful performance past the 4-5 day
point over a single nodel determnistic forecast by
conputing the nean of a paraneter and a standard deviation
on the parameter. The inproved skill is achieved by using
the statistics of a set of nodels or one nodel perturbed
multiple times around a set of initial conditions.

Interestingly enough, the National Wather Service
uses Model out put Statistics ( MOS) wi t hout human
intervention to produce city tenperature forecasts. These
probabilistic outputs are preferred due to the nodels
consi st ent skill at produci ng weather elenments that
consistently validate. Here again, paraneter outputs are
based on statistics and probability to inprove skill. It is
on this basis that a probabilistic nodeling approach seens
appropriate for handling the nonlinear effects on the solid
body noti on.

3. Short Range M ne Burial Mdel Devel opnent

Dol an et al (1999) during a visit to NATO countries to
di scuss general mne hunting prediction tools reached the
conclusion that existing error terns for sonme paranmeters in
current nodels exceed tolerances required by the mne

warfare comrunity. They speculated that a determnistic
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integrated mne burial nodel with errors less +/- 10% woul d
not be devel oped within the next decade. Today this easily
appears to be a conservative estinmate. They concl uded
devel opnment of a nodel based on probabilities would be nost

useful in the short term

Shortly after that assessnent, the Mne Burial
Prediction Goup evolved. No association could be found
between that assessnment and the initial neetings of the
group but they are closely tied in time. The group’s
primary short-range goal is the devel opnent of a franmework
for obtaining probability distribution functions (pdf)s for
all required inputs to an integrated and inproved |BPM
(Bennett 2000). A md to long-range goal is the devel opnent
of a statistically dynam cal mne burial prediction system

4. Current Probabilistic Mddel Sol utions

Goff (2002), a nenber of the MPG has suggested
devel opnent of a stochastic framework to nodeling mne
burial using Monte Carlo nmethods. A conplete probabilistic
solution requires (pdf)s for both uncertainty and
variability of input paraneters. Sonme paraneters woul d have
both uncertainty and variability (pdf)s. OQhers would only
have one (pdf). The input (pdf)s are then used within sone
integrated mine burial prediction nodel. The input (pdf)s
would be wused to initialize a nodel, like the three
di mensi onal hydrodynam ¢ nodel and provide output (pdf)s to
foll owon sedinent nodels. This continues until an output
is obtained at sone forecast tinme for the percent burial

based on all factors affecting burial to that point.
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A Mne Burial Expert System Mdel (MBESM Figure 39,
is currently being devel oped at John Hopkins University for
inclusion in tactical decision aids such as the Mne
Warfare Environmental Decision Aids Library (MEDAL), by
Rennie et al (2002). It is based on Bayesian probabilistic
networks and nodes that analyze the causal relationships
bet ween key paraneters and how they affect each other. The
causal effects are quantified by conditional probability
di stributions (cdp)s.

. Ma
DATA SOURCES: . vy
MAYO Databases LSER INTERFACE: Intelligence

i Hi— Mine Deployment Scenario
Gn-aite Surveys Mission Planning ‘ ‘

Classification analogies

MAVY TDA
1 (MEDAL}
¥ ENVIRONMENTAL *
e | | CamcrETo
DEPLOYMENT ANALYSIS Parameter Rangeintensal
I selaction
QUTPUT
| Model Input Ranges and bins I'l— INTERPRETER
IMPACT BURIAL MODEL ) ——# Sensitivity
Analysis
: Scenario-based Predictions
> SUBSEQUENT > of %Burial Probability
BURIAL MODELS Distributions

Fi gure 39. M ne Burial Expert System Mddel Concept
Overview. “Adapted from (Rennie et al 2002).~

In the expert system the core information is
conditional probability tables (cpt)s based on histograns
devel oped through Mnte Carlo exercises of the physics
based nodels associated with mne inpact and burial. An
i nproved three-dinensional hydrodynam ¢ nodel would perform

the calculation of trajectories and develop fall velocity
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and inpact angle histograns to feed to sedi nent nodels. The
hydrodynanmi ¢ nodel (three dinensional nodel) fits into
(MBESM in the Inpact Burial Prediction section as outline
inred in Figure 39.

C. EFFECTI VE M NE | MPACT BURI AL PREDI CTI ON METRI C

The output mne burial netrics to the navy mne
count ernmeasure planner would consist of (pdf)s for percent
mne burial wth conposite error estimte and degree of
confidence. This paraneter would then be tied to the
acoustic detection prediction for the mne shape within a
given battlespace environnment. Strategic and operational
pl anni ng doctrine would be devel oped by COVM NWARCOM based
on this set of output netrics covering a specific
battl espace environnment. The relevant tactical question
that needs to be answered by this know edge; do we hunt or

do we sweep this particular battl espace?

The results of the current investigation and three-
di mensi onal nodel devel opnent agree that an integrated
probability nodel presents the best solution available
currently to deal with this highly nonlinear hydrodynamc
flow problem Thus it is envisioned that an inproved three-
di mrensional nodel wll be integrated into the ONR NRL
framework for a stochastic approach to mne buria
prediction, (Ri chardson et al 2001b).
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| X. CONCLUSI ONS

The mne warfare community needs inproved mne buria

predi ction capability. The comunity agrees the current

predi ction nodels in use today provide unreliable
i nformation. Commander Jim Berdeguez a forner N75
expeditionary warfare METOC liaison sumed up the mne

warfare communities plea in one word, “Help.”

Scientists and researchers agree that an arbitrary
m ne dropped through a given water colum wll exhibit
varying degrees of nonlinearity as the shape proceeds
towards the bottom The scenario presents a tough nodeling
chal l enge. Scientists and researchers also agree that the
two critical parameters from the hydrodynam c portion of
the mne drop trajectory are inpact fall velocity and the
i npact angle. Those two paraneters determ ne the anmount of
vertical kinetic energy that nust be dissipated in the
sediment and the orientation under which that dissipation
begins to occur in the sedinent.

Existing nodels for mne Dburial prediction are
rudimentary at best. Even the inpact burial prediction
program requires inprovenents as denonstrated by Valent et
al (2002). They denonstrated that | MPACT28 over predicted
fall velocity by 150% The current analysis shows that
varying the rotation rate in | MPACT28 has relatively little
statistical effect on either inpact fall velocity or inpact
angle for the group of m ne shape drops.
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A SUMVARY OF FI NDI NGS

A first order three-dinensional nodel was devel oped
that includes the full physics package to predict the
orientation of a solid body at an increnent in tinme. The
solid body in this case would be a sinple right axially
symmetric cylinder with blunt ends. A wealth of know edge
exists in the literature for cylinders thus sinplifying the
investigation and nodel developnment. The nodel obeys the
two Newtonian principles of conservation of nonmentum and
conservation of nonents of nonmentum thus enconpassing all 6
degrees of freedom that can possibly occur for a solid body
nmovi ng through a fluid nedium

The nodel was developed using MATLAB, a nodern
scientific conputation and visualization tool. It is well
suited to work on matrices and systens of equations then
produce graphic output. In this case, the system of nine
equations governs the linear velocity, angular velocity and

Eul er angl es.

Two robust data sets were wused to validate the
mechanics of the nodel. The data sets come from two
experiments, MDEX, and the Carderock M ne Drop Experinent.
The Carderock data set had not previously been extensively
investigated. MDEX had. Glless (2001) had developed a
table of comon trajectory types for right axially
symmetric cylinders using the MDEX results. The Carderock
data set contained a subset of right axially symetric
cylinder drops initiated within the water colum. The drops
were simlar in structure and release conditions to the
shapes used in MDEX, although the scales were different.
These drops possess characteristics from the trajectory
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table previously developed for the MDEX data with the
conbination trajectory being dom nant occurring in 80% of
the cases. The two data sets were conbined to create a
single dataset to validate the three-dinensional nodel

mechani cs and overal |l performance.

The nodel correctly handles what can be characterized
as sinple notion; purely axial flow conditions and cross
fl ow conditions. The nodel can produce skillful results for
nore conplex trajectories such as slant notion or flips,

but not consistently.

The three dinensional nodel s statistically nore
skillful than |MPACT28 at prediction of vertical fall
velocity. The three-di nensional nodel shows poor skill at
predicting the inpact angle for a mne as it inpacts the
bottom The i npact angle prediction showed little
correlation to the experinment results. The resulting
scatter plot was very dispersed. The sanme mne released
with nearly identical initial release paraneters devel op

i npact angl es sonetimes 90° apart.

B. FUTURE RESEARCH

A trend observed in the data plots centered around two
i ssues concerning mne stability. Mnes in which the center
of mass is coincident with the center of volune are
neutrally stable and tend to produce inconsistent
predictions especially for inpact angle. Al so, mnes that
had | ower aspect ratio (L/D) tended to produce inconsistent
prediction for inpact angle. These trends appear related to
solid body stability. Future work in this area is necessary
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and centers on analyzing the stability of the mne shape

during its free fall trajectory.

A database now exists for 270 blunt nosed right
cylinders tracked during free fall with the fina
conditions just before sedinent inpact calculated and
archived. The Carderock data set contains a subset of mne
shapes wth hem spheric noses. Future work would include
the capability to handle hem spheric noses in the nodel
An analysis of the Carderock hem spheric nose mne drop

data coul d be conpl et ed.

A full-scale mne data set exists that contains a
subset of mnes released below the surface. The release
from below the surface «criteria nmakes analysis and
conparison to nodel results easier. Data set exists from
full scale mne drops in Septenber 2000, Novenber 2000,
January 2002, and My 2002. The set of full-scale drops
include both blunt nose mne drops and hem spheric nose
mne drops. Future work would also include this data set
into the master data set and perform a validation of node
per f ormance agai nst those m ne shape drops.

The data sets considered in this investigation for
nodel devel opnent were obtained in a controlled environnment
wi thout external influences such as wave and current
forcing. Routines exist within the nodel for wusing sone
type of current data (like Advanced Doppler Current
Profiler data) within the nodel to investigate differences
in nodel output by neglecting the current forcing versus
i nclusion of the current forcing. Wwen this type of data is
collected in conjunction with future nmne drop experinments

environnmental current effects could be investigated.
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Throughout the course of nodel devel opnent and data
anal ysis indications of nonlinear notion are evident in the
m ne drop data plots. Wen the nonlinear devel opnent occurs
in a drop the nodel does not perform as well as when the
devel opnment renmins insignificant over duration of the free
fall. The dispersive nature of the inpact angle results
caused by subtle deviations in initial release paraneters
indicates the nmotion is chaotic. Thus a statistica
nodel i ng approach (simlar to ensenble prediction for the
at nosphere) would provide the nost effective output netric

to input into a navy tactical decision aid.

The three dinensional nodel takes a step in the
correct direction. It allows prediction based on an entire
set of dynamc equations. Although a first order solution
it provides skillful fall wvelocity predictions and wth
further wor k Wil | provi de skillful i npact angl e
predi ctions. These are the two critical par anet ers
necessary to correctly predict the percentage mne buria
for a given battlespace. An accurate percent burial and
confidence represents the effective netrics answering the
cry for “help” fromthe mne warfare comunity.
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APPENDI X A. MODEL AND EXPERI MENT DATA PLOTS

1. CARDERCCK DATA PLOTS

| ndex of blunt nosed mine shape drops conducted at
NSWC, Carderock, MD, 10-14 Sep 2001; adapted from (Val ent
and Holland 2001). Subsequent pages contain the data
plots for both the experinental data and the nodel output
initialized fromthe Carderock m ne drop experinental data,
42 plots, read top to bottom left to right.

Verti cal Hori zont al 45° Down Angl e
2W 2 Iw1 17w 3
2w 3 1w 2 17w 4
2w 4 1w 3 17W 5
2W 6 w4 17w 6
12w 1 Iw5 20w 1
12w 2 Iw 6 200 2
12w 3 10w 6 20w 3
12w 5 11w 1 20wW-5
12w 6 11w 2 20W- 6
13w 1 11w 3 21w 1
13w 2 11w 4 21w 2
13w 3 11w 5 21w 3
13w 5 11w 6 21w 5
13w 6 17w 2 21w 6
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- -0.00725 : 454 (k .
e (mnfs) ® (kg) V. 0.136 (mis)
Vo' -0.075 (mfs) Jii 0.169 (kg'm?) W eoaTa
V1 -4.38 (mis) J 3.94 (kg'm?) V"fm: ' /s
Voo 85.6° Ji 3.94 (kg'm?) i =3l (IUE)
depth4.077 (m) y 0.04517 (m) Yo+ 93.6°
Carderock Experiment Run: 12w-5 3-D Model Solution: 12w-5
0 T T T T T T T T T
Model Initial %
05l | _Paral.'neters i
W,,-90.4°
AL 1L @,5,:0.22 (1/s) X i
V. _10.0754 (m/s) L
5l 1L Vo' 0.0125 (mis) L |
V., -0.0417 (m/s) |
oL {1 dt: 1115 (s) | i
-25 ¢ 1F l, 1
h
-3k 4.k E o}
|
-35 ¢ 1t .
4 ol 4
1.5 1 05 o -05 -1 1.5 1 0.5 0 -05 A -1.8
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1 -1
1 —_ 1 —
Eo ' c -2 Eo . £ -2
> ) > o
-1 (@] E -1 (a] -3
-2 -2
-4 -4
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)



Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.52(s) d: 0.168 (m) time: 147 (s)
i‘fyfe 0.0835 (m) L 0.982 (m) XY, © 0.107 (m)
- -0.0898 (m/ : 447 (k .
e (s ® (kg) V. 0.0579 (mis)
Ve -0.283 (mfs) Jit 0.169 (kg'm?) )
v 1 5 Vi -0.0641 (m/s
Ae- -4.3 (M) 7" 4.57 (kg"m?) v -
Vool 94.4° Ji 457 (kg'm? i 428 ()
depth4.114 (m) y 0.0766 (m) Yam- 90.1°
Carderock Experiment Run: 12w-6 3-D Model Solution: 12w-6
0 T T T T T T T T T T
Model Initial
051 | _Paral.'neters |
W,,-90.2°
AL 1L ®5,-0.075 (1/s) |
V. .1-0.00417 (m/s)
151 {L V,0'-0.0712 (mis) i
V., -0.00375 (m/s)
oL 11 dt: 1115 (s) t i
-25¢ 1F 1
L il 4
=35+ 1 .
41 dF ]
2 1.5 1 0.5 0 -05 -115 1 0.5 o -05 A1 -1.5
Path Distance (m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 ,;1 1 ,.\4
- £ —_ £
Eo ’ £ -2 Eo0 . c -2
> ) > o
-1 (] -3 -1 (] -3
_2 _4 E '2 _4
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.6(s) d: 0.168 (m) time: 1.93 (s)
= I
it 0865 (0S) .3 2 (kg) 5 V.1 -0.207 (mfs)
Vwe- -0.079 (m/s) i 0.0647 (kg*m-) .
v 1 o Vi -0.129 (mis)
Ae- -1.17 (mfs) 7" 0.356 (kg'm“) v
Vool -3.51° Ji 0,356 (kg'm?) zm: ~2.55 (mfs)
depth:3.92 (m) y 0.0002385 (m) Yo -1563°
Carderock Experiment Run: 13w-1 3-D Model Solution: 13w-1
0 T T T T T T T T T T
Model Initial
05| 1 _Paral.'neters |
W,,-91.6°
il 11 @, 041 {rfs) i |
V. 1-0.0258 (m/s) ég
Al 1l V.. 0.03 (m/s) h, |
T V_1.0.035 (m/s) E
£ dt: 1715 (s) N
£ 27 1 T
j= 1
1]
(]
-25¢ 1F 1
-3t 41 4
-3.5 ¢ 1t .
-4 C 1 1 1 1 1 1 - 1 1 1 1 1 1 1
25 2 1.5 1 05 0 1.5 1 0.5 0 -0.5 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
1.5 0 1.5 0 !
[
1 -1 1 -1 :
E E i
£ ; £ -2 E £ -2 !
- o - o |
0 8 0 ” 8 I
-3 -3 |
-0.5 -0.5 i
-4 -4 '
-1 0 1 -105 05 -1 0 1 -1050 5
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.43(s) d: 0.168 (m) time: 1.27 (s)
?’fe: 0.257 (m) L 0477 (m) XY, 0.0713 (m)
- 0117 (mf : 222k .
e (mis) ® (kg) V. o -0.166 (mfs)
V' -0.896 (m/s) Jit 0.0806 (kg'm?) )
v 1 4 Vi -0.0591 (m/s
Ae- -2.58 (mfs) 7" 0477 (kg'm*) v -
Vool -11.1° Ji 0477 (kg'm?) zm -3.4 (M/S)
depth:2.884 (m) y 0.001908 (m) Yot 81.9°
Carderock Experiment Run: 13w-2 3-D Model Solution: 13w-2
0 T T T T T T T T
Model Initial E
Parameters
05| 1L ¥.,'86.4" i
@, -0.087 (r/s)
V. .10.0383 (m/s)
-1+ 1r V0" -0.0388 (m/s) .
~ V., -0.0404 (m/s)
£ dt: 1715 (s)
E-15¢ 1t .
j= 1
1]
(]
2 i 4
-25¢ 1F 1
1.5 1 0.5 0 -05 1 0.5 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
1 0 1 0 :
-05 -05 |
0.5 0.5 |
- g - g i
g < -1.5 = : £ -15 |
> g > & '
-0.5 o -2 -0.5 [ |
[
-1 -2.5 ! -1 -25 |
[ [
-1 0 1 -10-5 0 -1 0 1 -10-5 0
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.88(s) d: 0.168 (m) time: 1.87 (s)
?fei 0.14 (m) L 0.982 (m) XY, © 0.187 (m)
¢ -0.112 (m# : 345 (k .
e (m’s) ® (kg) V. 0.0815 (mis)
Vo' 0.635 (mfs) Jit 0.136 (kg'm?) )
v 1 5 Vim® 0.175 (m/s)
Ae- -3.32 (mfs) 7" 2.9 (kg'm*) v -
L]sze: 8120 J3: 29 (kg*mQ) o -3.26 (m;“s)
depth4.307 (m) y 0.001964 (m) Yot 1117
Carderock Experiment Run: 13w-3 3-D Model Solution: 13w-3
S " | Model nitia ]
L | [Parameters |
W, 84.2°
L {b @,,°0.28 {rfs) -
V..10.0971 (m/s)
- 1F Vo' -0.11 (mis) .
V,,1-0.0271 (m/s)
i 11 dt: 1415 (s) T
b
L 1L X ]
b
I 1L b |
b
i
. e \&) X
5
25 2 1.5 1 05 0 -05 15 1 0.5 o -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 ﬁ'1 1 ﬁ'1
E = E
0 t £% Eo v £
=1 - f=1
&€ . F]
-1 0O -3 -1 0 -3
-2 -4 -2 -4
-2 0 2 5 0 5 -2 0 2 -5 0 5
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.49(s) d: 0.168 (m) time: 14 (s)
?fe 0.0722 (m) L 0.982 (m) XY, © 0.232 (m)
- -0.00112 : 454 (k .
e (mnfs) ® (kg) V. 0.0858 (mis)
Ve -0.464 (mfs) Jit 0.169 (kg'm?) )
v 1 T Vi -0.11 (mis)
Ae- -4.3 (M) 7" 3.94 (kg"m*) v -
Voo 93.7° Ji 3.94 (kg'm?) A’ =31 (IUE)
depth4.022 (m) y 0.04517 (m) Yo+ 93.2°
Carderock Experiment Run: 13w-5 3-D Model Solution: 13w-5
| | Model Initial | |
| [Parameters |
W,,-89.3°
| | ®50-0.11 (1/s) |
V. _1-0.015 (m/s)
| | V.5 -0.192 (m/s) |
V,,1-0.0229 (m/s)
| || dt: 1115 (s) |
1.5 1 0.5 0 -05 1.5 1 05 o -05 A1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 _ 1 =
E = E
0 . c-2 EO . c -2
=1 - f=1
-1 a -1 a
-3 -3
-2 -2
-4 -4
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)



Depth (m)

g

V}de:
Vwe:
\.-'m:

Wager

Final Drop
Parameters
time: 1.51(s)

0.0376 (m)
-0.104 (mfs)
0.152 (m/s)
-4.35 (mi/s)
89.5°

depth4.085 (m)

Carderock Experiment Run: 13w-6

Mine Shape

Parameters
0.168 (m)
0.982 (m)
44 7 (kg)
0.169 tkg'm?)
4.57 (kg'm%)
457 (kg'm?
0.0766 (m)

"“’.._‘..3 28

- e e
e

Final Model

Parameters
time:
XY,
dame =1.25 (mis)
- 0.0216 (m/s)
A -3.99 (mfs)

q'szm !

v
v
v

153 (s)
1.08 (m)

53"

3-D Model Solution: 13w-6

| - Y || Model initial | '
05l | _Paral.'neters i
Wy 102°
AL || @,5,+-0.76 (t/s) |
V..10.241 (m/s)
15} 1L Vi -0.111 (m/s) |
V.1 -0.01 (mfs)
ol | dt: 17115 (s) |
=25 1r .
3t 41 4
=35} 1F .
4L 11 _ 4
1 1 1 1 1 1 1 1 f‘ 1 1 1 1
2 1.5 1 05 0 -05 2 1.5 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 2 i
|
1 . 1 LY
s E - E !
E 0 ] Cnd E0 w—r £ -2 !
> o - oy !
-1 Q 4 -1 Q 4 :
-2 -2 i
-4 -4 |
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model

Depth (m)

Parameters Parameters Parameters
time: 2.83(s) d: 0.168 (m) time: 2.27 (s)
?fei 0.767 (m) L 0477 (m) XY, 0.455 (m)
- -1.64 (m/ : 17.2 (k .
e (i) ® (kg) ; V. 0.0663 (mis)
Vwe- 2.9 (mfs) i 0.0647 (kg*m-) V.o 600503
V! -5.53 (mis) J: 0.356 (kg'm?) V"fm: ' (mis)
Wit 70.6° Ji 0.356 (kg'm?) A +2:82/(VS)
depth4.067 (m) y 0.0002385 (m) Yo =107°
Carderock Experiment Run: 1w-1 3-D Model Solution: 1w-1
0 T 3 T T T T T T T
Model Initial o=
05l | _Paral.'neters i
W,,-1.07°
AL 1| @,5,:-0.25 (t/s) |
V.o 0.01 (m/s)
5l {L V' 0.00125 (mis) |
V,,'-0.0238 (m/s)
2l || dt: 1115 (s) ]
-25 ¢ 1F 1
3t 41 4
=35+ 1F 1
4 4L 4
25 2 1.5 1 0.5 0 -05 15 1 05 o -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
05 0.5
i -1 § -1
- g " - g
E.0s5 £ -2 E.0s5 £ -2
> o > y
-1 O3 -1 A .3
-1.5 4 | -1.5 4
-1 0 1 -10 0 10 -1 0 1 -10 0 10
X (m) , (fsec) Xim , (fsec)
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Final Drop
Parameters
time: 2.4(s)
XY.: 0.611(m)
V.0 0.145 (m/fs)
Ve 0.137 (mfs)
V.o -1.8 (m/s)
Wy -20.2"
depth4.729 (m)

Carderock Experiment Run: 1w-2

00—

Mine Shape

Parameters
0.168 (m)
0.477 (m)
22.2 (kg)
0.0806 (kg'm%)
0477 (kg'm?)
0.477 (kg'm?)
0.001908 (m)

"“’.._‘.3!_"0'-

- e e
e

v
v
v

Final Model

Parameters
time:
XY,
dm- -0.0504 (m/s
- 0.0195 (m/s)
- -3.05 (mis)

q'szm !

1.93 (s)
0.0643 (m)

-0.7g2"

3-D Model Solution: 1w-2

Model Initial

G—E
—
05} Parameters == 4
Y5, 0.342° 45
-1 [ 05,1015 (k) ST 1
V. _10.00375 (m/s) o1—
-15¢ Cy o ot 1
w-0.0221 (mfs) _ |
ol | V,.1-0.0354 (m/s) > j
o~ —
£ di: 1115 (s) sl
ﬁ,_ 251 - af— 1
a) Z::
3k L o 4
-
-3.5 ¢ L el _
—
4L L T ]
o—
a—
-4.5 - - o .
25 2 15 1 05 0 -05 1 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
1 -1 1 -1
. 05 E. . 05 E.
g ] = g .
> 0 §' -3 > 0 4 §' -3
-0.5 -4 -0.5 4
-1 -1
-1 0 1 -10 0 10 -1 0 1 -10 0 10
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.53(s) d: 0.168 (m) time: 2.33 (s)
?fe.' E-gzﬂ (T) L:. gf?l{(m) XY,.: 0.389 (m)
i 0.03(mis) .3 5 (kg) ; V.0 0.0402 (mfs)
V.. 0.506 (m/s) Jit 0136 (kg'm?) _
v 1 ‘T Vim' -0.00812 (m
el -2 (M/S) 2 2.9 (kg'md) v
L]sze: _9_830 J3: 29 (kg*mQ) o -245 (m;“s)
depth:3.904 (m) ¥ 0.001964 (m) Wam® 1.18°

Carderock Experiment Run: 1w-3

3-D Model Solution: 1w-3

0 T T T T T T T T T
Model Initial
05| _Paral.'neters |
W, -5.43°
i @.,-0.39 {rfs)
V..10.125 (m/s)
il I V.. -0.429 (mfs)
: V., -0.248 (m/s)
dt: 1715 (s)
2t L
=25} -
T il
L
3L L ;’::
e
2l
=35 B G
e
il e
-4 b 1 1 1 1 1 e 1 1 1 1 1 1
2 1.5 1 0.5 0 -0.5 1.5 1 05 0 -0.5 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 ) :
-1 -1 |
. | g - 5 |
E £ -2 E £ -2 !
> ° 2 > \ e !
(] (] [
-1 -3 -1 -3 !
[
-2 -2 i
-4 -4
-2 0 2 -6-4-2 02 -2 0 2 -6-4-202
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop
Parameters
time: 2.15(s)
XY.. 0.874 (m)
V.o -0.569 (m/s)
Ve 0.821(mfs)
V.o -1.91 (mis)
Vit -5.38"
depth:3.872 (m)

Carderock Experiment Run: 1w

r o

e

- e e

[ ey

[

Mine Shape Final Model

Parameters Parameters
0.168 (m) time: 1.67 (s)
0.982 (m) XY, 0.115 (m)
46:91k0) ; V. 1 -0.267 (mis)
017 (kgﬁmz) Vim® -0.00449 (m/5)
3.82 (kg'm?)
3.82 (kg'm?) Vil -3.14 (m/s)
0.008838 (m) Wit 0.115°

3-D Model Solution: 1w-4

0 T T T T T T T T —— T T
Model Initial =
Bt
Parameters Sals:
05} 4F _ B i
W,,:-3.91° ;’::
4 @,,-0.063 (1/s) o
V. _10.00417 (m/s) Z::
5 V,.' 0.000833 (m/fs), |
el 1| ¥, -0.0163 (mis) =1 il
dt: 1715 (s) Bl
= s - |
-25} 1r .
3t 11 4
=35} 1r .
_4 1 1 1 1 1 1 1 1 1 1 1
2 1.5 1 05 -0.5 1.5 1 0.5 0 -0.5 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1 -1
-1 E -1 E
E \ £ -2 E £ -2
> 0 y > 0 - T
(] (]
-1 -3 -1 -3
-2 E -2 "
-2 0 2 -6-4-20 2 -2 0 2 -6-4-202
X (m) , (fsec) Xim , (fsec)
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Final Drop
Parameters

time:

R’
V}de:
Vwe:
\.-'m:
Wer

1.75(s)

1.04 (m)
-0.563 (m/s)
-0.25 (m/s)
-2.46 (m/s)
47.9°

depth:3.047 (m)

Carderock Experiment Run: 1w-5

Mine Shape

Parameters
0.168 (m)
0.982 (m)
454 (kg)
0.169 tkg'm?)
3.94 (kg'm?)
3.94 (kg'm?)
0.04517 (m)

"“’.._‘..3 28

- e e
e

Final Model
Parameters
time:
XY,
dm- =0.759 (m/s)
v~ -0.0998 (m/s
A -3.82 (mis)

q'szm !

v
v
v

133 (s)
0.488 (m)

32°

3-D Model Solution: 1w-5

0 T T T T T T T
Model Initial
Parameters
-05} 1F Wiy 18.7° 1
@,.+0.015 (r/s)
V,.1-0.0133 (m/s)
T 1[ V,0! 0.00958 (mis) I
~ V., -0.00583 (m/s)
= dt: 1/15 (s
S.s5) 1t () ]
=3
1]
(]
2+ i+ g
-25} 1t .
3L dE d
1.5 1 0.5 0 -0.5 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
=-1 —-1
o g - g
5 0 5 = Z 0 o o ,
-1 a 1 a
-2 3) -2 -3
-2 0 2 -20246 -2 0 2 -20246
X (m) , (fsec) Xim , (fsec)



Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.01(s) d: 0.168 (m) time: 1.73 (s)
?’mf 1.04 (m) L 0.982 (m) XY, 0.585 (m)
m: -0.0331 (m/s m.. 447 (kg) 2 V. 0368 (mis)
Vwe- -0.858 (m/s) i 0.169 (kg™m-) .
v 1 5 Vi -0.0077 (m/s
e -3.38 (m/fs) ot 4.57 (kg'm”) v
W 634" J3: 457 (kg*mE) m ~4.25 (mfs)
depth4.71 (m) 1 0.0766 (m) Warm: 90.6°

Carderock Experiment Run: 1w-6 3-D Model Solution: 1w-6

5
i

Model Initial :
4 [Parameters
W,,:-5.04°

1 ®,,:0.095 (r/s)
V. 1-0.0454 (m/s)
V..  0.0704 (m/s)
1L ¥,,:-0.00208 (m/s)

Depth (m)

dt: 1715 (s)
3 2 1 0 2 1 0 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1 -1
1 = 1 &
=4 '2 F o = '2
0 "V < £ o c
=1 - f=1
@ -3 @ -3
-1 ] -1 (]
-4 -4
-2 -2
-2 0 2 42024 -2 0 2 42024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Y (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.92(s) d: 0.168 (m) time: 1.67 (s)
?fei 1.04 (m) L 0.982 (m) XY, 0.563 (m)
©-1.14 (m/ : 44.7 (ki .

o (mis) i3 (kg) Vo -0.377 (mis)
Vo' 0.56 (mis) Jii 0.169 (kg'm?) U o opssem
V1 -3.29 (mis) ) 457 (kg'm?) V"fm: -0:0558 (s
Vo' 56.3° Ji 457 (kg'm?) zm ~4.2 (M/S)
depth4.242 (m) y 0.0766 (m) Yo 88.17

Carderock Experiment Run: 10w-6 3-D Model Solution: 10w-6

- " ||modet nitiat -
L IParameters |
V,,:-5.98°
L L ©,,:0.24 (rfs) _
V. .1-0.0304 (m/s)
L L V., -0.0633 (m/s) ]
V.1 0.00375 (m/s)
- - dt: 1/15 (s) .
2 1.5 1 05 0 -05 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2
-1
1 — ~—
£ g
0 S =] g =
&€ . F]
-1 O 0 -3
-2 -4
-2 0 2 -2 0 2 -4-2024
X (m) Xim , (fsec)




Final Drop
Parameters
time: 3.06(s)
X' 0.647 (m)
V.o -0.23 (m/s)
Vi -0.451 (mfs)
V.o -1.74 (mis)
Wi =15.2"
depth4.566 (m)

Mine Shape Final Model
Parameters Parameters
d: 0.168 (m) time: 2.4 (s)
L:. 111.74;7 I{(m) XY,.. 0494 (m)
4 2 (kg) ; V. 1 0.126 (mis)
Jit 0.0647 kg'm?) Vo o
J0 0.356 (kg'm?) V"'m: ~0-0%G (/s
Ji 0356 (kg'm?) i 267 (mis)
1 0.0002385 (m) Watrm® -102"

Carderock Experiment Run: 11w-1

3-D Model Solution: 11w-1

0 T T T T - o T T T T T T T T
Model Initial
05| | [Parameters i
W,,:-9.22°
-1 1F ®5,-0.15 {rfs) .
V. .1-0.00833 (m/s)

15} 1[ V.0 -0.0863 (mis) I
ol || Vao'-0.0642 (mis) o |
£ dt: 1715 (s)

i
‘g-z.s - 1F 1
(]
3t i+ g
-35¢ 1 .
-4+ 4F 4
-4.5 1 .
2 1.5 1 05 0 -05 -1 1.5 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)

Mass center trail Yaw Velocity Mass center trail Yaw Velocity

0 0 .

i

0.5 1 0.5 1 |

£ ) < 2 £ c ‘ |

» -0.5 o » -0.5 o !

&3 a=r

-1 -1 !

-4 -4 !

1.5 -1.5 :

-1 0 1 5 05 -1 0 1 5 0 5
X (m) , (fsec) Xim , (fsec)

155



Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.38(s) d: 0.168 (m) time: 1.13 (s)
?fei 0.274 (m) L 0477 (m) XY, © 0.0934 (m)
© -0.486 (m/ : 222k .
e (m’s) ® (kg) ; V. -0.0694 (mfs
Vwe- -2.61 (m/fs) i 0.0806 (kg"m*) V.o 5000665
V1 -2.15 (mis) J 0477 (kg'm)) V"fm: e (s)
Yoo 18.6° Ji 0477 (kg'm?) zm’ ~2:96 (Mfs)
depth:2.19 (m) X 0.001908 (m) W+ -2.52"
Carderock Experiment Run: 11w-2 3-D Model Solution: 11w-2
0 T T T T
Model Initial
Parameters
W,,-2.82°
-05} {F ®5,70.11 {rfs) ]
V. .1-0.0304 (m/s)
V..  0.0138 (m/s)
~ V.1 -0.0254 (m/s)
AT 17 dt: 1715 (s) 1
£
=3
1]
(]
-1.5} 1r .
2oL 4L 1
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
1 0 1 0
0.5 -0.5 0.5 -0.5
- 3 " g
£ 0 ! = -1 £ 0 - = -1
> o > o
-05 A -1.5 -0.5 0 -1.5
-1 -2 -1 -2
-1 0 1 -5 0510 -1 0 1 -5 0510
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.41(s) d: 0.168 (m) time: 1.93 (s)
?fei 0.21 (m) L 0.982 (m) XY, © 0.0814 (m)
- -0.108 (m# : 345 (k .
e (m’s) ® (kg) V. -0.0321 (mfs
Ve -0.0311 (m/s Jii 0.136 (kg'm?) o oo
V1 -1.42 (mis) b 2.9 (kg'md) V"fm: e (/)
L]sze: 2520 J3: 29 (kg*mQ) o -2.31 (m;“s)
depth:2.977 (m) y 0.001964 (m) Yo 0.848°
Carderock Experiment Run: 11w-3 3-D Model Solution: 11w-3
| | == Model Initial | |
Parameters
L {b Wi, 0.545° .
@, -0.058 (r/s)
V. _1-0.06 (m/s)
i 17 Vieor 0.0221 (mis) 7
V,,1-0.0513 (m/s) T
di: 1115 (s) i
L {1 ol _
i
ol
o e
s 44 F i
s
24l
gl =
L {1 I _
([
el
L 1 1 1 1 1C 1 1 e_I 1 1 ]
1.5 1 0.5 0 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 5-1 _ 1 5-1
=
0 ] 5 = ¢ - =
A& -2 a -2
-1 -1
2 -3 -2 -3
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)



Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.57(s) d: 0.168 (m) time: 1.87 (s)
?fei 0.0336 (m) L 0.982 (m) XY, 0.279 (m)
- -0.16 {m/ : 46.3 (k .
o (mis) i3 (kg) Vo -0.207 (mis)
Ve 0.319 (mfs) it 017 (kg'm?) )
v 1 5 V' -0.0187 (m/s
Ae- -2.12 (mfs) 7" 3.82 (kg"m*) v -
Vool -1.65° Ji 382 (kg'm?) z* =3:13(0UE)
depth4.675 (m) y 0.008838 (m) Yo -2.36°
Carderock Experiment Run: 11w 3-D Model Solution: 11w-4
0 T T T T T T T T T T T T
Model Initial
-0.5 - { (Parameters i
W,,:-1.29°
-1 10 @,,:0.076 (r/s) 1
sl 1l V. .1-0.0383 (m/s) |
| V.. -0.0358 (m/s)
ol 1L ¥, -0.0617 (mfs) il
di: 1115 (s)
-25¢ 1F 1
3t JF 4
-3.5 ¢ 1F 1
4 JL 4
-4.5 1 .
2 15 1 05 0 -05 -1 15 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1 -1
1 —_ 1 —_
~ Eo = E .
> i > b
R 83 1 83
2 -4 2 -4
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop
Parameters
time: 2.51(s)
Xt 219 (m)
V.o -1.15 (m/s)
Vo' -0.087 (mfs)
V.o -1.81(mis)
Vo 3.04°
depth4 471 (m)

Mine Shape
Parameters
0.168 (m)
0.982 (m)
454 (kg)

Jit 0169 (kg

0 3.94 (kg'm?)
it 3.94 (kg'm?)
1 0.04517 (m)

Final Model

Parameters
time: 1.67 (s)
XY,.. 0.838 (m)
V.. -0.993 (m/s)
Vim® 0.328 (m/s)
V. -3.89 (m/s)

zfrn”
Wain: 23.2°

m?)

Carderock Experiment Run:

3-D Model Solution: 11w-5

- Model Initial -
L | [Parameters 2
W, 22.7°
- 1r ®,,:0.0022 (rfs) 8
V..1-0.0204 (m/s)
i 17 Vo' 0.0142 (mis) 7
I 1] V., -0.0583 (m/s) |
dt: 1715 (5)
3 25 2 1.5 1 05 0 2 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 1 2 1
! g 2 =1 £ 2
. E £
&€ . F]
o -3 o -3
-1 -1
-4 -4
-2 -2
-3 -2 1 0 1 0 5 10 3 -2 1 0 1 0 5 10
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.95(s) d: 0.168 (m) time: 1.67 (s)
?’Te: 1.15 (m) L 0.982 (m) XY, © 0.3 (m)
© -0.862 (m/ : 44.7 (ki .
e (m’s) ® (kg) V. o -0.232 (mks)
Ve -0.883 (mfs) Jit 0.169 (kg'm?) )
v 1 5 V' -0.0156 (m/s
Ae- -3.58 (mfs) 7" 4.57 (kg"m?) v -
Vool 52.4° Ji 457 (kg'm?) i’ =H27 (UE)
depth4.403 (m) y 0.0766 (m) Yo+ 99.2°
Carderock Experiment Run: 11w-6 3-D Model Solution: 11w-6
0 T T T T —— T T T T T T T
Model Initial
-05 ¢ | |Parameters i
W,,:-14°
-1r 1F ®5,-0.036 (1/s) .
V. 1-0.0254 (m/s)
-1.5 ¢ 10 Vo' -0.126 (m/s) 1
V,,1-0.0592 (m/s)
(S 10 dt: 1715 (s) 1
£
2-25f it !
3t JL 4
=35+ 1 .
4 JL 4
-4.5 C 1 1 1 1 1 1 iy 8 ot 1 1 1 1 1 1 17
2 1.5 1 0.5 0 -05 1.5 1 0.5 o -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0
2
-1
1 —_ —
- E E,
Eo " < £
> ) o
-1 ] 0 -3
-2 -4
-3 -2 -1 0 1 1 -4-2024

, (fsec)



Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.91(s) d: 0.168 (m) time: 1.53 ()
?fei 0.201 (m) L 0477 (m) XY, © 0.19 (m)
© 0.0649 (m/ : 222k .
e (s) ® (kg) V. 0.116 (mis)
Vi -0.141 (mfs) Jit 0.0806 (kg'm?) o ooegs
V1 -2.37 (mis) J 0477 (kg'm)) V"fm: e (/)
Vel 14.7° Ji 0477 (kg'm) i 348 ()
depth:3.539 (m) y 0.001908 (m) Yot -75.4°
Carderock Experiment Run: 17w-2 3-D Model Solution: 17w-2
0 T " 2 T T T T T
Model Initial
Parameters
-05¢+ 1t . -
W,,-35.6°
@, 0.087 (1/s)
-1r 1F ¥,00.0283 (m/s) ]
V..  0.0129 (m/s)
15t {L V,,:-0.035 (m/s) |
£ dt: 1715 (s)
£
! 1} ]
(]
-25¢ 1F .
3 ENS g
=35 1 -
1.5 1 0.5 0 -05 1 0.5 0 -0.5 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
1 1
05 - 05 -
- E - E
£ £
< 0 LS £ £ 0 £
& 3 > = B -2
-0.5 - -0.5 -
-3
-1 -1
-1 0 1 -4-2024 -1 0 1 -4-2024
X (m) , (fsec) Xim , (fsec)
161




Depth (m)

Y (m)

Final Drop

Parameters
time: 2.11(s)
.o 0.57 (m)

V.o -0.62 (m/s)

Vet 2.02 (mis)

V..o -1.96 (mis)

Wier 18.6°
depth:2.635 (m)

Mine Shape

Parameters
0.168 (m)
0.982 (m)
34.5 (kg)
0.136 tkg'm?)
2.9 (kg*m?)

3 2.9(kg'm?)

0.001964 (m)

i g

- e e
= )

Carderock Experiment Run: 17w-3

Final Model

Parameters

time:
xyfm:

LA

Vwm.

V.

q'szm !

: -0.32 (m/s)
© 0.0518 (m/s)
I -2.36 (mfs)

1.67 (s)
0.568 (m)

-20.8"

3-D Model Solution:

17w-3

' | | Model Initial |
Parameters

| |1 W20r34.9° |
@, -0.06 {r/s)
V..10.02 (mfs)

I || Vi 0.0121 (mis) |
V.1 0.0112 (m/s)
di: 1115 (s)

1.5 1 0.5 0 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
~ 05| § 2 05
1 E 1} % o g
| =
0 s = 1.5 Nl o 515
al a
-1 -2 -1 -2
-2 -25 -2 -25
-2 0 2 420246 -2 0 2 4202456
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.03(s) d: 0.168 (m) time: 0.8 ()
?fei 0.269 (m) L 0.982 (m) XY, © 0.157 (m)
- -0.203 (m# : 46.3 (ki .
e’ () " (kg) V.. -041(mis)
Ve -0.303 (mfs) it 0417 (kg'm?) U o opEss
Vi -1.65 (mis) J 382 (kg'm?) V"fm: ~0:0533 (s
Wyt -20.6° B 3.82 (kg'm?) i “5:57 ()
depth:1.382 (m) y 0.008838 (m) Yo+ 9.87°
Carderock Experiment Run: 17w 3-D Model Solution: 17w-4
0 T T T T T T T T T
Model Initial
Parameters
0.2 10 W5oi24.3° l
@, -0.0095 (r/s)
04t 1} ¥, -0.00583 (m/s) 1
V.. -0.0154 (m/s)
el || Va'-0.0275 (mis) |
£ dt: 1715 (s)
i
g
o 0.8+ 1F 1
-t 11 4
-1.2¢ 1F 1
-1'4 C 1 1 1 1 1 ] _I 1 1 1 1 1 B
0.8 0.6 0.4 0.2 0 0.6 04 0.2 0 -0.2 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
2 2
1 I~ 1 —
= E -0.5 = E -05
£0 ’ < Eo - <
> o > &
=1 A -1 -1 8
-2 -2
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop
Parameters

time:
R e
V}de:
Vwe:
\.-'m:
Yite®

1.91(s)
1.62 (m)
-1.43 (mis)
0.136 (m/s)
-2.06 (mis)
32.3°

depth:3.951 (m)

Carderock Experiment Run: 17w-5

Mine Shape

Parameters
0.168 (m)
0.982 (m)
454 (kg)
0.169 tkg'm?)
3.94 (kg'm?)
3.94 (kg'm?)
0.04517 (m)

"“’.._‘..3 28

- e e
e

Final Model
Parameters

time:

xyfm:
Vo

Vwm.

V.

q'szm !

: -0.68 (m/s)
© 0.0173 (m/fs)
D 421 (mfs)

147 (s)
0.655 (m)

48.6"

3-D Model Solutio

17w-5

0 T T T T T T T T T
Model Initial
05. | _Paral.'neters |
W, 42.2°
1L || ®20°0.0095 (rfs) |
V. _10.00833 (m/s)
L 11 V.. 0.0546 (m/s) |
' V,,1-0.0925 (m/s)
dt: 1715 (s
2t 1F =) 4
=25} 1r .
3t JF 4
=35} 1r .
-4 _I 1 1 1 1 1L 1 1 ¥ 1 1 1 1 B
25 2 1.5 05 0 1.5 1 0.5 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 2 i
|
1 2 1 I
- E - E !
E et £ -2 £ o £ -2 !
> ) > oy !
2 (] & O |
1 3 1 3 i
) -2 !
-4 -4 ]
-3 -2 -1 0 1 -4-2024 -3 -2 1 0 1 4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.64(s) d: 0.168 (m) time: 147 (s)
?fei 0.87 (m) L 0.982 (m) XY, . 0.311 (m)
- -1.01 {m/ : 447 (k .
e (i) ® (kg) V. 0191 (mks)
Ve 0.641 (m/s) Jit 0.169 (kg'm?) )
v 1 5 Vin' -0.016 (mis)
Ae- -3.99 (mfs) 7" 4.57 (kg"m?) v -
Woe! 55.4° Ji 457 (kg'm? i 28 ()
depth4.106 (m) y 0.0766 (m) Yo+ 977
Carderock Experiment Run: 17w-6 3-D Model Solution: 17w-6
0 T T T T T T T T T T
Model Initial
051 | _Paral.'neters |
W, 44.4°
a1l || ®5,--0.035 (rfs) i
V. .10.0238 (m/s)
151 {1 V0" -0.03 (mfs) |
V,,:-0.0858 (m/s)
2o 1L dt: 1115 (s) i
-25¢ 1F .
S 4L 4
-35 ¢ 1 .
AL 11 i
2 1.5 1 05 0 -05 15 1 05 o -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1
1 o 1 -~
Eo S < E o - £ -2
> ) > o
-1 = -1 0.3
-2 -2 4
-2 0 2 -2 0 2 -4-2024
X (m) Xim , (fsec)




Depth (m)

Y (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.77(s) d: 0.168 (m) time: 2.13 (s)
?’Te: 0.27 (m) L 0477 (m) XY, © 0444 (m)
© 0.257 (m/ : 17.2 (k .
5 (m/s) 4 (kg) V. o 0208
Vo' -0.0874 (m/s Jii 0.0847 (kg'm?) U o oiness
Vi -1.76 (mis) J: 0.356 (kg'm?) V"fm: e (/)
W' 12.2° Ji 0.356 (kg'm?) A +2:99 (VS)
depth4.385 (m) y 0.0002385 (m) Yo 109"
Carderock Experiment Run: 20w-1 3-D Model Solution: 20w-1
- " "||model mnitial 7z
L | [Parameters i
W, 32.7°
- 1+ @,,:0.35 (1/s) .
V. .10.0988 (m/s)
- 1T Vo' -0.624 (m/s) .
V., -0.823 (m/s)

i 10 dt: 1415 (s) i
2 1.5 1 05 0 -05 -1 1.5 1 o -05 -1
Path Distance {m) Path Distance {m)

Mass center trail Yaw Velocity Mass center trail Yaw Velocity

1 0 1 0 i
5 -1 05 -1 |
E - £ i
° | £ E O~ =2 |
8 > 2 !
5 o -3 -0.5 o -3 |
|
-4 -1 -4 |

-1 0 1 -4-2024 -1 0 1 -4-2024

X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.34(s) d: 0.168 (m) time: 1.73 (s)
?fei 0.954 (m) L 0477 (m) XY, 0.0261 (m)
- -0.278 (m# : 222k .
e (m’s) ® (kg) V. 0113 (mis)
Ve 0.375 (m/s) Jit 0.0806 (kg'm?) )
v 1 4 V' 0.0822 (mfs)
Ae- -2.34 (mfs) 7" 0477 (kg'm*) v -
Vool -0.988° Ji 0477 (kg'm?) zm =35 (Mfs)
depth4.481 (m) y 0.001908 (m) Yo+ 100"
Carderock Experiment Run: 20w-2 3-D Model Solution: 20w-2
0 T T i T T T T T T T
Model Initial
05} | |Parameters i
W,,34.4°
-1F 1F ®5,7-0.12 {1/s) .
V..10.164 (m/s)
-1.5¢ 1 V! 0.0242 (mis) 1
a7l 1] V., -0.334 (m/s) |
di: 1115 (s)
-25¢ 1F 1
i3k ik 4
=35+ 1F 1
4 JL 4
-4-5 i 1 1 1 1 1 1 1L 1 1 1 1 1 1 1 8
2 15 1 05 0 -05 -1 15 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
15 1.5 0 !
[
1 -1 1 -1 :
~ E - € |
g 05 \ = g 05 S |
- o - o |
0 8-3 0 » 8 -3 |
[
-0.5 -4 -05 -4 |
|
-15-1-05 0 05 -4-2024 -15-1-05 0 05 -4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.81(s) d: 0.168 (m) time: 2.13 (s)
?fei 0.399 (m) L 0.982 (m) XY, o 0.344 (m)
- 0.0985 (m/ : 345 (k .
o (m/s) i3 (kg) V.o 0438 (mss)
Vo' -0.017 (mfs) Jit 0.136 (kg'm?) )
v 1 ‘T V' 0.25 (mis)
Ae- -1.71 (mfs) 7" 2.9 (kg'm*) v
L]sze: 121El J3: 29 (kg*mQ) o -2.86 (m;“s)
depth4.285 (m) y 0.001964 (m) Yo+ -56.9°
Carderock Experiment Run: 20w-3 3-D Model Solution: 20w-3
- " | |model nitial -
L | [Parameters |
W,,35.7°
L 11 @,,:-0.98(r/s) _
V. .1-0.0429 (m/s)
- 1F Vo' 0.24 (m/fs) :
V., -0.935 (m/s)
- 1 dt: 1415 (s) .
1 1 1 1 1 1 1 1 1 o\ 1 1 1
2 1.5 1 0.5 0 -05 -1 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
-1} -1
1 o 1 -~
E = E
0 - £ % = = £ 2
=1 - f=1
&€ . F]
-1 0 -3 -1 0 -3
-2 -4 -2 -4
-2 0 2 -:20246 -2 0 2 20245
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop
Parameters
time: 1.96(s)
.. 1.76 (m)
V.o -1.33 (mis)
Vo' -0.503 (mfs)
V.1 -2.09 (m/s)
Vo 15.2°
depth4.268 (m)

Carderock Experiment Run: 20w-5

Mine Shape
Parameters
0.168 (m)
0.982 (m)
454 (kg)
0.169 tkg'm?)
3.94 (kg'm?)
3.94 (kg'm?)
0.04517 (m)

3-D Model Solution: 20w-5

Final Model

Parameters
time: 1.47 (s)
XY,.. 0.566 (m)
V.. -0.395 (m/s)
Vi -0.0354 (m/s
V. -4.33 (m/s)

zfrn”
Wain: 74.8°

0 T T T T T T T T T 7 T T
Model Initial 7
05t | |[Parameters |
Y44 .8°
AL {1 ®5,°0.35 {rfs) i
V. _1-0.106 (m/s)
151 1F Vo' 0.13 (m/s) 2
V., -0.381 (m/s)
2F 1 dt: 1115 (s) 1
-25¢ 1F .
3t JL 4
=35 1F 1
41 4k ]
25 2 1.5 1 0.5 0 -05 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 A 1 A
- £ 5 —_ £ 5
ED e =il ED o & ©
> ) > o
-1 O -3 -1 O -3
iR -4 =2 4
3 -2 1 0 1 -4-2024 3 -2 1 0 1 -4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Y (m)

Final Drop
Parameters
time: 1.5(s)
XY.. 0.925 (m)
V.0 -1.07 (m/s)
Ve 0.0784 (mfs)
V.1 -3.72 (mis)
Vi 62.2°
depth4.262 (m)

Carderock Experiment Run: 20w-6

Mine Shape Final Model

Parameters Parameters

d: 0.168 (m) time: 1.33 (s)
& 0.982 (m) XY,.0 0.34 (m)

: 44 7 (k ;
.3 el V.0 -0.023 (mis)
Jit 0.169 (kg'm?) )

_ Vi 0.271 (m/s)
i 457 (kg'm)) V"‘m_
L 457 (kg'md) e -4.28 (mfs)
1 0.0766 (m) Yo 105°

3-D Model Solution: 20w-6

- " ||model mitia -
L | |[Parameters |
W,,:50°
L {1} ®,,-0.28 {rfs) _
V. 1-0.161 (m/s)
L {F V0 -0.0317 (mis) 2
V., -0.802 (m/s)
- 1 dt: 1115 (s) .
2 1.5 1 0.5 o -05 -1 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 2 !
-1 -1 !
1 — 1 — !
£ = E |
0 - £ % € o ~ <21 |
[=% > o |
&€ @ :
-1 0 -3 -1 0 -3 !
[
-2 -4 -2 4l |
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 3.18(s) d: 0.168 (m) time: 2.33 (s)
?fei 0.165 (m) L 0477 (m) XY, 0.172 (m)
- -0.0349 (m/ : 17.2 (k .
e (s ® (kg) ; V. -0.0611 (mfs
Vwe- -0.38 (m/s) i 0.0647 (kg*m-) V..o 5io5bee
V1 -1.76 (mis) J: 0.356 (kg'm?) V"fm: e (/)
Yot 13.4° Ji 0.356 (kg'm?) A +2:82/(VS)
depth4.661 (m) y 0.0002385 (m) Yo =111°
Carderock Experiment Run: 21w-1 3-D Model Solution: 21w-1
0 T T T T T . T T T
Model Initial
05t 4 [Parameters 2
W,,-48.5°
-1 10 ®,,:-0.34 (t/s) 1
15l 1] V. _10.0525 (m/s) |
. V,.' 0.0708 (m/s)
2L 1L V,.1-0.127 (m/fs) |
£ dt: 1715 (s)
825} Ak ;
1]
(]
3 i+ 1
=35+ 1F 1
4 JL 4
-4.5 1 -
2 1 0 -1 15 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
1 1
-1 -1
0.5 - 0.5 -
~ Eo - E .
E 0 Y = E o co <
> -3 > 2.3
-0.5 O -0.5 (]
iy -4 -1 -4
-1 0 1 -4-2024 -1 0 1 -4-2024
X (m) , (fsec) Xim , (fsec)
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Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 2.34(s) d: 0.168 (m) time: 1.67 (s)
?fei 0.29 (m) L 0477 (m) XY, © 0.265 (m)
- 0.58 (m/ : 222k .
e (mis) ® (kg) V. 0.0582 (mfs)
Ve -0.491 (mfs) Jit 0.0806 (kg'm?) )
v 1 4 V' -0.0762 (m/s
Ae- -2.15 (m/s) 7" 0477 (kg'm*) v -
Vool 0.501° Ji 0477 (kg'm?) A" =3:31 (MUE)
depth4.605 (m) y 0.001908 (m) Yo =112°
Carderock Experiment Run: 21w-2 3-D Model Solution: 21w-2
0 T A T T T T T T T
Model Initial
05| | {Parameters 2
W,,-36.2°
-1r 10 @5,7-0.71(1/s) ]
- V. _1-0.156 (m/s)
' V.. -0.124 (mfs)
ool || V' -0.848 (m/s) |
£ dt: 1715 (s)
i
a-25¢ 1F 1
1]
(]
3 JL 4
-35 ¢ 1F 1
4 JL 4
-4.5 1 -
2 1 0 -1 15 1 05 0 -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
1 i
-1 -1 !
05 g = !
frn — -2 o -2 I
£ I
o A s “ £ |
-3 D _3 :
-05 g Q :
-4 -4 '
1 :
-1 0 1 0 1 -4-2024
X (m) Xim , (fsec)




Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 3.02(s) d: 0.168 (m) time: 247 (s)
?fei 0.176 (m) L 0.982 (m) XY, o 0.364 (m)
- 0.26 (m/ : 345 (k .
e (mis) ® (kg) V. -0.00256 (m/k)
Vo' -0.297 (mfs) Jit 0.136 (kg'm?) )
v 1 5 Vi -0471 (mis)
Ae- -1.63 (m/s) 7" 2.9 (kg'm*) v
L]sze: 9330 J3: 29 (kg*mQ) o -2.98 (m;“s)
depth4.499 (m) y 0.001964 (m) Yot -74.8°
Carderock Experiment Run: 21w-3 3-D Model Solution: 21w-3
0 T T T T T T T T
Model Initial
05} | |Parameters i
W,,-32.9°
-1r 1F ®5,7-0.1 (r/s) .
V. 1-0.0767 (m/s)
-1.5¢ 10 Vol 1.01 (mis) 1
2 1l V., -0.388 (m/s) |
di: 1115 (s)
-25 ¢ 1F 1
3 SRS g
-35¢ 1F . -
41 dF q ]
-4.5 1t 9 .
25 2 1.5 1 05 0 -05 2 1.5 1 05 0 -05 -1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 2 !
-1 -1 :
= E - E !
£ = £ N =72
s 0 & -1 % 9 a i
&€ @ -
o -3 o -3 |
-1 -1 i
-4 -4 [
) -2 |
-2 0 2 42024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.74(s) d: 0.168 (m) time: 1.2 (s)
?fei 1.87 (m) L 0.982 (m) XY, 0.172 (m)
- -1.06 {m/ : 454 (k .
e (i) ® (kg) V. -0.105 (mfs)
Ve 0.316 (m/s) Jii 0.169 (kg'm?) U oores
Vi -1.68 (mis) J 3.94 (kg'm?) V"fm: e (/)
Vool 70.5° Ji 3.94 (kg'm?) " =H3F(ME)
depth4.153 (m) y 0.04517 (m) Yo+ 99°
Carderock Experiment Run: 21w-5 3-D Model Solution: 21w-5
0 T T T T T T T T T T T T
Model Initial
051 | _Paral.'neters ]
W, 72.1°
1L 1l ®5,°0.24 {rfs) i
V. 1-0.222 (mfs)
150 {L V,,"-0.00667 (m/s) |
V.. -1.51 (mfs)
2L 1| dt: 1115 (s) i
-25¢ 1F 1
3t 11 4
-3.5 ¢ 1F , 1
)
4 JL 4
b
25 2 1.5 1 0.5 0 -05 15 1 0.5 o -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
2 2
1 A 1 _H
é 0 f - -2 g 0 - - -2
> o > o
= Q.3 “d Q3
-2 -2
-4 -4
-3 -2 1 0 1 42024 3 -2 -1 0 1 -4-2024
X (m) , (fsec) Xim , (fsec)

17
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Depth (m)

Final Drop Mine Shape Final Model
Parameters Parameters Parameters
time: 1.54(s) d: 0.168 (m) time: 14 (s)
?fei 0.871 (m) L 0.982 (m) XY, 0.213 (m)
© -0.838 (m/ : 447 (k .
e (m’s) ® (kg) V. 0.0587 (mfs)
Ve -0.329 (mfs) Jit 0.169 (kg'm?) )
v 1 5 Vim® 0.032 (mfs)
Ae- -3.41 (mfs) 7" 4.57 (kg"m?) v -
Voo 55.3° Ji 457 (kg'm?) zm -4.3 (M/S)
depth4.221 (m) y 0.0766 (m) Yot 1067
Carderock Experiment Run: 21w-6 3-D Model Solution: 21w-6
0 T T T T T T T T T T
Model Initial
05 | _Paral.'neters |
W, 46.3°
1L JL ®5,°0.44 (rfs) i
V..1-0.01 (m/s)
5L {F V0" -0.182 (m/s) §
V., -067 (mfs) ¢
2F 1 dt: 115 (s) .
-25¢ 1F .
-3t JF 2
b
351 s \E ]
4L 4L b 1
1 1 1 1 1 1 1 1 1 1 \E) 1 1 1 1
2 1.5 1 0.5 0 -05 -1 1.5 1 05 o -05 -1 -15
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
2 2 |
[
1 . 1 O
= E - E !
EO -~ g2 E o ’ £ |
> ) > oy !
-1 0.3 -1 0 .3 [
[
- - i
2 4 2 Al |
-2 0 2 -4-2024 -2 0 2 -4-2024
X (m) , (fsec) Xim , (fsec)

17
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M DEX DATA PLOTS

| ndex of nosed mne shape drops conducted at
Mont er ey, 1-2 July 2001; adapted from (Glless
2001). Subsequent pages contain the data plots for both
the experinental data and the nodel initialized from
the M DEX mne drop experinental data, 230 plots, read top
to bottom left to right, page one then page two.
15-2-15-1 12-2-45-2 9-2-75-3
15-2-15-2 12-2-45-3 9-2-75-4
15-2-15-3 12-2-45-4 15-1-15-1
15-2-15-4 12-2-45-5 15-1-15-2
15-2-15-5 9-2-45-1 15-1-15-3
12-2-15-1 9-2-45-2 12-1-15-1
12-2-15-2 9-2-45-3 12-1-15-2
12-2-15-3 9-2-45-4 12-1-15-3
12-2-15-4 9-2-45-5 9-1-15-1
9-2-15-1 15-2-60-1 9-1-15-2
9-2-15-2 15- 2-60- 2 9-1-15-3
9-2-15-3 15-2-60-3 15-1-30-1
9-2-15-4 15-2-60-4 15-1-30-2
15-2-30-1 15-2-60-5 15-1-30-3
15-2-30-2 12-2-60-1 15-1-30-4
15-2-30-3 12-2-60-2 15-1-30-5
15-2-30-4 12-2-60-3 12-1-30-1
15-2-30-5 12-2-60-4 12-1-30-2
12-2-30-1 12-2-60-5 12-1-30-3
12-2-30-2 9-2-60-1 12-1-30-4
12-2-30-3 9-2-60-2 12-1-30-5
12-2-30-4 9-2-60-3 9-1-30-1
12-2-30-5 9-2-60-4 9-1-30-2
9-2-30-1 9-2-60-5 9-1-30-3
9-2-30-2 15-2-75-1 9-1-30-4
9-2-30-3 15-2-75-2 9-1-30-5
9-2-30-4 15-2-75-3 15-1-45-1
9-2-30-5 15-2-75-4 15-1-45-2
15-2-45-1 12-2-75-1 15-1-45-3
15-2-45-2 12-2-75-2 15-1-45-4
15-2-45-3 12-2-75-3 15-1-45-5
15-2-45-4 12-2-75-4 12-1-45-1
15-2-45-5 9-2-75-1 12-1-45-2
12-2-45-1 9-2-75-2 12-1-45-3
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9-1-45-2
9-1-45-3
9-1-45-4
9-1-45-5
15-1-60-1
15-1-60-2
15-1-60-3
15-1-60-4
15-1-60-5
12-1-60-1
12-1-60-2
12-1-60-3
12-1-60-4
12-1-60-5
9-1-60-1
9-1-60-2
9-1-60-3
9-1-60-4
9-1-60-5
15-1-75-1
15-1-75-2
15-1-75-3
12-1-75-1
12-1-75-2
12-1-75-3
9-1-75-1
9-1-75-2
9-1-75-3
15-0-15-1
15-0-15-2
15-0-15-3
15-0-15-4
12-0-15-1
12-0-15-2
12-0-15-3
12-0-15-4
9-0-15-1
9-0-15-2
9-0-15-3

9-0-15-4
15-0-30-1
15-0-30-2
15-0-30-3
15-0-30-4
15-0-30-5
12-0-30-1
12-0-30-2
12-0-30-3
12-0-30-4
12-0-30-5

9-0-30-1

12-0-60-5
12-0-60-6

LIOLO&I)LOOQ
IOOIOOOO
DO OO
1

NRNNROOR~WNE

1
co0oo
~N NN~
GEGESG RS

PR
NI\J(IHU'I

9-0-75-
9-0-75-2
15--1-30-1
15--1-30-2
12--1-30-1
12--1-30-2
9--1-30-1
9--1-30-2
15--1-45-1
15--1-45-2
12--1-45-1
12--1-45-2
9--1-45-1
9--1-45-2
15--1-60-1
15--1-60-2
12--1-60-1
12--1-60-2
9--1-60-1
9--1-60-2
15--2-30-1
15--2-30-2
12--2-30-1
12--2-30-2
9--2-30-1
9--2-30-2
15--2-45-1
15--2-45-2
12--2-45-1
12--2-45-2
9--2-45-1
9--2-45-2
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Final Drop
Parameters (15/15-2190)

time: 1.27(s)
Xt 0.195(m)
V... 0.108(m/s)
V.o 0.081(m/s)
V.o -1.67(m/s)
Wt 79.8°
depth:2.1(m)

Mine Shape

Parameters (15/15-2190)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000623¢kg'm?)
s 0.000623(kg'm?)
0.01477(m)

3

o T, S - S

Final Model

time:
R i
Vm:
vam:
v

1.4(s)
0.675(m)
0.109(m/s)
-0.0517(m/s)
- -1.52(m/fs)
Wi 90.75°
depth:2.1(m)

MIDEX Run 15-2-15, Run 1

Depth (m)

1

=y

[
T

-14 -

-1.6r

1 rParameters
| W, 57°

1k V.. 0 (m/s)

Model Initial

@5.+1.6 (rfs)

vo--1.86 (m/s
- -1.47 (m/s) |
{1t dt: 1/30(s)

3-D Model Output 15-2-15, Run 1

Y (m)

0.5 0
Path Distance {m)

center trail

Depth (m}

0.5 -0.5 1
Path Distance {m)
Mass center trail Yaw Velocity Mass
0
0
-0.5
g " -0.2
s - £
= > -04
A -15
-0.6
-2
-02 0 02 04 -4-2024 -0.2
X (m) , (fsec)
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0 02
X (m)

Parameters (15/15-2190]

Yaw Velocity
0




Depth (m)

1 1

- =y

a3 L
T T

1

—

]
T

1

ey

%
T

Final Drop

time: 1.4(s)
XY, 0.604(m)
Vier  O(m/S)
V. 0.045(m/s)
V.o -1.93(mfs)
Wt 89.1°

depth:2.02(m)

Parameters (15/15-1186)

d:

o T, S - S

3

Mine Shape

Parameters (15/15-1186)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (15/15-1186]

time:
R i
Vm:
vam:
v

1.4(s)
0.289(m)
0.0589(m/s)
-0.108(m/s)
- -1.54(mfs)
Wi 100.5°
depth:2.06(m)

MIDEX Run 15-2-15, Run 2

1
—_
T

1
%
T

3-D Model Output 15-2-15, Run 2

w1330

W

4r “xo
L'
Yo
L'

20

dt:

Model Initial
1 rParameters

@,.+-1.5 (r/s)
- 0.159 (m/s)
-1.05 (m/fs)
:-0.882 (m/s)
1/30 (s)

RN

T

1 05

0

Path Distance {m)

Mass center trail

Yaw Velocity
0

Depth (M)

0.5 0 -0.5
Path Distance (m)
Mass center trail Yaw Velocity
0

Depth (m)




Final Drop

time: 1.23(s)
XY,..  0.39(m)
V... 0.051(m/s)
Vi -0.045(m/s)
V.o -2.09(m/s)
Wit 90°
depth:2.12(m)

Parameters (15/15-1897)

d:

o T, S - S

3

Mine Shape

Parameters (15/15-1897)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (15/15-1897]
time:
X i

v
v
¥

zitm”

me :

depth:2.13(m)

wfm”
yim”

1.3(s)
0.35(m)
0.033(m/s)
-0.071(m/s)
-1.53(m/s)
97.05"

MIDEX Run 15-2-15, Run 3

3-D Model Output 15-2-15, Run 3

0 T u T T
Model Initial
-0.2r- 1 rParameters 1
04l 1| W2r52° |
@.,-0.39 {rfs)
-06} 1 Vo -0.108 (m/s) ]
sl || Vio'-1.27 (mis) |
~ V.1 -2.13 (mfs)
E 1t 1r dt: 1730 (s) 1
=
&-12} 1F 1
(]
14+ 1r A
1.6} 1t .
1.8} 1r .
2L JL 4
-051 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0 !
[
i
0 -0.5 i
- E 3 |
E 02 = g |
> g 3 |
al t-15 !
-04 !
[
-2 I
-04 -02 0 02 -02 0 02 -6-4-2 02
X (m) X (m) , (fsec)




Depth (m)

1 1

sy -

[+2] -
T T

1

sy

ue)
T

1

-

[}
T

Final Drop

time: 1.27(s)
XY 0.22(m)
V... 0.055(m/s)
V. 0.045(m/s)
V.o -1.65(m/s)
Wt 87.9°
depth:2.09(m)

Parameters (15/15-2637)

Mine Shape Final Model
Parameters (15/15-2637) Parameters (15/15-2637]
d:  0.04(m) time: 1.33(s)
L:  0.152(m) s 0.475(m)
m:  0.323(m) V..o 0.0348(m/s)
Ji7 3.3e-005(kg'm?) Vwmi -0.114(m/s)
J,0 0.000623(kg"m?) V..o -1.52(m/s)
Ji1 0.000623(kg™m?) Y- 87.87°
v:  0.01477(m) depth:2.12(m)

MIDEX Run 15-2-15, Run 4

3-D Model Output 15-2-15, Run 4

1
—_
T

1
[}
T

Model Initial
1 fParameters
W, 50°
| @, 147 (1)
V..10.213 (m/s)
V.. -1.68 (m/s)
| V,1-1.82 (mis)
4| dt: 1430 (s)

0.5

Path Distance {m)

Mass center trail

-05 1 05 0 -0.5
Path Distance {m)

L

Depth (m)

-02 0 02 04

X (m)

42024

Yaw Velocity Mass center trail Yaw Velocity
i
0 051
= g i
E 02 £ -1 !
g LIPP
04 L
[
-2 i
-0.6
-02 0 02 04 -4-2024
X (m) , (fsec)

, (fsec)
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Final Drop
Parameters (15/15-2302)

time: 1.27(s)
s 0.223(m)
V... -0.055(m/s)
V.o 0.085(m/s)
V.o -1.81(mfs)
Ve 86.9°
depth:2.1(m)

d:

o T, S - S

3

Mine Shape
Parameters (15/15-2302)

0.04(m)
0.152(m)
0.323(m)

3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (15/15-2302]
1.4(8)

0.678(m)
0.0798(m/s)
-0.101(m/s)
-1.52(m/s)
91.14°
depth:2.13(m)

MIDEX Run 15-2-15, Run 5

Depth (m)

1

=y

[
T

-14 -

-1.6

Y

HO

L'
Yo

-odt:

3-D Model Output 15-2-15, Run 5

Model Initial
rParameters
W, 1520
| ©,.12.6 (ts)
-0.108 (m/s) |
11.98 (mfs)
Vo

z0’

Y (m)

0.5

0 -0.5
Path Distance {m)
Mass center trail Yaw Velocity
0
-0.5
3
= -1
5
o F]
A -15 :
|
it I
-02 0 02 4-2024
X (m) , (fsec)

Y (m)

0.5
Path Distance {m)

0

Mass center trail Yaw Velocity
0 .
i
05
g |
&£ -1 I
o i
@ 3
Q.15 !
|
i
=2 I
-02 0 0.2 -4-2024
X (m) , (fsec)




Final Drop

time: 1.37(8)
XY, 0.224(m)
V... 0.054(m/s)
Vi 0.633(m/s)
V.o -1.45(mfs)
Wt 73.7°
depth:2.08(m)

Parameters (15/12-1406)

d:

o T, S - S

3

Mine Shape

Parameters (15/12-1406)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model
Parameters (15/12-1406]

time:
Wy
Vm:
vam:
szm:
me:

depth:

1.5(s)
0.319(m)
0.0572(mis)
-0.0522(m/s)
-1.37(m/s)
87.96"
2.09(m)

MIDEX Run 12-2-15, Run 1

3-D Model Output 12-2-15, Run 1

0 T T T T
Model Initial
0.2 1 rParameters 1
W, 64"
04} il 2 :
@, 0.66 (rfs)
06} 1F ¥, 0.159 (m/s) .
55l 1] V,."-0.771 (mfs) |
: V.. -1.38 (mfs)
E & {L dt: 1/30 (s) |
i
g
a-12r 1F 1
-14 ¢ 1t .
-16 ¢ 1F 1
-18+ 1 P .
]
5L 4F 4
1 05 0 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1
0 s, e
- £ £
£ 0.1 B :
> -0.2 = g
) 0
-0.3
-04

02 0
X (m)

0.2




Final Drop Mine Shape Final Model
Parameters (15/12-19138) Parameters (15/12-1918) Parameters (15/12-1918]

time: 1.57(8) d:  0.04(m) time: 1.6(s)
XYt 0.0136(m) L:  0.121(m) Xt 0.263(m)
V... -0.054{m/s) m: 0.254(m) V... -0.0184(m/s)
Vo' 0.228(m/s) Ji7 2.71e-005¢kg™m?) V' -0.0102(m/s)
Vol -1.73(mis) J;' 0.000331(kg"m?) V™ -1.37(m/s)
Wt 79.7° J;- 0.000331(kg"m?) Wi 86.3°
depth:2.15(m) . 0.00997(m) depth:2.2(m)

MIDEX Run 12-2-15, Run 2 3-D Model Output 12-2-15, Run 2

" Model Initial
Parameters
W 71°
05} 1t P20°3.7 (rfs)
V.o 0 (mis)
V.. -0.678 (m/s)
~ V.. -1.15 (mfs)
E -1r 1T dt: 1/30 (s)
i
=3
1]
(]
-15¢ 1t p
o 2 4k
1 0.5 0 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 0.1
-0.5 -05
0 =, 0 P
" £ - £
£ 70 ?" = 1 £-01 I -1
- F= > T
0:2 8 -15 22 A 15
-0.3 -0.3
-0.4 -2 04 -2
-02 0 0.2 5 0 5 -0.2 0 0.2 5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.6(5)
XY.. 0403(m)
V... 0.105(m/s)
Vi 0.228(m/s)
V.o -1.68(m/s)
Wet 79.2°

depth:2.15(m)

Parameters (15/12-2761)

d:

L:
m:
J1:
Jz:
JS
2

Mine Shape
Parameters (15/12-2761)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Parameters (15/12-2761])

Final Model

time: 1.57(s)
XY 0.541(m)
V... 0.0672(m/s)
Vi -0.0482(m/s)
V..o -1.37(m/s)
Wi 90.91°
depth:2.18(m)

3-D Model Output 12-2-15, Run 3

Parameters
W, 62°

Model Initial

4L @,,:4.2 (r/s) _
V..1-0.108 (m/fs)
Vo154 (mis)
V.. -1.51 (mfs) |
1t dt: 1730¢s) [

L

0
05+
E. “Ap
=
a
@
(@
151
o
0
-0.1
~-0.2
E
< -0.3
-0.4
05

Path Distance {m)

Mass center trail

Yaw Velocity
0

-

Depth (M)

0

0.2
X (m)

04

4-2024
, (fsec)

0.5

-05 1 0 -0.5
Path Distance {m)
Mass center trail Yaw Velocity

0 .
0 i
-0.1 -0.5 :
£ £ 1o
04 o -1.5 I
|
-0.5 -2 :

0 02 04 -4-2024

X (m) , (fsec)
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Final Drop

Parameters (15/12-14438)

time: 1.43(s)
XY, 0.139(m)
Vie!  O(m/S)
Vi 0.321(mis)
V.o -1.39(m/s)
Vet 77.7°

depth:2.01(m)

d:

o T, S - S

Parameters (15/12-1448)

3

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (15/12-1448])
time:
X i

v
v
¥

zitm”

me :

depth:2.05(m)

wfm”
yim”

1.47(s)
0.296(m)
0.0479(m/s)
-0.0715(m/s)
-1.37(m/s)
91.41°

3-D Model Output 12-2-15, Run 4

MIDEX Run 12-2-15, Run 4

0 T T T T
Model Initial
-0.2 - 1 rfParameters 1
W, 70°
04 20 |
@a00 3.1 (rfs)
06| 1L Y0 0.321 (m/s) i
V.. -0.695 (m/s)
A-O.S - 10 ¥, -1.34 (mfs) i
£ dt: 1730 (s)
i -1 B 17 ]
=3
1]
0-12¢ 1 .
-14 ¢ 1t .
-16 ¢ 1F 1
18} thE 3 .
3
v
L 4F 4
1 : -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 00—
0.2 0.2 i
[
0.1 _ 0.1 g A
- £ & !
g ° = ° £ -1r |
> -0.1 o -0.1 & !
0 ch [
-0.2 -0.2 15
[
-0.3 -0.3 a2l
-02 0 0.2 -0.2 0 0.2 20246
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model

Parameters (15/9-1512) Parameters {15/9-1512) Parameters (15/9-1512)
time: 1.67(8) d:  0.04(m) time: 1.57(s)

.- 0.0783(m) L: 0.0912(m) s 0.255(m)

V..o o(mis) m: 0.215(m) V... -0.0101(m/s)
Vm: -0.315(m/s) Ji7 2.35e-005¢kg™m?) Vwmi 0.000595(m/s)
V1 _1.54(mis) J,' 0.000156(kg"m?) Vot -1.4(mis)

W 738° J;* 0.000156(kg"m?) Wins 81.13°
depth:2.23(m) . 0.005796{m) depth:2.23(m)

MIDEX Run 9-2-15, Run 1 3-D Model Qutput 9-2-15, Run 1

Model

| dt: 1

Initial

Parameters

W, 64°

@, 4.4 (rfs)
o+ 0.159 (m/fs)
vo- -0.723 (m/s)
- -1.34 (m/fs)

/30 (5)

05/

E 7
£
5
QD
(]

51

20

0.1

0

£ 01

—
0.2
0.3

1 05

Path Distance {m)

Mass center trail

Depth (m)

05

0.2

0 -0.5 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.1 i
-0.5 !
0 . l
—- E !
£ .01 I
> o !
-1.5 |
0.2 @ |
20 |
-0.3 |
4-20246 -0.2 0 0.2 420246
, (fsec) X (m) , (fsec)
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Final Drop
Parameters (15/9-2397)
time: 1.77(8)
XY, 0.338(m)
V..o 0.213(mis)
Vet 0.117(mis)
V.o -1.49(m/s)
W' 705°

depth:2.11(m)

Parameters (15/9-2397)

d:

3

o T, S - S

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model

Parameters (15/9-2397)

time: 1.47(s)

XY,.- 0.28(m)

V... 0.0169(m/s)
V' -0.0149(m/s)
V.o -1.4(mfs)

Wt 80.5°
depth:2.14(m)

MIDEX Run 9-2-15, Run 2

3-D Model O

utput 9-2-15, Run 2

0 T T T
Model Initial
0.2 1 rParameters T
04l 1L %0555“ |
@an 1.9 (rf8)
06} 1t V- 0.054 (m/s) 7
i || Vi -1.22 (mfs) |
~ V.. -1.7 (mis)
E 1t 1t dt: 1/30(s) 1
=
212} i .
14+ 1r .
-1.6} 1r 1
1.8} 1r 3 .
1
Ok 4L 4
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.3 0 0.3 0 ;
[
0.2 0.2 05 :
A 0.1 g ,-\ 0.1 E: i
£ o = £ o g
> > > 'y !
-0.1 =] -0.1 a-15 !
|
-0.2 -0.2 [
-2 |
-0.2 0 0.2 -0.2 0 0.2 -5 0 5
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model

Parameters (15/9-2685) Parameters (15/9-2685) Parameters (15/9-2685)
time: 1.9(s) d:  0.04(m) time: 1.53(s)

XY..  0.428(m) L:  0.0912(m) XY,.o 0.262(m)

V... 0429(m/s) m: 0.215(m) V... 0.012(m/s)
Ve 0.498(m/s) Ji7 2.35e-005¢kg™m?) V' -0.0193(m/s)
V1 _1.24(mis) J,' 0.000156(kg"m?) Vot -1.4(mis)

W, 55° Ji0 0.000156(kg™m?) Wit 81.16°
depth:2.19(m) . 0.005796{m) depth:2.2(m)

MIDEX Run 9-2-15, Run 3 3-D Model Qutput 9-2-15, Run 3

' Model Initial |
Parameters
W, 69"
-05} 1F ®5,°3.9(rfs) i
V.1 0.054 (m/s)
V.. -0.726 (mfs)
~ V.. -1.43 (mfs)
E, #lp 10 dt: 1730 (s) i
i
=3
1]
(]
-15¢ 1t LE -
1
2L 4t ]
1 0.5 0 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
04 0 0.4 0
|
-05 !
0.2 . 0.2 N |
g = £ £ 7
> 0 Y > 0 'y !
) & -15 !
[
-0.2 -0.2 -2 :
-02 0 02 -4-2024 -0.2 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.63(s)
XYt 0.095(m)
Vier  0(m/s)

Vi -0.27(mfs)
V.o -1.04(mfs)
We'  65.5°

depth:2.08(m)

Parameters (15/9-1720)

d:

o T, S - S

Parameters (15/9-1720)

3

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model

time:
S

1.5(5)
0.451(m)

V... 0.0634(m/s)
V' -0.0194(m/s)

V..o -1.39(m/s)
Wi 86.46°
depth:2.11(m)

Parameters (15/9-1720)

3-D Model Qutput 9-2-15, Run 4

MIDEX Run 9-2-15, Run 4

0 T T T T
Model Initial
0.2 1 rParameters 1
W, 68"
04} il 2 :
a0 2.9 (rfs)
06} 1} ¥, 0.054 (m/s) 1
55l 1] V.o =113 (mfs) |
: V.. -1.39 (mfs)
E 41 1L dt: 1/30(s) ]
i
g
a-12r 1F 1
-14 ¢ 1t .
-16 ¢ 1F § 1
-1.8¢ 1F 1
2t 11 4
05 0 -051 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0 |
0 05| |
fam=s., e l
=01 £ 3 !
3 5.
03 ' -1.5 i
i
-04 2 i
-0.2 0 0.2 -0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)




Final Drop
Parameters (30/15-2082)

time: 1.2(s)
XY.. 0.258(m)
V... 0.045(m/s)
V. 0.045(m/s)
V.o -1.75(mfs)
Ve 82.9°

depth:2.09(m)

Mine Shape

Parameters (30/15-2082)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000623¢kg'm?)
s 0.000623(kg'm?)
0.01477(m)

3

o T, S - S

Final Model

Parameters (30/15-2082]
time: 1.33(s)

XY, 0.557(m)

V... 0.103(m/s)
Vi -0.0623(m/s)
V..o -1.52(m/s)

Wit 90.43°
depth:2.1(m)

3-D Model Output 15-2-30, Run 1

MIDEX Run 15-2-30, Run 1

0 T T T T : T
Model Initial _,-.-“
02} 1 rParameters . 1
i || W61 |
' ©,.10.21 (I/s)
0.6 1t Vo 0 (mis) 1
L 11 V.o 1.5 (mfs) |
' V. 1-1.95 (mfs) |
E & 1L dt: 1/30(s) | |
o
2
g-12¢ 1k 1

-14 - ij

1.6} 1r .
1.8} 1F .
oL % 1t i
05 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
=-02 £ ~-0.2 E
S c -1 5 P
> o > g
£ 815 -04 &
-0.6 -2 -0.6
-02 0 02 04 -4-2024 -02 0 02 04
X (m) , (fsec) X (m)
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0 T T T T T
Model Initial
0.2 1 rParameters 1
04l 1| ¥2.63° |
@5.+1.6 (rfs)
-06} 1 Vo -0.108 (m/s) ]
sl || Viet-1 (mis) |
~ V.. -1.24 (mfs)
E 1t 1r dt: 1730 (s) 1
=
&-12} 1F 1
(]
14+ 1r A
1.6} 1r .
1.8} 1r .
2L JL 4
1 05 0 -05 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
i
0 -0.5 :
- E 3 |
E-02 I= £ -1 !
> By 3 |
) o - [
04 b i
[
) i
-0.6
-04 -02 0 0.2 0.2 -6-4-202
X (m) , (fsec)

Final Drop

time: 1.27(s)
XY, 0.203(m)
V... -0.055(m/s)
V.o 0.408(m/s)
V.o -1.76(m/s)
Vet 86.4°
depth:2.12(m)

Parameters (30/15-2309)

d:

o T, S - S

Parameters (30/15-2309)

3

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (30/15-2309]

time: 1.43(s)
Xt 0.443(m)
V... 0.0771(m/s)
V' 0.0817(m/s)
V..o -1.52(m/s)
Wi 87.95°
depth:2.15(m)

MIDEX Run 15-2-30, Run 2

3-D Model Output 15-2-30, Run 2




Final Drop

Parameters (30/15-1525)
time: 1.3(s)
XY, 0.468(m)
Vo' O(mis)
Vi -0.375(m/s)
V.o -1.53(mfs)
W' 874°

depth:2.15(m)

Mine Shape

Parameters (30/15-1525)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000623¢kg'm?)
s 0.000623(kg'm?)
0.01477(m)

3

o T, S - S

Final Model

Parameters (30/15-1525]
time: 1.47(s)

X¥,.- 0.613(m)

V... 0.098(m/s)
V" 0.00606(m/s)
V..o -1.52(m/s)

Wit 87.44°
depth:2.2(m)

3-D Model Output 15-2-30, Run 3

MIDEX Run 15-2-30, Run 3

0 T T T T T
Model Initial ¢
Parameters
W,,:50°
-05 ¢ 1t @,,--0.078 (1/s) 1
V. .1-0.108 (m/s)
V.. -1.61 (m/fs)
~ V.. -1.45 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
=3
1]
(]
-15¢ 1t .
2t 11 4
1 0.5 0 -05 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0 !
-0.5 :
_ 02 3 02 (3 i
£ = £ £ 11
- b O > X o |
04 e 04 815l |
-0.6 -0.6 )
-04 -02 0 0.2 20246 -04 -02 0 02 202456
X (m) , (fsec) X (m) , (fsec)
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0 T T T T
Model Initial
0.2 1 rParameters
04+ 1L ng:-3.70
@.,--0.81 {r/s)
-06} 1 Vo -0.163 (m/s)
sl || Vio'-1.18 (m/s)
~ V.1 -1.18 (mfs)
E 1t 1r dt: 1730 (s)
=
&-12} 1F
(]
14+ 1r
1.6} 1r
1.8} 1
2t 4k
1 -0.5 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0 0 i
-0.5 -0.5 |
0.2 = 0.2 T |
£ Bl £ £ 1r
> 0.4 o > 04 & :
N 15 15 |
|
06 -06 !
-2 -2 |
-02 0 02 -6-4-202 -02 0 02 -6-4-2 0 2
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 1.37(8)
XY, 0.616(m)
Vie!  O(m/S)
Ve 0.159(m/s)
V.o -1.69(m/s)
W, 88"

depth:2.13(m)

Parameters (30/15-1244])

Mine Shape Final Model
Parameters (30/15-1244] Parameters (30/15-1244]
d:  0.04(m) time: 1.5(s)
L:  0.152(m) s 0.372(m)
m:  0.323(m) V..o 0.0382(m/fs)
Ji7 3.3e-005(kg'm?) Vwmi -0.0082(m/s)
J,0 0.000623(kg"m?) V.1 -1.53(m/s)
Ji1 0.000623(kg™m?) Vi 89.21°
v:  0.01477(m) depth:2.15(m)

MIDEX Run 15-2-30, Run 4

3-D Model Output 15-2-30, Run 4




Depth (m)

Y (m)

Final Drop Mine Shape Final Model
Parameters (30/15-1153) Parameters (30/15-1153) Parameters (30/15-1153])
time: 1.43(s) d:  0.04(m) time: 1.43(s)
XYt 0.609(m) L:  0.152(m) Xt 0.252(m)
V... 0.055(m/s) m: 0.323(m) V... 0.0358(m/s)
Ve 0.055(m/s) Ji7 3.3e-005(kg'm?) V' 0.00238(m/s)
V..o -1.66(m/s) J,0 0.000623(kg"m?) Vi -1.53(m/s)
Wier 837 J;* 0.000623(kg"m?) Wi 86.39°
depth:2.2(m) v 0.01477(m) depth:2.24(m)
MIDEX Run 15-2-30, Run 5 3-D Model Output 15-2-30, Run 5
0 T T A T T 7 T
/ Model Initial
Parameters
W, 42°
-05 ¢ 1F ®5,-0.21 {rfs) -
V. _1-0.055 (m/s)
V.. -0.75 (m/s)
V.. -1.55 (mfs)
1t 10 dt: 1730 (s) 1
15+ 1F .
I % |
1 0.5 0 -05 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
-05 -05
-0.2 3 02 £
. = g
f=1 | - o 8
b 85| 4 0.4 8 -15
-0.6 ol -0.6 2
-04 -02 0 0.2 -4-2024 -04 -02 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)



0 T T T u T T
Model Initial
Parameters
W, 64"
05" {1t @,,-4.8 (r/s) g
V..10.105 (m/s)
V.. -0.996 (m/s)
~ V.. -1.82 (mfs)
E -1t 15 dt: 1430 (s) .
i
=3
1]
(]
-15¢ 1F 1
o
ul
ul
2l 1L g |
1 05 0 -0.51 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0.1 0.1 |
-05 :
E-0.1 = E-0.1 £ o
- f=1 - o 8 |
-0.2 S -0.2 215 !
-0.3 -0.3 |
-2 :
-04 -04 |
0 02 04 20246 0 02 04 20246
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 1.6(5)
XYl 0.321(m)
V..o -0.108(m/s)
Vi -0.228(m/s)
V.o -1.35(mfs)
Yo 83.1°

depth:2.18(m)

Parameters (30/12-2724)

d:

3

o T, S - S

Mine Shape
Parameters (30/12-2724]

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (30/12-2724]
1.53(8)
0.303(m)
0.0255(m/s)
-0.0758(m/s)
-1.37(m/s)
82.84°
depth:2.22(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

MIDEX Run 12-2-30, Run 1

3-D Model Output 12-2-30, Run 1
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Final Drop
Parameters (30/12-1791)

time: 1.43(s)
XY, 0.347(m)
V... 0.162(m/s)
Vi -0.09(m/s)
V.o -1.82(mfs)
Ve 85.2°

depth:2.13(m)

Mine Shape Final Model
Parameters (30/12-1791) Parameters (30/12-1791])
d:  0.04(m) time: 1.53(s)
L:  0.121(m) s 0.196(m)
m: 0.254(m) V.o 0.000603(m/s)
Ji7 2.71e-005¢kg™m?) Vwmi -0.042(m/s)
J,0 0.000331(kg'm?) V.o -1.37(m/s)
Ji1 0.000331(kg™m?) Wi 80.34°
4. 0.00997(m) depth:2.17({m)

MIDEX Run 12-2-30, Run 2

3-D Model Output 12-2-30, Run 2

0 T T T T
Model Initial
0.2 1 Parameters 1
04l 1| ¥2-58° |
@,,-0.85 {rfs)
-06} 1t V- 0.054 (m/s) ]
sl || Vyo' -0.678 (m/s) |
~ V.. -1.44 (mfs)
E 1t 1 dt: 1/30 (s) 1
=
@-1.2 1F g 1
(]
14+ 1r .
16} 1t % -
-1.8} 1r g 1
2t 11 4
1 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 ! 0.2 O
[
-0.5 -0.5 :
o O E —_ E i
E < E £
- f=1 - o 8 |
0.2 A 15 hid &5 |
|
5 |
-04 -0.4 !
0 02 04 20246 0 02 04 20246
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (30/12-1953)

time: 1.37(8)
XY, 0.227(m)
V..o -0.213(m/s)
Vi -0.375(m/s)
V.o -1.31(mfs)
Ve 56.9°

depth:2.06(m)

d:

o T, S - S

3

Mine Shape

Parameters (30/12-1953)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (30/12-1953])
time:

S
Vm:
vam:
szm:
me:

depth:2.09(m)

1.47(s)
0.233(m)
0.0474(m/s)
-0.0159(m/s)
-1.38(m/s)
90.04°

MIDEX Run 12-2-30, Run 3

3-D Model Output 12-2-30, Run 3

0 T T T T
Model Initial
-0.2 - 1 rParameters 1
W, 67"
04} 1F % .
@,,--0.95 (1/s)

06} 1L V.. 0.108 (m/s) _

05 V.. -0.695 (m/s)

i 1] ¥, -1.55 (mfs) il
E. 1L dt: 1/30(s) |
i
g

-1.2¢ 1F 1
e :

-14 ¢ 1t -

-16 ¢ 1 -

-18 ¢ 1F 1

i
2L 4k 4
1
1 ; -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0
_ 0 E _ 0 £
E, = é £
f=1 g
” 02 2 02 g
-04 -04
-02 0 0.2 -0.2 0 0.2
X (m) X (m)




Final Drop

time: 1.5(5)
XY, 0.0228(m)
V... 0.108(m/s)
Vi 0483(m/s)
V.o -1.02(m/s)
Vet 54.7°
depth:2.19(m)

Parameters (30/12-1527)

d:

o T, S - S

Mine Shape
Parameters (30/12-1527)

3

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

time:
S

me :

Final Model

Parameters (30/12-1527]
1.6(s)
0.269(m)
V... 0.0197(m/s)
Vi -0.0624(m/s)
V..o -1.37(m/s)
81.55°
depth:2.19(m)

MIDEX Run 12-2-30, Run 4

3-D Model Output 12-2-30, Run 4

0 T I T T
Model Initial
Parameters
W, 62"
-05} 1F ®5,°3.3(rfs) i
V.. 0 (mis)
V.. -0.695 (m/s)
~ V.0 -1.1 (mis)
E, #lp 10 dt: 1730 (s) i
i
-3
1]
(]
1.5} 1r % .
1
2L 4t ]
0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 !
-0.5 !
0 fm=s. e l
- £ & !
£-01 = £ -1 !
- [=5 o |
02 ) & -1.5 |
-0.3 :
04 e
-02 0 0.2 -0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)




Final Drop
Parameters (30/12-1259)

time: 1.63(s)
XY, 0.696(m)
V... 0.108(m/s)
Vit -0.213(m/s)
V.o -1.31(mfs)
W' 76"

depth:2.13(m)

d:

o T, S - S

3

Mine Shape

Parameters (30/12-1259)
0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

v
v
¥

me :

Final Model

Parameters (30/12-1259]
time:
X "
x‘fm:
vfm:
zfm:

depth:2.17(m)

1.57(s)
0.135(m)
0.00568(m/s)
-0.0165(tm/s)
-1.38(m/s)
79.87°

MIDEX Run 12-2-30, Run 5

3-D Model Output 12-2-30, Run 5

0 T T 4 T T
7 Model Initial
Parameters
W,,:51°
05| {1} ®,,-0.98 {rfs) _
V. .1-0.108 (m/s)
V.. -0.426 (mfs)
~ V.. -1.15 (mfs)
E 1t 1t dt: 1/30(s) 1
K= [
& %
1]
(]
-15¢ 1 -
1 LI 1
1 ; 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 I 0 !
[
-05 !
-0.2 . -0.2 S !
E = > g -1 !
> -0.4 o> > -0.4 2 !
N a-1.5 !
[
06 06 2 :
-02 0 02 04 -4-2024 -02 0 02 04 -4-2024
X (m) , (fsec) X (m) , (fsec)
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0 T T T
Model Initial
0.2 1 rParameters T
04l 1L %0560“ )
@, 5.8 (rfs)
06} 1k V.. 0 (mis) -
el 11 V.. -0.732 (mfs) |
~ ' V.. -1.51 (mfs)
E 1t {b dt: 1/30 (s) 1
= [
"g 4
2-1.2r 1F 1
-14 ¢ 1+ -
-16 ¢ 1F 1
-18¢ 1F 1
B dE 4
0.5 0 -05 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.1 j 0.1 i
|
0 ﬁ 0 1 -05 |
£ .01 = £ .01 i - |
> Y > Y !
-0.2 Q -0.2 1.5 :
0.3 0.3 20
-0.2 0 0.2 5 0 5 -0.2 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)

Final Drop Mine Shape Final Model

Parameters (30/9-2746) Parameters (30/9-2746) Parameters (30/9-2746)
time: 1.53(8) d:  0.04(m) time: 1.47(s)

Xt 0.23(m) L:  0.0912(m) Xt 0.19(m)

V..o -0.159(m/s) m: 0.215(m) V... 0.0128(m/s)
Ve 0.273(mis) Ji7 2.35e-005¢kg™m?) V' 0.00176(m/s)
Vol -1.39(mis) J;* 0.000156¢kg"m?) V™ -1.4(m/s)

W 814° J;* 0.000156(kg"m?) Wins  804°
depth:2.1(m) . 0.005796{m) depth:2.13(m)

MIDEX Run 9-2-30, Run 1

3-D Model Qutput 9-2-30, Run 1
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Final Drop

time: 1.77(8)
XYl 0.21(m)
V... -0.483(m/s)
Vi -0.093(m/s)
V.o -1.25(mfs)
Woto 430

depth:2.23(m)

Parameters (30/9-2199)

d:

3

o T, S - S

Mine Shape

Parameters (30/9-2199)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (30/9-2199)
1.57(8)
0.297(m)
-0.0101(m/s)
0.00953(m/s)
-1.4(m/s)
82.26"°
depth:2.25(m)

3-D Model Qutput 9-2-30, Run 2

MIDEX Run 9-2-30, Run 2

0 T T T T T T
Model Initial
Parameters
W, 69"
-05¢+ 1F @5, 4.6 (rfs) .
V. _1-0.054 (m/s)
V.. -0.861 (mfs)
= il 1] V.. -1.5 (mis) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F 1
o 2 JL 4
1 0.5 0 -0.51 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 a 0.2 ¢ i
0.1 0.1 -0.5 :
E° £ g ° i |
- f=1 o g |
0.1 o 0.1 2.5 |
0.2 -0.2 !
-2 ]
-0.3 -0.3 '
-0.2 0 0.2 -6-4-202 -0.2 0 0.2 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (30/9-1562)

time: 1.7(s) d:
s 0.0694(m) L:
V..o -0.213(m/s) m:
Vi 0.483(m/s) J.
V.o -1.15(mfs) Jo
Yo 72° J3:
depth:2.18(m) %

Parameters (30/9-1562)

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model
Parameters (30/9-1562)

time:
X "
x‘fm:
vfm:
zfm:
me:
depth:

o e

1.5(8)
0.19(m)
0.0666(m/s)
-0.0202(m/s)
-1.4(m/s)
86.14°
2.18(m)

MIDEX Run 9-2-30, Run 3

3-D Model Qutput 9-2-30, Run 3

0 T T T T T
Model Initial
Parameters
W, 72°
-05} {F ®5,°3.6(rfs) i
V. _1-0.051 (m/s)
V.. -0.48 (m/s)
~ V.. -1.55 (mfs)
E -1t 10 dt: 1430 (s) g
i
=3
1]
(]
-15¢ 1F 1
ot 1t 4
1 05 0 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
[
0.1 0.1 05 :
_ 0 3 .0 g i
£ = £ s o
> -0.1 . > -0.1 o !
0 ch -1.5 I
0.2 -0.2 !
-2 !
|
-0.2 0 0.2 5 0 5 -0.2 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (30/9-1260) Parameters (30/9-1260) Parameters (30/9-1260)
time: 1.73(8) d:  0.04(m) time: 1.53(s)
XYt 0.0781(m) L:  0.0912(m) Xt 0.136(m)
V... 0.375(mis) m: 0.215(m) V... 0.0509(m/s)
Ve 0.267(m/s) Ji7 2.35e-005¢kg™m?) V' 2.8e-005(m/s)
V..o -1.07(m/s) J,0 0.000156(kg"m?) Vi -1.4(mis)
Wit 52.7° J;* 0.000156(kg"m?) WYim 85.31°
depth:2.22(m) . 0.005796{m) depth:2.23(m)
MIDEX Run 9-2-30, Run 4 3-D Model Qutput 9-2-30, Run 4
0 T T T T T
Model Initial
Parameters
W, 61"
-05¢+ 1F ®5,-0.57 {rfs) .
V.o 0 (mis)
V.. -0.429 (mfs)
o V.. -1.55 (mfs)
B, e 11 dt: 1730 (s) 1
i
=3
1]
(]
-15¢ 1F 1
B 4F ]
1 : -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0.1
-05
0 . 0 N
- £ - E
£ = £ £
=-0.1 = =-01 =
> o > &
) h-1.5
-0.2 -0.2
-2
-0.3 -0.3
-0.3-0.2-0.1 0 041 -10-5 0 5 -03-02-01 0 0.1 -10-5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.67(8)
XY.. 0.162(m)
V..o -0.108(m/s)
Vit -0.213(mis)
V.o -1.07(m/s)
Yo' 55.1°

depth:2.21(m)

Parameters (30/9-1122)

Mine Shape Final Model
Parameters (30/9-1122) Parameters (30/9-1122)

d:  0.04(m) time: 1.57(s)
L: 0.0912(m) s 0.248(m)
m:  0.215(m) V..o 0.0596(m/s)
Ji7 2.35e-005¢kg™m?) Vwmi -0.0064(m/s)
J,0 0.000156(kg"m?) V.o -1.4(mis)
Ji0 0.000156(kg™m?) Y- 86.22°
v:  0.005796(m) depth:2.22(m)

MIDEX Run 9-2-30, Run %

3-D Model Qutput 9-2-30, Run 5

0 T T T T
Model Initial
Parameters
W,, 66"
-05 ¢ 1F ®5,°-0.29 {1/s) .
V.o 0 (mis)
V.. -0.642 (mfs)
~ V.. -1.29 (mfs)
£y 10 dt: 1/30¢(s) |
£
j= 1
3 :
-15¢ 1F 1
2F JL 4
1 0.5 0 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0.1 Oy
0 0 -0.5 :
— E — g |
£-01 = £-01 el
. F= - T i
-0.2 a -0.2 &-15}
[
-0.3 -0.3 -2 :
-01 0 010203 -2024¢68 -01 0 01 02 03 202468
X (m) , (fsec) X (m) , (fsec)
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0 T T T
Model Initial
Parameters
W, 65"
05} 1} @,,-0.44 {rfs) _
V. _1-0.055 (m/s)
V.. -0.75 (m/s)
~ V.. -1.77 (mfs)
E 1t 1t dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
:
2+ s b 1
] 4
0.5 0 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.2 !
-0.5 :
0 E g |
£ = £ Ir i
- [=5 o |
0.2 A A .15 |
[
-0.4 2 :
-04 -02 0 0.2 42024

Final Drop
Parameters (45/15-2891)

time: 1.33(8)
XYt 0.0513(m)
Vier  0(mis)
Ve 0.108(m/s)
V.o -1.37(mfs)
Wier  82.3°

depth:2.14(m)

d:

o T, S - S

Mine Shape
Parameters (45/15-2891)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (45/15-2891]
1.37(8)
0.262(m)
0.0462(m/s)
0.0415(m/s)
-1.53(m/s)
91.03°
depth:2.17(m)

MIDEX Run 15-2-45, Run 1

3-D Model Output 15-2-45, Run 1

, (fsec)



0 T T T T T
Model Initial
Parameters
W, 63"
-05} 1F ®5,:1.3(rfs) i
V.1 0.055 (m/s)
V.. -1.02 (m/s)
~ V.1 -2.3 (mis)
£, ~lin 1T dt: 1730 (s) 1
i
-3
1]
(]
1.5} 1r .
2L 4t ]
1 0.5 0 -051 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-0.5
o E = ° 3
g c £ P
> -0.2 £ > -0.2 g
B -15 ¢
-04 2 i -0.4
-04 -02 0 0.2 20246 -04 -02 0 02
X (m) , (fsec) X (m)

Final Drop

time: 1.37(8)
XY.. 0.0644(m)
V... 0429(m/s)
Voo 0.267(mis)
V.o -1.39(m/s)
Ve 77.7°

depth:2.19(m)

Parameters (45/15-2684])

d:

3

o T, S - S

Mine Shape
Parameters (45/15-2684]

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (45/15-2684]

time:
R i
Vm:
vam:
v

1.33(s)
0.33(m)
0.0666(m/s)
-0.014(m/s)
- -1.52(m/fs)
Wi 87.56°
depth:2.2(m)

MIDEX Run 15-2-45, Run 2

3-D Model Output 15-2-45, Run 2
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0 T T T u T T
Model Initial
Parameters
W, 64"
05| 1 ®5,:1.3(rfs) i
V. _1-0.055 (m/s)
V.. -0.912 (mfs)
~ V.. -1.85 (mfs)
E -1r 1F dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1 .
§
p
2t JL i 4
1 05 -05 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0
[
3 y i
0 N 0.5 0 1 0.5 |
= j E = & |
= s T £ £ !
= -0.2 5 T -0.2 5 i
A -1.5 th-1.5 !
-04 -04 !
29 2|
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)

time:
X

V}{Te:
Vm:
Vm:

qJfe :

Final Drop
Parameters (45/15-2230])

1.23(s)
0.205(m)
0({m/s)
0.055(m/s)
-1.79(m/s)
77.8°

depth:2.15(m)

d:

3

o T, S - S

Mine Shape

Parameters (45/15-2230)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

v
v
¥

zitm”

me :

wfm”
yim”

Final Model

Parameters (45/15-2230]
time:
X i

1.37(s)
0.35(m)
0.0749(m/s)
-0.0286(tm/s)
-1.52(m/s)
86.99"

depth:2.17(m)

MIDEX Run 15-2-45, Run 3

3-D Model Output 15-2-45, Run 3
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Final Drop
Parameters (45/15-1832)

time: 1.27(s)
XY, 0.162(m)
V... -0.055(m/s)
Ve 0.163(m/s)
V.o -1.83(m/s)
W' 77.9°

depth:2.18(m)

d:

o T, S - S

Mine Shape
Parameters (45/15-1832)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)

0.01477(m)

Final Model

Parameters (45/15-1832]

time:
R i
Vm:
vam:
V..o -1.53(m/s)
Wit 91.75°

depth:2.23(m)

1.43(s)
0.304(m)

0.0264(m/s)
0.0953(m/s)

MIDEX Run 15-2-45, Run 4

3-D Model Output 15-2-45, Run 4

0 T T u T T
Model Initial
Parameters
W, 59"
05} L©,0 2.7 (rfs) ]
V.1-0.213 (m/s)
V.. -0.858 (m/s)
~ V.. -1.47 (mfs)
E -1t " dt: 1730 () .
i
-3
1]
(]
1.5} - .
2t L 4
05 -0.5 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-0.5
0 £ g E3
E . E / £
> o > g
0.2 8 15 0.2 Cu
-04 ) -0.4
-04 -02 0 02 -4-2024 04 -02 0 02
X (m) , (fsec) X (m)
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Final Drop
Parameters (45/15-13238)

time: 1.27(s)
XY, 0.314(m)
V... -0.108(m/s)
Vi -0.108(m/s)
V.o -1.82(mfs)
Y. 858°

depth:2.15(m)

d:

3

o T, S - S

Mine Shape
Parameters (45/15-1328)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

time:
X "
Vm:
vam:
szm:
Wi 95.04°

depth:2.16(m)

1.4(5)
0.249(m)

0.1(m/s)

Parameters (45/15-1328]

0.0107(m/s)

-1.53(m/s)

MIDEX Run 15-2-45, Run 5

3-D Model Output 15-2-45, Run 5

0 T T T T T
Model Initial
Parameters
W, 62"
05} 1t P20 1.2 (rf)
V. 1-0.216 (m/s)
V.. -0.588 (m/s)
~ V.. -1.37 (mfs)
E -1r 1T dt: 1/30 (s)
i
=3
1]
(]
-15¢ 1t
o 2 4k
1 0.5 0 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 a 0.2 ¢ :
-0.5 05} ||
0 . 0 e I
£ = -1 E o -1 |
s -0.2 :‘,— s -0.2 75;. [
A -1.5 a-15 !
04 04 :
-2 _2 I
-04 -02 0 0.2 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (45/12-3123) Parameters (45/12-3123) Parameters (45/12-3123])

time: 1.57(8) d:  0.04(m) time: 1.43(s)
Xt 0.18(m) L:  0.121(m) Xt 0.282(m)
V... -0.054{m/s) m: 0.254(m) V... 0.0369(m/s)
Ve 0.108(m/s) Ji7 2.71e-005¢kg™m?) V' -0.0115(m/s)
Vol -1.39(mis) J;' 0.000331(kg"m?) V' -1.37(m/s)
Ve B8B.7° J;- 0.000331(kg"m?) Wi 82.52°
depth:2.1(m) . 0.00997(m) depth:2.11(m)

MIDEX Run 12-2-45, Run 1 3-D Model Output 12-2-45, Run 1

0 T T T T
Model Initial
0.2 1 rParameters T
04l 1] W20r65" )
@,.-2.3 (rfs)
06} 1F ¥,,1-0.216 (m/s) .
el 1L V.. -0.858 (m/s)
o V., -2.09 (mfs)
E 4L {1t dt: 1730 (s)
i
g
a-12r 1r
14+ 1
1.6} 1t
1.8} 1r 3
ot 4k
1 1 1 g 1 1
0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.2 0.2 i
|
0.1 ﬁ-0.5 01 1 -0.5 i
g c - g ° g 1
> -0.1 o > -0.1 & !
o . o [
0.2 1.5 0.2 1.5 |
[
-0.3 ) -0.3 ) i
-02 0 0.2 -5 0 5 -0.2 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Y (m)

Final Drop Mine Shape Final Model
Parameters (45/12-2649) Parameters (45/12-2649) Parameters (45/12-2649]
time: 1.4(s) d:  0.04(m) time: 1.5(s)
Xt 0.199(m) L:  0.121(m) Xt 0.169(m)
V..o -0.108(m/s) m: 0.254(m) V... 0.0192(m/s)
Ve 0(mis) Ji7 2.71e-005¢kg™m?) V' -0.0422(m/s)
Vol -1.47(mis) J;' 0.000331(kg"m?) V' -1.37(m/s)
Wier  83.8° J;- 0.000331(kg"m?) WYim  80.15°
depth:2.15(m) . 0.00997(m) depth:2.16(m)
MIDEX Run 12-2-45, Run 2 3-D Model Output 12-2-45, Run 2
0 T T F T T T
; Model Initial
Parameters
W, 58"
05} 1L @,,:2.9(rfs) _
V. 1-0.159 (m/s)
V.. -0.534 (mfs)
V.. -1.63 (mfs)
=1 F 11 dt: 1/30 (s) T
-15¢ 1F 1
ul
ot 11 4
1 1 1 1 8 1 1
1 05 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0.1 |
-0.5 -05} !
0 . 0 P !
£ ~ E !
-0.1 = 1 E£-01 ( g 1y
5 > 2 !
-0.2 D -15 -0.2 A -15] |
-0.3 -0.3 :
04 21 04 20
-02 0 0.2 20246 -0.2 0 0.2 20246
X (m) , (fsec) X (m) , (fsec)



Final Drop

time: 1.37(8)
XYl 0.117(m)
V... 0.054(m/s)
Vi -0.27(mfs)
V.o -1.66(m/s)
Yo 80.1°

depth:2.08(m)

Parameters (45/12-2300])

d:

3

o T, S - S

Mine Shape
Parameters (45/12-2300)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (45/12-2300]
time:
X "
vV il
vam:

V

zitm”

me :

depth:2.12(m)

1.47(s)
0.256(m)
0.0178(mis)
-0.0482(m/s)
-1.37(mfs)
80.28"

3-D Model Output 12-2-45, Run 3

MIDEX Run 12-2-45, Run 3

0 T T T T
Model Initial
-0.2 - 1 rParameters 1
W, 61"
04} il 2 :
@, 5.6 (rfs)
06} 1} ¥, -0.108 (m/s) 1
55l 1] V.. -0.963 (mfs) |
o V.. -1.71 (mfs)
E 41 1L dt: 1/30(s) g ]
i
2 ;
a-12r 1F 1
-14 ¢ 1t .
-16 ¢ 1F E 1
-18¢ 1 .
5L 4t 4
0.5 -05 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 T
0.1 0.1 :
-05 -
0 =, 0 P l
E-01 = £-01 4 -1 !
- h: =3 - _ o |
0.2 e 0.2 2 5B |
-0.3 -0.3 !
[
-04 -04 -2 |
02 0 0.2 5 0 5 -0.2 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.37(8)
XYl 0.13(m)
V... 0.375(mis)
Vit 0.321(mis)
V.o -1.29(mfs)
Yot 80.2°

depth:2.08(m)

Parameters (45/12-1836)

d:

3

o T, S - S

Mine Shape
Parameters (45/12-1836)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (45/12-1836]
time:
X i

v
v
¥

zitm”

me :

depth:2.1(m)

Eil

vfm:

1.47(s)
0.283(m)
0.0397(mis)
-0.0064(m/s)
-1.37(m/s)
83.19°

MIDEX Run 12-2-45, Run 4

3-D Model Output 12-2-45, Run 4

0 T T T
Model Initial
0.2 1 rParameters 1
W, 64"
04} il 2 :
@00 1.3 (rfs)
06} 1} ¥, 0.051 (m/s) 1
55l 1] V.. -0.804 (m/s) |
o V.. -1.71 (mfs)
E 41 1L dt: 1/30(s) |
i
g
a-12r 1F 1
-14 ¢ 1t .
-16 ¢ 1F 1
ul
1.8+ 1t 1 1
= s i |
0.5 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0
0.1 0.1
0 ﬁ-0.5 0 1 -05
- £ - £
§'0.1 } = _1 §'01 _C; _1
> -0.2 §- > -0.2 Cﬁ;-
= \BEE
03 1.5 03 1.5
-04 -2 -04 -2
-02 0 0.2 -4-2024 -0.2 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.47(s)
XY, 0.018(m)
Vier  O(m/S)
Ve 0.267(mis)
V.o -1.42(mfs)
Wet  70.5°

depth:2.14(m)

Parameters (45/12-1565)

Mine Shape Final Model
Parameters (45/12-1565) Parameters (45/12-1565]
d:  0.04(m) time: 1.53(s)
L:  0.121(m) s 0.331(m)
m: 0.254(m) V..o 0.0822(m/s)
Ji7 2.71e-005¢kg™m?) Vwm- -0.0254(m/s)
J,0 0.000331(kg'm?) V.o -1.37(m/s)
Ji1 0.000331(kg™m?) Y- 87.59°
4. 0.00997(m) depth:2.15(m)

MIDEX Run 12-2-45, Run 5

3-D Model Output 12-2-45, Run 5

0 T T T T
Model Initial
Parameters
W, 78"
05| 1} ®,,°0.81 {rfs) i
V.o 0 (mis)
V.. -0.642 (mfs)
~ V.. -1.47 (mfs)
E -1r 1F dt: 1/30(s) 1
i
-3
1]
(]
-1.5} 1r 1
:
1
2+ ENS g
0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 01
0 g -0.5 0
=01 E ~-0.1 E3
£ = -1 E i
s -0.2 :‘,— s -0.2 "5
-0.3 [ -1.5 -0.3 g
-04 ) -04
-0.2 0 0.2 -6-4-20 2 -0.2 0 0.2
X (m) , (fsec) X (m)
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Depth (m)

Final Drop

time: 1.73(8)
XY, 0.484(m)
V... 0.267(mis)
Ve 0.162(m/s)
V.o -1.31(mfs)
Wt 54.9°
depth:2.14(m)

Parameters (45/9-2953)

d:

o T, S - S

Parameters (45/9-2953)

3

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model

Parameters (45/9-2953)
time: 1.53(s)
XY,.o 0.244(m)
V.0 0.00365(m/s)
V' 3.26e-018(m/s)
V.o -1.4(mfs)
Wit 80.6°
depth:2.18(m)

MIDEX Run 9-2-45, Run 1

3-D Model Qutput 9-2-45, Run 1

0 T T T T
Model Initial
Parameters
W, 64"
05 1F P304 (1F5) 1
Vo' 0 (m/s)
V.. -0.696 (m/s)
V.. -1.31 (mfs)
-1+ 1r dt: 1730 (s) 1
-1.5}1 1r 1
ul
ul
:
2+ s 1
1 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
-0.1 -0.5
- E g
) 0.2 = i p
- E f=1 o 8
0:3 R A 15
-04
-2
-01 0 010203 -01 0 010203 -2024+68

X (m)

X (m) , (fsec)



0 T T T T
Model Initial
Parameters
W, 61"
05| 11 ®5,°8.2(rfs) i
V.. 0 (mis)
V.. -0.804 (m/s)
~ V., -1.66 (mfs)
E -1r 1F dt: 1/30(s) 1
i
-3
1]
(]
1.5} 1r .
§
]
2t JL 4
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
-0.1 . -0.1 _
= = = £
£ = ES o T
~-0.2 = =-0.2 =
> o > &
03 ) 03 th-1.5
04 04 =2
-04 -0.2 0 -5 0 5 -04 -0.2 0 -5 0 5
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 1.77(8)
XY..  0.53(m)
V... 0.108(m/s)
Vi -0.108(m/s)
V.o -1.13(mfs)
Yot 504°

depth:2.15(m)

Parameters (45/9-2508)

Mine Shape

Parameters (45/9-2508)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

3

o T, S - S

Final Model

Parameters (45/9-2508)

time: 1.47(s)

X¥,.- 0.207(m)

V... 0.0121(m/s)
V' 4.39e-019(m/s)
V.o -1.4(mfs)

Wt 80.35°
depth:2.15(m)

MIDEX Run 9-2-45, Run 2

3-D Model Qutput 9-245, Run 2

217



Parameters (45/9-2242)

Final Drop

time: 1.7(s)
XY.. 0.362(m)
V... 0.051(m/s)
Ve 0.108(m/s)
V.o -1.23(mfs)
Yo 63.1°

depth:2.11(m)

d:

o T, S - S

Parameters (45/9-2242)

3

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model
Parameters (45/9-2242)
time:
X "
vV il
vam:

V

zitm”

me :

depth:2.12(m)

1.47(s)
0.189(m)
0.0606(m/s)
-0.0131(m/s)
-1.39(m/s)
86.57°

MIDEX Run 9-2-45, Run 3

3-D Model Qutput 9-245, Run 3

0 T T T T
Model Initial
0.2 1 rParameters T
04l 1L %0578“ |
W, 0.47 (r/s)
06} 1t V- 0.054 (m/s) 1
i || Vi -0.429 (m/s) |
~ V.. -1.63 (mfs)
E 1t {b dt: 1/30 (s) 1
=
212} i .
14+ 1r .
-1.6} 1r .
-1.8} 1r 1
2L 4t i ]
1 0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 i
-0.5
-0.1 pu &
- £ &
£ = £
=-0.2 = =
g g
03 -1.5
-0.4 -2
-0.2 0 0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)




Final Drop

time: 1.73(8)
XY.. 0.245(m)
V..o -0.108(m/s)
V. 0.054(m/s)
V.o -0.883(m/s)
Yot 81.1°

depth:2.17(m)

Parameters (45/9-1626)

d:

3

o T, S - S

Mine Shape
Parameters (45/9-1626)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)

Final Model
Parameters (45/9-1626)

time:
R i
Vm:
vam:
v

zitm”
me 4

0.005796(m)

depth:2.19(m)

1.53(8)
0.114(m)
0.00218(m/s)
-0.0108(m/s)
-1.4(m/s)
80.88"°

3-D Model Qutput 9-245, Run 5

0 T T T
Model Initial
Parameters
W, 79"
-05 ¢ 1L @5, 2 (rfs) _
V.. 0 (mis)
V.. -0.213 (mfs)
~ V.. -1.31 (mfs)
E -1t 15 dt: 1430 (s) .
i
=3
1]
(]
-15¢ 1F E 1
2+ {1t g
: -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 l 05
0.1 £ 0.1 g
£ = £ = .
> -02 o> > -0.2 &
0 th -1.5
-0.3 -0.3
-2
-01 0 0102 -6-4-2 02 -01 0 01 02 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.17(s)
XY.. 0.0855(m)
V..o 0.213(mis)

Vi -0.108(m/s)

V.o -1.34(mfs)
Wt 87.3°
depth:2.07(m)

Parameters (60/15-3400])

Mine Shape Final Model
Parameters (60/15-3400) Parameters (60/15-3400]
d:  0.04(m) time: 1.23(s)
L:  0.152(m) s 0.327(m)
m:  0.323(m) V.o 0.098(m/s)
Ji7 3.3e-005(kg'm?) Vwmi -0.0307(m/s)
J,0 0.000623(kg"m?) V..o -1.52(m/s)
Ji1 0.000623(kg™m?) Wi 89.93°
v:  0.01477(m) depth:2.07(m)

MIDEX Run 15-2-60, Run 1

3-D Model Output 15-2-60, Run 1

0 T T T T
Model Initial
0.2 1 rParameters 1
W, 75"
04} 1F % .
@.,-0.39 {rfs)

06 1t Vo 0 (mis) 1

05 V.. -0.858 (m/s)

i 1| ¥, -2.54 (mfs) il
E 4L 1L dt: 1/30(s) ]
i
g
a-1.2¢ 1F 1

-14 ¢ 1t .

-16 ¢ 1t .

-18 ¢ 1 -

2+ ENS g
0.5 -05 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2

: i

0 s, P 05 I

- % E g i

E, = g -1 |

02 & z i

O .15 !
-04 :
-2 i
-04 -02 0 0.2 -02 0 02 -6-4-20 2
X (m) X (m) , (fsec)




0 T T T T T
Model Initial
Parameters
W, 63"
-05} 1F ®5,:1.3(rfs) i
V.1 0.055 (m/s)
V.. -1.02 (m/s)
~ V.1 -2.3 (mis)
£, ~lin 1T dt: 1730 (s) 1
i
-3
1]
(]
1.5} 1r .
2L 4t ]
1 0.5 0 -051 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-0.5
o E = ° 3
g c £ P
> -0.2 £ > -0.2 g
B -15 ¢
-04 2 i -0.4
-04 -02 0 0.2 20246 -04 -02 0 02
X (m) , (fsec) X (m)

Final Drop

time: 1.37(8)
XY.. 0.0644(m)
V... 0429(m/s)
Voo 0.267(mis)
V.o -1.39(m/s)
Ve 77.7°

depth:2.19(m)

Parameters (45/15-2684])

d:

3

o T, S - S

Mine Shape
Parameters (45/15-2684]

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (45/15-2684]

time:
R i
Vm:
vam:
v

1.33(s)
0.33(m)
0.0666(m/s)
-0.014(m/s)
- -1.52(m/fs)
Wi 87.56°
depth:2.2(m)

MIDEX Run 15-2-45, Run 2

3-D Model Output 15-2-45, Run 2
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0 T T T T
Model Initial
Parameters
W, 67"
05} 1L @,,:4.5(r/s) _
V.o 0 (mis)
V.. -0.804 (m/s)
~ V.1 -2.2 (mis)
E -1r 1F dt: 1/30(s) 1
= 4
j= 1
1]
(]
-15¢ 1F 1
i
2+ ENS g
1 0.5 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.2 0.2 i
-0.5 :
= 0 3 . E i
g = £ £
> 0.2 o > 0.2 & !
-l a-1.5 !
[
-04 -04 -2 !
|
-04 -02 0 02 -04 02 0 02 -4-2024
X (m) X (m) , (fsec)

Final Drop
Parameters (60/15-2709)

time: 1.23(s)
XY, 0.0773(m)
V... -0.267(m/s)
Ve 0.106(m/s)
V.o -1.77(mfs)
W' 854°

depth:2.14(m)

d:

o T, S - S

Parameters (60/15-2709)

3

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model
Parameters (60/15-2709]

time:
S

Vm:

V

vam:

zitm”

me :

depth:2.15(m)

1.3(s)
0.225(m)
0.0363(m/s)
-0.0505(tm/s)
-1.52(m/s)
84.57°

MIDEX Run 15-2-60, Run 3

3-D Model Output 15-2-60, Run 3




Final Drop

Parameters (60/15-1835)

time: 1.2(s)
XY, 0.129(m)
Vie!  O(m/S)
Vit 0.321(mis)
V.o -2.01(m/s)
Wt 84.9°

depth:2.1(m)

d:

o T, S - S

Parameters (60/15-1835)

3

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Param

v
me :

zitm”

Final Model
eters (60/15-1835]

time: 1.3(s)
S
Vm:
vam:

0.227(m)
0.0567(m/s)
1.07e-018(m/s)
-1.52(m/s)
87.76"

depth:2.11(m)

MIDEX Run 15-2-60, Run 4

3-D Model Output 15-2-60, Run 4

0 T T T
Model Initial
0.2 1 rParameters
04l 1L %0570“
oy 2 (rfs)
06} 1k V.. 0 (mis)
el 11 V.. -0.642 (mfs)
~ ' V.1 -2.01 (mfs)
E 1L {1 dt: 1730 (s)
i
g
2-1.2r 1F
14+ 1r
-1.6} 1r
ul
-1.8} 1r
u
%l 11 d
05 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-0.5
.. 0 £ .. 0 g
g | E g i
> 0.2 o > 0.2 &
a Q.15
-04 -0.4 2
-02 0 02 -0.2 0.2 -4-2024
X (m) X (m) , (fsec)




Final Drop
Parameters (60/15-1567)
time: 1.23(s)
et 0.139(m)
Vier  0(mis)
Vi 0(mis)
V.o -1.79(m/s)
W 81.8°

depth:2.18(m)

Parameters (60/15-1567)

d:

3

o T, S - S

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (60/15-1567]
time: 1.37(s)

XY,.- 0.242(m)

V... 0.0403(m/s)
V' 0.00975(m/s)
V..o -1.52(m/s)

Wit 84.14°
depth:2.21(m)

MIDEX Run 15-2-60, Run 5

3-D Model Output 15-2-60, Run 5

0 T T T
Model Initial
Parameters
W, 69"
-05} 1F @522 (rfs) i
V. _1-0.055 (m/s)
V.. -0.696 (m/s)
~ V.1 -2.01 (mfs)
E -1t 10 dt: 1430 (s) g
i
=3
1]
(]
-15¢ 1F 1
ot 1t 4
0.5 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.2 [
-05
D 3 3
E < g
- 0.2 f=1 o 8
A &-150 |
|
.04 2l ]
|
-04 -02 0 0.2 0.2 42024




Final Drop
Parameters (60/12-3544])

time: 1.3(s)
XY, 0.142(m)
V..o 0.321(mis)
Ve 0.162(m/s)
V.o -1.18(mfs)
W' 79.5°

depth:2.13(m)

d:

3

o T, S - S

Parameters (60/12-3544]

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (60/12-3544]
time:
X "
vV il
vam:

V

zitm”

me :

depth:2.17(m)

1.43(s)
0.154(m)
0.05(m/s)
-0.0101(m/s)
-1.37(m/s)
86.26"

MIDEX Run 12-2-60, Run 1

3-D Model Output 12-2-60, Run 1

0 T T T
Model Initial
0.2 rParameters 1
041 | W5y 78° |
@, 0.24 {rfs)
-06 - V.o -0.108 (m/s) 1
sl | Vioi-0.483 (mis) |
~ V., -2.52 (mfs)
E 1t - dt: 1/30 (s) 1
£
& -1.21 - -
(]
14+ - A
-16 - -
-18¢ - 3 -
2F L 4
0.5 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 Vel 0.2 0 ;
0.1 -0.5 0.1 -0.5 :
~ 0 E ~ 0 g |
) c - £ £ 10
= -0.1 i 5 > -0.1 / 5 !
-0.2 0 -1.5 -0.2 P15
i % i
0.3 2 0.3 2 |
-0.2 0 0.2 20246 -0.2 0 0.2 202456
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters (60/12-2963) Parameters (60/12-2963) Parameters (60/12-2963])
time: 1.37(8) d:  0.04(m) time: 1.47(s)
Xt 0.0211(m) L:  0.121(m) Xt 0.145(m)
V... -0.054{m/s) m: 0.254(m) V.. 0.00296(m/s)
Vwei 0.108(m/s) J7 2.71e-005¢kg*m?) Vwmi -0.00382(m/s)
V1 1.23(mis) J,0 0.000331(kg*m?) V' -1.38(m/s)
Wier  68.1° J;- 0.000331(kg"m?) Wim  81.04°
depth:2.12(m) . 0.00997(m) depth:2.13(m)
MIDEX Run 12-2-60, Run 2 3-D Model Output 12-2-60, Run 2
0 T T T T
Model Initial
-0.2 - 1 rParameters 1
04l 1L W2 77° |
@, 2.4 (rfs)

06} § 1F V.. 0 (mis) .
i || Vi -0.375 (m/s) |
; V.. -1.77 (mfs)

At 11 dt: 1/30 (s) & :
-1.2¢ 1F 1
-14 ¢ 1t .
-16 ¢ 1t .

ul
-18¢ 1F 1
2L 4k 4
0.5 0 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 ' 0.2 i
0.1 -0.5 0.1 -05
E, } = - = g -
5 -0.1 2 5 -0.1 l 5
0.2 A -15 ) th-1.5
-0.3 2 -0.3 2
-0.2 0 0.2 -20246 -0.2 0 0.2 -20246
X (m) , (fsec) X (m) , (fsec)



0 T u T T
Model Initial
Parameters
W, 67"
05} 1F ®5,-3.8(rfs)
V.. 0 (mis)
V.. -1.02 (m/s)
~ V.. -2.14 (mfs)
E. #ln 1T dt: 1730 (5)
i
-3
1]
(]
1.5} 1r
2L 4F
0.5 -0.5 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1
0 -0.5
~-0.1 L £ E
E = = -1
-0.2 £l T
> o F] @
03 A th -1.5
-04 )
-02 0 0.2 -0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)

Final Drop

time: 1.37(8)
XY, 0.154(m)
Vier  O(m/S)
Vi -0.054(m/s)
V.o -1.47(mfs)
Ve 89°

depth:2.17(m)

Parameters (60/12-2546)

d:

o T, S - S

3

Mine Shape
Parameters (60/12-2546)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

v
v
¥

zitm”

me :

wfm”
yim”

Final Model

Parameters (60/12-2546]
time:
X i

1.5(s)

0.33(m)
-0.00109(m/s)
6.91e-018(m/s)
-1.37(m/s)
84.4°

depth:2.21(m)

MIDEX Run 12-2-60, Run 3

3-D Model Output 12-2-60, Run 3




time: 1.43(s)
XY.. 0.0857(m)
V... -0.105(m/s)
Vi -0.054(m/s)
V.o -1.5(mfs)
Yot 70.3°

depth:2.19(m)

Final Drop
Parameters (60/12-1722)

d:

3

o T, S - S

Mine Shape
Parameters (60/12-1722)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (60/12-1722]
1.57(8)
0.479(m)
0.0814(m/s)
-0.0349(m/s)
-1.37(m/s)
91.26"°
depth:2.23(m)

3-D Model Output 12-2-60, Run 4

MIDEX Run 12-2-60, Run 4

0 T T T T T
Model Initial
Parameters
W, 78"
-05 ¢ {F @,,°045 (rfs) i
V. _10.267 (m/s)
V.. -1.29 (m/s)
~ V.. -1.82 (mfs)
E, #lp 10 dt: 1730 (s) i
i
-3
1]
(]
-1.5}1 1r 1
2t 11 4
1 0.5 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0
0
-0.1 } . A
—_ = E
§-0.2 = &
> .03 o ;
) (]
-04
-0.5

-0.2

X (m)

0.2

4-2024
, (fsec)

228




0 U T T T
Model Initial
Parameters
W, 69"
051 1F ©20°3.2(1/5)
V. _1-0.054 (m/s)
V.. -0.695 (m/s)
~ V.. -1.88 (mfs)
E. #ln 1T dt: 1730 (5)
i
=3
1]
(]
-15¢+ 1F
5L 41
1 0.5 -05 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 g 0.2 il
-0.5 -0.5 :
LI T . € |
£ c g £ 1o
- f=1 - o 8 |
02 R 15 0.2 a5 i
[
-2 21
-04 -0.4
-02 0 0.2 -4-2024 -0.2 0 0.2 42024
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 1.43(s)
XY.. 0.061(m)
V... 0.054(m/s)
V. 0.054(m/s)
V.o -1.39(m/s)
Ve 77.7°

depth:2.17(m)

Parameters (60/12-1708)

d:

3

o T, S - S

Mine Shape
Parameters (60/12-1708)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

v
v
¥

zitm”

me :

wfm”
yim”

Final Model

Parameters (60/12-1708]
time:
X i

1.5(s)
0.245(m)
0.0533(mis)
-0.0575(tm/s)
-1.37(m/s)
84.38"

depth:2.19(m)

MIDEX Run 12-2-60, Run 5

3-D Model Output 12-2-60, Run 5
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0 T T T T T
Model Initial
Parameters
W, 74"
-05} 1F @522 (rfs) i
V. _1-0.054 (m/s)
V.. -0.696 (m/s)
~ V., -2.04 (mfs)
E -1t 15 dt: 1430 (s) .
i
-3
1]
(]
1.5} 1r 1
ul
2l skl 1 |
1 0.5 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0r— 01 0
[
0 0 -05¢} |!
fam=s., e l
e £ — 3 !
5 0.1 E 5 0.1 r: -1 |
- f=1 - o 8 |
-0.2 S -0.2 215 !
|
-0.3 -0.3 2 :
-0.2 0 0.2 -4202468 -0.2 0 0.2 -4202468
X (m) , (fsec) X (m) , (fsec)

Final Drop

Parameters (60/9-3607)

time: 1.5(5)
XY, 0.129(m)
Vier  O(m/S)
Vi -0.27(mfs)
V.o -1.15(mfs)
W' 56.3°

depth:2.18(m)

d:

3

Mine Shape
Parameters (60/9-3607)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)

Final Model
Parameters (60/9-3607)

time: 1
Wy
Vm:
vam:
szm:
me:

0.279(m)
0.0586(m/s)
0.0285(m/s)
-1.39(m/s)
84.83°

5(8)

o T, S - S

0.005796(m)

depth:2.22(m)

MIDEX Run 9-2-60, Run 1

3-D Model Qutput 9-2-60, Run 1
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Final Drop
Parameters (60/9-3221)

time: 1.57(8)
XYl 0.211(m)
V..o -0.267(m/s)
Vi -0.108(m/s)
V.o -1.21(mfs)
Ve 64.1°

depth:2.17(m)

d:

3

o T, S - S

Mine Shape
Parameters (60/9-3221)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (60/9-3221)
1.47(8)

0.28(m)
0.0192(m/s)
3.33e-018(m/s)
-1.4(m/s)
81.44°
depth:2.21(m)

3-D Model Qutput 9-2-60, Run 2

MIDEX Run 9-2-60, Run 2

0 T T T T
Model Initial
Parameters
W, 69"
-05 ¢ 1F ®5,°3.8(rfs) ]
V.o 0 (mis)
V,.*-0.909 (m/s)
~ V., -2.33 (mfs)
E -1t 15 dt: 1430 (s) .
i
-3
1]
(]
1.5} 1r 1
2l i 3 ]
1 -0.5 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 -05
=-0.1 £ £
E < g
- f=1 o 8
B2 A 3 -15
-0.3 2
-0.2-01 0 041 -0.2-01 0 041 -5 0 510
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model
Parameters (60/9-2512) Parameters (60/9-2512) Parameters (60/9-2512)
time: 1.6(5) d:  0.04(m) time: 1.5(s)
X+ 0.089(m) L: 0.0912(m) s 0.346(m)
V... 0.375(mis) m: 0.215(m) V... 0.059(m/s)
Vo' -0.054(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0257(m/s)
V1 _1.29(mis) J,' 0.000156(kg"m?) V' -1.39(m/s)
W B7° Ji0 0.000156(kg™m?) Wins  84.74°
depth:2.19(m) . 0.005796{m) depth:2.22(m)
MIDEX Run 9-2-60, Run 3 3-D Model Qutput 9-2-60, Run 3
0 T [ T T T T
Model Initial
Parameters
W, 75"
-05} 1F @521 (rfs) i
V.o 0 (mis)
V.. -0.804 (m/s)
~ Voo -2.06 (M/S)
E, #lp 10 dt: 1730 (s) i
£
=3
1]
(]
-1.5} 1t .
1
ul
:
2L 4t ]
1 0.5 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0.1 0
0 0
- 3 _
§'0.1 l= §'01 _C;
f=1 g
” 02 2 " 02 g
-0.3 -0.3
-0.2-01 0 041 20246 -02-01 0 041
X (m) , (fsec) X (m)
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0 T T T T
Model Initial
Parameters
W, 79"
-05} 1F ®5,:1.3(rfs)
V.1-0.213 (m/s)
V.. -0.27 (m/s)
. V.. -1.5 (mis)
g U 1T dt: 1730 (s)
=
=3
@
]
-15¢ 1
u
9L JE
1 0.5 0 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 '
-05
-0.1 . -0.1 S
- £ - E
£ = £ &
=-02 = =-0.2 =
> 5 > % s
03 a 0.3 il
0.4 -0.4 2
-0.2 0 0.2 5 0 5 -0.2 0 02 -5 0 5
X (m) , (fsec) X (m) , (fsec)

Final Drop

Parameters (60/9-1838)

time: 1.8(s)
XY, 0.228(m)
Vie!  O(m/S)
Vi 0.321(mis)
V.o -1.07(m/s)
Vet 44.4°

depth:2.21(m)

Mine Shape

Parameters (60/9-1838)

d:  0.04(m)

L:  0.0912(m)

m: 0.215(m)

Ji7 2.35e-005¢kg™m?)

J,0 0.000156(kg"m?)

J3° 0.000156(kg'm?)

v 0.005796(m)

Final Model

Parameters (60/9-1838)

time:
X "
x‘fm:
vfm:
zfm:

o e

me :

1.57(8)
0.174(m)
0.0192(m/s)
-0.00231(m/s)
-1.4(m/s)
82.62°

depth:2.25(m)

MIDEX Run 9-2-60, Run 4

3-D Model Qutput 9-2-60, Run 4
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Final Drop

Parameters (60/9-1942)

time: 1.63(s) d:
XYt 0.186(m) L:
V... 0.267(mis) m:
V. 0.054(m/s) J.
V.o -1.34(mfs) Jo
Wier  70.3° Ji
depth:2.2(m) %

Mine Shape

Parameters (60/9-1942)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model
Parameters (60/9-1942)

time:
R i
Vm:
vam:
v

zitm”
me 4

depth:2.23(m)

1.57(s)
0.337(m)
0.0339(m/s)
-0.0246(tm/s)
-1.39(m/s)
86.56"

MIDEX Run 9-2-60, Run 5

3-D Model Qutput 9-2-60, Run 5

0 A T T T T
$ Model Initial
Parameters
W, 79"
-05} 1F ®5,-1.8(rfs) .
V. _1-0.054 (m/s)
V.. -0.696 (m/s)
~ V.. -1.47 (mfs)
AT 17 dt: 1730 (s) 1
i
=3
1]
(]
15+ 1F ; .
9L 4k 4
0.5 0 -05 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 |
-05 -05 :
-0.1 = -01 i
E S E T
s -0.2 :!’- » -0.2 !
n-1.5 1.5
-0.3 -0.3 !
2| =l 2L
-0.4 : -0.4 |
-0.2 0 0.2 -4202456 -0.2 0 0.2 -4-202456
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.1(s)
XY, 0.104(m)
Vier  O(m/S)
V.o 0.0581(m/s)
V.o -1.42(mfs)
Wt 88.7°

depth:2.13(m)

Parameters (75/15-3647)

d:

o T, S - S

3

Mine Shape

Parameters (75/15-3647)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)

Final Model

Parameters (75/15-3647]
time:
X i

v
v
¥

zitm”

me :

wfm”
yim”

0.01477(m)

depth:2.16(m)

1.23(s)
0.419(m)
0.0952(m/s)
-0.00803(m/s)
-1.52(m/s)
89.51°

MIDEX Run 15-2-75, Run 1

Depth (m)

Model Initial
1 rParameters
| W, '82°

90- 0.7 (rf8)
«o- 0.055 (mfs)
w0+ =1.18 (m/s)
o' -3.29 (mfs)
dt: 1730 (s)

3-D Model Output 15-2-75, Run 1

0.5

0.5 -0.5 1 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
' i
} -0.5 0 -05 :
3 - 3 |
c 1 E-02 £
: =
5 N -
1.5 04 1.5
-2 -2
-0.6
-02 0 02 04 -4-2024 02 0 02 04 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape
Parameters (75/15-3315) Parameters (75/15-3315)
time: 1.1(s) d:  0.04(m)
XY, 0.109(m) L:  0.152(m)
Vo -0.051(m/s) m:  0.323(m)
Ve 0.216(m/s) Ji7 3.3e-005(kg'm?)
V.o -1.82(mfs) J,0 0.000623(kg"m?)
W, 87° J37 0.000623(kg'm?)
depth:2.14¢m) v 0.01477(m)

v
v
¥

me :

Final Model

Parameters (75/15-3315]
time:
X "
x‘fm:
vfm:
zfm:

depth:2.19(m)

1.27(s)
0.203(m)
0.0617(mis)
0.0657(mis)
-1.52(mfs)
90.45°

MIDEX Run 15-2-75, Run 2

3-D Model Output 15-2-75, Run 2

0 T T T T
Model Initial
Parameters
W, 84"
05} 1} ®,,°0.76 (rfs) _
V.1-0.213 (m/s)
V.. -0.375 (mfs)
~ V.1 -2.92 (mfs)
E -1r 1F dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
2+ ENS g
05 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2 !
-0.5 :
e 0 E = 0 g i
£ l = = / = = !
- f=1 - o 8 |
-0.2 A -0.2 A .15 |
[
-0.4 -0.4 21|
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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E -1 15 dt: 1430 (s) .
i
-3
1]
(]
-1.5 1r 1
-2 4L i
0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
£ E3
— 0 ot -— 0 e
E, = é £
> ? o > \' i
-0.2 al -0.2 =
-04 -0.4
-02 0 02 04 4-2024 -02 0 02 04
X (m) , (fsec) X (m)

Final Drop
Parameters (75/15-2413)

time: 1.2(s)
XY.. 0.0301(m)
V... -0.055(m/s)
V. 0.085(m/s)
V.o -1.42(mfs)
Ve 86.9°

depth:2.17(m)

Mine Shape

Parameters (75/15-2413)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000623¢kg'm?)
s 0.000623(kg'm?)

3

o T, S - S

0.01477(m)

Final Model

Parameters (75/15-2413])
time: 1.33(s)

XYoo 0.123(m)

V.1 -0.00319(m/s)
V' -0.0408(m/s)
e -1.52(m/s)

Wit 95.9°
depth:2.23(m)

V

MIDEX Run 15-2-75, Run 3

3-D Model Output 15-2-75, Run 3

Model Initial

Parameters
W, 86°

L @, :-0.68 (1/s)
V..10.108 (m/s)
V.. -0.267 (mfs)
V.. -2.41 (mfs)
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Final Drop
Parameters (75/15-2671)

time: 1.1(s)
.- 0.0861(m)
V..o -0.108(m/s)
V.o 0.0581(m/s)
V.o -2.2(mfs)
Ve B7.1°
depth:2.05(m)

d:

o T, S - S

3

Mine Shape

Parameters (75/15-2671)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

Final Model

Parameters (75/15-2671]
time:
X i

v
v
¥

me :

depth:2.08(m)

Eil
yim”
zitm”

1.23(s)
0.142(m)
0.0451(mis)
0.0453(mis)
-1.53(m/s)
93.28°

MIDEX Run 15-2-75, Run 4

3-D Model Output 15-2-75, Run 4

0 T T T T
Model Initial
-0.2 - 1 rParameters 1
W, 82°
041 S Ee 1
Wanr 1 (rfs)
06| 1} V. -0.055 (m/s) g
V.. -0.324 (mfs)
el 11 Vo, -2.44 (mis) 1
E 4l 1L dt: 1/30(s) |
i
g
o-1.2r 1r 1
14+ 1r .
1.6} 1r .
-1.8} 1r 1
9L 41 4
0.5 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
} i
0.2 0.2 i
-0.5 -0.5 i
g " i e = g’ j g A i
> > > 'y !
-0.2 045 -0.2 A 15 !
: : i
i
-04 -2 -04 -2 |
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)



time
X e
V}{Te:
Vm:
v

zfe”
qJfe :

Final Drop

Parameters (75/12-3761)
D 1.33(s)

0.117(m)
0.213(m’s)
-0.108(m/s)
-1.31(m/s)
71.0°

depth:2.13(m)

d:

o T, S - S

3

Mine Shape
Parameters (75/12-3761)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model
Parameters (75/12-3761])

time:
S

v
v
¥

me :

depth:2.16(m)

Eil
yim”
zitm”

1.43(s)
0.229(m)
0.0715(mis)
0.00608(m/s)
-1.37(m/s)
88.64"

MIDEX Run 12-2-75, Run 1

3-D Model Output 12-2-75, Run 1

0 T T T T
Model Initial
Parameters
W, 83"
05| {1} ®5,°0.16 {rfs) _
V.o 0 (mis)
V.. -0.48 (m/s)
~ V., -2.49 (mfs)
E 1t 1t dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
2L dF ]
0.5 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0 !
[
-0.5 :
= 3 g .l |
£ = £ 11|
- [=5 & |
0.2 2 &5l |
[
ol |
-04 ) I
-02 0 0.2 -0.2 0 0.2 -20246
X (m) X (m) , (fsec)




Final Drop
Parameters (75/12-3209)

time: 1.3(s)
X, 0.111(m)
V... -0.054{m/s)
Vi 0(mis)
V.o -1.45(mfs)
Y. 845°

depth:2.12(m)

d:

3

o T, S - S

Parameters (75/12-3209)

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (75/12-3209]
time:
X "
x‘fm:
vfm:
zfm:

o e

me :

depth:2.13(m)

1.43(s)
0.151(m)
0.0604(m/s)
-0.012(m/s)
-1.37(mfs)
85.87°

MIDEX Run 12-2-75, Run 2

3-D Model Output 12-2-75, Run 2

0 T T T T
Model Initial
0.2 1 rParameters 1
04l 1| Wa-84° |
@5.+1.2 (rfs)
-06 1t Vo -0.054 (m/s) 1
i || Yo' -0.267 (m/s) |
~ V.1 -2.2 (mis)
E 1t 1t dt: 1/30(s) 1
£
212} it !
-14 ¢ 1t .
-16 ¢ 1F 1
-18+ 1F o .
2+ SRS g
05 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 |
0.1 -0.5 0.1 -0.5 :
o B S E o 0 g |
= s - £ £ T
= -0.1 5 > -0.1 { 5 !
-0.2 0 -1.5 -0.2 P15
i % i
0.3 2 | 0.3 2 |
-02 0 0.2 420246 -0.2 0 0.2 420246
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (75/12-2318)
time: 1.37(8) d:
.- 0.045(m) L:
V..o -0.108(m/s) m:
Vi -0.054(m/s) J
V.o -1.5(mfs) J
Wt 75° J
depth:2.16(m) %

Mine Shape
Parameters (75/12-2318)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Final Model

Parameters (75/12-2318]
time:
X i

v
v
¥

me :

depth:2.2(m)

Eil
yim”
zitm”

1.47(s)
0.219(m)
0.0503(m/s)
3.95e-018(m/s)
-1.37(m/s)
89.6°

MIDEX Run 12-2-75, Run 3

3-D Model Output 12-2-75, Run 3

0 T T T
Model Initial
Parameters
W, 86"
-05} 1t @,,:0.71 (i/s) 1
V.. 0 (mis)
V.. -0.429 (mfs)
~ V.. -2.41 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
-3
1]
(]
1.5} 1r 1
DL JL 1
05 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0
-0.5
. r 3 - 3
E = £ £ -1
f=1 o 8
" 02 2 " 02 815
-2
-04 -04
-0.2 0 0.2 -0.2 0 0.2 -6-4-202
X (m) X (m) , (fsec)




Depth (m)

0 T T T T T
Model Initial
Parameters
W, 86"
-05 ¢ 1b @5,:-0.42 (1/s) 1
V.1 0.054 (m/s)
V,.'-0.108 (m/s)
V.. -2.14 (mfs)
-1 10 dt: 1/30(s) 3 1
-15¢+ 1F .
2L 4L i
1 0.5 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2
0.1 ﬁ [
-~ 0 £ 3 i
= ‘q = Wl o 1P
> -0.1 . o !
a a-15) |
-0.2 [
-0.3 -2 :
-0.2 0 0.2 -0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)

Final Drop
Parameters (75/12-2417)

time: 1.43(s)
XY, 0.052(m)
V... 0429(m/s)
Vi -0.162(m/s)
V.o -1.26(m/s)
W' 67.8°

depth:2.17(m)

d:

o T, S - S

Parameters (75/12-2417)

3

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)
0.00997(m)

Parameters (75/12-2417]

Final Model

time: 1.47(s)
XY, 0.0852(m)
V... 0.0339(m/s)
V' -0.0183(m/s)
V..o -1.37(m/s)
Wi 94.88°
depth:2.17(m)

MIDEX Run 12-2-75, Run 4

3-D Model Output 12-2-75, Run 4




Final Drop Mine Shape Final Model
Parameters (75/9-3756) Parameters (75/9-3756) Parameters (75/9-3756)
time: 1.47(s) d:  0.04(m) time: 1.47(s)
XYt 0.0362(m) L:  0.0912(m) Xt 0.253(m)
V..o o(mis) m: 0.215(m) V... 0.0233(m/s)
Ve -0.162(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0379(m/s)
V..o -1.13(m/s) J,0 0.000156(kg"m?) Vi -1.39(m/s)
Wi+ 66.5° J;* 0.000156(kg"m?) Wi 95.57°
depth:2.2(m) . 0.005796{m) depth:2.21(m)
MIDEX Run 9-2-75, Run 1 3-D Model Qutput 9-2-75, Run 1
| | " ||Model nitial ' '
Parameters
W, 86"
{F @,,:-0.76 {1/s) .
V. 1-0.162 (m/s)
V.. -0.642 (mfs)
~ V.. -2.44 (mfs)
AT 17 dt: 1730 (s)
i
=3
1]
(]
15+ 1t
9L 41
-05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1
-05
0 e 0 Fonnct
€ 0.1 = € 04 %
> o F] > @
0 o -1.5
-0.2 -0.2
-2
-0.3 -0.3
-0.2-01 0 0.1 5 0 5 -02-01 0 041 5 0
X (m) , (fsec) X (m) {fsec)




Final Drop

Parameters (75/9-3244)

time: 1.57(8)
XYl 0.215(m)
V..o -0.216(m/s)
Vi -0.429(m/s)
V.o -1.07(m/s)
Yot 53.7°

depth:2.16(m)

d:

o T, S - S

Parameters (75/9-3244)

3

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model

Parameters (75/9-3244)
time:
X i

v
v
¥

zitm”

me :

depth:2.18(m)

wfm”
yim”

1.43(s)
0.155(m)
0.0653(m/s)
-0.00483(m/s)
-1.4(m/s)
92.49°

MIDEX Run 9-2-75, Run 2

3-D Model Qutput 9-2-75, Run 2

0 T T T T
Model Initial
Parameters
W, 85"
-05 ¢ 1t @,5,:-0.1 (1/s) _
V. _1-0.054 (m/s)
V., -0.321 (mfs)
~ V., -2.54 (mfs)
E. #ln 1T dt: 1730 (5) .
i
=3
1]
] |
-15¢+ 1 .
9L 11 4
1 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0.1 0
0 fr=—= 0 T -0.5 |
=04 = E-01 £ o
> > > 'y !
-0.2 = -0.2 a-15; |
[
0.3 0.3 21
-01 0 0.1 02 420246 -01 0 01 02 420246
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.87(s)
Xt 0.739(m)

V..o -0.105(m/s)
Vi -0.321(m/s)

V.o -1.07(m/s)
Wit 39°
depth:2.16(m)

Parameters (75/9-2250)

Parameters (75/9-2250)

d:

3

o T, S - S

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model

time:
S

1.5(5)
0.236(m)

V... 0.0467(m/s)
V' -0.0171(m/s)

V..o -1.41(m/s)
Wit 97.65°
depth:2.16(m)

Parameters (75/9-2250)

MIDEX Run 9-2-75, Run 3

3-D Model Qutput 9-2-75, Run 3

0 T T T
Model Initial
Parameters
W, 64"
-05} 1L @,,:-1.4 (rfs) 1
V. _1-0.054 (m/s)
V.. -0.699 (m/s)
~ V.. -1.42 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
-3
1]
(]
1.5} 1r 1
DL JL 1
1 ; 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 ! 0 0 !
[
s |
-0.2 - -0.2 k i %o i
£ = £ £ !
5 04 3 5 04 3 !
) th-1.5 !
086 06 |
-2 i
-02 0 02 04 -4-2024 -02 0 02 04 -4-2024
X (m) , (fsec) X (m) , (fsec)
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0 T T T
Model Initial
Parameters
W, 81°
-05} 1F @500 1.7 (rfs) .
V.. 0 (mis)
V.. -0.375 (mfs)
~ V.. -1.88 (mfs)
£y 10 dt: 1/30¢(s) |
i
-3
1]
(]
-1.5}1 1r 1
1
2L dF ]
1 0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1 05
= 0 3 = 0 3
£ = £ = B
> -0.1 o > -0.1 &
] o -1.5
-0.2 -0.2
-2
-0.3-02-01 0 0.1 -4-2024 -03-02-01 0 041 -4-2024
X (m) , (fsec) X (m) , (fsec)

Final Drop Mine Shape Final Model

Parameters (75/9-2496) Parameters (75/9-2496) Parameters (75/9-2496)
time: 1.57(8) d:  0.04(m) time: 1.53(s)

Xt 0.101(m) L:  0.0912(m) Xt 0.181(m)

V... 0.375(mis) m: 0.215(m) V.0 0.00489(m/s)
Ve 0.267(m/s) Ji7 2.35e-005¢kg™m?) V' 3.77e-018(m/s)
Vol -1.13(mis) J;* 0.000156¢kg"m?) V™ -1.4(m/s)

W B7.3° J;* 0.000156(kg"m?) Wi 82.94°
depth:2.22(m) . 0.005796{m) depth:2.25(m)

3-D Model Qutput 9-2-75, Run 4
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Final Drop

Parameters (15/15-1040])

time: 1.63(s)
XY.. 0.274(m)
V... -0.429(m/s)
Vi 0.48(mis)
V.o -1.02(m/s)
Yo' 36.8°

depth:2.17(m)

d:

3

o T, S - S

Mine Shape
Parameters (15/15-1040)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model
Parameters (15/15-1040]

time:
Wy
Vm:
vam:
szm:
me:

depth:

1.43(s)
0.43(m)
0.0334(mis)
0.0312(mis)
-1.52(m/s)
92.47°
2.21(m)

3-D Model Output 15-1-15, Run 1

MIDEX Run 15-1-15, Run 1

0 T T T T
Model Initial
Parameters
W, 49"
-05 ¢ 1F ®5,°3.9(rfs) ]
V. .1-0.108 (m/s)
V.. -1.34 (mfs)
~ V.. -1.53 (mfs)
E -1t 15 dt: 1430 (s) .
i
=3
1]
(]
-15¢ 1F 1
2L JL 4
1 : 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 a 0.2 O
05 ||
0 L~ 0 S !
£ = £ £ -1 !
s -0.2 o s -0.2 = !
] o -1.5 [
04 04 |
-2 :
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop
Parameters (15/15-1059]

time: 1.4(s)
s 0.867(m)
V..o -0.75(m/s)
Vi -0.267(m/s)
V.o -1.26(m/s)
Wit 47.8°
depth:1.4(m)

Mine Shape

Parameters (15/15-1059)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000578tkg'm?)
s 0.000578¢kg'm?)
0.007411¢m)

3

o T, S - S

Final Model

Parameters (15/15-1059]
time: 1.03(s)
XY,.o 0.255(m)
V.0 -0.0177(m/s)
V' 0.0497(m/s)
V..o -1.53(m/s)
93.87°

ztm’
me:
depth:1.43(m)

MIDEX Run 15-1-15, Run 2

3-D Model Output 15-1-15, Run 2

0 T T T

Model Initial

Parameters
W2 17 v, 16° 1
@,.+-0.6 (r/s) Y
04} 1t Yo' 0.055 (m/s) & .
V.. -0.642 (mfs
061 {L V' -0.909 (m/s} )
di: 1/30¢s) b
08} 1t b -
;
-1.2¢ 1F y 1
b
b
-1-4 i 1 1 1 1 1 1L 1 1 1 1 1 I_
038 0% 04 0.2 0 0.6 04 0.2 0 -0.2 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 .
i
0 0 |
E 02 = E-02 £ [
> = > 'y |
D [ | I
-04 -04 !
[
-0.6 -0.6 '
-06 -04 -02 0 -6-4-20 2 -06 -04 -02 0 -6-4-2 02
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.17(s)
XYl 0.799(m)
V... -0.804(m/s)
Vi -0.055(m/s)
V.o -1.34(mfs)
Yot 42.3°

depth:1.69(m)

Parameters (15/15-2332)

3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)

Mine Shape
Parameters (15/15-2332)
d:  0.04(m)
L:  0.152(m)
m: 0.323(m)
J1:
Jo
Ji
v 0.007411(m)

Final Model

Parameters (15/15-2332]
time:
X i

v
v
¥

zitm”

me :

depth:1.72(m)

wfm”
yim”

1.17(s)
0.603(m)
0.13(m/s)
-0.00367(m/s)
-1.51(m/s)
87.58"

MIDEX Run 15-1-15, Run 3

3-D Model Output 15-1-15, Run 3

0 T T T T T T T T
Model Initial
020 | | Parameters |
W, 48"
04| qL ®,,51.7 (r/s) i
V. .1-0.108 (m/s)
06 {F Vo' -1.61 (mis) |

~ V,,-1.29 (m,'s)

E.08t 1F dt: 1/30(s) 1

i

-3

1]

o -1f 1r 1
-1.2}1 1r 1
14+ 1r .
-16} 1r .

1 08 06 04 02 0 08 06 04 02 0 -0.2
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 '
|
.. -0.5 1.-05 [
02 g ~ 02 £ |
E = E &£ i
> T -1 > 3 -1 |
04 e 04 2 i
[
-0.6 -1.5 . -0.6 -1.5 !
| |
-06 -04 -02 0 -6-4-20 2 -06 -04 -02 0 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (15/112-1212)

time: 2.17(s)
XY.. 0.591(m)
V... 0.159(m/s)
Vi 0.429(m/s)
V.o -0.99(m/s)
Vo' 54.8°

depth:2.2(m)

d:

3

o T, S - S

Mine Shape
Parameters (15/12-1212)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

v
v
¥

me :

Eil
yim”
zitm”

Final Model

Parameters (15/12-1212]
time:
X i

depth:2.24(m)

1.63(s)
0.383(m)
-0.0185(m/s)
0.0294(m/s)
-1.37(m/s)
94.31°

MIDEX Run 12-1-15, Run 1

3-D Model Output 12-1-15, Run 1

0 T T T T T
Model Initial
Parameters
W,,:50°
-05 ¢ 1F ®5,°-0.42 (r/s) .
V..10.162 (m/s)
V.. -1.18 (m/s)
~ V.1 -1.23 (mfs)
(ST 10 dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
2+ SRS g
1 0.5 0 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 05} |
>§:-0.2 s >§:-0.2 £
a & -15
-04 -04 -2
0 02 04 06 420246 0 02 04 06 -4202456
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape

Parameters (15/12-1118) Parameters (15/12-1118)

time: 2.2(s) d:  0.04(m)

.- 0.552(m) L:  0.121(m)

V.o -0.375(m/s) m: 0.254(m)

Vi -0.054(m/s) Ji7 2.71e-005¢kg™m?)

V.1 -0.992(m/s) J,0 0.000321(kg'm?)

W 54.9° Ji1 0.000321¢kg™m?)

depth: 1.94(m) v:  0.005307(m)

Final Model
Parameters (15/12-1118]

time:
R i
Vm:
vam:
v

zitm”
me 4

depth:1.96(m)

1.57(s)
0.37(m)
0.00042(m/s)
-0.00151(m/s)
-1.38(m/s)
79.44°

MIDEX Run 12-1-15, Run 2

3-D Model Output 12-1-15, Run 2

0 T T i T T T T o T T
Model Initial
-0.2 - 1 HParameters .
W, 24"
04 - 1T ©,,:-0.87 (t/s) I
06+ Jk V}{D: 0 (m'!s) _
V.. -0.642 (mfs
08+ {F V' -0.671 (m/s} 1
£ dt: 1730 (s)
S 1t 1+ .
j= 1
a
-1.2}1 1r 1
14+ 1r .
-1.6} 1r .
-1.8} 1r .
-2 1 1 1 1 1 1
: 08 06 04 02 0 -02 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 01
0 0 .05
.01 g .01 :-E:
E. < & T
= 0.2 5 = 0.2 5
-0.3 A -0.3 ch
-1.5
-04 -0.4
-04 -02 0 -642024 -04 -0.2 0 ) -642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (15/12-1894]) Parameters (15/12-1894] Parameters (15/12-1894])

time: 2.1(s) d:  0.04(m) time: 1.53(s)
Xt 1.08(m) L:  0.121(m) et 0.233(m)
V..o -0.162(m/s) m: 0.254(m) V... -0.0331(m/s)
Vo' -0.588(mis) Ji7 2.71e-005¢kg™m?) V' 0.0138(m/s)
Vol -0.99(m/s) J;' 0.000321(kg"m?) V' -1.37(m/s)
Wit 45.7° J;- 0.000321(kg"m?) Wins  93.48°
depth:2.1(m) . 0.005307{m) depth:2.11(m)

MIDEX Run 12-1-15, Run 3 3-D Model Output 12-1-15, Run 3

0 T T T T
Model Initial
0.2 1 rParameters T
04l 1L %0543“ )
@00 1.5 (rfs)
06} 1F V.. 0.108 (m/s) .
el 11 V.. -0.695 (m/s) |
~ V.0 -1.1 (mis)
E i {b dt: 1/30(s) |
i
3 3
2-1.2r 1F -
-14 ¢ 1
-16 ¢ 1F
-18 ¢ 1t
ot 11 4
1 0.5 0 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0 !
[
-0.2 -0.2 \ 05 i
fam=s., e l
. -04 = . -04 £ [
= < £ g 1 !
5 -0.6 §_ s -0.6 Cgi_ :
08 08 -15 i
i
-1 -1 -2 i
-0.5 0 0.5 5 0 5 -0.5 0 0.5 5 0 5
X (m) , (fsec) X (m) , (fsec)



Final Drop Mine Shape Final Model
Parameters (15/9-1510) Parameters (15/9-1510) Parameters (15/9-1510)
time: 1.93(s) d:  0.04(m) time: 1.47(s)
XYt 0458(m) L:  0.0912(m) Xt 0.268(m)
V... 0.375(mis) m: 0.215(m) V... -0.0373(m/s)
Ve -0.321(mis) Ji7 2.35e-005¢kg™m?) V' -0.017(m/s)
V! -0.749(mis) J;* 0.000158(kg"m?) V™ -1.41(m/s)
Wier  38.1° J;* 0.000158(kg"m?) WYim-  83.49°
depth:2.13(m) v 0.002911¢{m) depth:2.13(m)
MIDEX Run 9-1-15, Run 3-D Model Qutput 9-1-15, Run 1
0 T T I T F T
Model Initial
-0.2 1 Parameters 1
04 1| ¥262° |
@, 4.6 (rfs)
-06 1F Y0 -0.054 (m/s) 1
. || Vyo' -0.855 (m/s) |
~ V.. -1.45 (mfs)
E -1 1 dt: 1/30 (s) .
£
o -1.2 1r -
(]
-14 1F 1
-16 1t {} -
-1.8 1F 1
-2 4L 4
1 1 1 1 7 1 1
1 0.5 0 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1 |
0.5 0 05 |
- 3 - i
Sl W*”\L 1 g-01 A b
> o > !
0.2 8 -15 e -15¢ |
[
-0.3 -0.3 i
2] | 20
-04 -0.2 0 -202468 -04 -0.2 0 -202468
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 2.47(s)
XY, 0.314(m)
V... -0.645(m/s)
Vi -0.054(m/s)
V.o -0.671(m/s)
Wt -29.4°
depth:2.28(m)

Parameters (15/9-1709)

Mine Shape
Parameters (15/9-1709)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

Parameters
time:
S

me :

Final Model

1.63(s)
0.395(m)
V... 0.0145(m/s)
V' -0.00412(m/s)
V.o -1.4(mfs)
81.66°
depth:2.3(m)

(15/9-1709)

3-D Model Qutput 9-1-15, Run 2

MIDEX Run 9-1-15, Run 2

0 T T T T T
Model Initial
Parameters
W, 37°
-05 ¢ 10 @95°-1.3 (1fS) ]
V.1 0.054 (m/s)
V.. -1.18 (m/s)
4l || V' -1.1 (mis) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F 1
. 41 4
: 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-05
0.1 = 04
E = E !
s -0.2 §- » -0.2 15
-0.3 -0.3
-2
-04 -04
0 0.2 04 0 0.2 04 -10 0 10
X (m) X (m) , (fsec)




0 T T T
Model Initial
Parameters
W, 67"
05} {F @5,:-0.36 (1/s)
V. .1-0.108 (m/s)
V.. -0.804 (m/s)
~ V.. -1.74 (mfs)
AT 17 dt: 1730 (s)
i
-3
1]
(]
'1.5 [ ks 25 o o]
£Die el
1 05 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1
-0.5
_ 3 3
= = £
s -0.1 r=h B
a & -15
-0.2
-2
-0.3
-0.2-01 0 041 -0.2-01 0 041 -10-5 0 5
X (m) X (m) , (fsec)

Final Drop
Parameters (15/9-1880)

time: 2.33(s)
XY, 0.111(m)
Vier  O(m/S)
Vi -0.054(m/s)
V.o -0.858(m/s)
We' 455"

depth:2.19(m)

d:

3

o T, S - S

Mine Shape
Parameters (15/9-1880)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (15/9-1880)
1.53(8)
0.289(m)
-0.0223(m/s)
0.0161(m/s)
-1.4(m/s)
84.64°
depth:2.24(m)

MIDEX Run 9-1-15, Run 3

3-D Model Qutput 9-1-15, Run 3




Final Drop

Parameters (30/15-3079)

time: 1.73(8)
XY.. 0473(m)
V... 0.375(mis)
Vo' 0.267(m/s)
V.o -1.02(m/s)
Vo' 42.8°

depth:2.2(m)

d:

3

o T, S - S

Mine Shape
Parameters (30/15-3079)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model

Parameters (30/15-3079]
time:
X i

v
v
¥

zitm”

me :

depth:2.25(m)

wfm”
yim”

1.43(s)
0.573(m)
0.0939(m/s)
-0.0549(m/s)
-1.52(m/s)
92.96"

MIDEX Run 15-1-30, Run 1

Parameters
W, 53°

V.10 (m/s)

Model Initial

1F @,,-4.2 (r/s)

Vi -1.71 (mfs) |
V., -1.82 (mfs) |
" dt: 1730 (s)

3-D Model Output 15-1-30, Run 1

0
05}
E -1t
i
g
1]
0
151
2oL
0.2
0
=
> -0.2
-04

Path Distance {m)

Mass center trail

Yaw Velocity
0

Depth (M)

-02 0 020406

X (m)

-4-2024
, (fsec)

0.5

1 0 -0.5
Path Distance {m)
Mass center trail Yaw Velocity
0 .
0.2 !
-0.5 :
0 £ i
E £ '
> -0.2 > !
o -1.5 !
-0.4 !
-9 !
|
-02 0 02 04 06 -4-2024
X (m) , (fsec)
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Final Drop

time: 1.47(s)
XY, 0.928(m)
Vie!  O(m/S)
Vi -048(m/s)
V.o -1.02(m/s)
W' 44.5°

depth:2.06(m)

Parameters (30/15-1871)

Mine Shape
Parameters (30/15-1871)

d:  0.04(m) time:
L:  0.152(m) XY,
m: 0.323(m) V.
Ji7 3.3e-005(kg'm?) Vi
J,0 0.000578(kg'm?) Vo
J37 0.000578(kg'm?) w,
v 0.007411(m)

Final Model

Parameters (30/15-1871])
1.33(s)
0.313(m)
0.000244{m/s)
-0.0151(m/s)
-1.53(m/s)
83.73°
depth:2.08(m)

MIDEX Run 15-1-30, Run 2

3-D Model Output 15-1-30, Run 2

0 T T T
Model Initial
-0.2 - 1 rParameters 1
W, 55"
04} 1F % .
@.,--0.21 {1/s)
-06 r V}{D: 0 (m'!s) ]
05 V.. -0.858 (m/s)
T V.. -1.55 (mfs)
E. 1L dt: 1/30(s) |
i
=3
a-12+ 1t 1
-14 ¢ 1t -
-16 1F 1
-18 ¢ 1F 1
2L 4L J
1 0.5 0 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 . 0 0 T
[
-0.2 -0.5 -0.2 -0.5 :
E - E |
-04 c -1 §-0.4 P -1 !
[=% > v 8 |
o F] @ :
0.8 D 15 0.8 Q.45 |
-08 0.8 !
-2 -2 |
-04-02 0 0.2 -4-2024 -04-02 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.23(s)
XY, 0.55(m)
Vie!  O(m/S)
Vit -0.163(m/s)
V.o -1.58(mfs)
Wt 85.7°

depth:2.05(m)

Parameters (30/15-1920])

d:

o T, S - S

Mine Shape
Parameters (30/15-1920)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model
Parameters (30/15-1920]

time:
R i
Vm:
vam:
v

zitm”
me 4

depth:2.1(m)

1.37(s)
0.254(m)
-0.023(m/s)
-0.0223(m/s)
-1.53(m/s)
87.26"

3-D Model Output 15-1-30, Run 3

MIDEX Run 15-1-30, Run 3

0 T T T T
Model Initial

-0.2 - 1 rParameters 1
W, 55"

04} 1k % .
@,,-0.83 {rfs)

06} b V.0 0.055 (m/s) ]
V.. -0.696 (m/s)

Al 10 V., -1.34 (mis) 1
E 4l 1L dt: 1/30(s) |
i
=3
a-12+ 1t 1

-14 ¢ 1F -

16+ 1F .

-18¢ 1t .

2 S 1
1 0.5 0 -05 0.5 0 -05
Path Distance {m) Path Distance {m)

Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0

- E - g

§-0.2 l= §'02 _C;

> o > ;

-04 al -04 =
-06 -0.6
-04 -02 0 02 -04 02 0 02
X (m) X (m)




0 T T T T T
Model Initial
Parameters
W, 46"
-05} 1L @,,-0.6 (r/s) 1
V. .1-0.108 (m/s)
V.o =113 (mfs)
~ V.. -1.34 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
-3
1]
(]
1.5} 1r 1
o 2 JL 4
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0
|
0.2 " 0.2 4 R
£ £ E - [
~-0.4 = ~-0.4 = :
> T > 'y !
) th-1.5 !
-0.6 -0.6 !
[
=2 I
0 02 04 06 -4-2024 0 02 04 06 -4-2024
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 1.97(s)
XY.. 0.997(m)
V... 0.375(mis)
Vit -0.267(m/s)
V.o -1.18(mfs)
Yo' 54.5°

depth:2.15(m)

Parameters (30/15-1347)

d:

3

o T, S - S

Mine Shape

Parameters (30/15-1347)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model

Parameters (30/15-1347]
time:
X i

v
v
¥

zitm”

me :

depth:2.18(m)

wfm”
yim”

1.43(s)
0.387(m)
-0.0218(m/s)
0.021(m/s)
-1.52(m/s)
88.39"

MIDEX Run 15-1-30, Run 4

3-D Model Output 15-1-30, Run 4
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Final Drop
Parameters (30/15-917)

time: 1.53(8)
XY.! 0.896(m)
V..o -0.321(m/s)
Vi -0.055(m/s)
V.o -1.13(mfs)
Yot 43.9°

depth:1.47(m)

Mine Shape

Parameters (30/15-917)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000578tkg'm?)
s 0.000578¢kg'm?)
0.007411¢m)

3

o T, S - S

Final Model

Parameters (30/15-917)

time: 1.03(s)

X¥,.- 0.403(m)

V... 0.0772(m/s)
V' 0.00594(m/s)
V..o -1.54(m/fs)
Wt 95.02°
depth:1.47(m)

MIDEX Run 15-1-30, Run 5

3-D Model Output 15-1-30, Run 5

0 T T T T T T T T i) T
Model Initial
Parameters
W, 25"
@,.+-1.9 (r/s)
V.o 0 (mis)
- V.,'-0.858 (m/s) 1
~ V.. -1.15 (mfs)
£ dt: 1730 (s)
i
=3
1]
(]
-1.5 1 1 1 1 1 | at g 1 1 1 1 - |
1 08 0.6 04 0.2 0 0.6 04 0.2 0 -0.2
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0 0 :
|
'02 =, '02 A - l
= 5 0.5 _ () 0.5 |
E/ k= E, e |
» -04 :‘,— w -0.4 'g;_ j
n -1 a -1 !
0.6 -0.6 |
1.5 F.5L
-06 -04 -02 0 -5 0 5 -06 -04 -02 0 5 0 5
X (m) , (fsec) X (m) , (fsec)



0 T T T T T
Model Initial
Parameters
W, 63"
05} 1t Pa0°4.2 (rf5)
V.1 0.054 (m/s)
V.. -1.18 (m/s)
~ V.1 -1.9 (mis)
E -1r 1T dt: 1/30 (s)
i
=3
1]
(]
-15¢ 1t
2t {F
: 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2 |
-05 i
£ i E 0 £ |
> T > 'y !
0.2 - 0.2 P-15r
i
) i
0 02 04 06 -4-2024 0 02 04 06 -4-2024
X (m) , (fsec) X (m) , (fsec)

Final Drop Mine Shape Final Model
Parameters (30/12-2719) Parameters (30/12-2719) Parameters (30/12-2719]

time: 2.03(s) d:  0.04(m) time: 1.5(s)
Xt 0.711(m) L:  0.121(m) et 0.362(m)
V... 0429(m/s) m: 0.254(m) V... 0.0345(m/s)
Ve -0.321(mis) Ji7 2.71e-005¢kg™m?) V' 0.00267(m/s)
Vool -0.966(mis) J;' 0.000321(kg"m?) V' -1.37(m/s)
Wt 485° J;- 0.000321(kg"m?) Wins 95.34°
depth:2.15(m) . 0.005307{m) depth:2.17(m)

MIDEX Run 12-1-30, Run 1

3-D Model Output 12-1-30, Run 1
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Final Drop

time: 1.93(s)
XY.. 0.949(m)
V..o 0.213(mis)
Vi -0.108(m/s)
V.o -1.07(m/s)
Yo' 40.3°

depth:2.1(m)

Parameters (30/12-17738)

Mine Shape

Parameters (30/12-1778)

d:  0.04(m)

L:  0.121(m)

m: 0.254(m)

Ji7 2.71e-005¢kg™m?)

J,0 0.000321(kg'm?)

J37 0.000321(kg'm?)

v 0.005307(m)

Final Model
Parameters (30/112-1778]

time: 1.53(s)
XYl 0.394(m)
V... -0.0193(m/s)
V' -0.029(m/s)
V..o -1.38(m/s)
Wi 86.42°

depth:2.13(m)

MIDEX Run 12-1-30, Run 2

3-D Model Output 12-1-30, Run 2

0 T T T T 7 T
Model Initial i
0.2} 1 [Parameters 1
04l 1L l4J20.563° )
®,4:-2 (1fs) |
06} 1 VYo' -0.375 (m/s) | -
el 11 Vo' -1.13 (mfs) o |
~ V.. -1.39 (mfs)
E i {F dt: 1/30(s) |
i L
§ .
2-1.2r 1F i 1
ul
-14 ¢ 1 P -
-16 ¢ 1F 1
-18¢ 1 -
2t 11 4
1 0.5 0 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 . 0 0 !
[
-0.2 -0.2 05; |
= 3 - 3
g -04 = E -0.4 £ -
- f=1 - o 8
-06 A -06 2 15
-0.8 -0.8
-2
-0.6-04-02 0 0.2 -42024¢6 -06-04-02 0 02 420246
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.57(8)
Xy.. 0.0763(m)
V... 0.108(m/s)
V.o 0.375(mis)
V.o -1.02(m/s)
Yot 384°

depth:2.17(m)

Parameters (30/12-1795)

d:

3

o T, S - S

Mine Shape
Parameters (30/12-1795)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

Final Model
time: 1.57(s)
0.303(m)
0.021(m/s)
0.012(m/s)
-1.37(m/fs)
93.3°
depth:2.18(m)

Parameters (30/12-1795]

MIDEX Run 12-1-30, Run 3

3-D Model Output 12-1-30, Run 3

0 T T T T T
Model Initial
Parameters
W, 67"
05} {F ®,,°0.56 {rfs)
V.. 0 (mis)
V.. -0.695 (m/s)
~ V.. -1.37 (mfs)
E -1t 15 dt: 1430 (s)
i
-3
1]
(]
1.5} 1F
2+ {L
1 0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1 j
-0.5 !
0 . 0 ,-\ !
E -0.1 e E -0.1 £ 1
- f=1 - o 8 |
-0.2 2 -0.2 a-15f |
-0.3 -0.3 !
) !
-04 -0.4 |
-0.2 0 0.2 -4-2024 -0.2 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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0 T T T T
Model Initial
-0.2r- 1 rParameters 1
04l 1| ¥ar60° |
@y,:-2 (rfs)
-06} 1 Vo -0.267 (m/s) 1
sl || Vyo'-1.02 (m/s) |
~ V.. -1.5 (mis)
E 1t 1r dt: 1730 (s) 1
=
&-12} 1F 1
(]
14+ 1r A
1.6} 1t .
1.8} 1r .
2L JL 4
: 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 ! 0 0 !
[
-0.2 -0.5 -0.2 -0.5 :
e 3 . g ||
£ 04 = -1 £ 0.4 p: P !
- h: f=1 - _ o 8 |
08 a -1.5 o8 ! -1.5 !
|
-0.8 -0.8 i
-2 -2 i
-04-02 0 0204 20246 -04-02 0 0204 20246
X (m) , (fsec) X (m) , (fsec)

Final Drop
Parameters (30/12-1604)

time: 2(s)
XY.! 0.966(m)
V..o -0.159(m/s)
Vi -0.695(m/s)
V.o -1.58(mfs)
Yot 51.9°

depth:2.12(m)

d:

3

o T, S - S

Mine Shape
Parameters (30/12-1604]

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (30/12-1604]
1.5(8)
0.329(m)
-0.0214(m/s)
-0.0185(m/s)
-1.38(m/s)
85.08°
depth:2.12(m)

MIDEX Run 12-1-30, Run 4

3-D Model Output 12-1-30, Run 4
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Final Drop

time:
X e
V}{Te:
Vm:
v

zfe”
qJfe :

Parameters (30/12-12338)

2.27(s)
0.625(m)
0.213(m/s)
0.537(m/s)
-1.05(m/s)
41.3°

depth:2.23(m)

Mine Shape Final Model
Parameters (30/12-1238) Parameters (30/12-1238]
d:  0.04(m) time: 1.67(s)
L:  0.121(m) s 0.216(m)
m: 0.254(m) V.o -0.0459(m/s)
Ji7 2.71e-005¢kg™m?) Vwmi -0.00463(m/s)
J,0 0.000321(kg'm?) V.o -1.37(m/s)
Ji1 0.000321¢kg™m?) Wi 90.48°
v:  0.005307(m) depth:2.25(m)

MIDEX Run 12-1-30, Run 5

3-D Model Output 12-1-30, Run 5

0 T T T T ., T
Model Initial
Parameters
W, 36"
0.5} 1F @5,°-0.34 {1/s) 8
V. 1-0.162 (m/s)
V.. -0.429 (mfs)
o I V.. -0.91 (mfs) |
B, e dt: 1/30 (s)
i
-3
1]
(]
1.5} - .
2t B ]
1.5 1 05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 -05 !
s, e l
E-02 = E-02 g ) I
- o - o |
s a-15¢ |
-04 -0.4 |
21 |
|
0 02 04 06 -4-20246 0 02 04 06 -4-20246
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape
Parameters (30/9-2980) Parameters (30/9-2980)
time: 2.3(s) d:  0.04(m)
XY...  0.329(m) L:  0.0912(m)
V..o o(mis) m: 0.215(m)
Vit -0.213(mis) Ji7 2.35e-005¢kg™m?)
V.1 -0.752(m/s) J,0 0.000158(kg"m?)
Wit 47.8° Ji0 0.000158(kg™m?)
depth: 2.25(m) v 0.002911(m)

Final Model

Parameters (30/9-2980)
time:
X i

v
v
¥

zitm”

me :

depth:2.26(m)

wfm”
yim”

1.53(s)
0.201(m)
-0.0437(m/s)
-0.00673(m/s)
-1 41(mfs)
82.59"

MIDEX Run 9-1-30, Run 1

3-D Model Qutput 9-1-30, Run 1

0 T T T
Model Initial
Parameters
W, 59"
-05} 1F ®5,-8.2 (rfs) o
V. .1-0.108 (m/s)
V.. -1.02 (m/s)
_r 1l V., -1.66 (mfs) |
£ dt: 1730 (s)
i
-3
1]
(]
-1.5}1 1r 1
2l 11 1 ]
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0.1 0.1 05
_ o 3 _ o £ .
E < E g
> -0.1 o > -0.1 >
N a-15
-0.2 -0.2
-2
0 010203 -1510-5 0 0 010203 -18105 0
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model

Parameters (30/9-1984) Parameters (30/9-1984) Parameters (30/9-1984)
time: 2.27(s) d:  0.04(m) time: 1.53(s)

Xt 0.27(m) L:  0.0912(m) Xt 0.193(m)

V... -0.108(m/s) m: 0.215(m) V... 0.03(m/s)

Ve 0.375(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0234(m/s)
V1 .0.804(mis) J,1 0.000158(kg"m?) Vot -1.4(mis)

Ve 405° J;* 0.000158(kg"m?) Wins  79.09°
depth:2.17(m) v 0.002911¢{m) depth:2.21(m)

3-D Model Qutput 9-1-30, Run 2

MIDEX Run 9-1-30, Run 2

0 T T T T
Model Initial
Parameters
W,, 66"
-05 ¢ {F @5, 4.8 (rfs) ]
V. _1-0.054 (m/s)
V.. -0.804 (m/s)
~ V.. -1.26 (mfs)
E -1t 15 dt: 1430 (s)
i
=3
1]
(]
-15¢ 1F
2+ {L
1 : 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.2 0.2 i
-05 !
0.1 . 0.1 A !
£ - £ |
0 = E o £ -1 !
T > o !
-0.1 8 01 Cq; -1.5 !
: ; |
i
-0.2 -0.2 -2 !
-0.3-0.2-01 0 041 -10-5 0 -03-02-01 0 041 -10-5 0
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model

Parameters (30/9-1771) Parameters (30/9-1771) Parameters (30/9-1771)
time: 2.07(s) d:  0.04(m) time: 1.5(s)

Xt 0.29(m) L:  0.0912(m) Xt 0.152(m)

V..o -0.375(m/s) m: 0.215(m) V... -0.0376(m/s)
Vet -0.159(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0309(m/s)
Vol -0.857(mis) J;* 0.000158(kg"m?) V™ -1.41(m/s)

Wit 31.1° J;* 0.000158(kg"m?) Wi 83.08°
depth:2.17(m) v 0.002911¢{m) depth:2.21(m)

MIDEX Run 9-1-30, Run 3 3-D Model Qutput 9-1-30, Run 3

Model Initial
Parameters
W 71°
-05 ¢ 1F ®5,°3.6(rfs)
V. .1-0.108 (m/s)
V.. -0.429 (mfs)
~ V.. -1.53 (mfs)
E. #ln 1T dt: 1730 (5)
i
=3
1]
(]
-15¢+ 1F
5L 41
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
g 0.5 9 0.5 |
~-0.1 £ ~-0.1 £ |
E e > g !
> -0.2 Y > -0.2 Y |
R -15 A 15 !
03 0.3 |
-2 : -2 :
[ |
-0.3-02-01 0 0.1 -10-5 0 5 -03-02-01 0 041 -10-5 0 5
X (m) , (fsec) X (m) , (fsec)

268



Parameters (30/9-1586)

time: 2.1(s)
XY.. 0.616(m)
V..o -0.162(m/s)
V. 0.054(m/s)
V.o -0.938(m/s)
Vet 34.8°

depth:2.17(m)

Final Drop

Parameters (30/9-1586)

d:

3

o T, S - S

Mine Shape

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

Final Model

Parameters (30/9-1586)

time: 1.5(s)

X¥,.- 0.163(m)

V... -0.0103(m/s)
V' 0.00473(m/s)
V..o -1.39(m/s)
Wt 92.79°
depth:2.18(m)

MIDEX Run 9-1-30, Run 4

3-D Model Qutput 9-1-30, Run 4

0 T T
Model Initial
Parameters
W, 80"
-05 ¢ 1b @5,:1(rfs) _
V.10 (m/s) ;
V.. -0.375 (mfs)
~ Voot -1.89 (M/S)
E -1t 15 dt: 1430 (s) .
i
=3
1]
D %
-15¢ 1F 1
2L JL 4
1 : 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0 )
[
-0.1 -0.1 -05 !
fam=s., P I
- = - 3 !
£ 0.2 = £ 0.2 p: -1 |
> .03 o >-0.3 ] !
] th -1.5 I
04 -0.4 !
) !
-0.5 -0.5 :
-04 -02 0 -642024 -0.4 -0.2 0 -642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model

Parameters (30/9-1204) Parameters (30/9-1204) Parameters (30/9-1204)
time: 2.43(s) d:  0.04(m) time: 1.53(s)

Xt 0.343(m) L:  0.0912(m) et 0.236(m)

V..o -0.375(m/s) m: 0.215(m) V... -0.0514(m/s)
Ve 0(mis) Ji7 2.35e-005¢kg™m?) V' -0.00364(m/s)
Vool -0.858(mis) J;* 0.000158(kg"m?) V™ -1.4(m/s)

Wit 42.2° J;* 0.000158(kg"m?) Wins  86.13°
depth:2.17(m) v 0.002911¢{m) depth:2.21(m)

MIDEX Run 9-1-30, Run 3-D Model Qutput 9-1-30, Run 5

0 T T ] T T
4 Model Initial
Parameters
W, 62"
05} 1L @,,-0(rfs) 1
V. 1-0.162 (m/s)
V.. -0.645 (mfs)
~ V.. -1.45 (mfs)
E. #ln 1T dt: 1730 (5) .
i
-3
1]
(]
1.5} 1r .
2L 4L i
1 . 05 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0 !
-0.5 :
ﬁ-0.1 g A-0.1 :-E: i
£ = E o -1 [
s -0.2 :‘,— s -0.2 "5;_ !
] o -1.5) ||
-0.3 -0.3 !
21!
-04 -0.4 '
-0.3-0.2-0.1 0 041 -5 0510 -03-02-01 0 041 -5 0 510
X (m) , (fsec) X (m) , (fsec)
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0 T T T T
Model Initial
Parameters
W, 65"
0.5 1r ®20°1(1s)
V. _1-0.106 (m/s)
V.. -1.02 (m/s)
~ V., -2.46 (mfs)
E -1t 15 dt: 1430 (s)
i
=3
1]
(]
-15¢ 1F
2+ {L
1 : 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0.2 -05 :
~ E g |
E 0 = £
> g 3 |
- [
02 ) th -1.5 |
2} !
04 '
-04 -02 0 02 0.2 -20245¢%
X (m) , (fsec)

Final Drop

XY.! 0.378(m)
V..o -0.163(m/s)
Vi 0.429(m/s)
V.o -0.883(m/s)

Wier  32.8°

depth:2.17(m)

Parameters (45/15-2945)
time: 1.6(5)

Mine Shape

Parameters (45/15-2945)
d: 0.04(m)

L:  0.152(m)

m: 0.323(m)

Ji7 3.3e-005(kg'm?)
J,0 0.000578(kg'm?)
J37 0.000578(kg'm?)
v 0.007411(m)

time:
S
vV

x‘fm:
vam:
V .

zitm”
me 4

Final Model

Parameters (45/15-2945]
1.33(s)
0.347(m)
0.0361(m/s)
-0.0213(m/s)
-1.52(m/s)
89.66"°
depth:2.22(m)

3-D Model Output 15-1-45, Run 1

MIDEX Run 15-1-45, Run 1




Final Drop Mine Shape Final Model

Parameters (45/15-2623) Parameters (45/15-2623) Parameters (45/15-2623])

time: 1.43(s) d:  0.04(m) time: 1.33(s)

Xt 0.121(m) L:  0.152(m) Xt 0.31(m)

V..o -0.321(m/s) m: 0.323(m) V.. -0.00474(m/s)

Ve 0.591(m/s) Ji7 3.3e-005(kg'm?) V' -3.21e-017(m/s)

Vol -0.99(m/s) J;* 0.000578(kg"m?) V™ -1.52(m/s)

Wit 44.2° J;* 0.000578(kg"m?) Wins 90.81°

depth:2.15(m) v 0.007411{m) depth:2.16(m)

MIDEX Run 15-1-45, Run 2 3-D Model Output 15-1-45, Run 2

Model Initial
Parameters

Y., 62°
4L @,,51.7 (r/s)
V.10 (m/s)
V.. -0.912 (mfs)
V., -2.04 (mfs)

E A 1T dt: 1/30 (s) 1
i
-3
1]
(]
1.5} -
o 2 L
1 05 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2
-0.5
o O 3 3
= < £
- f=1 g
bi A A -15
-04 )
-04 -02 0 02 0.2 -4-2024
X (m) , (fsec)




Depth (m)

Final Drop Mine Shape Final Model
Parameters (45/15-2203) Parameters (45/15-2203) Parameters (45/15-2203])
time: 1.27(s) d:  0.04(m) time: 1.37(s)
Xyt 0.0488(m) L:  0.152(m) Xt 0.33(m)
V... -0.055(m/s) m: 0.323(m) V... 0.0027(m/s)
Ve 0.163(m/s) Ji7 3.3e-005(kg'm?) Vin® 0.0035(m/s)
Vool -1.5(mis) J;* 0.000578(kg"m?) V™ -1.52(m/s)
Wier 787 J;* 0.000578(kg"m?) Vi 92.21°
depth:2.12(m) v 0.007411{m) depth:2.17(m)
MIDEX Run 15-1-45, Run 3 3-D Model Output 15-145, Run 3
0 T T T T T
Model Initial
-0.2 - 1 rParameters 1
o4l 1L %0559“ |
a0 2.3 (rfs)
-06 1 ¥,:-0.108 (m/s) 1
i 1l wa-o.sea (m/s) |
V.. -1.77 (mfs)

-1r 1 dt: 1/30 (s) .
-1.2¢ 1F 1
-14 ¢ 1t .
-16 ¢ 1t .
-18+ 1 .

2L 4k 4

1 0.5 0 -05 0.5 0 -05

Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity

0 0 .
0.2 0.2 :
-0.5 05} |
0 o=, 0 P l
- é e | - g |
£ e - > £ !
5 0.2 5 5 0.2 > !
N 15 15 !

04 -0.4 |

-2 -2 |
-04 -02 0 02 -4-2024 -04 02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)



Final Drop Mine Shape
Parameters (45/15-1703) Parameters (45/15-1703)

time: 1.23(s) d:  0.04(m)

XYl 0.264(m) L:  0.152(m)

Vo -0.055(m/s) m: 0.323(m)

Vi -0.055(m/s) Ji7 3.3e-005(kg'm?)
V.o -1.71(mis) J,0 0.000578(kg'm?)
Ve 84.5° J;* 0.000578(kg"m?)
depth:2.15¢m) v 0.007411(m)

Final Model

Parameters (45/15-1703]
time: 1.33(s)

X¥,.- 0.512(m)

V... 0.0823(m/s)
V' -0.038(m/s)
V..o -1.52(m/s)

Wt 90.08°
depth:2.2(m)

MIDEX Run 15-1-45, Run 4

3-D Model Output 15-1-45, Run 4

0 T T T T T T
Model Initial
Parameters
W, 60"
05} 1} ®,,°0.49 ({rfs) _
V.o 0 (mis)
V.. -1.55 (m/s)
~ V., -2.52 (mfs)
E -1r 10 dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
ot 11 4
1 05 05 1 05 0 05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 .
i
g 05 g 05 |
§-0.2 - -1 §-0.2 pi -1 |
> > > 'y !
-04 M -1.5 -04 th -1.5 !
[
i
-0.6 -2 -0.6 =2 |
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

1

=y

[
T

Final Drop

Parameters (45/15-1460])

time: 1.63(s)
XY, 0.988(m)
V... 0429(m/s)
Vi -0.588(m/s)
V.o -1.34(mfs)
W' 45.8°
depth:2.1(m)

d:

o T, S - S

Mine Shape
Parameters (45/15-1460)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)

v
v
¥

me :

Final Model

Parameters (45/15-1460]
time:
X "
x‘fm:
vfm:
zfm:

0.007411(m)

depth:2.12(m)

1.37(s)
0.27(m)
-0.0249(m/s)
6.63e-018(m/s)
-1.52(m/s)
89.14°

MIDEX Run 15-1-45, Run 5

3-D Model Output 15-1-45, Run 5

]
-
T

Model

C020.1

dt: 1

1 rParameters
| W, 55°

1F ¥.0 0 (m/s)
V.. -0.75 (m/s)
V.. -1.47 (mfs)

Initial

4 (r/s)

/30 (5)

Path Distance {m)

05

-0.5

Path Distance {m)

Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0
-0.5 -0.2 -0.5
£ F3
o e d -04 Er=d
c -1 g £ -
f=1 - o 8
@ -0.6 &
A -15 Q.15
-0.8
-2 -2
-04-02 0 0204 -4-2024 -04-02 0 0204 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Parameters (45/12-27838)

Final Drop

time: 2(s)
XY.. 0.657(m)
V... 0483(m/s)
Vit 0.213(mis)
V.o -0.885(m/s)
Yot 424°

depth:2.16(m)

d:

o T, S - S

Mine Shape
Parameters (45/12-2788)

3

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

time:

Final Model

Parameters (45/12-2788])
1.53(8)
0.329(m)
0.0486(m/s)
-0.00916(m/s)
-1.37(m/s)
94.1°
depth:2.19(m)

MIDEX Run 12-1-45, Run 1

3-D Model Output 12-1-45, Run 1

0 T T T T
Model Initial
Parameters ]
W, 68"
-05 ¢ 1L @,,01.7 (1/s) 1
Vo' 0 (mis)
V.. -0.804 (m/s)
~ V.. -1.74 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
=3
1]
(]
-15¢ 1F 1
DL JL 1
: 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
~ 02 E £3 |
£ = £ AP
> 0 g 3 |
0 th-1.5 !
[
-0.2 2 :
-02 0 020406 -02 0 0204 06 -42024

X (m)

X (m)

, (fsec)



0 T T T T
Model Initial
Parameters
W,, 66"
-05 ¢ 1F ®5,°3.3(rfs) 1
V..10.108 (m/s)
V.. -0.804 (m/s)
~ V.. -1.77 (mfs)
E. #ln 1T dt: 1730 (5) .
i
=3
1]
(]
-15¢+ 1F .
5L dF 4
: 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.3 0.3 !
_ [
0.2 ﬁ 0.2 |
£ 0.1 B E 0.1 : -1 i
> 0 2 > 0 & |
) ah -1.5 [
-0.1 -0.1 ; i
-0.2 -0.2 =) :
-04 -02 0 42024 -04 -02 0 42024
X (m) , (fsec) X (m) , (fsec)

Parameters (45/12-2803)

Final Drop
Parameters (45/12-2803)
time: 2.03(s) d:
XY, 0.488(m) L:
V..o -0.159(m/s) m:
Voo 0.267(m/s) J
V.o -0.909(m/s) J
Ve 46.9° J
depth:2.16(m) %

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

Final Model

Parameters (45/12-2803])
time: 1.5(s)

XY,.o 0.255(m)

V.1 0.00726(m/s)
V' 0.0135(m/s)
V..o -1.37(m/s)

Wit 96.24°
depth:2.17(m)

MIDEX Run 12-1-45, Run 2

3-D Model Output 12-1-45, Run 2

277



Depth (m)

Final Drop Mine Shape Final Model
Parameters (45/12-2305) Parameters (45/12-2305) Parameters (45/12-2305]
time: 1.43(s) d:  0.04(m) time: 1.5(s)
XYt 0.189(m) L:  0.121(m) Xt 0.31(m)
V..o 0.321(mis) m: 0.254(m) V... -0.00394(m/s)
Ve 0.105(m/s) Ji7 2.71e-005¢kg™m?) V' -0.0298(m/s)
V1 _1.58(mis) J,1 0.000321(kg*m?) V' -1.37(m/s)
Wier  86.2° J;- 0.000321(kg"m?) Wi 94.25°
depth:2.16(m) . 0.005307{m) depth:2.16(m)
MIDEX Run 12-1-45, Run 3 3-D Model Output 12-145, Run 3
0 T T T T 7 T
Model Initial
Parameters
W, 64"
05" 4L @,,:4.5 (r/s) 2
Vo' 0 (m/s)
V.. -1.07 (m/s)
V.. -1.74 (mfs)
-1 10 dt: 1/30(s) 1
-15¢+ 1 .
9L 11 4
1 0.5 -05 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 i
0 -05 :
=- 2 3 i
£ 0.1 = 1 |
s -0.2 :!’- !
- [
0.3 0 1.5 |
-04 ) :
-0.2 0 0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)




Depth (m)

Y (m)

Final Drop
Parameters (45/12-2093)

time: 2(s)
XY, 0.583(m)
V..o -0.75(m/s)
Ve 0.162(m/s)
V.o -0.883(m/s)
W' 499°

depth:2.17(m)

d:

o T, S - S

3

Mine Shape
Parameters (45/12-2093)

0.04(m)
0.121(m)
0.254(m)

2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model
Parameters (45/12-2093])

depth:2.18(m)

1.53(s)
0.15(m)
-0.0506(m/s)
0.0363(mis)
-1.37(m/s)
89.98"

MIDEX Run 12-1-45, Run

Mod

6020

W

HO

L'
Yo

W

20

17 dt:

3-D Model Output 12145, Run 4

el Initial

Parameters
W, 57°

1.9 (r/s)
--0.054 (m/s)
-0.429 (m/s)
1-1.47 (mfs)
1/30 (s)

0.3
0.2
0.1

-0.1
-0.2

1 0.5

0.5

0

-0.5

Path Distance {m)

Mass center trail

Yaw Velocity
0

0
Path Distance {m)
Mass center trail Yaw Velocity
0

0.3

- 0.2

£ _

= E 0.1

o > 0

)
-0.1
-0.2

-04 -0.2 0 -4-20246
X (m) , (fsec)

279

[
-0.5 :
g |
£ -1 I
2 |
j A -15] |
[
[
) i
-04 -0.2 0 -4-20246
X (m) , (fsec)



time: 2.03(s)
XYl 1.02(m)
V..o -0.162(m/s)
Voo 0.267(m/s)
V.o -0.992(m/s)
Yo 61.6°

depth:2.09(m)

Final Drop
Parameters (45/12-1483)

Mine Shape Final Model
Parameters (45/12-1483) Parameters (45/12-1483])

d:  0.04(m) time: 1.5(s)
L:  0.121(m) s 0.202(m)
m: 0.254(m) V.o -0.0323(m/s)
Ji7 2.71e-005¢kg™m?) Vwmi 0.0261(m/s)
J,0 0.000321(kg'm?) V..o -1.38(m/s)
Ji1 0.000321¢kg™m?) Y- 83.78°
v:  0.005307(m) depth:2.13(m)

MIDEX Run 12-1-45, Run 5

3-D Model Output 12145, Run 5

0 T T T T
Model Initial
-0.2 - 1 rParameters T
W, 60"
-04 b T ]
@, -0.87 {1/s)
06} 1F V,.1-0.213 (m/s) .
el 1l V.. -0.537 (mfs) |
o V.. -1.45 (mfs)
E & {L dt: 1/30 (s) |
i
g
S-1.2r 1F .
14+ s E -
-16 1F -
-18 ¢ 1F -
2+ {1+ g
1 05 0 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 ! 0 / 0 !
|
-0.2 -0.5 -0.2 -0.5 |
- 3 " g i
§-0.4 = -1 §-0.4 £ - |
- f=1 - o 8 |
-06 S 15 -06 2 15 :
-0.8 -0.8 i
-2 -2 |
-06-04-02 0 0.2 -4-2024 -06-04-02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 2.23(s)
XY, 0.397(m)
Vie!  O(m/S)
Ve 0.159(m/s)
V.o -0.642(m/s)
Wt 54.3°

depth:2.11(m)

Parameters (45/9-3128)

d:

o T, S - S

3

Mine Shape
Parameters (45/9-3128)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

time:
R i
Vm:
vam:
v

zitm”

Wim: 86"

Final Model

Parameters (45/9-3128)
1.43(s)
0.318(m)
-0.0359(m/s)
0.00823(m/s)
-1.4(m/s)

depth:2.13(m)

MIDEX Run 9-1-45, Run 1

3-D Model Qutput 9-145, Run 1

0 T T T
Model Initial ¥
0.2+ 1 fParameters '
04l 1L l4J20.566°
@a0 3.4 (rfs)
-06 1t V- 0.054 (m/s)
el 11 V.. -0.912 (mfs)
~ V.1 -1.9 (mis)
E 1t {b dt: 1/30 (s)
£
212} i
-14 ¢ 1
-16 ¢ 1
-1.8¢ 1
B 41
1 ; 0.5 0 -05
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0 0 :
-05 |
0.1 g 0.1 £ i
= < £ g - i
> -0.2 o > -0.2 & !
a Q.15 !
-0.3 -0.3 |
=2 I
-0.3-02-01 0 -03-02-01 0 -10-5 0
X (m) X (m) , (fsec)




Final Drop

time: 1.97(s)
XY.. 0.195(m)
V... 0.375(mis)
Vi 0(mis)
V.o -1.13(mfs)
Yo' 57.5°

depth:2.24(m)

Parameters (45/9-2740)

d:

o T, S - S

3

Mine Shape

Parameters (45/9-2740)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

v
v
¥

me :

Final Model
Parameters (45/9-2740)
time:
X "
x‘fm:
vfm:
zfm:

depth:2.28(m)

1.53(8)
0.288(m)
-0.0219(m/s)
0.0366(m/s)
-1.4(m/s)
84.26°

MIDEX Run 9-1-45, Run 2

3-D Model Qutput 9-145, Run 2

0 T T T T
Model Initial
Parameters
W, 67"
-05 ¢ 1F @5, 3.4 (rfs) ]
V. 1-0.162 (m/s)
V.. -0.804 (m/s)
_r 1l V.. -1.82 (mfs) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F -
3L dF 4
1 05 0 1 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
; i
0.1 0.1 05 |
fam=s., e l
£ = = r !
= o [
> -0.1 2 > -0.1 &5 |
02 0.2 - |
|
-0.2 0 0.2 -0.2 0 02 -10-5 0
X (m) X (m) @, (fsec)




Final Drop
Parameters (45/9-2397)

time: 2.13(s)
XY.. 0418(m)
V..o -0.159(m/s)
Ve 0.108(m/s)
V.o -0.91(m/s)
Wt 51°

depth:2.19(m)

Mine Shape

Parameters (45/9-2397)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
.- 0.000158tkg'm?)
s 0.000158¢kg'm?)
0.002911(m)

3

o T, S - S

Final Model

Parameters (45/9-2397)

time: 1.5(s)

X¥,.- 0.332(m)

V... -0.0102(m/s)
V' 0.0287(m/s)
V..o -1.39(m/s)
Wt 87.27°
depth:2.2(m)

MIDEX Run 9-1-45, Run 3

3-D Model Qutput 9-145, Run 3

0 T T T T T
Model Initial
Parameters
W, 74"
-05} {F @534 (rfs) i
V.o 0 (mis)
V.. -0.858 (m/s)
~ V.. -1.71 (mfs)
E, #lp 10 dt: 1730 (s) i
i
=3
1]
(]
-15¢ 1t -
2L 4t ]
: 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0
[
-0.1 -0.1 08|
- £ — g i
£-02 = g-02 E el
0.3 A 0.3 3150
[
04 04 =2 :
-04 -0.2 0 0 5 10 -04 -0.2 0 0 5 10
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.8(s)
XY.! 0.596(m)
V... 0.051(m/s)
Vi -0.321(m/s)
V.o -0.99(m/s)
Yo' 54.5°

depth:2.12(m)

Parameters (45/9-2033)

d:

o T, S - S

Mine Shape
Parameters (45/9-2033)

3

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)

Final Model

Parameters (45/9-2033)
time:
X i

v
v
¥

zitm”

me :

wfm”
yim”

0.002911(m)

depth:2.14(m)

1.5(s)
0.38(m)
-0.000396(m/s)
0.0119(mis)
-1.39(m/s)
90.18°

MIDEX Run 9-1-45, Run 4

3-D Model Qutput 9-1-45, Run 4

0 T T I T T T
Model Initial e
-0.2r- 1 rParameters 1
04l 1| W2 75° |
@,.- 2.7 (rfs)
-06 1t V- 0.054 (m/s) ]
sl || Vyo' -0.963 (m/s) |
~ V.. -1.39 (mfs)
E 1t 1 dt: 1/30 (s) 1
£
&-12} 1F 1
(]
14+ 1 .
-16+ 1 .
-18 ¢ 1F -
2L JL 4
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 . 0 ¥ 0 T
[
-0.1 -0.1 t 05 |
o=, e l
= < £ g - !
> -0.3 . > -0.3 2 !
al t-15 !
-04 -04 [
[
05 05 -2 i
-04 -02 0 -5 0 5 -04 -0.2 0 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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0 T T T
Model Initial
Parameters
W, 72°
-05 ¢ 1F @5,--0.44 (1/s)
V. _1-0.054 (m/s)
V.. -0.429 (mfs)
~ V.1 -1.18 (mfs)
AT 17 dt: 1730 (s)
i
=3
1]
(]
151 1t ]
AL JE
1 : 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1 05
~ 0 E ~ 0 E
E I E £
> -0.1 Y > -0.1 ]
0 o -1.5
-0.2 -0.2
-2
0 010203 -864-202 0 0102 03 -864202
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 2.27(s)
XY.. 0.255(m)
V..o 0.321(mis)
Vi -0.108(m/s)
V.o -0.696(m/s)
Vet 34.8°

depth:2.2(m)

Parameters (45/9-1553)

d:

3

o T, S - S

Mine Shape
Parameters {45/9-1553)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (45/9-1553)
1.57(8)

0.19(m)
-0.0301(m/s)
-0.0241(m/s)
-1.4(m/s)
85.48°
depth:2.21(m)

MIDEX Run 9-1-45, Run 5

3-D Model Qutput 9-145, Run 5
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0 T T A T T T
Model Initial
Parameters
W, 77"
-05 ¢ {1} ©,,-0.86 {rfs)
V..10.375 (m/s)
V.. -1.45 (m/s)
~ V.. -2.73 (mfs)
E. #ln 1T dt: 1730 (5)
i
-3
1]
(]
1.5} 1r
2L 41
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0
0.2 0.2
-0.5 -0.5
0 £ . E
E = -1 £ £ -1
- h: f=1 - _ o 8
0:2 A 15 22 A -15
-0.4 -2 -0.4 -2
-02 0 02 04 -4-2024 -02 0 02 04 -4-2024
X (m) , (fsec) X (m) , (fsec)

Final Drop

Parameters (60/15-3568)

time: 1.47(s)
XY.! 0.303(m)
V..o 0.163(m/s)
Vi 0.375(mis)
V.o -0.911(mis)
Yot 43.1°

depth:2.17(m)

d:

3

o T, S - S

Mine Shape
Parameters (60/15-3568)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (60/15-3568]
1.3(s)

0.515(m)
0.107(m/s)
-0.0366(m/s)
-1.52(m/s)
89.51°
depth:2.18(m)

MIDEX Run 15-1-60, Run 1

3-D Model Output 15-1-60, Run 1

286




Final Drop

time: 1.4(s)
XY.. 0.274(m)
V..o 0.213(mis)
Vi 0.75(mis)
V.o -0.882(m/s)
Vet 42.8°

depth:2.13(m)

Parameters (60/15-2984])

d:

3

o T, S - S

Mine Shape
Parameters (60/15-2984]

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (60/15-2984]
1.33(s)
0.392(m)
0.098(m/s)
-0.0198(m/s)
-1.52(m/s)
90.51°
depth:2.16(m)

MIDEX Run 15-1-60, Run 2

3-D Model Output 15-1-60, Run 2

0 T T T T T
Model Initial
0.2 1 rParameters 1
04l 1| W2 79° |
@,,-0.91 {rfs)
-06} 1t V- 0.055 (m/s) ]
sl || Vie' -0.912 (m/s) |
~ V.1 -2.12 (mfs)
E 1t 1r dt: 1730 (s) 1
=
@-1.2 1F 1
(]
14+ 1t .
-1.6} 1r 1
-1.8} 1r 1
2t 11 4
1 : -0.51 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.2 0.2 :
-0.5 -0.5 i
E/ 0 = -1 g 0 'CE '1 |
- f=1 - o 8 |
0.2 A 15 0.2 &-15) |
|
[
-04 -2 -0.4 -2 |
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)



Final Drop
Parameters (60/15-2912)

time: 1.43(s)
XY, 0.246(m)
V..o 0.321(mis)
Vi 0.483(m/s)
V.o -0.964(m/s)
W' 34.5°

depth:2.19(m)

d:

L:
m:
J1:
Jz:
JS
2

Parameters (60/15-2912)

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model

Parameters (60/15-2912]

time: 1.37(s)
Xt 0.423(m)
V... 0.0905(m/s)
V' 0.0156(m/s)
V..o -1.52(m/s)
Wi 88.95°
depth:2.21(m)

3-D Model Output 15-1-60, Run 3

MIDEX Run 15-1-60, Run 3

0 T T T
Model Initial
Parameters
W, 78"
05} {1} ®,,--0.026 (rfs)
V. _1-0.055 (m/s)
V.. -1.02 (m/s)
~ V.. -2.17 (mfs)
E, #lp 10 dt: 1730 (s)
i
=3
1]
(]
-15¢ 1r
2L 41
1 : 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.2 !
-05 :
= 0 E E |
£ = s 1|
- [=5 & |
-0.2 a & -15 !
[
-0.4 -2 :
-04 -02 0 02 0.2 -4-2024
X (m) , (fsec)




Final Drop
Parameters (60/15-2415)

time: 1.57(8)
XY, 0.361(m)
V... 0.055(m/s)
Vi 0.48(mis)
V.o -0.883(m/s)
W' 48.8°

depth:2.2(m)

d:

Mine Shape
Parameters (60/15-2415)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)

L:
m:
J1:
Jz:
JS
2

0.007411(m)

Final Model
Parameters (60/15-2415]

time:
S

v
v
¥

me :

depth:2.2(m)

Eil
yim”
zitm”

-1.52(m/s)

1.37(s)
0.299(m)
0.0514(m/s)
0.00276(m/s)

92.41°

MIDEX Run 15-1-60, Run 4

3-D Model Output 15-1-60, Run 4

0 T T
Model Initial P
Parameters
W, 73"
-05} {F ®5,:1.5(rfs) g
V.. 0 (mis)
V.. -0.696 (m/s)
~ V.. -1.98 (mfs)
AT 17 dt: 1730 (s) 1
i
-3
1]
(]
1.5} 1r 1
AL 4L 4
1 05 0 1 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.4 0 0.4 0 |
. |
0.2 - 0.2 i 8.5 |
£ = £ 5 £ 1
> > > 'y ;
0 o -1.5 !
-0.2 -0.2 |
-9 !
|
-02 0 02 04 20246 -02 0 02 04 202468
X (m) , (fsec) X (m) , (fsec)
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depth:2.13(m)

Final Drop
Parameters (60/15-1800)

time: 1.23(s)
XY, 0.108(m)
V... 0.055(m/s)
Vi 0(mifs)
V.o -1.82(mfs)
Y, 88.2°

3

o T, S - S

Mine Shape

Parameters (60/15-1800)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000578tkg'm?)
s 0.000578¢kg'm?)
0.007411¢m)

Final Model

Parameters (60/15-1800]
time:
X i

v
v
¥

zitm”

me :

depth:2.14(m)

wfm”
yim”

1.37(s)
0.105(m)
-0.0278(m/s)
0.0227(mis)
-1.53(m/s)
85.62"

MIDEX Run 15-1-60, Run 5

3-D Model Output 15-1-60, Run 5

0 T T T
Model Initial
Parameters
W, 77"
05| 1 @5,:-0.18 {r/s) _
V. .1-0.108 (m/s)
V.. -0.216 (mfs)
" V. 1-1.53 (mfs) g
E 1t 1t dt: 1/30(s) 1
i vl
"5_ ul
1]
o] u
]
-15¢ 1 -
1 LI 1
05 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0.2 0.2 |
-05
~ 0 £ =~ 0 (3 |
g é < g / £ 1|
- f=1 - o 8 |
0.2 a 02 a5 |
|
i
-0.4 -0.4 =2 i
-04 -02 0 02 -04 02 0 02 -4-202 4
X (m) X (m) , (fsec)




Final Drop

time: 1.37(8)
XYt 0.276(m)

V..o -0.267(m/s)

V. 0.054(m/s)
V.o -1.58(mfs)
Vet 89.1°
depth:2.11(m)

Parameters (60/12-3497)

d:

3

o T, S - S

Mine Shape
Parameters (60/12-3497)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

Final Model

Parameters (60/12-3497]
time:
X i

v
v
¥

zitm”

me :

depth:2.12(m)

wfm”
yim”

1.43(s)
0.178(m)
-0.0212(m/s)
-0.0205(tm/s)
-1.38(m/s)
84.09°

MIDEX Run 12-1-60, Run 1

3-D Model Output 12-1-60, Run 1

0 U T T T T
Model Initial
0.2 1 rParameters T
04l 1L %0579“ |
@anr=1 (rfs)
06+ 1r V}{o: 0 (m'!s) i
i || Yo' -0.588 (m/s) |
~ V.1 -2.12 (mfs)
E 1t {b dt: 1/30 (s) 1
=
212} i .
14+ 1r .
1
-1.6} 1r 1
-1.8} 1r 1
2L 4t ]
1 0.5 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.1 ' i
|
0 -0.5 i
i £ £ |
5 0.1 = \ p: 1 |
> -0.2 o o !
) o - [
03 L2r
-0.4 2|
-02 0 0.2 -0.2 0 0.2 4-2024
X (m) X (m) , (fsec)




Final Drop
Parameters (60/12-3686)

time: 1.7(s)
XY.. 0.516(m)
V... 0.642(m/s)
Vi 0.429(m/s)
V.o -1.1(mfs)
Yo' 46.3°

depth:2.15(m)

Mine Shape

Parameters (60/12-3686)
d:  0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

3

o T, S - S

Final Model

Parameters (60/12-3686]
time: 1.47(s)

XY,.- 0.389(m)

V... 0.066(m/s)
V' 5.49e-018(m/s)
V..o -1.37(m/s)

W' 88.65°
depth:2.17(m)

MIDEX Run 12-1-60, Run 2

3-D Model Output 12-1-60, Run 2

0 T T T T
Model Initial
Parameters
W, 81°
-05} 1L @,,:-0.26 (t/s) 1
V.. 0 (mis)
V.. -0.963 (mfs)
~ V., -2.38 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
-3
1]
(]
ul
1.5} 1r .
1 05 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2 -0.5
= E - 3
g o < £ o0 £
> o > &
) th-1.5
-0.2 -0.2
-2
-04 -04
-02 0 02 04 -5 0 5 02 0 02 04 -5 0 5
X (m) , (fsec) X (m) , (fsec)



Final Drop
Parameters (60/12-2929)

time: 1.4(s)
XY, 0.248(m)
V..o -0.324(m/s)
Vi -0.162(m/s)
V.o -1.26(m/s)
W' 56.8°

depth:2.16(m)

d:

o T, S - S

3

Mine Shape

Parameters (60/12-2929)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)

v
v
¥

me :

Final Model

Parameters (60/12-2929]
time:
X "
x‘fm:
vfm:
zfm:

0.005307(m)

depth:2.2(m)

1.5(s)
0.0874(m)
-0.0125(m/s)
0.0323(mis)
-1.37(m/s)
83.29"

MIDEX Run 12-1-60, Run 3

3-D Model Output 12-1-60, Run 3

0 T T T T
Model Initial f
Parameters
3 [
W, 80" g
-05 ¢ L®0-1.2 (rfs) g 1
V. .1-0.108 (m/s)
V.. -0.213 (mfs)
~ V.1 -1.9 (mis)
E. #ln - dt: 1/30 (s) .
i
=3
1]
(]
-15¢+ - P .
5L L 4
1 ; -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 . 0.2 0 !
[
-05 -05 :
s 3 - ~ &
£ c g £ -1 ]l
- f=1 - o 8 |
-0.2 R -15 -0.2 A-150 |
[
i
-0.4 e -0.4 2 i
-02 0 0.2 -4-2024 -0.2 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape
Parameters (60/12-2494]) Parameters (60/12-2494]
time: 1.4(s) d:  0.04(m)
XYt 0.158(m) L:  0.121(m)
Vo 0.159(m/s) m: 0.254(m)
Vet 0.162(m/s) Ji7 2.71e-005¢kg™m?)
V.o -1.31(mfs) J,0 0.000321(kg'm?)
Wt 81.2° J;- 0.000321(kg"m?)
depth:2.11(m) v 0.005307(m)

Final Model

Parameters (60/12-2494]
time:
X i

v
v
¥

zitm”

me :

depth:2.12(m)

wfm”
yim”

1.43(s)
0.12(m)
-0.0198(m/s)
0.0185(m/s)
-1.38(m/s)
82.26"

MIDEX Run 12-1-60, Run 4

3-D Model Output 12-1-60, Run 4

0 T T T T
Model Initial
0.2 1 rParameters T
04l 11 %0581“ 4 |
@a,0=1.5 (1/s) 3
-06 1 V. -0.216 (m/s) 7
el 11 V.. -0.321 (mfs) |
~ ' V.1 -2.01 (mfs)
E 1t {b dt: 1/30 (s) 1
£
212} i .
-14 ¢ 1+ -
-16 ¢ 1F 1
-1.8¢ 1 -
2 iRE 2
0.5 0 -05 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.2 0.2 |
0.1 0.1 051 |
- 3 - i
= : ; < £ ? ~ 1 !
s =01 :!’- » =01 !
0.2 - 0.2 18|
; : |
0.3 0.3 2 :
-02 0 0.2 -0.2 0 0.2 -6-4-202
X (m) X (m) , (fsec)




Depth (m)

Final Drop Mine Shape Final Model
Parameters (60/12-1865) Parameters (60/12-1865) Parameters (60/12-1865])
time: 1.47(s) d:  0.04(m) time: 1.53(s)
Xt 0.317(m) L:  0.121(m) Xt 0.208(m)
V..o -0.162(m/s) m: 0.254(m) V.1 -0.00114(m/s)
Vet -0.321(mis) Ji7 2.71e-005¢kg™m?) V' -0.03(m/s)
V.o -1.29(m/s) J,0 0.000321(kg'm?) Vi -1.37(m/s)
Wier 517 J;- 0.000321(kg"m?) Vi 94.09°
depth:2.17(m) . 0.005307{m) depth:2.21(m)
MIDEX Run 12-1-60, Run 5 3-D Model Output 12-1-60, Run 5
0 T T T T
Model Initial
Parameters
W, 75"
-05 ¢ 1F ®5,:1.5(rfs) 1
V.1 0.054 (m/s)
V.. -0.48 (m/s)
V.. -1.71 (mfs)
-1 10 dt: 1/30(s) 1
-15¢+ 1F .
0L 4k 1
1 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 i
0 -05 :
- £ & |
E 0.1 E p: -1 |
> -0.2 g 3 |
- [
0.3 0 o -1.5 |
-0.4 a2 :
-02 0 0.2 -0.2 0 0.2 -4-2024

X (m) X (m) , (fsec)




0 T T T T T T
Model Initial
Parameters
W, 76"
05} 1F @512 (rfs)
V. 1-0.267 (m/s)
V.. -0.804 (m/s)
~ V.. -1.95 (mfs)
E -1t 15 dt: 1430 (s)
i
-3
1]
(]
1.5} 1r
2L JE
1 0.5 0 -0.51 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0 |
-0.5 :
E/ = T |
. -0.2 oo % i
o F] @ ;
0 o -1.5 [
-0.3 [
) !
-04 [
-0.2 0 0.2 -0.2 0 0.2 -5 05
X (m) X (m) @, (fsec)

Final Drop

time: 1.7(s)
XY, 0.283(m)
V... 0.105(m/s)
Vi -0.375(m/s)
V.o -0.964(m/s)
Vet 51.3°
depth:2.17(m)

Parameters (60/9-3710)

Mine Shape Final Model
Parameters (60/9-3710) Parameters (60/9-3710)

d:  0.04(m) time: 1.47(s)
L: 0.0912(m) s 0.372(m)
m:  0.215(m) V..o 0.0377(m/fs)
Ji7 2.35e-005¢kg™m?) Vwmi 0.0307(m/s)
J,0 0.000158(kg"m?) V.o -1.39(m/s)
Ji0 0.000158(kg™m?) Y- 85.93°
v 0.002911(m) depth:2.18(m)

MIDEX Run 9-1-60, Run 1

3-D Model Qutput 9-1-60, Run

1

3




Parameters (60/9-3289)

time: 2.23(s)

e
V}{Te'
Vm:
V .

zfe”
qJfe :

Final Drop

0.144(m)
-0.588(m/s)
-0.108(m/s)
-0.83(m/s)

51.3°

depth:2.16(m)

d:

o T, S - S

Mine Shape
Parameters (60/9-3289)

3

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (60/9-3289)
1.5(8)

0.207(m)
0.032(m/s)
0.0178(m/s)
-1.39(m/s)
83.51°
depth:2.17(m)

MIDEX Run 9-1-60, Run 2

3-D Model Qutput 9-1-60, Run 2

0 T T T
Model Initial
Parameters
W, 83"
-05 ¢ 1b ®5,7-1.3 (rfs) 1
V. .1-0.108 (m/s)
V.. -0.537 (mfs)
~ V.. -1.61 (mfs)
E. #ln 1T dt: 1730 (5) .
i
=3
1]
(]
-15¢+ 1F .
1
0L 4k 1
1 05 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0 |
0 05} |
_ s £
£-01 = I -
. F= T
-0.2 A 315
-0.3 )
-0.2 0 0.2 0 0.2 -5 0 510
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model

Parameters (60/9-2932) Parameters (60/9-2932) Parameters (60/9-2932)
time: 1.97(s) d:  0.04(m) time: 1.53(s)

Xt 0.361(m) L:  0.0912(m) XNt 0.213(m)

V..o o(mis) m: 0.215(m) V... -0.0262(m/s)
Vo' -0426(mis) Ji7 2.35e-005¢kg™m?) V' 6.15e-018(m/s)
V! -0.857(mis) J;* 0.000158(kg"m?) V™ -1.39(m/s)

Wt 331° J;* 0.000158(kg"m?) Wins 92.31°
depth:2.21(m) v 0.002911¢{m) depth:2.23(m)

MIDEX Run 9-1-60, Run 3 3-D Model Qutput 9-1-60, Run 3

| Model Initial |
Parameters
W, 76"
-05} 1F ®5,-1.5(rfs) .
V.o 0 (mis)
V.. -0.429 (mfs)
~ V.. -1.63 (mfs)
£y 10 dt: 1/30¢(s) |
i
=3
1]
(]
-15¢ 1F 1
2F JL 4
1 0.5 0 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 -0.5 0.1 -0.5
= 3 - E
£ : s ! E 0 £
> 01 §-1.5 > 01 E;L-Ls
-0.2 2 | -0.2 2
0 010203 -8642024 0 01 02 03 -8642024
X (m) , (fsec) X (m) , (fsec)

298




Depth (m)

Final Drop Mine Shape Final Model
Parameters (60/9-2479) Parameters (60/9-2479) Parameters (60/9-2479)
time: 2.03(s) d:  0.04(m) time: 1.5(s)
s 0.344(m) L: 0.0912(m) s 0.176(m)
V... 0.267(mis) m: 0.215(m) V... -0.0518(m/s)
Vwei 0.537(m/s) Ji7 2.35e-005¢kg™m?) Vwmi -0.000307(m/s)
V.o -0.723(m/s) J,0 0.000158(kg"m?) Vi -1.39(m/s)
Wt B7.1° Ji0 0.000158(kg™m?) Wins 91.34°
depth:2.15(m) v 0.002911¢{m) depth:2.2(m)
MIDEX Run 9-1-60, Run 4 3-D Model Qutput 9-1-60, Run 4
0 T T T
Model Initial
Parameters
W, 75"
-05} 1b @522 (rfs) 1
V.o 0 (mis)
V.. -0.375 (mfs)
V., -1.66 (mfs)
e s 1F dt: 1730 (s) 1
-15} 1r .
o 2 JL 4
1 0.5 0 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 T 0 T
[
-0.1 -0.5 :
E g i
0.2 = FA ] S
5 % |
-0.3 0 o -15 |
[
-0.4 2 !
[
-0.2 0 0.2 -0.2 0 02 -10-5 0 5

X (m) X (m) , (fsec)




0 T T T T
Model Initial
Parameters
W, 73"
0.5 1r ©20° 3 (15)
V.o 0 (mis)
V.. -0.537 (mfs)
~ V.. -1.61 (mfs)
E -1t 15 dt: 1430 (s)
i
=3
1]
(] i
15} {1 ;
2+ {L
1 0.5 0 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 -0.5 !
fam=s., e l
~-0.1 =) x:3 !
= = g !
> 0.2 o & :
a & -15 !
[
-0.3 |
-2 |
-0.2-01 0 041 -02-01 0 041 -10 -5 0
X (m) X (m) @, (fsec)

Final Drop

time: 2.43(s)
XY.! 0.198(m)
V... 0.054(m/s)
Ve 0.105(m/s)
V.o -0.938(m/s)
Yo' 494°

depth:2.17(m)

Parameters (60/9-1946)

d:

o T, S - S

3

Mine Shape

Parameters (60/9-1946)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

v
v
¥

me :

Eil
yim”
zitm”

Final Model
Parameters (60/9-1946)
time:
X "

1.5(8)
0.214(m)
-0.0507(m/s)
-0.0304(m/s)
-1.4(m/s)
87.29°

depth:2.2(m)

MIDEX Run 9-1-60, Run 5

3-D Model Qutput 9-1-60, Run 5




Final Drop
Parameters (75/15-3815)

time: 1.07(s)
XY, 0.173(m)
V... -0.055(m/s)
Vi -0.108(m/s)
V.o -1.85(m/s)
W' 824°

depth:2.05(m)

d:

o T, S - S

Mine Shape
Parameters (75/15-3815)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

v
v
¥

me :

Eil
yim”
zitm”

Final Model

Parameters (75/15-3815]
time:
X i

depth:2.09(m)

1.23(s)
0.336(m)
0.101¢m/s)
0.00912(m/s)
-1.52(m/s)
91.15"

MIDEX Run 15-1-75, Run 1

3-D Model Output 15-1-75, Run 1

Depth (m)

1.2}

141

-1.8 -

Model Initial
1 HParameters
V., 83°

@5.-1.1 (rfs)
1F V.. 0 (mis)

| dt: 1/30 (s)

V.. -0.804 (m/s)
- -2.6 (mfs)

05

Path Distance {m)

Mass center trail

i 4
Depth (m)

02 0

0.2
X (m)

0.5

-0.5 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 0 .
-0.5
g -1
3
@
Q.15
!
-2 |
-0.2 0.2 -4-2024
X (m) , (fsec)




Final Drop

Parameters (75/15-32338)

time: 1.1(s)
XY.! 0.188(m)
V... 0.267(mis)
Vit -0.051(m/s)
V.o -1.46(m/s)
Ve 88.2°

depth:2.02(m)

d:

3

o T, S - S

Mine Shape
Parameters (75/15-3238)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

v
v
¥

me :

Final Model

Parameters (75/15-3238]
time:
X "
x‘fm:
vfm:
zfm:

depth:2.05(m)

1.23(s)
0.298(m)
0.0652(m/s)
0.0257(mis)
-1.52(m/s)
85.59"

MIDEX Run 15-1-75, Run 2

3-D Model Output 15-1-75, Run 2

0 T T T T
Model Initial
-0.2 - 1 rfParameters 1
W, 84"
041 e - 20 .
W,,0=1.8 (r/s)
06 L 1L ¥,:-0.108 (m/s) i
V.. -0.843 (mfs)
A'U-B I 1r V.1 -2.3 (mis) 1
E 4 dt: 1730 (s)
= At {1 i
=3
1]
0-12¢ 1F 1
-14+ 1F Qg -
-16 ¢ 1F 1
o
-1.8¢ 1t .
| % |
0.5 -0.5 0.5 -05
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0= 0.2 0 ;
-0.5 05| |
0 e 0 !
- E - |
£ 2 = -1 E -1 !
s -0.2 :!’- » -0.2 !
P15 A5} |
-04 -04 i
-2 -2 |
-04 -02 0 0.2 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)



0 T T T T
Model Initial
Parameters
W, 83"
-05 ¢ {b ®5,7-1.8 (rfs) 1
V. .1-0.108 (m/s)
V.. -0.696 (m/s)
~ V., -2.54 (mfs)
E -1t 15 dt: 1430 (s) .
i
=3
1]
(] ol
2
15} il : .
o
]
2L 4k 4
05 -05 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0.2 0.2 i
-05 :
= 0 3 . E i
£ = g £
> 0.2 o > 0.2 & ;
0 o -1.5 !
|
-0.4 -0.4 ) !
|
-04 -02 0 0.2 -04 -02 0 02 -4-2024
X (m) X (m) , (fsec)

Final Drop
Parameters (75/15-2358)

time: 1.2(s)
XY, 0.173(m)
V..o -0.163(m/s)
V. 0.085(m/s)
V.o -1.45(mfs)
W' 855°

depth:2.17(m)

d:

3

o T, S - S

Mine Shape
Parameters (75/15-2358)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

Final Model

Parameters (75/15-2358]
time:
X i

v
v
¥

me :

depth:2.19(m)

Eil
yim”
zitm”

1.3(s)
0.223(m)
0.0298(m/s)
0.00159(m/s)
-1.52(m/s)
83.29"

MIDEX Run 15-1-75, Run 3

3-D Model Output 15-1-75, Run 3




0 T T T
Model Initial
Parameters
W, 84"
-05 ¢ {b @5,:-0.26 {1/s) 1
V. .1-0.108 (m/s)
V.. -0.375 (mfs)
~ V.. -2.17 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
=3
1]
(]
-15¢ 1F 1
9L 11 4
1 -05 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 |
-0.5 :
= 0 E = O = |
£ = g £ 1)
- f=1 - o 8 |
02 A 02 A 150
[
-2 :
-04 -04
-02 0 0.2 -0.2 0 0.2 202456
X (m) X (m) , (fsec)

Final Drop
Parameters (75/12-3903)

time: 1.37(8)
XY, 0.196(m)
V..o 0.213(mis)
Vi -0.054(m/s)
V.o -1.39(m/s)
W' 75.9°

depth:2.16(m)

d:

o T, S - S

3

Mine Shape

Parameters (75/12-3908)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

Final Model

Parameters (75/12-3908]
time:
X i

v
v
¥

zitm”

me :

depth:2.17(m)

wfm”
yim”

1.47(s)
0.191(m)
0.0216(m/s)
-0.00675(m/s)
-1.37(m/s)
89.29"

MIDEX Run 12-1-75, Run 1

3-D Model Output 12-1-75, Run 1




Depth (m)

Y (m)

Final Drop
Parameters (75/12-3351) Parameters (75/12-3351)

time: 1.37(8)
XY.. 0.178(m)
V... 0537(mis)
Vit -0.213(m/s)
V.o -1.31(mfs)
Yo 57.9°

depth:2.13(m)

Mine Shape

d:  0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
.- 0.000321¢kg"m?)
s 0.000321¢kg'm?)
0.005307(m)

3

o T, S - S

Final Model

Parameters (75/12-3351]
time: 1.47(s)

X¥,.- 0.178(m)

V.0 -0.0154(m/s)
V' 0.00413(m/s)
V..o -1.37(m/s)

Wt 88.19°
depth:2.15(m)

3-D Model Output 12-1-75, Run 2

MIDEX Run 12-1-75, Run 2

Model Initial
Parameters
W, 83"

V.10 (m/s)

V.. -0.429 (mfs)
V., -2.06 (mfs)
1F dt: 1/30 (s) b

{L @,,:-0.5 (rfs)

Mass center trail

05

0 -0.5 0.5

Path Distance {m)

Yaw Velocity Mass
0

0.2

Depth (M)

0
Path Distance {m)

center trail

-0.5

Yaw Velocity
0

0.2

Y (m)

Bepth (m)

i
|
i
i
C -1 i
i
i
i
i

-4-2024
, (fsec)



time
X e
V}{Te:
Vm:
v

zfe”
qJfe :

Final Drop

Parameters (75/12-2484])
D 1.33(s)

0.0861(m)
0.162(m/s)
0.108(m/s)
-1.63(m/s)
81.4°

depth:2.12(m)

Mine Shape Final Model
Parameters (75/12-2484] Parameters (75/12-2484]

d:  0.04(m) time: 1.5(s)
L:  0.121(m) s 0.223(m)
m: 0.254(m) V.o 0.0223(m/fs)
Ji7 2.71e-005¢kg™m?) Vwmi -0.0285(m/s)
J,0 0.000321(kg'm?) V.o -1.37(m/s)
Ji1 0.000321¢kg™m?) Y- 89.03°
v:  0.005307(m) depth:2.14{m)

MIDEX Run 12-1-75, Run 3

3-D Model Output 12-1-75, Run 3

0 T T T
Model Initial
-0.2r- 1 rParameters
04l 1| War81°
@.,--0.21 {1/s)
-06 1 Vo -0.108 (m/s)
i || Vi -0.429 (m/s)
~ V.. -1.63 (mfs) ;
E 1t 1t dt: 1/30(s)
£
212} 1t g
-14 ¢ 1t
-16 ¢ 1t %
-18+ 1r
2+ {L
0.5 0 -05 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 !
[
-0.5 :
~° i 3 o ° 3 |
E = £ I -1 |
- f=1 - o 8 |
-0.2 S -0.2 2 15 !
[
!
-04 04 -2 I
-02 0 0.2 -0.2 0 0.2 -6-4-202
X (m) X (m) , (fsec)




Final Drop

time: 1.8(s)
XY, 0.529(m)
V... -0.051(m/s)
Vi -0.051(m/s)
V.o -1.04(mfs)
Wt 344°
depth:2.05(m)

Parameters (75/9-4014)

Mine Shape

Parameters (75/9-4014)

d:

3

o T, S - S

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
0.002911(m)

v
v
¥

me :

Final Model
Parameters (75/9-4014)
time:
X "
x‘fm:
vfm:
zfm:

depth:2.09(m)

1.4(s)
0.129(m)
-0.0411(m/s)
5.45e-018(m/s)
-1.39(m/s)
91.16"

MIDEX Run 9-1-75, Run 1

3-D Model Qutput 9-1-75, Run 1

0 T T T
Model Initial
-0.2 - 1 rParameters 1
W, 83"
04} 1k % .
@00 1.2 (rfs)
06| 1F Vo' 0 (mis) -
o5 Vi -0213 (mfs)  ©
| 10 ¥,,1-2.04 (mis) ; 1
E 4l 1L dt: 1/30(s) |
i
=3
a-12+ 1t % 1
-14 ¢ 1F -
16+ 1F .
-18¢ 1t .
2 S 1
1 : 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0
-0.1 05 -0.1 -05
=02 £ =02 g
£ c -1 £ g =l
> -0.3 = > -0.3 2
= i
-04 13 -04 12
-0.5 -2 | -0.5 -2
-01 0 010203 -8642024 -01 0 010203 -8642024
X (m) , (fsec) X (m) , (fsec)

307



Final Drop Mine Shape Final Model

Parameters (75/9-3275) Parameters (75/9-3275) Parameters (75/9-3275)
time: 2.07(s) d:  0.04(m) time: 1.5(s)

XY, 0.147(m) L 0.0912(m) Xt 0.125(m)

V..o -0.216(m/s) m: 0.215(m) V... 0.0267(m/s)
Ve 0.321(mis) Ji7 2.35e-005¢kg™m?) V' 0.0211(m/s)
Vol -0.669(mis) J;* 0.000158(kg"m?) V™ -1.39(m/s)

W, 48° Ji0 0.000158(kg™m?) Yin:  85.43°
depth:2.19(m) v 0.002911¢{m) depth:2.21(m)

MIDEX Run 9-1-75, Run 2

3-D Model Qutput 9-1-75, Run 2

0 T T T T
Model Initial
Parameters
Wy, 84°
05 1 @,,:-0.52 (r/s) 1
V., -0.054 (m/s)
V.. -0.321 (mfs)
~ V.. -1.98 (mfs)
AT 17 dt: 1730 (s) 1
£
3
QO
o
15t 1+ g 1
£Die it 4
1 0.5 0 -0.5 0.5 0 -0.5

Path Distance {m) Path Distance {m)

Mass center trail Mass center trail

Y (m)

0.2

0.1

Yaw Velocity
0

Depth (m)

-0.3-0.2-0.1
X (m)

0 01

Yaw Velocity
0

i
-0.5 :
g |
g
]
a-15} |
|
2] |
|
-03-02-01 0 041 0 510
X (m) {fsec)



Final Drop Mine Shape

Parameters (75/9-2428) Parameters (75/9-2428)
time: 2.23(s) d:  0.04(m)

XY, 0.109(m) L:  0.0912(m)

V... 0.218(m/s) m: 0.215(m)

Ve 0(mis) Ji7 2.35e-005¢kg™m?)
V.1 -0.696(m/s) J,0 0.000158(kg"m?)
W 37.3° Ji0 0.000158(kg™m?)
depth:2.28(m) v 0.002911(m)

Final Model

time: 1.57(s)
Xt 0.154(m)
V... -0.0336(m/s)
V' -0.0124(m/s)
V..o -1.39(m/s)
Wit 93.8°
depth:2.31(m)

Parameters (75/9-2428)

MIDEX Run 9-1-75, Run 3

3-D Model Qutput 9-1-75, Run 3

0 T T T T
Model Initial
Parameters
W, 81°
-05 ¢ 1 @55-1.9 (r/s)
V. _1-0.054 (m/s)
V.. -0.267 (mfs)
4l || Vo' -1.79 (mis)
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1r
S 41
1 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 !
[
0.1 -05 !
fam=s., e l
- £ E . !
g0 = i |
> [ & |
-0.1 A &-15 |
[
-0.2 -2 |
|
-0.2 0 0.2 0 0.2 -10-5 0

X (m) , (fsec)




depth:2.24(m)

Final Drop
Parameters (15/15-1384]

time: 3.2(s)
Xt 0.323(m)
Vier  0(mis)
Vit -0.163(m/s)
V.o -0.723(m/s)
Wigr 217

Mine Shape
Parameters (15/15-1384]

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

Final Model

Parameters (15/15-1384]

time:
R i
vV il
vam:
V..o -1.53(m/s)
Wit -85.43°

depth:2.27(m)

1.83(s)
0.247(m)

0.00588(m/s)
0.0359(m/s)

MIDEX Run 15-0-15, Run 1

3-D Model Output 15-0-15, Run 1

Model Initial
Parameters
W, -5"

Vo

1 @5,°-3.1(rfs)

0
-05¢+
E
<
=3
@
0
-15¢
2L
0.2
0
E
s -0.2
-04

Path Distance {m)

Mass center trail

Yaw Velocity
0

Depth (m)

-02 0 02 04
X (m)

1 0.5

0

Path Distance {m)

-0.5

Mass center trail Yaw Velocity
0.2 0 l
-0.5 !
0 !
o !
E T
» -0.2 |
-1.5 |
|
-0.4 2 |
|
-02 0 02 04 -4-2024
X (m) , (fsec)



Final Drop Mine Shape Final Model
Parameters (15/15-1379) Parameters (15/15-1379) Parameters (15/15-1379]

time: 2.9(s) d:  0.04(m) time: 1.8(s)
XY,: 0.0187(m) L:  0.152(m) XYt 0.252(m)
V..o -0.108(m/s) m: 0.323(m) V... 0.0459(m/s)
Ve -0.163(m/s) Ji7 3.3e-005(kg'm?) Vin' 0.0258(m/s)
Vol -0.75(m/s) J;* 0.000609¢kg"m?) V' -1.53(m/s)
W, 3.3° J;0 0.000809(kg™m?) Wi -85.91°
depth:2.25(m) v 4.6e-005(m) depth:2.25(m)

MIDEX Run 15-0-15, Run 2

3-D Model Output 15-0-15, Run 2

0 T T T P T
Model Initial —
Parameters
¥, 6.9"
-05 ¢ 1F ®5p 4.1 (rfs)
V.o 0 (mis)
V.. -1.07 (m/s)
_r 1l V., -0.698 (m/s
E dt: 1/30(s) ¢
5 3
j= 1 o
1]
(]
-15¢ 1r
2L 4k
1 0.5 0 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 ;
-0.5 :
s 3 o g 4 |
E/ k= E, £ I
» =02 s s -0.2 E3 !
[
-04 -04 2 i
i
-02 0 02 04 -5 0 5 -02 0 02 04 5 0 5
X (m) , (fsec) X (m) , (fsec)



Final Drop Mine Shape Final Model
Parameters (15/15-2180]) Parameters (15/15-2180) Parameters (15/15-2180]

time: 2.77(s) d:  0.04(m) time: 1.83(s)
XYt 0475(m) L:  0.152(m) Xt 0.431(m)
V... -0.108(m/s) m: 0.323(m) V... -0.0253(m/s)
Ve 0(mis) Ji7 3.3e-005(kg'm?) V' -0.016(m/s)
V! -0.883(mis) J;* 0.000609¢kg"m?) V™ -1.53(m/s)
Wier  0° J;* 0.000609(kg"m?) Wi -78.9°
depth:2.21(m) v 4.6e-005(m) depth:2.22(m)

MIDEX Run 15-0-15, Run 3

3-D Model Output 15-0-15, Run 3

0 T T
Model Initial
Parameters
W, 27°
05} 1F ®5,°-0.36 {1/s)
V..1-0.108 (m
V.. -1.23 (m#,
~ V.. -1.5 (mis}
(ST 10 dt: 1/30(s)
i
-3
1]
(]
-1.5}1 1t
2 4k
1 05 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
[
0 0 o0sf |
o 3 - g |
g 0.2 E g 0.2 p: -1 i
- f=1 - o 8 |
04 a 04 & -15 !
[
R [
0.6 0.6 2 |
-04 -02 0 0.2 -10-5 0 5 -04 -02 0 02 -10-5 0 5
X (m) , (fsec) X (m) , (fsec)

312




0 T T T 6-“-‘-..
Model Initial 7
Parameters
W, 15"
0.5} 1F @5,°-0.34 {1/s)
V. .1-0.055 (m
V.. -1.28 (mf,
=, il | V., -0.59 (m/
£ dt: 1730 (s)
=
B
@
(a]
1.5} 1r
9L 4k
1 0.5 0 1 05 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 |
-0.5 :
e g E: 1 '
g = £
- f=1 g |
04 2 g5l |
|
-0.6 -2 |
|
-04 -02 0 0.2 -4-2024

Final Drop
Parameters (15/15-19138)

time: 2.87(s)
XY, 0.371(m)
V... 0.055(m/s)
Vi -0.163(m/s)
V.o -0.938(m/s)
Ve 4.3°

depth:2.24(m)

d:

L:
m:
J1:
Jz:
JS
2

Mine Shape
Parameters (15/15-1918)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

Parameters (1
time:
X "
V.
vam:
Vo
me:

Final Model

5/15-1918)

2.07(s)
0.649(m)
0.00509(m/s)
0.0686(m/s)
-1.52(m/s)
-89.91°
depth:2.27(m)

3-D Model Output 15-0-15, Run 4

MIDEX Run 15-0-15, Run 4

, (fsec)




Final Drop

time: 2.97(s)
XY,..  0.223(m)
V..o -0.321(m/s)
Vet 0.105(m/s)
V.o -0.752(m/s)
llJfe: 00
depth:2.29(m)

Parameters (15/12-1563)

d:

o T, S - S

Mine Shape
Parameters (15/12-1563)

3

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model

Parameters (15/12-1563]
1.9(s)
0.0853(m)

V... 0.0875(m/s)
V' -5.46e-018(m/s)

time:
S

szm: &

me :

-80.77°
depth:2.29(m)

1.4(m#s)

MIDEX Run 12-0-15, Run 1

3-D Model Output 12-0-15, Run 1

0 T T T T T
Model Initial
Parameters
W, 18"
05} 1r @,,--5.6 (1fs) g
V.o 0 (mis)
V.. -0.642 (mfs)
4l || Vo' -0.777 (mis) |
£ dt: 1730 (s)
i
-3
1]
(]
1.5} 1r 1
2 s 1
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1
-0.5 -0.5
0 =, 0 P
£ £
£ -0 = =l g -01 r
> -0.2 Y > -0.2 Y
R -1.5 &-15
-0.3 -0.3
-2 -2
-04 -0.4
-04 -02 O 0.2 -10-5 0 -04 -0.2 0 02 -10-5 0
X (m) , (fsec) X (m) , (fsec)

314



Final Drop
Parameters (15/12-2175)

time: 2.43(s)
XY, 0.215(m)
V... 0.108(m/s)
Ve 0.159(m/s)
V.o -0.99(m/s)
W' 51.8°

depth:2.23(m)

d:

L:
m:
J1:
Jz:
Ja:
2

Mine Shape

Parameters (15/12-2175)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model

time:
S

2.07(s)

Parameters (15/12-2175]

0.0805(m)
V... 0.296(m/s)
V' -0.116(m/s)

V..o -1.12(m/s)

WYim-  -140.5°
depth:2.26(m)

MIDEX Run 12-0-15, Run 2

3-D Model Output 12-0-15, Run 2

W, 148"

Model Initial
Parameters

1 ®,,:5.3 (r/s)
V. .1-0.108 (m/s)
V.. -1.07 (m/s)
V.. -1.31 (mfs)

| dt: 1/30 (s)

0
05}
E T
£
2
1]
(]
15}
5l
0.2
E 0
-
-0.2

Path Distance {m)

Mass center trail

Depth (m)

-0.2

0 02
X (m)

315

-05 1 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
i i
0.2 05 :
= E |
-1 E 0 £
> o |
a-15f |
-0.2 !
-2 -2 !
|
20246 -0.2 0 0.2 20246
, (fsec) X (m) , (fsec)



Depth (m)

Final Drop Mine Shape Final Model
Parameters (15/12-2102) Parameters (15/12-2102) Parameters (15/12-2102]
time: 2.47(s) d:  0.04(m) time: 1.9(s)
XYt 0.385(m) L:  0.121(m) et 0.581(m)
V... -0.051(m/s) m: 0.254(m) V... -0.0448(m/s)
Ve 0.054(m/s) Ji7 2.71e-005¢kg™m?) V' -0.289(m/s)
V.1 -0.779(m/s) J,0 0.000343(kg'm?) Vi -1.04(m/s)
Wigr 257 J;- 0.000343(kg"m?) Wim-  -32.48°
depth:2.09(m) v 0.000644{m) depth:2.12(m)
MIDEX Run 12-0-15, Run 3 3-D Model Output 12-0-15, Run 3
0 T T B T T o
Model Initial
-0.2 - 1 rParameters T
W, 40"
04} {1+ 2“_40 1
@00 1.2 (rfs)
06} 1F V,.1-0.429 (m/s) .
Vi, -1.13 (mfs
08} T 5 e -
20~ -1.58 (m/fs)

-1r {1} dt: 1/30(s) g
1.2+ 1F .
-14 ¢ 1F -
-16 1F 1
-18 ¢ 1F 1

2L JL 4

; 1 0.5 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 ;

-0.1 -0.1 -0.5 :

.02 £ .02 g : @
g < = £ - |
5. -0.3 2 5 0.3 o !
-0.4 o -0.4 D15 :
-05 -0.5 i
=2 |

-04 -02 0O -04 -02 0 -10-5 0 5

X (m) X (m) , (fsec)




0 T T T T
Model Initial
Parameters
W, 23"

0.5} 1F ®5,°-0.9 (r/s)

V.- -0.054 (m/s)
Vo =113 (mfs

i V.1 -1.34 (mfs

E 7 11 dt: 1730 (s)

i

-3

1]

(]

1.5} 1r

ot 4k
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 |
-0.5 !
-0.1 . -0.1 ,-\ !
£-02 = £-02 £ !

- o - o |
-0.3 S -0.3 2-15 |
-04 -0.4 !

-2 !
-0.5 -0.5 |
-0.2 0 0.2 -5 0 5 -0.2 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 2.77(s)
XY.! 0.366(m)
V... 0.108(m/s)
Vi 0(mifs)
V.o -0.937(m/s)
llJfe: 00

depth:2.23(m)

Parameters (15/12-1893)

d:

3

o T, S - S

Mine Shape
Parameters (15/12-1893)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model

Parameters (15/12-1893])

time:
S
Vm:
vam:

V..o -1.41(m/s)

Wims -74.94°
depth:2.25(m)

1.97(s)
0.303(m)

-0.00198(m/s)
-0.0149(m/s)

MIDEX Run 12-0-15, Run 4

3-D Model Output 12-0-15, Run 4




Final Drop Mine Shape Final Model
Parameters (15/9-1555) Parameters [15/9-1555) Parameters (15/9-1555)
time: 2.4(s) d:  0.04(m) time: 1.77(s)
Xt 0.243(m) L:  0.0912(m) Xt 0.129(m)
V... 0.159(m/s) m: 0.215(m) V.0 -0.114¢m/s)
Vo' -0.054(m/s) Ji7 2.35e-005¢kg™m?) V' -0.0506(m/s)
V.1 -0.938(m/s) J,0 0.00017(kg"m?) Vi -1.43(m/s)
Wigr =517 J;- 0.00017¢kg'm?) Wim-  -99.48°
depth:2.23(m) v 2.9e-005(m) depth:2.25(m)
MIDEX Run 9-0-15, Run 1 3-D Model Qutput 9-0-15, Run 1
0 T i T T fu T
Model Initial 7
Parameters
W, 26"
-05¢+ 1F ®5,7-2.3 (rfs) .
V. 1-0.216 (m/s) &)
V.. -0.537 (mfs) &
o V., -0.858 (m/s)
B, e 11 dt: 1730 (s) 1
i
=3
1]
(]
-15¢ 1F g 1
1
2 {1t 2
1 : -05 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 0.1 i
0 -05 0 -05 :
= 3 = 3 |
E-0.1 s - £-0.1 z
- f=1 - o 8 |
-0.2 A 1.5 0.2 a-15; |
[
-0.3 =2 -0.3 n2 :
-0.2-01 0 041 5 0 5 -02-01 0 041 5 0 5
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Y (m)

Final Drop

time: 2.37(s)
XY, 0.305(m)
V..o -0.267(m/s)
Vit -0.213(mis)
V.o -1.21(mfs)
Wt 39.8°
depth:2.22(m)

Parameters (15/9-1657)

Mine Shape Final Model

Parameters [15/9-1657) Parameters (15/9-1657)

d:  0.04(m) time: 1.7(s)

L: 0.0912(m) s 0.261(m)

m:  0.215(m) V.o -0.0883(m/s)

Ji7 2.35e-005¢kg™m?) Vwmi -0.00478(m/s)

J,0 0.00017(kg"m?) V.1 -1.43(m/s)

Jit 0.00017(kg'm?) Wins -103.8°

v 2.9e-005(m) depth:2.26(m)

MIDEX Run 9-0-15, Run 2

3-D Model Qutput 9-0-15, Run 2

T F T

Model Initial

Parameters
Y, 52°

1 @5,°-2.3 (1fs)

V.10 (m/s)

V., -0.909 (m/s}

-0.51 0.5 0 -0.5

1
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0
-0.5
3 0 g .
= g £
= > -0.2 2
A A -15
-0.3
-2
-0.2 0 0.2 -5 0 5 -0.2 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T = T
Model Initial ;
Parameters
W, 53"
-05 ¢ 1F ®5,-5.5(rfs)
V.1 0.054 (m/s)
V.o -1.72 (mfs)
_r 1l V.. -1.42 (mfs)
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1
Pl Sl
q
1 0.5 0 -05 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 -
-05 -05 :
0.1 3 04 3 i
E = g £
-0.2 o -0.2 @ I
a 2 .15 o 2450
-0.3 -0.3 !
-2 -2 !
-0.4 -0.4 '
-0.2 0 0.2 -5 0510 -0.2 0 0.2 -5 0510
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 2.4(s)
XY.. 0.0439(m)
Vie!  O(m/S)
Ve 0.105(m/s)
V.o -0.802(m/s)
Yo 367
depth:2.25(m)

Parameters (15/9-2520)

Mine Shape

d: 0.04(m)
0.0912(m)
0.215(m)

L:

m:

J1:

J,0 0.00017(kg
J37 0.00017(kg
2

Parameters (15/9-2520)

2.9e-005(m)

Final Model

time: 1.77(s)
Xt 0.323(m)

"m?) V.o -1.4(mfs)
"m?) Yor -81.45°
depth:2.26(m)

V... 0.0213(m/s)
2.35e-005(kg"m?) Vim® 0.0036(m/s)

Parameters (15/9-2520)

MIDEX Run 9-0-15, Run 3

3-D Model Qutput 9-0-15, Run 3
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Final Drop

time: 2.37(s)
XY.. 0.319(m)
V... -0.051(m/s)
Vit -0.213(mis)
V.o -0.696(m/s)
Yot -54°

depth:2.23(m)

Parameters (15/9-1520)

d:

L:
m:
J1:
Jz:
JS
2

Mine Shape
Parameters (15/9-1520)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)
2.9e-005(m)

Final Model
Parameters (15/9-1520)

time:
Wy
Vm:
vam:
szm:
me:

depth:

1.73(s)
0.252(m)
-0.103(m/s)
6.72e-018(m/s)
-1.43(m/s)
-102.4°
2.23(m)

MIDEX Run 9-0-15, Run 4

3-D Model Qutput 9-0-15, Run 4

w1370

Vo
b}

Model Initial
Parameters

1F @5,°-1.6 (1fs)
Vo' 0 (m/s)

7

0
05}
E
=
=
@
(@
-1.5¢
2L
0
~-0.1
E
>~ -0.2
-0.3

0

Path Distance {m)

Mass center trail

Yaw Velocity
0

Deépth (m)

-0.1

X (m)

0 010203

-5 0 5
, (fsec)

-0.51

0.5

0 -0.5
Path Distance {m)
Mass center trail Yaw Velocity
0
0 05
~-0.1 (3
E g
- g
02 & -15
-0.3 2
-01 0 01 02 03 -5 0 5
X (m) , (fsec)
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Depth (m)

Y (m)

Final Drop Mine Shape Final Model
Parameters (30/15-2280) Parameters (30/15-2280) Parameters (30/15-2280]

time: 2.67(s) d:  0.04(m) time: 1.47(s)
Xt 0401(m) L:  0.152(m) Xt 0.665(m)
V... 0.055(m/s) m: 0.323(m) V..o 0.131(m/s)
Ve 0(mis) Ji7 3.3e-005(kg'm?) V' -0.0103(m/s)
V! -0.883(mis) J;* 0.000609¢kg"m?) Vi® -1.53(m/s)
W, -34° J;0 0.000809(kg™m?) Yin:  57.53°
depth:2.17(m) v 4.6e-005(m) depth:2.2(m)

MIDEX Run 15-0-30, Run 1

3-D Model Output 15-0-30, Run 1

20

Model Initial
Parameters
W, 430

{1t @514 (r/s)
V.o -0.163 (m/s)
V., -2.04 _;-:-"

1

05

Path Distance {m)

Mass center trail

Depth (m)

-04 -02 0 02

X (m)

0 1 0.5 0
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 0
0

-0.5
. -0.2 :'E:

g £
> -04 2

A -15

-0.6 2

-10 0 1020 -04 -02 0 02 -10 0 1020
, (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (15/15-1379) Parameters (15/15-1379) Parameters (15/15-1379]

time: 2.9(s) d:  0.04(m) time: 1.8(s)
XY,: 0.0187(m) L:  0.152(m) XYt 0.252(m)
V..o -0.108(m/s) m: 0.323(m) V... 0.0459(m/s)
Ve -0.163(m/s) Ji7 3.3e-005(kg'm?) Vin' 0.0258(m/s)
Vol -0.75(m/s) J;* 0.000609¢kg"m?) V' -1.53(m/s)
W, 3.3° J;0 0.000809(kg™m?) Wi -85.91°
depth:2.25(m) v 4.6e-005(m) depth:2.25(m)

MIDEX Run 15-0-15, Run 2

3-D Model Output 15-0-15, Run 2

0 T T T P T
Model Initial —
Parameters
¥, 6.9"
-05 ¢ 1F ®5p 4.1 (rfs)
V.o 0 (mis)
V.. -1.07 (m/s)
_r 1l V., -0.698 (m/s
E dt: 1/30(s) ¢
5 3
j= 1 o
1]
(]
-15¢ 1r
2L 4k
1 0.5 0 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 ;
-0.5 :
s 3 o g 4 |
E/ k= E, £ I
» =02 s s -0.2 E3 !
[
-04 -04 2 i
i
-02 0 02 04 -5 0 5 -02 0 02 04 5 0 5
X (m) , (fsec) X (m) , (fsec)



Depth (m)

Final Drop Mine Shape Final Model

Parameters (30/15-1070) Parameters (30/15-1070) Parameters (30/15-1070]
time: 2.97(s) d:  0.04(m) time: 1.93(s)
XY...  0.198(m) L:  0.152(m) XY,.o 0.426(m)
V... -0.055(m/s) m: 0.323(m) V... 0.0516(m/s)
Ve -0.081(mis) Ji7 3.3e-005(kg'm?) V' 0.049(m/s)
V! -0.803(mis) J;* 0.000609¢kg"m?) V' -1.55(m/s)
W 18° J;0 0.000809(kg™m?) Wit -100.2°
depth:2.27(m) v 4.6e-005(m) depth:2.32(m)

MIDEX Run 15-0-30, Run 3 3-D Model Output 15-0-30, Run 3

0 T T = T T T = T
Model Initial £
Parameters
W, 12°
05} 1 @0 -4.1 (1fS) 1
V. _1-0.163 (mfs) ‘
Vo' -0.696 (M/s);
L || Vo -0.815 (m/s} |
dt: 1730 (s)
1.5} 1r 1
2t 11 4
1 1 1 I I ) 1 1
1 05 0 -05 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0.2 :
-0.5 ' 05 |
0 s, : 0 P l
_ £ _ - E !
£ 02 j c € oo AR
-0. f=3 =U. o 8 |
a 2 15l 5 o 2ash |
|
-04 2 . -0.4 2 |
|
-04 -02 0 0.2 -5 0 5 -04 -02 0 02 -5 0 5
X (m) , (fsec) X (m) , (fsec)



Final Drop Mine Shape Final Model
Parameters (30/15-1289) Parameters (30/15-1289) Parameters (30/15-1289]

time: 3.03(s) d:  0.04(m) time: 1.83(s)
Xt 0.195(m) L:  0.152(m) Xt 0.388(m)
V... 0.375(mis) m: 0.323(m) V... 0.0523(m/s)
Vo' -0.085(m/s) Ji7 3.3e-005(kg'm?) V' 0.00154(m/s)
Vol -0.75(m/s) J;* 0.000609¢kg"m?) V™ -1.53(m/s)
Wier  0° J;* 0.000609(kg"m?) Win-  -86.04°
depth:2.26(m) v 4.6e-005(m) depth:2.28(m)

3-D Model Output 15-0-30, Run 4

MIDEX Run 15-0-30, Run 4

0 T T T T
Model Initial
Parameters
W, 14° _.
05 17 ©20°-3.8 (/) §
V. _1-0.108 (mf
V. -1.45 (m/s)
_— 11 V., -0.964 (mis)
£ dt: 1730 (s)
i
-3
; 3
-1.5}1 1t
2+ ES
1 0.5 0 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 -0.5 0 -05
- E - E
£-02 = E£-02 £
f=1 o 8
a 215 o &5
-04 -0.4
-2 -2
-0.6 : -0.6
-04 -02 0 02 -8642024 -04 -02 0 02 -8642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape

Parameters (30/15-573) Parameters (30/15-573)
time: 2.93(s) d:  0.04(m)

et 0.197(m) L:  0.152(m)

V. -0.108(m/s) m:  0.323(m)

Vi -0.055(m/s) Ji7 3.3e-005(kg'm?)
V.1 -0.67(m/s) J,0 0.000609(kg"m?)
Wt 19.3° J;0 0.000809(kg™m?)
depth:2.26(m) v 4.6e-005(m)

Final Model

Parameters (30/15-573)
time: 1.9(s)
XYoo 0.141(m)
V... 0.0127(m/s)
V" 0.000695(m/s)
V..o -1.53(m/s)
Wi -82.29°
depth:2.28(m)

MIDEX Run 15-0-30, Run 5

3-D Model Output 15-0-30, Run 5

0 T T T T T T
Model Initial ez
Parameters
¥, 9.5"
05} 1r @,,--0.91 (r/s) 1
V.1 0.055 (m/s)
V.. -0.75 (m/s)
_— 11 V., -0.75 (mfs) |
£ dt: 1730 (s)
i
-3
1]
(]
-1.5}1 1r 1
2+ ERS g
1 0.5 0 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0.2
-0.5
0 . 0
— 5 -— _1
E \é = E
-0.2 ro -0.2
a 2 o 15
-04 -04 )
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (30/12-2658) Parameters (30/12-2658) Parameters (30/12-2658]

time: 2.5(5) d:  0.04(m) time: 1.57(s)
et 0.114(m) L:  0.121(m) s 0.373(m)
V..o -0.216(m/s) m: 0.254(m) V... 0.0341(m/s)
VY,BZ -0.159(m/s) Ji7 2.71e-005¢kg™m?) Vwmi -0.00187(m/s)
V..o -0.91(m/s) J,0 0.000343(kg'm?) Vi -1.41(m/s)
W -28.5° Ji1 0.000343(kg™m?) Wi 112.9°
depth:2.2(m) v 0.000644{m) depth:2.21(m)

MIDEX Run 12-0-30, Run 1 3-D Model Output 12-0-30, Run 1

Model Initial

Parameters
Y, 55"

1F @,,:0.71 (r/s)

V.10 (m/s)

V.o =113 (mfs)

V.. -1.53 (mfs)

AT 17 dt: 1730 (s)
i
-3
1]
(]
1.5} 1r
£l 4t
1 ; 0 1 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 05} |
fam=s., e l
E (— E T - |
~-0.2 = =-0.2 = i
> T > 'y !
0 o -1.5 !
|
-04 -0.4 P :
-0.2 0 0.2 -5 0 5 -0.2 0 0.2 -5 0
X (m) , (fsec) X (m) , (fsec)




Final Drop Mine Shape
Parameters (30/12-1964) Parameters (30/12-1964]
time: 2.5(5) d:  0.04(m)
XY, 0.349(m) L:  0.121(m)
V..o o(mis) m: 0.254(m)
Vo' 0.054(m/s) Ji7 2.71e-005¢kg™m?)
V.1 -0.749(m/s) J,0 0.000343(kg'm?)
¥, 0° J37 0.000343(kg'm?)
depth:2.19¢m) v 0.000644(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (30/12-1964]
1.67(8)
0.086(m)
-0.349(m/s)
-0.183(m/s)
-0.894(m/s)
-174.3°
depth:2.2(m)

MIDEX Run 12-0-30, Run 2

3-D Model Output 12-0-30, Run 2

0 T T T T
Model Initial
Parameters
W, 57"
-0.5 ¢+ 11 @350 2 (rfs) i
V. _1-0.054 (m/s)
V.. -0.695 (m/s)
~ V.. -1.34 (mfs)
E, #lp 10 dt: 1730 (s) i
i
=3
1]
(]
-15¢ 1t -
2L 4t ]
1 0.5 0 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 o 0.2 0=+
-05 :
= 0 E = 0 E |
E, = é I =1 |
> 2 > 3 '
-0.2 & -0.2 ch-1.5 |
[
-2 !
04 0.4 !
-04 -02 0O 505 -04 -02 0 505
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Y (m)

Final Drop

time: 2.6(5)
XYl 0.39(m)
V... 0.051(m/s)
Vi 0(mifs)
V.o -0.723(m/s)
Yot 194°

depth:2.2(m)

Parameters (30/12-1672)

d:

3

o T, S - S

Mine Shape
Parameters (30/12-1672)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

time:

Final Model

Parameters (30/12-1672]
2.03(s)
0.488(m)
-0.281(m/s)
1.73e-017(m/s)
-1.25(m/s)
-50.82°
depth:2.23(m)

MIDEX Run 12-0-30, Run 3

Parameters
W, 63"

V.10 (m/s)

Model Initial

b ®5,:-1.9 (rfs)

V.. -1.18 (m/s)
V.. -1.37 (mfs)
[ dt: 1730 (s)

3-D Model Output 12-0-30, Run 3

0

Path Distance {m)

Mass center trail

Yaw Velocity
0

Depth (m)

-0.2 0.2

X (m)

20246
, (fsec)

-0.5 1 0.5 0
Path Distance {m)
Mass center trail Yaw Velocity
0 0
-0.5
. -0.2 :'E:
g £
- o 8
-04 315
-2
-0.6
-0.2 0 0.2 20246
X (m) , (fsec)
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Final Drop

time: 2.77(s)
XYl 0.42(m)
V... 0.054(m/s)
V. 0.054(m/s)
V.o -0.669(m/s)
Wot  -235°

depth:2.22(m)

Parameters (30/12-1479)

d:

3

o T, S - S

Mine Shape
Parameters (30/12-1479)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model
Parameters (30/12-1479]

time:
R i
Vm:
vam:
v

zitm”
me 4

depth:2.23(m)

1.67(s)
0.199(m)
-0.426(m/s)
0.0825(mis)
-1.03(m/s)
172.4°

MIDEX Run 12-0-30, Run 4

3-D Model Output 12-0-30, Run 4

Parameters
W, 48"

V.10 (m/s)

Model Initial

1r ®,,°1.5 (r/s)

V.. -1.02 (m/s)
V.. -1.21 (mfs)
| dt: 1/30 (s)

0
-0.5-
E
=
-3
1]
0
-1.5r
O
0
-0.1
F_\-02
=
= 0.3
-04
-0.5

Path Distance {m)

Mass center trail

Depth (M)

-0.2 0

0.2
X (m)

0 1 0.5 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 i
-0.1 -0.5 !
~-0.2 E3
E £
w0 5;--1 5
-0.4 o~
-0.5 -2
-8-6-4-20 2 -0.2 0 0.2 -8-6-4-20 2
, (fsec) X (m) , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters (30/12-812) Parameters (30/12-812) Parameters (30/12-812)
time: 2.9(s) d:  0.04(m) time: 2.07(s)
Xt 0.221(m) L:  0.121(m) et 0.269(m)
V... 0.105(m/s) m: 0.254(m) V... 0.036(m/s)
Vet -0.105(m/s) Ji7 2.71e-005¢kg™m?) V' 0.00756(m/s)
V.1 -0.803(m/s) J,0 0.000343(kg'm?) Vit -1.41(m/s)
Wier  0° J;- 0.000343(kg"m?) Wi+ -76.63°
depth:2.28(m) v 0.000644{m) depth:2.32(m)
MIDEX Run 12-0-30, Run 5 3-D Model Output 12-0-30, Run 5
| ' " | Model nitial ' |
Parameters
W, 15"
1r ®5,--0.93 (r/s) .
V..10.105 (m/s
Vo =113 (mfs
|| V' -0.805 (m |
di: 1/30 (s)
1 0.5 0 -0.5 1 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 05
3 - E
= € -02 <
f=1 - o 8
a &-15
-04 2
02 0 0.2 642024 -0.2 0 0.2 642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model

Parameters (30/9-2446) Parameters (30/9-2446) Parameters (30/9-2446)
time: 2.43(s) d:  0.04(m) time: 1.77(s)

XYt 0.0644(m) L:  0.0912(m) Xt 0.194(m)

V..o o(mis) m: 0.215(m) V.. -0.00747(m/s)
Ve 0.051(mis) Ji7 2.35e-005¢kg™m?) V' -0.0139(m/s)
Vool -0.966(mis) J;1 0.00017(kg"m?) V™ -1.4(m/s)

Wt 10.2° J;- 0.00017¢kg'm?) Wi -85.84°
depth:2.29(m) v 2.9e-005(m) depth:2.32(m)

MIDEX Run 9-0-30, Run 1

3-D Model Qutput 9-0-30, Run 1

Model Initial
Parameters
Y, 57°
@, 4.1 (rfs)
V.10 (m/s)
V.. -1.02 (m/s)
| V' -1.81 (mfs)

- -1 8 1
£ dt: 1730 (s)
i
-3
1]
(]
-1.5}1 1r 1
L 1t i
1 0 -05 1 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0—
0.1 0.1 i
-0.5 051 |
0 e ! 0 s I
£ £ |
— o= _1 — fu ol _1 o
€ 04 s £ o1 £ |
a 215 o g5] |
-0.2 -0.2 i
-2 2
-0.3 -0.3 |
-0.2 0 0.2 -4202468 -0.2 0 0.2 -4202468
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T T
Model Initial
Parameters
W, 70°
-05 ¢ 1F ®5,-0.94 {rfs)
V. _1-0.054 (m/s)
V.. -0.588 (m/s)
_— 11 V.. -1.34 (mfs)
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1t
2+ ES
1 0.5 0 -05 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 00—
i
0.1 0.1 05 |
o=, e l
E = g 4 !
> 0.1 2 > 0.1 $ 15|
0 a7 !
-0.2 -0.2 Al |
i
-0.2 0 0.2 -4202468 -0.2 0 0.2 -4202468
X (m) , (fsec) X (m) , (fsec)

Final Drop

Parameters (30/9-1836)
time: 2.37(s)
s 0.184(m)
Vier  0(mis)
Vi 0(mis)
V.o -0.804(m/s)
Wit 14.1°

depth:2.26(m)

Mine Shape

Parameters (30/9-1836)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
.- 0.00017¢kg"m?)
5 0.00017¢kg"m?)
2.9e-005(m)

3

o T, S - S

Final Model

Parameters (30/9-1836)

time: 1.6(s)

X0 0.271(m)

V.. -0.183(m/s)
V' -0.0306(m/s)
V..o -1.37(m/s)
Yt 149.8°
depth:2.28(m)

MIDEX Run 9-0-30, Run 2

3-D Model Qutput 9-0-30, Run 2

333



Parameters (30/9-1828)

Final Drop

time: 2.3(s)
XY, 0.0896(m)
Vier  O(m/S)
Ve 0.108(m/s)
V.o -1.07(m/s)
Wet 45"

depth:2.24(m)

Mine Shape

Parameters (30/9-1828)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
.- 0.00017¢kg"m?)
5 0.00017¢kg"m?)
2.9e-005(m)

3

o T, S - S

Final Model

Parameters (30/9-1828)
time: 1.63(s)
XY,.- 0.155(m)
V.. -0.246(m/s)
V' 0.0155(m/s)
V..o -1.01(m/s)
Yt -164.8°
depth:2.25(m)

MIDEX Run 9-0-30, Run 3

3-D Model Qutput 9-0-30, Run 3

0 T T T T T T
Model Initial
Parameters
W, 67"
0.5} 1F ®5,-0.96 {rfs)
V. _1-0.054 (m/s)
V,.'-0.591 (mfs)
= il 1] V.. -1.26 (mfs)
£ dt: 1730 (s)
i
-3
1]
(]
1.5} 1t
o 2 4k
1 05 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1
-0.5 -0.5
g E = E
E, = §, £
5 -0.1 f=2 5 -0.1 o
R -15 2-15
-0.2 -0.2
-2 -2
-0.3 -0.3
-0.2 0 0.2 -5 0510 -0.2 0 0.2 50510
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters (30/9-1569) Parameters (30/9-1569) Parameters (30/9-1569)
time: 2.33(s) d:  0.04(m) time: 1.8(s)
XYt 0.0604(m) L:  0.0912(m) Xt 0.187(m)
V... 0.108(m/s) m: 0.215(m) V... 0.0076(m/s)
Vet -0.213(mis) Ji7 2.35e-005¢kg™m?) V' -0.022(m/s)
V.1 -0.991(m/s) J,0 0.00017(kg"m?) Vi -1.4(mis)
Wier 247 J;- 0.00017¢kg'm?) Wi+ -90°
depth:2.29(m) v 2.9e-005(m) depth:2.3(m)
MIDEX Run 9-0-30, Run 4 3-D Model Qutput 9-0-30, Run 4
0 T T A T T T i T
Model Initial
Parameters
W, 58"
05+ 10 ©20°3 (1) 1
V. _1-0.054 (m/s)
V.. -0.858 (m/s)
Al || Yo' -1.13 (mis) |
di: 1/30 (s)
-15¢ 1F 1
2+ SRS g
1 05 0 -05 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 ' 0.1 i
-05 !
0 e 0 T l
= _ E !
= £ .|:: I
-0.1 :‘,— o -0.1 E;— |
) a-15 !
-0.2 -0.2 |
-2 i
-0.3 -0.3 |
-0.2 0 0.2 5 0 5 -0.2 0 0.2 5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (30/9-1028)

time: 2.5(5)
XYt 0.189(m)

V..o -0.321(m/s)
Vi -0.159(m/s)
V.o -0.963(m/s)

Wier  4.5°
depth:2.23(m)

Mine Shape

Parameters (30/9-1028)
d:  0.04(m)
L:  0.0912(m)
m: 0.215(m)
Ji7 2.35e-005¢kg™m?)
J,0 0.00017(kg"m?)
J30 0.00017(kg'm?)
v 2.9e-005(m)

Final Model

Parameters (30/9-1028)
1.77(8)
0.203(m)
-0.0421(m/s)
0.0944(m/s)
-1.43(m/s)
-102.2°
depth:2.23(m)

time:
Wy
Vm:
vam:
szm:
me:

MIDEX Run 9-0-30, Run %

3-D Model Qutput 9-0-30, Run 5

0 T T 7 T T T
Model Initial &
Parameters
W, 46"
-05¢+ 1F @5y -4 (rfs) .
Vo -0.162 (m/s) &
Vo -0.483 (m/s)
o V., -0.936 (m/s) :
B, e 11 dt: 1730 (s) 1
i
=3
1]
(]
-15¢ 1F 1
2 {1t 2
1 0.5 0 -0.51 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 0.1 i
-05 !
0 s, 0 P I
£ .01 = E .01 < !
> > > 'y |
-0.2 0 092 o -1.5 :
- [
0.3 0.3 2 i
-0.2 0 0.2 -8642024 -0.2 0 0.2 -8642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (45/15-2847)

time: 2.17(s)
XY.. 0.525(m)
V... 0.108(m/s)
Vi 0(mis)
V.o -0.858(m/s)
Yot -7.8°

depth:2.14(m)

Mine Shape Final Model
Parameters (45/15-2847) Parameters (45/15-2847]
d:  0.04(m) time: 1.37(s)
L:  0.152(m) s 0.454(m)
m:  0.323(m) Vo 0.374(m/s)
Ji7 3.3e-005(kg'm?) Vwmi 0.0907(m/s)
J,0 0.000609(kg"m?) V..o -1.38(m/s)
J;0 0.000809(kg™m?) Wi 34.38°
v 4.6e-005(m) depth:2.18(m)

3-D Model Output 15-0-45, Run 1

MIDEX Run 15-0-45, Run 1

Model Initial
Parameters
W, 61°
1L ®,,:042 (r/s)
V. .1-0.108 (m/s)
V.. -1.23 (m/fs)
V.1 -2.01 (mfs)
1F dt: 1730 (s)

0
05
g |
i
2
1]
0
150
2t
0
E-02
-
04
0.6

Path Distance {m)

Mass center trail

05 0 1 05 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 0 .
|
0 -0.5 :
3 - 3 |
= §-02 £ -1 |
5 " 5ol |
04 b -1.5 i
ol
-0.6 '
-5 05 -06 -04 -02 O -5 05
, (fsec) X (m) , (fsec)
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Final Drop Mine Shape
Parameters (45/15-2783) Parameters (45/15-2783)
time: 2.1(s) d:  0.04(m)
XYt 0.0797(m) L:  0.152(m)
Vo 0.055(m/s) m: 0.323(m)
Vet 0.159(m/s) Ji7 3.3e-005(kg'm?)
V.1 -0.804(m/s) J,0 0.000609(kg"m?)
Wi 428° J;* 0.000609(kg"m?)
depth:2.2(m) v 4.6e-005(m)

Final Model

Parameters (45/15-2783])
time: 1.4(s)

XY,.- 0.59(m)
V... 0.015(m/s)
V' -0.0268(m/s)
V..o -1.52(m/s)
Wt 87.27°
depth:2.23(m)

MIDEX Run 15-0-45, Run 2

3-D Model Output 15-0-45, Run 2

T
e

Model Initial
Parameters
W, 65"

V.10 (m/s)

{t #,,/0.96 (t/s)

Voo -1.71 (mfs)
V., -2.28 (mfs) |
T odt: 1/30(s) |

0
05}
E -1t
i
g
1]
0
151
2oL
0
02
=
-
-04
-0.6

05

1 : 1 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 i
-0.5 -0.5 :
E w02 g i
. & g |
[=3 > v 8 |
R -1.5 -04 A -1.5 @
|
2 -0.6 : 21|
02 0 02 04 642024 02 0 02 04 -64-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (45/15-2254])
time: 1.27(s)
XY,..  0.55(m)
V..o -0.108(m/s)
V.o 0.0581(m/s)
V.o -1.66(m/s)
Wit 60.8°

depth:2.1(m)

Mine Shape

Parameters (45/15-2254]
d:  0.04(m)

0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4.6e-005(m)

3

o T, S - S

Final Model

Parameters (45/15-2254]
time: 1.47(s)
XY,.o 0.603(m)
V... 0.483(m/s)
V' -0.122(m/s)
D -0.931(m/s)
-4.389°

Vo
me:
depth:2.12(m)

3-D Model Output 15-0-45, Run 3

MIDEX Run 15-0-45, Run 3

0 T T T T
Model Initial 7
0.2 1 rParameters T
04l 1L %0563“ )
Wa, 0 (rfs)
06} 1+ ¥, -0.051 (m/s) -
el 11 V.. -1.02 (m/s) |
~ ' V.. -1.61 (mfs)
E i {b dt: 1/30(s) |
i
g
2-1.2r 1F 1
-14 ¢ 1r .
-16 ¢ 1F 1
-18 ¢ 1F 1
2F JL 4
1 0.5 0 1 05 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0 0 !
-0.5 -0.5 |
02 £ 0.2 g i
E s -1 E £ 11
- f=1 - o 8 |
4 8 .15 A 3 .15 !
[
-0.6 -0.6 !
-2 -2 i
-04 -02 0 02 -4-2024 -04 -02 0 02 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

-1.

Final Drop Mine Shape
Parameters (45/15-2026) Parameters (45/15-2026)
time: 2.57(s) d:  0.04(m)
XYt 0458(m) L:  0.152(m)
V..o o(mis) m: 0.323(m)
Ve 0.588(m/s) Ji7 3.3e-005(kg'm?)
V.1 -0.831(m/s) J,0 0.000609(kg"m?)
Wt 20.7° J;* 0.000609(kg"m?)
depth:2.19(m) v 4.6e-005(m)

v
v
¥

Final Model

Parameters (45/15-2026]
time:
X "
x‘fm:
vfm:
zfm:
me:
depth:2.22(m)

1.9(s)
0.617(m)
-0.223(m/s)
1.37e-017(m/s)
-1.42(mfs)
-62.5"

MIDEX Run 15-0-45, Run 4

3-D Model Output 15-0-45,

Run4

0 T T T T
Model Initial
Parameters
W, 56"
B {F @,,:-0.96 {1/s) i
Vo' 0 (mis)
V.. -1.28 (m/fs)
V.. -1.29 (mfs)
1t 10 dt: 1730 (s) 1
fet,
S
S
.
2 s 2
1.5 1 05 0 1 0.5 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
-0.2 —_ -0.2 A
£ - I
= Foo-
04 = 5 -0.4 %
o F] @
0 ch -1.5
-0.6 -0.6
-2
-04 -02 0 0.2 -864202 -04 -02 0 02 -864202
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (45/12-3222) Parameters (45/12-3222) Parameters (45/12-3222]

time: 2.53(s) d:  0.04(m) time: 1.57(s)
.- 0.0659(m) L:  0.121(m) s 0.48(m)
V... 0.054(m/s) m: 0.254(m) V... 0.098(m/s)
VY,BZ -0.054(m/s) Ji7 2.71e-005¢kg™m?) Vwmi -0.00336(m/s)
V.1 -0.643(m/s) J,0 0.000343(kg'm?) Vi -1.37(m/s)
Wt 235° J;- 0.000343(kg"m?) Wi 91.08°
depth:2.24(m) v 0.000644{m) depth:2.24(m)

3-D Model Output 12-0-45, Run 1

MIDEX Run 12-0-45, Run 1

Model Initial ¢
Parameters
W, 60"
-05¢+ -y 1.4(rfs)
V..10.108 (m/s)
V.. -1.29 (m/s)
= il I V.1 -2.01 (mfs)
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ -
2L L
1 : 0 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1
0 -0.5 0 -05
-0.1 3 -0.1 £
s £ -1 E.a -1
= -02 = =-0.2 %
o F] ; @
_0.3 D '15 _0.3 CI '1.5
-04 -2 F -04 -2
-02 0 0.2 -50 0 50 -0.2 0 0.2 -50 0 50
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (45/12-2675) Parameters (45/12-2675) Parameters (45/12-2675]

time: 2.53(s) d:  0.04(m) time: 1.6(s)
Xt 0.0103(m) L:  0.121(m) XNt 0.131(m)
V... 0.054(m/s) m: 0.254(m) V... -0.368(m/s)
Ve 0(mis) Ji7 2.71e-005¢kg™m?) V' 0.0294(m/s)
V1 .0.803(mis) J,1 0.000343(kg"m?) Vot -1.2(més)
W -39.8° J;- 0.000343(kg"m?) Wins 155.5°
depth:2.23(m) v 0.000644{m) depth:2.25(m)

MIDEX Run 12-0-45, Run 2 3-D Model Output 12-0-45, Run 2

Model Initial

Parameters
W, 67°

1 ®,,°1.3 (r/s)

V. _1-0.054 (m/s)

V.. -0.588 (m/s)

V.. -1.5 (mis)

Depth (m)

Y (m)

| dt: 1

/30 (5)

0.2

Path Distance {m)

Mass center trail

Yaw Velocity
0

9

Depth (m)

0.5
Path Distan

Mass center trail

0
ce {m)

-0.5

Yaw Velocity
0

-0.2
X (m)

Depth (m)

-0.2
X (m)




Final Drop

time: 1.63(s)
XY.. 0433(m)
V... -0.054{m/s)
Vi -0.054(m/s)
V.o -0.804(m/s)
Yot 2.7°

depth:2.24(m)

Parameters (45/12-23438)

Mine Shape Final Model
Parameters (45/12-2348) Parameters (45/12-2348]
d:  0.04(m) time: 1.63(s)
L:  0.121(m) s 0.246(m)
m: 0.254(m) V.o -0417(m/s)
Ji7 2.71e-005¢kg™m?) Vwmi 0.109{m/s)
J,0 0.000343(kg'm?) V.1 -1.05(m/s)
Ji1 0.000343(kg™m?) Wi 170.1°
v:  0.000644(m) depth:2.27(m)

MIDEX Run 12-0-45, Run 3

3-D Model Output 12-0-45, Run 3

0 T T T T ¥ T
Model Initial
Parameters
W, 62"
0.5} 1F ®5,-2.3(rfs) 1
V. _1-0.054 (m/s)
V.. -1.18 (m/s)
=, il 1] V.. -1.71 (mfs) |
£ dt: 1730 (s)
=
B
@
(a]
1.5} 1r 8
2L JL 4
1 0.5 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 05 |
-0.1 e _ !
— = E 1 !
02 = £ !
> [ & |
03 a &-15 |
-04 [
-2 !
-0.5 [
-02 0 0.2 -0.2 0 0.2 -10-5 0
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model
Parameters (45/12-1841) Parameters (45/12-1841) Parameters (45/12-1841]
time: 1.63(s) d:  0.04(m) time: 1.77(s)
Xt 048(m) L:  0.121(m) XY 0.63(m)
V... o(mis) m: 0.254(m) V.o 0.11(m/s)
Ve 0.159(m/s) Ji7 2.71e-005¢kg™m?) V' 0.00341(m/s)
V..o -0.562(m/s) J,0 0.000343(kg'm?) V. -0.846(m/s)
Wi+ -7.9° J;- 0.000343(kg"m?) Yim- -15.47°
depth:2.2(m) v 0.000644{m) depth:2.22(m)
MIDEX Run 12-0-45, Run 4 3-D Model Qutput 12-0-45, Run 4
0 T T I T T
Model Initial
Parameters
W, 70°
05} {F @5,:-0.95 (1/s)
V.o 0 (mis)
V.. -1.07 (m/s)
~ V.. -1.74 (mfs)
AT 17 dt: 1730 (s)
i
=3
1]
(]
15+ 1t
9L 41
1 0.5 0 -05 1 05 0 -0f
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0—
[
-05 % -05 :
" -0.2 g " -0.2 E: |
£ e E £
- f=1 - o 8
04 @ A8 -04 2 -15
-0.6 £ i -0.6 &
-04 -02 0 420246 -04 -0.2 0 -420246
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (45/12-1376)

time: 2.63(s)
XY, 0.329(m)
V... 0591(mis)
V. 0.054(m/s)
V.o -0.589(m/s)
W' -10°

depth:2.2(m)

d:

L:
m:
J1:
Jz:
Ja:
2

Mine Shape
Parameters (45/12-1376)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model
Parameters (45/12-1376]

time:
X "
Vm:
vam:
szm:

me :

depth:2.2(m)

1.83(s)
0.693(m)
0.0065(m/s)
-0.00886(m/s)
-0.869(m/s)
-15.35"

MIDEX Run 12-0-45, Run 5

3-D Model Output 12-0-45, Run 5

Model Initial
Parameters
W, 720

{F ®,:-2.1 (rfs)
V.1 0.054 (m/s)
V.. -1.23 (m/fs)
V.. -1.5 (mis)

" dt: 1730 (s)

0
05}
E -1t
i
g
1]
0
151
2oL
0
-0.2
E
> 0.4
-0.6

1 05 0 1 05 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 T
1 |
-0.5 -05; |
s, -02 P l
£ - £ |
. & s )
o > -04 o I
A 1.5 B -15] |
|
-2 -0.6 j -2 |
|
-04 -02 0 0.2 0510 -04 -02 0 02 0510
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (45/9-3434)

time: 2.07(s)
XY.. 0.362(m)
V..o 0.213(mis)
Ve 0.108(m/s)
V.o -0.802(m/s)
Yot -10.8°

depth:2.18(m)

Mine Shape

Parameters (45/9-3434)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)

L:
m:
J1:
Jz:
Ja:
v 2.9e-005(m)

Final Model

Parameters (45/9-3434)

time: 1.67(s)

XY,.- 0.229¢m)

V... -0.0101(m/s)
Vin' 0.0205(m/s)
V.o -1.4(mfs)

Wit -89.36°
depth:2.21(m)

MIDEX Run 9-0-45, Run 1

3-D Model Qutput 9-0-45, Run 1

0 T T 7 T T T T
Model Initial
Parameters
W, 61"
-05} {F @5, 4.2 (rfs) i
V.o 0 (mis)
V.. -1.23 (m/fs)
~ V.. -1.88 (mfs)
E, #lp 10 dt: 1730 (s) i
i
=3
1]
(]
-15¢ 1F 1
2t 11 4
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 i
_ i
-0.1 ﬁ -0.1 108
E-02 = E-02 £
> > > 'y !
-0.3 al -0.3 & -1.5 !
[
-0.4 -0.4 2} |
-0.2 0 0.2 -5 0510 -0.2 0 0.2 -5 0 510
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T
Model Initial
Parameters ;
W, 65"
-05 ¢ 1b @524 (rfs) 1
V.o 0 (mis)
V.. -0.912 (mfs)
~ V.. -1.74 (mfs)
E -1t 15 dt: 1430 (s) .
i
=3
1]
(]
-15¢ 1F 1
2L 4k 4
1 05 0 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 0 0
-0.1 -0.1 05
.02 £ .02 g
= = g £ -1
s -0.3 :‘,— s -0.3 Tg;.
0 th -1.5
-04 -04
05 -05 -2
-0.2 0 0.2 -10-5 0 5 -0.2 0 0.2 -105 0 5
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 2.23(s)
XYl 0.527(m)
V..o -0.162(m/s)
Ve 0.108(m/s)
V.o -1.1(mfs)
Yot 170

depth:2.17(m)

Parameters (45/9-2956)

d:

L:
m:
J1:
Jz:
JS
2

Mine Shape
Parameters (45/9-2956)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)
2.9e-005(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (45/9-2956)
1.67(8)
0.207(m)
0.0741(m/s)
-4.42e-018(m/s)
-1.39(m/s)
-107.5°
depth:2.21(m)

MIDEX Run 9-0-45, Run 2

3-D Model Qutput 9-0-45, Run 2
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Final Drop Mine Shape Final Model
Parameters (45/9-2273) Parameters (45/9-2273) Parameters (45/9-2273)
time: 2.07(s) d:  0.04(m) time: 1.73(s)
Xt 0.25(m) L:  0.0912(m) XY 0.0847(m)
V... o(mis) m: 0.215(m) V... -0.0836(m/s)
Ve 0(mis) Ji7 2.35e-005¢kg™m?) V' 0.0188(m/s)
V.1 -0.991(m/s) J,0 0.00017(kg"m?) Vi -1.45(m/s)
Wier 147 J;- 0.00017¢kg'm?) Win-  -76.27°
depth:2.23(m) v 2.9e-005(m) depth:2.24(m)
MIDEX Run 9-0-45, Run 3 3-D Model Qutput 9-0-45, Run 3
0 T I T T T 4 T
Model Initial
Parameters
W, 59"
-05¢+ 1F @5, 7.5 (rfs)
V. 1-0.162 (m/s)
V.. -0.696 (m/s)
_ V.. -1.42 (mfs)
= 10 dt: 1/30¢(s)
=
=3
@
]
-15¢ 1
B 4t
1 -0.5 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 .
0.1 0.1 [
-05 -05 !
0 = 0 2 !
£ |
— ot _1 - B i) _1 E:
S 2 S s I}
o F] @ ¥
-1.5 -1.5
0.2 - 0.2 ? :
-2 -2 i
-0.3 -0.3 |
-0.2 0 0.2 5 0 5 -0.2 0 0.2 5 0 5
X (m) , (fsec) X (m) , (fsec)
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0 T T T T f T
Model Initial P
Parameters
W, 78"
-05 ¢ 1F ®5,-2.6 (rfs) o
V..10.105 (m/s)
V.. -0.645 (mfs)
= il 1] V.. -1.45 (mfs) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F .
9L 41 4
1 05 0 -05 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 0.1 0 !
[
0 0 -05 :
- 3 . g i
g -0.1 E E 0.1 pi -1 |
= o [
> 02 2 > 0.2 15 |
[
-0.3 -0.3 -2 i
|
-01 0 010203 -864202 -01 0 01 02 03 -864202
X (m) , (fsec) X (m) , (fsec)

Parameters (45/9-2123)
time:

Final Model

1.73(8)
0.123(m)
0.00591(m/s)
-0.00318(m/s)
-1.4(m/s)
-83.49°

Final Drop Mine Shape
Parameters (45/9-2123) Parameters (45/9-2123)
time: 2.1(s) d:  0.04(m)
s 0.291(m) L: 0.0912(m)
V' 0.108(m/s) m:  0.215(m)
Vi -0.054(m/s) Ji7 2.35e-005¢kg™m?)
V.1 -0.883(m/s) J,0 0.00017(kg"m?)
Wit -121° J;- 0.00017¢kg'm?)
depth:2.24(m) v 2.9e-005(m)

depth:2.27(m)

MIDEX Run 9-0-45, Run 4

3-D Model Qutput 9-0-45, Run 4
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Final Drop Mine Shape Final Model
Parameters (45/9-1563) Parameters {45/9-1563) Parameters (45/9-1563)
time: 2.17(s) d:  0.04(m) time: 1.67(s)
Xt 0.28(m) L:  0.0912(m) XY.,:  0.0688(m)
V... -0.108(m/s) m: 0.215(m) V.1 0.00676(m/s)
Ve 0(mis) Ji7 2.35e-005¢kg™m?) V' -0.0182(m/s)
V1 _0.883(mis) J,1 0.00017(kg'm?) V' -1.4(mis)
Wier  534° J;- 0.00017¢kg'm?) Wim- -93.12°
depth:2.16(m) v 2.9e-005(m) depth:2.19(m)
MIDEX Run 9-0-45, Run 5 3-D Model Qutput 9-0-45, Run 5
0 T T 0 T T 3 T
Model Initial P
Parameters
W, 79"
05} 1t Pa° 2.4 (rfs)
V..10.108 (m/s)
V.. -0.483 (mfs)
~ V.. -1.5 (mis)
E -1r 1T dt: 1/30 (s)
i
=3
1]
(]
-15¢ 1
9L {F
1 -0.5 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.1 0 01 0
[
0 0 05} !
o=, e l
— = — 3 !
£ 0.1 B E 0.1 ? : -1 |
- f=1 - o 8 |
0.2 0] -0.2 A 15 |
[
-0.3 -0.3 2 :
-0.2 0 0.2 -5051015 -0.2 0 0.2 -5051015
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (60/15-3471) Parameters (60/15-3471) Parameters (60/15-3471])

time: 1.83(s) d:  0.04(m) time: 1.63(s)
Xt 0.216(m) L:  0.152(m) Xt 0.702(m)
V..o 0.321(mis) m: 0.323(m) V... 0.0237(m/s)
Vet -0.108(m/s) Ji7 3.3e-005(kg'm?) V' -0.00787(m/s)
Vol -0.695(mis) J;* 0.000609¢kg"m?) Vir® -0.89(m/s)
Wt 39.3° J;* 0.000609(kg"m?) Wi -25.58°
depth:2.19(m) v 4.6e-005(m) depth:2.2(m)

MIDEX Run 15-0-60, Run 1

3-D Model Output 15-0-60, Run 1

0 T T T
Model Initial
Parameters
W 71°
-05 ¢ {F @,,:-0.78 (r/s) i
V. .1-0.108 (m/s)
V.o =113 (mfs)
~ V.1 -2.2 (mis)
E, #lp 10 dt: 1730 (s) i
i
=3
1]
(]
-15¢ 1F 1
2L 4t ]
1 : 1 0.5 0
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 . 0.2 0 !
[
0 -05 0 -05 :
E g i
E-O.z = o 5-0.2 =l i
> = > s i
04 A -1.5 04 & -15 !
[
-0.6 -2 | -0.6 -2 :
-04-02 0 0204 -6-4-20 2 -04-02 0 02 04 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 2.27(s)
XYt 0.289(m)
Vier  0(m/s)

Vi -0.106(m/s
V.o -0.642(m/s
Yot -17.8°

Parameters (60/15-3001)

)
)

d:

Mine Shape
Parameters (60/15-3001)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)

Final Model

Parameters (60/15-3001])

time:
S

1.33(s)
0.468(m)

V... -0.00819(m/s)
V' 3.33e-018(m/s)

V..o -1.55(m/s)
Wi 114.6°

depth:2.15(m)

L:
m:
J1:
Jz:
J3
g

4 66-005(m)

depth:2.18(m)

MIDEX Run 15-0-60, Run 2

3-D Model Output 15-0-60, Run 2

Model Initial
Parameters
W, 76°

L @,.10.52 (i/s)
V.10 (m/s)
V.. -1.29 (m/s)
V.. -2.17 (mfs)

- odt: 1/30 (S)

0
05+
g 4
£
5
QD
]
15}
_2 L
0
g-o.z
—
-04
-06

Path Distance {m)

Mass center trail

Yaw Velocity
0

o

Depth (M)

-04 -02 O

0.2
X (m)

20246
, (fsec)

352

0 -0.5

Path Distance {m)

Mass center trail

Yaw Velocity
0

0 -0.5
E3
-0.2 =z -1
o
@
04 th-1.5
-2
-0.6
-04 -02 0 02 -20246
X (m) , (fsec)




0 T T T T T
Model Initial
Parameters
W, 73"
05} {F ©5,°0.39 {rfs) 1
V.1 0.055 (m/s)
V.. -0.963 (mfs)
~ V.1 -2.3 (mis)
E. #ln 1T dt: 1730 (5) .
i
-3
1]
(]
1.5} 1r .
2L 4L i
1 ; 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
[
_ 3 " g |
E 0 e g ¢ £ i
- f=1 - o 8 |
) 0 -1.5 02 & -15 I
|
[
04 2 | 04 219
-04 -02 0 02 -202468 -04 -02 0 02 -202468
X (m) , (fsec) X (m) , (fsec)

Final Drop

Parameters (60/15-2634])

time: 1.77(8)
XYl 0.281(m)
V... -0.534(m/s)
Ve 0.108(m/s)
V.o -0.642(m/s)
Yo' 415°

depth:2.17(m)

d:

o T, S - S

Parameters (60/15-2634]

3

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

Parameters
time:
X "
vV il
vam:
v [
me:

Final Model

1.33(s)
0.348(m)
0.0747(m/s)
-0.0135(m/s)
-1.52(m/s)
93.91°
depth:2.18(m)

(60/15-2634]

MIDEX Run 15-0-60, Run 3

3-D Model Output 15-0-60, Run 3
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Depth (m)

1

—

(o]
T

Final Drop
Parameters (60/15-2260)

time: 1.57(8)
XY, 0.236(m)
V..o -0.159(m/s)
Vi 0.267(m/s)
V.o -0.642(m/s)
Yt -3.5°
depth:2.23(m)

d:

L:
m:
J1:
Jz:
Ja:
2

Parameters (60/15-2260)

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (60/15-2260]
1.63(s)
0.512(m)
0.162(m/s)
-0.03(m/s)
-0.841(m/s)
-21.9°
depth:2.24(m)

MIDEX Run 15-0-60, Run 4

3-D Model Output 15-0-60, Run 4

1
—
T

Model Initial
Parameters
W, 71°
[0

W

HO

o’

1-0.29 (1/s)

:-0.055 (m/s)
V.. -0.48 (m/s)
V.. -1.82 (mfs)
| dt: 1/30 (s)

0.5 0

1 05 -05 1 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity

0 0.2 0 T
[
-0.5 -0.5 !
s, 0 e l
£ - C
s £.02 £ o
[=3 > v 8 |
R -15 2-15 @
-04 [
-2 -2 :

-04 -02 0 02 -4-2024 -04 -02 0 0.2 -4-2024

X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (60/15-1422)
time: 2.57(s)

XY, 0.377(m)

V... 0.159(m/s)
Vi -0.321(m/s)
V.o -0.535(m/s)
Ve 0.7°
depth:2.16(m)

Mine Shape

Parameters (60/15-1422)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000609¢kg'm?)
s 0.000609¢kg'm?)
4.6e-005(m)

3

o T, S - S

Final Model

Parameters (60/15-1422]
time: 1.73(s)

XY,.- 0.546(m)

V... -0.206(m/s)
V' 0.105(m/s)
V..o -1.09(m/s)

Wit -40.64°
depth:2.16(m)

MIDEX Run 15-0-60, Run 5

3-D Model Output 15-0-60, Run 5

0 T T T T T
Model Initial
Parameters
W, 64"
-05 ¢ 1b @5,:-0.44 (1/s) _
V.o 0 (mis)
V.. -0.696 (m/s)
~ V.. -1.71 (mfs)
E. #ln 1T dt: 1730 (5) .
i
=3
1]
(]
-15¢+ 1 .
ooy
2
2L L 8 i
5
&
1 05 0 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0 0 !
-05 :
~-02 £ ~-02 £ i
E c E £
- f=1 - o 8 |
-0.4 S -0.4 2 .15 !
[
-06 06 -2 i
-04 -02 0 02 642024 -04 -02 0 02 642024
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (60/15-3362)

time: 2(s)
XY, 0.166(m)
V... 0.055(m/s)
Vi -0.483(mis)
V.o -0.509(m/s)
Yoo 14.4°
depth:2.21(m)

Mine Shape Final Model
Parameters (60/15-3362) Parameters (60/15-3362]

d:  0.04(m) time: 1.33(s)
L:  0.152(m) s 0.354(m)
m:  0.323(m) V.0 0.0695(m/s)
Ji7 3.3e-005(kg'm?) Vwmi -0.00186(m/s)
J,0 0.000609(kg"m?) V.1 -1.55(m/s)
J;0 0.000809(kg™m?) Wins  104.6°
v 4.6e-005(m) depth:2.22(m)

MIDEX Run 15-0-60, Run &

3-D Model Output 15-0-60, Run 6

0 T T T T
Model Initial
Parameters
W, 69"
-05} 1F ®5,-1.5(rfs) .
V.. 0 (mis)
V.. -1.02 (m/s)
~ V.. -2.44 (mfs)
£y 10 dt: 1/30¢(s) |
i
=3
1]
(]
-15¢ 1 -
2t 11 4
1 ’ 1 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-05 |
o E ~ 2 £ |
£ = £ £ - |
> -0.2 o > -0.2 3 !
] h -1.5 |
|
0.4 -04 -2 !
|
-02 0 02 04 -6-4-202 -02 0 02 04 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 2.37(s)
XY, 0.139(m)
Vie!  O(m/S)
Vi -0.267(m/s)
V.o -0.75(m/s)
Wt 49.2°

depth:2.13(m)

Parameters (60/12-3464])

d:

3

o T, S - S

Mine Shape

Parameters (60/12-3464]
0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
.- 0.000343tkg'm?)
s 0.000343¢kg'm?)
0.000644(m)

Final Model

Parameters (60/12-3464]
time: 1.5(s)

0.456(m)
0.0938(m/s)
0.00343(m/s)
-1.37(m/s)
95.08°
depth:2.18(m)

MIDEX Run 12-0-60, Run 1

3-D Model Output 12-0-60, Run 1

0 T T . T T A T
Model Initial :
Parameters
W, 74"
05| 1} ®,,--0.053 (rfs) _
V.1 0.054 (m/s)
V.. -1.23 (m/fs)
~ V.1 -2.2 (mis)
E 1t 1t dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1 -
:
1 LI 1
1
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0
-05
0 P 0 T
~ £ - &
E = £ £ -1
> .02 o > .02 ]
) a-15
-04 -04 )
-02 0 02 -5 0 5 -02 0 0.2 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T
Model Initial
Parameters
W 71°
0.5} 1F ®5501.2 (rfs) 8
V. _1-0.054 (m/s)
V.. -0.588 (m/s)
~ V.1 -2.01 (mfs)
£y 10 dt: 1/30¢(s) |
i
-3
1]
(]
-1.5}1 1r 1
Ty it 1
1 0.5 0 -0.51 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 05 0.2 05
- 3 - g
E o = £ o0 i
- f=1 - o 8
8 -15 J 2-15
-0.2 2 -0.2 2
-02 0 0.2 0 51015 -0.2 0 0.2 0 51015
X (m) , (fsec) X (m) , (fsec)

Final Drop

time: 2.33(s)
XY.. 0.194(m)
V... -0.054{m/s)
Vit -0.213(mis)
V.o -0.909(m/s)
llJfe: '10

depth:2.22(m)

Parameters (60/12-3025)

d:

3

o T, S - S

Mine Shape
Parameters (60/12-3025)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model

Parameters (60/12-3025]

time:
R i
Vm:
vam:
v

1.53(s)
0.125(m)
-0.358(m/s)
0.0878(m/s)
sm- -1.2(m/s)
WYim 155.4°
depth:2.24(m)

MIDEX Run 12-0-60, Run 2

3-D Model Output 12-0-60, Run 2
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0 T T T T
Model Initial
Parameters
W, 74"
05} Lo®,0 1.4 (rfs) ]
V.. 0 (mis)
V.. -0.642 (mfs)
~ V.. -1.88 (mfs)
E -1t " dt: 1730 () .
i
-3
1]
(]
1.5} - .
2L L ]
-0.5 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1
0 -0.5
~-0.1 £ 3
= = £
-0.2 £l T
> o F] @
03 A th -1.5
-04 )
-02 0 0.2 -0.2 0 0.2 -4-2024
X (m) X (m) , (fsec)

Final Drop

time: 1.43(s)
Xt 0.332(m)

V... -0.429(m/s)
Vi -0.591(m/s)
V.o -0.803(m/s)

Wier  41.5°
depth:2.17(m)

Parameters (60/12-2693)

Mine Shape

Parameters (60/12-2693)

d:  0.04(m)

L:  0.121(m)

m: 0.254(m)

Ji7 2.71e-005¢kg™m?)

J,0 0.000343(kg'm?)

J37 0.000343(kg'm?)

v 0.000644(m)

Final Model

Parameters (60/12-2693])

time: 1.5(s)
XYl 0.224(m)
V... -0.206(m/s)

V' 1.37e-017(m/s)

V..o -1.35(m/s)
Wit 136.8°
depth:2.2(m)

MIDEX Run 12-0-60, Run 3

3-D Model Output 12-0-60, Run 3




Final Drop
Parameters (60/12-2189)

time: 2.17(s)
XYt 0.509(m)
Vier  0(mis)
V. 0.0581(m/s)
V.o -0.777(mis)
Wier  -17.3°

depth:2.2(m)

d:

o T, S - S

3

Mine Shape

Parameters (60/12-2189)
0.04(m)

0.121(m)
0.254(m)

2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)

0.000644(m)

v
v
¥

me :

Final Model

Parameters (60/12-2189]
time:
X i

Eil

yim”
zftm”

depth:2.23(m)

1.53(s)
0.153(m)
-0.0682(m/s)
-0.0135(m/s)
-1.41(mfs)
74.17°

MIDEX Run 12-0-60, Run 4

3-D Model Output 12-0-60, Run 4

0 T T T
Model Initial
Parameters
W, 74"
-05 ¢ 1F ®5,--0.079 (r/s) .
V. .1-0.108 (m/s)
V.. -0.695 (m/s)
. V.. -1.85 (mfs)
g U 1T dt: 1730 (s) 7
=
=3
@
]
-15¢ 1F -
9L JL 4
1 0.5 0 05 0 -05
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 o 0.2 9 i
-0.5 :
= 0 3 . E @
£ c E £
> > > 'y ;
-0.2 | -0.2 a -1.5 !
|
-2 |
04 04 '
-04 -02 0O 5 0 5 -04 -02 0 5 0 5
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (60/12-1588) Parameters (60/12-1588) Parameters (60/12-1588]

time: 2.5(5) d:  0.04(m) time: 1.8(s)
s 0.334(m) L:  0.121(m) s 0.368(m)
V..o -0.267(m/s) m: 0.254(m) V.0 -0.132(m/s)
Vo' 0.054(m/s) Ji7 2.71e-005¢kg™m?) V' -0.138(m/s)
V.1 -0.858(m/s) J,0 0.000343(kg'm?) V.1 -0.839(m/s)
Wt 34.8° J;- 0.000343(kg"m?) Wirs  -8.18°
depth:2.2(m) v 0.000644{m) depth:2.21(m)

MIDEX Run 12-0-60, Run 5

3-D Model Output 12-0-60, Run 5

0 T T T T . T
Model Initial P
Parameters
W, 77"
-05} - oy00-1.3 (rfs) g
V.. 0 (mis)
V.. -0.588 (m/s)
~ V.. -1.15 (mfs)
AT T dt: 1730 (s) 1
i
-3
1]
(]
1.5} - .
AL L 4
1 ; 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.2 i
0.1 -0.5 :
-~ 0 £ (3 i
£ = i -1 !
S & z |
-0.2 - a-1.5 :
-0.3 2 !
|
0 02 04 -5 0 5 0 02 04 -5 0 5
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop

time: 2.3(s)
XY.D 0.331(m)
V..o -0.216(m/s)
Vi -0.054(m/s)
V.o -0.536(m/s)
Vet 38.1°

depth:2.12(m)

Parameters (60/12-3347)

d:

3

o T, S - S

Mine Shape
Parameters (60/12-3347)

0.04(m)

0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (60/12-3347]
1.47(8)

0.26(m)
-0.386(m/s)
2.45e-017(m/s)
-1.17(m/s)
158.6"
depth:2.15(m)

MIDEX Run 12-0-60, Run &

3-D Model Output 12-0-60, Run 6

| W, 75"

1F V.. 0 (mis)

Model Initial
1 rParameters

@5.+1.3 (rfs)
V.. -1.18 (m/s)

V.. -2.14 (mfs)
1t dt: 1/30(s)

1 : 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
05 g 05
3 - 3
c E .02 £
o > &
a-1.5 t-15
-0.4
-2 i -2
-0.2 0 02 04 -5 05 -0.2 0 02 04 -5 0 65
X (m) , (fsec) X (m) , (fsec)

362



Final Drop Mine Shape Final Model

Parameters (60/9-3654) Parameters (60/9-3654) Parameters (60/9-3654)
time: 2.13(s) d:  0.04(m) time: 1.6(s)

XY...  0.235(m) L:  0.0912(m) XYoo 0.232(m)

V... 0.108(m/s) m: 0.215(m) V... 0.109(m/s)
Ve 0.108(m/s) Ji7 2.35e-005¢kg™m?) V' -0.047(m/s)
V..o -1.4(mfs) J,0 0.00017(kg"m?) Vi -1.36(m/s)

Wit 125° J;- 0.00017¢kg'm?) Wi -113.6°
depth:2.16(m) v 2.9e-005(m) depth:2.16(m)

MIDEX Run 9-0-60, Run 1 3-D Model Qutput 9-0-60, Run 1

0 T T T T T
Model Initial
Parameters
W, 75"
05} 1b @514 (rfs) 1
V.o 0 (mis)
V.. -1.02 (m/s)
~ V., -2.09 (mfs)
E -1r 1T dt: 1/30 (s) 1
i
-3
1]
(]
1.5} 1t
DL 4k
1 05 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0r—
i
0 -0.5 0 05/ |
~-0.1 £ ~-0.1 3 |
E e E £ 1)
b o > o !
0.2 8 15 0.2 E; 150 |
|
-0.3 -0.3 i
-2 -2 |
-0.3-0.2-01 0 041 -4202468 -03-02-01 0 041 -4202468
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (60/9-3128) Parameters (60/9-3128) Parameters (60/9-3128)
time: 2.17(s) d:  0.04(m) time: 1.67(s)
Xt 0.263(m) L:  0.0912(m) Xt 0.104(m)
V... 0.054(m/s) m: 0.215(m) V... 0.024(m/s)
Ve 0(mis) Ji7 2.35e-005¢kg™m?) V' -0.00127(m/s)
Vol -0.91(m/s) J;1 0.00017(kg"m?) V™ -1.4(m/s)
Wit -174° J;- 0.00017¢kg'm?) Wi -99.32°
depth:2.24(m) v 2.9e-005(m) depth:2.26(m)

MIDEX Run 9-0-60, Run 2

3-D Model Qutput 9-0-60, Run 2

0 T T T T T
Model Initial
Parameters
W 71°
0.5} 1F ®5,-2.1(rfs) 1
V. .1-0.108 (m/s)
V,.'-0.591 (mfs)
= il 1] V., -2.04 (mfs) |
£ dt: 1730 (s)
i
-3
1]
(]
1.5} 1t .
ot 11 4
1 0.5 0 -051 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 -0.5 |
s, e l
- £ —~ &
g 0.1 = g 01 p: -1
- f=1 - o 8
-0.2 8 -0.2 C"; 1.5
-0.3 -0.3 )
-01 0 0102 -6-4-202 -01 0 01 0.2 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (60/9-2714)
time: 2.1(s)
XY, 0.164(m)
V... 0.054(m/s)
Vit 0.216(m/s)
V.o -0.991(m/s)
Wot  -534°
depth:2.21(m)

Mine Shape

Parameters (60/9-2714)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)

L:
m:
J1:
Jz:
Ja:
v 2.9e-005(m)

Final Model
Parameters (60/9-2714)

time: 1.7(s)

XYl 0.0773(m)
V.. -0.00752(m/s)
V' -0.00407(m/s)
V.o -1.4(mfs)
Wi -85.02°

depth:2.25(m)

MIDEX Run 9-0-60, Run 3

3-D Model Qutput 9-0-60, Run 3

0 T T T T
Model Initial
Parameters
W, 72°
-05} 1F ®5,-3.5(rfs) .
V.1 0.054 (m/s)
V.. -0.537 (mfs)
~ V.. -1.63 (mfs)
£y 10 dt: 1/30¢(s) |
i
=3
1]
(]
-15¢ 1F 1
2F JL 4
1 0.5 0 -05 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 05 0.1 05
.. 0 £ .. 0 £
E u = 1 £ g I -
> -0.1 £ > -0.1 o
A 1.5 315
-0.2 -0.2
-2 -2
-01 0 010203 -5 0 5 -01 0 01 02 03 5 0 5
X (m) , (fsec) X (m) , (fsec)
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depth:2.21(m)

Final Drop
Parameters (60/9-2350)
time: 2.13(s)
XYt 0.388(m)
Vier  0(mis)
V. 0.054(m/s)
V.o -0.883(m/s)
Wier  -28.3°

d:

L:
m:
J1:
Jz:
JS
2

Mine Shape

Parameters (60/9-2350)
0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)
2.9e-005(m)

Final Model
Parameters (60/9-2350)

time:
Wy
Vm:
vam:
szm:
me:

depth:

1.7(s)
0.046(m)
0.0191(m/s)
0.00436(m/s)
-1.4(m/s)
-98.88"
2.25(m)

MIDEX Run 9-0-60, Run 4

3-D Model Qutput 9-0-60, Run 4

0 T T T
Model Initial
Parameters
W, 70°
-05} 1F @5, 2.4 (rfs) .
V. _1-0.054 (m/s)
V.. -0.375 (mfs)
~ V.. -1.55 (mfs)
(ST 10 dt: 1/30(s) |
i
-3
1]
(]
-1.5}1 1r 1
2t 11 4
1 : -0.9 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 00—
0 0 i
{ -0.5 :
A-0.1 g A-0.1 :-E: . |
€ 02 s E 02 £ !
> 2 > F !
] h -1.5 |
-0.3 -0.3 i
2l
-04 -0.4 |
-01 0 010203 -5 0 510 -01 0 01 02 03 -5 0 510
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop Mine Shape Final Model
Parameters (60/9-1790) Parameters (60/9-1790) Parameters (60/9-1790)
time: 2.1(s) d:  0.04(m) time: 1.7(s)
XYt 0.308(m) L:  0.0912(m) XY 0.0468(m)
V..o -0.216(m/s) m: 0.215(m) V... 0.06(m/s)
Vet -0.108(m/s) Ji7 2.35e-005¢kg™m?) V' -0.0286(m/s)
V..o -0.91(m/s) J,0 0.00017(kg"m?) Vi -1.39(m/s)
Wier  -12.8° J;- 0.00017¢kg'm?) Wim-  -108.7°
depth:2.19(m) v 2.9e-005(m) depth:2.23(m)
MIDEX Run 9-0-60, Run 5 3-D Model Qutput 9-0-60, Run 5
0 T T T T T
. Model Initial
Parameters
W, 75"
-05} {F ®5,:1.8(rfs) g
V.1 0.054 (m/s)
V.. -0.321 (mfs)
V.. -1.39 (mfs)
1t 10 dt: 1730 (s) 1
15+ 1t .
£Die it 1
1 05 0 -0.51 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
|
0 0 05 |
s, T l
~-0.1 =) i \ E 4 |
N = g &£ |
- h: f=1 - _ o 8 |
0 A 2z &5 |
|
-0.3 -0.3 2 |
|
-0.2 0 0.2 5 0 5 -0.2 0 0.2 5 0 5
X (m) , (fsec) X (m) , (fsec)

367



Final Drop Mine Shape Final Model

Parameters (60/9-3698) Parameters (60/9-3698) Parameters (60/9-3698)
time: 2.07(s) d:  0.04(m) time: 1.63(s)

XYt 0.208(m) L:  0.0912(m) Xt 0.118(m)

V... -0.054{m/s) m: 0.215(m) V.1 0.00146(m/s)
Vo' 0(mis) Ji7 2.35e-005¢kg™m?) V' 0.0213(m/s)
Vool -0.964(mis) J;1 0.00017(kg"m?) V™ -1.4(m/s)

Wier  55.7° J;- 0.00017¢kg'm?) WYim-  -91.58°
depth:2.15(m) v 2.9e-005(m) depth:2.19(m)

MIDEX Run 9-0-60, Run & 3-D Model Qutput 9-0-60, Run 6

0 T T T T T
| Model Initial
Parameters
W, 74"
05} 1L @,,:2.4(rfs) _
V. 1-0.159 (m/s)
V.. -0.429 (mfs)
~ V.. -1.77 (mfs)
E -1r 1F dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1
Bk sl
1 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0.1 ' 0.1 |
-0.5 05 |
0 s, 0 ) l
S 4 5 \/ £ 4
0.1 s E .01 s 7|
A8 -15 g &5 |
-0.2 - 0.2 Sl
i
0.3 -2 0.3 21
-0.3-0.2-0.1 0 041 -5 0510 -03-02-01 0 041 -5 0510
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (75/15-1403)

time: 1.8(s)
XY, 0.166(m)
V... 0.108(m/s)
Vi -0.588(m/s)
V.o -0.778(m/s)
W' 102°

depth:2.15(m)

d:

o T, S - S

Parameters (75/15-1403)

3

Mine Shape

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

Final Model

Parameters (75/15-1403])

time:
R i
Vm:
vam:
v

1.33(s)
0.0926(m)
-0.468(m/s)
-0.234(m/s)
- -1.02(m/fs)
Wi 176.3°
depth:2.15(m)

MIDEX Run 15-0-75, Run 1

3-D Model Output 15-0-75, Run 1

0 T T T
Model Initial
Parameters
W, 78"
05} 1t P20 1.8 (rf5)
V. .1-0.108 (m/s)
V.. -0.483 (mfs)
~ V., -2.65 (mfs)
E -1r 1T dt: 1/30 (s)
i
=3
1]
(]
-15¢ 1t
2t {F
1 0.5 0 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.4 0 0.4 0 ;
05 |
0.2 e 0.2 !
- E - |
E c E Hl
> 0 a > 0 !
0 -15; |
[
-0.2 -0.2 i
=2 I
-04 -02 0 0.2 20246 -04 -02 0 02 20246
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Y (m)

Final Drop

time: 2.1(s)
XY.. 0.252(m)
V... 0429(m/s)
Vi 0.483(m/s)
V.o -0.966(m/s)
Wet 3830

depth:2.14(m)

Parameters (75/15-1500]

d:

o T, S - S

Mine Shape
Parameters (75/15-1500)

3

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000609¢kg"m?)
0.000609(kg"m?)
4 6e-005(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (75/15-1500]
1.4(8)
0.146(m)
-0.357(m/s)
0.337(m/s)
-0.948(m/s)
-178.4°
depth:2.17(m)

MIDEX Run 15-0-75, Run 2

3-D Model Output 15-0-75, Run 2

Model Initial
Parameters
W, 78°

4L ®,,51.7 (r/s)
V. _1-0.055 (m/s)
V.. -0.588 (m/s)
V.1 -2.3 (mis)
1F dt: 1/30 (s)

04

0.2

1 0.5

Path Distance {m)

Mass center trail

Depth (m)

-04 -02 0
X (m)

0.2

0 1 0.5 0 -0.5
Path Distance {m)
Yaw Velocity Mass center trail Yaw Velocity
0 0
' 04 i
-0.5 :
- g |l
> £ e
> 0 = !
& -15; ]!
|
-0.2 i
21|
-04 -02 0 02 20246
X (m) , (fsec)




Final Drop
Parameters (75/12-3934])

time: 1.27(s)
et 0.133(m)
V... -0.051(m/s)
Vi -0.162(m/s)
V.o -1.18(mfs)
W B7.3°
depth:2.15(m)

Mine Shape

Parameters (75/12-3934]
d:  0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
.- 0.000343tkg'm?)
s 0.000343¢kg'm?)
0.000644(m)

3

o T, S - S

Final Model

Parameters (75/12-3934]
time: 1.63(s)

X0 0.213(m)

V.1 -0.0473(m/s)
V' 0.106(m/s)
V..o -0.843(m/s)
Wit -171.3°
depth:2.16(m)

MIDEX Run 12-0-75, Run 1

3-D Model Output 12-0-75, Run 1

0 T T T T T
Model Initial
Parameters
W, 78"
05| 1b @521 (rfs) i
V. _1-0.054 (m/s)
V.. -0.858 (m/s)
~ V., -2.6 (mis)
E -1r 1F dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
2t JL 4
0.5 -05 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 ! 0.2 0 !
[
-0.5 -0.5 :
o B E - g i
E/ = -1 g 'CE '1 |
- f=1 - o 8 |
-0.2 A 15 -0.2 & -15 !
!
-2 ) !
-04 -0.4 '
-04 -02 0 0.2 -6-4-202 -04 -02 0 02 -6-4-202
X (m) , (fsec) X (m) , (fsec)
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Depth (m)

Final Drop
Parameters (75/12-3171)

time: 1.8(s)
XY, 0.268(m)
V... 0.054(m/s)
Vi -0.054(m/s)
V.o -0.883(m/s)
W' -16.9°

depth:2.18(m)

d:

L:
m:
J1:
Jz:
Ja:
2

Mine Shape
Parameters (75/12-3171)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000343¢kg'm?)
0.000343(kg"m?)
0.000644(m)

Final Model
time: 1.47(s)
0.303(¢m)

-1.41(m/s)
111.4°
depth:2.22(m)

Parameters (75/12-3171])

0.0456(m/s)
0.0236(m/s)

MIDEX Run 12-0-75, Run 2

3-D Model Output 12-0-75, Run 2

0 T u T
Model Initial £
Parameters
W, 83"
-05 ¢ {F ®5,-0.81 {rfs)
V. 1-0.375 (m/s)
V.. -0.429 (mfs)
V., -2.38 (mfs)
Al 17 dt: 1430 (s)
1.5} 1r
ot 4k
1 0.5 0 -0.8 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.3 a 0.3 i
0.2 0.2 -05 '
|
01 £ 01 £
£ = £ = = |
R 0 = " 0 =E
> o > & :
-0.1 - -0.1 ch -1.5 |
|
-0.2 -0.2 2 !
|
-0.2 0 0.2 4-2024 -0.2 0 0.2 -4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (75/9-4155) Parameters (75/9-4155) Parameters (75/9-4155)
time: 1.93(s) d:  0.04(m) time: 1.47(s)
XYt 0.164(m) L:  0.0912(m) Xt 0.101(m)
V... 0.159(m/s) m: 0.215(m) V... 0.0489(m/s)
Vo' 0.054(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0226(m/s)
Vol -0.91(m/s) J;1 0.00017(kg"m?) V' -1.44(m/s)
Wier  0° J;- 0.00017¢kg'm?) Wi+ 46.55"
depth:2.21(m) v 2.9e-005(m) depth:2.25(m)
MIDEX Run 9-0-75, Run 1 3-D Model Qutput 9-0-75, Run 1

0 T T T T
Model Initial
Parameters
W, 80"
05} 1F @5,-0.026 (1/s) .
V.1 0.054 (m/s)
V.. -0.642 (mfs)
_ V_i252(mis)
£y 10 dt: 1/30¢(s) |
= d
&
a) q
-1.5}1 1r 1
2F JL 4
1 0.5 0 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 — 0 —
| i
0.1 0.1 -05¢ |
fam=s., e l
g ° = g’ £
- o > & |
-0.1 S -041 2-15 !
|
-0.2 -0.2 -2 :
-0.2-01 0 041 -4202468 -0.2-01 0 041 -4202468
X (m) , (fsec) X (m) , (fsec)
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Final Drop
Parameters (75/9-3312)
time: 2.07(s)
XY, 0.152(m)
V... -0.054{m/s)
Vi -0.159(m/s)
V.o -0.616(m/s)
Y 2.2°
depth:2.24(m)

Mine Shape

Parameters (75/9-3312)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg"m?)
0.00017¢kg"m?)
0.00017(kg'm?)
2.9e-005(m)

3

o T, S - S

Final Model

Parameters (75/9-3312)

time: 1.53(s)

XY,.- 0.246(m)

V... 0.0805(m/s)
V' 4.94e-018(m/s)
V..o -1.39(m/s)
Wit 91.8°
depth:2.27(m)

MIDEX Run 9-0-75, Run 2

3-D Model Qutput 9-0-75, Run 2

0 T T 1] T T
Model Initial
Parameters
W, 84"
-05¢+ 1r @5,-0.052 (1/s) .
V.o 0 (mis)
V.. -0.537 (mfs)
= il 1] V.1 -2.2 (mis) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1 .
ot 11 4
1 05 0 -05 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.2 0.2
-05
01 fa=s. 01 e
- £ - E
E @ < E o <
> & > 2 8
-0.1 = -0.1 S
-0.2 -0.2 2
-0.2 0 0.2 5 0 5 -0.2 0 0.2 5 0 5
X (m) , (fsec) X (m) , (fsec)

374



Final Drop Mine Shape Final Model

Parameters (30/15-2307) Parameters (30/15-2307) Parameters (30/15-2307]

time: 1.77(8) d:  0.04(m) time: 1.4(s)

.- 0.909(m) L:  0.152(m) s 0.295(m)

V..o -0.267(m/s) m: 0.323(m) V... 0.0503(m/s)

Vm: -0.429(m/s) Ji7 3.3e-005(kg'm?) Vwmi -0.000478(m/s)

Vool -0.936(mis) J;* 0.000578(kg"m?) V' -1.54(m/s)

Wi -48.2° J;* 0.000578(kg"m?) Wi -82.95°

depth:1.9(m) . -0.007411(m) depth:1.94(m)

MIDEX Run 15--1-30, Run 1 3-D Model Output 15--1-30, Run 1

T Model Initial -
0.2} { -Parameters
W, 43"
04 1 ,,:0.39 (t/s)
06| || Vo' omsy
V.. -0.591 (mfs) §
08} L Vii-1.53 (mis)
£ dt: 1730 (s)
= -1t 4L
j= 1
a
Ey 18 1t p
-14 ¢ s o
§
-16 1
-18+ 1F
12 1 08 06 04 02 O 08 06 04 02 0 -02 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 —
0 0 i
i
0.2 - 0.2 2930 ]
£ < = £ qf !
» -04 o s -04 = !
0 ch [
0.6 -0.6 A8
|
-06 -04 -02 0 -2024¢% -06 -04 -02 0 20246
X (m) , (fsec) X (m) , (fsec)

375



Final Drop
Parameters (30/15-1552)

time: 1.67(8)
XY.! 0.568(m)
V... -0.055(m/s)
V. 0.085(m/s)
V.o -1.18(mfs)
Wo'  -60.8°

depth:1.86(m)

Mine Shape

Parameters (30/15-1552)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000578tkg'm?)
s 0.000578¢kg'm?)

3

Final Model

Parameters (30/15-1552]

time: 1.47(s)

XYy.o 0.404(m)

V... -0.0613(m/s)

V.1 -0.0634(m/s)
-1.52(m/s)

vfm:
V .
86.85°

zitm”
me 4

o T, S - S

0.007411(m)

depth:1.9(m)

3-D Model Qutput 15--1-30, Run 2

MIDEX Run 15--1-30, Run 2

0 T T T T T T T T T T e T T
Model Initial
-0.21 { {Parameters 4
W, 26"
04| 1 ©20°-6.1 (r/s) |
0l 1] V. .10.055 (m/ |
. V.o =113 (m#,
_-0sl 1L V. -0.804 |
£ dt: 1730 (s)
i
s -1r 1r .
1]
(]
-1.2¢ 1F 1
-14 ¢ 1r .
-16 ¢ 1t .
-18¢ 1 -
1 08 06 04 02 0 -02 08 06 04 02 0 -02 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
0 0 !
s, e -05 l
£-02 < £-02 £ e o
> > > 'y !
[
-04 & 04 ] 5B i
i
-0.6 -0.6 '
-06 -04 -02 0 420246 -06 -04 -02 0O 4202456
X (m) , (fsec) X (m) , (fsec)

376



Depth (m)

Final Drop Mine Shape Final Model
Parameters (30/12-24438) Parameters (30/12-2448) Parameters (30/12-24438])
time: 1.77(8) d:  0.04(m) time: 1.7(s)
s 0.24(m) L:  0.121(m) s 0.409(m)
V... 0.054(m/s) m: 0.254(m) V... 0.0531(m/s)
Vet -0.162(m/s) Ji7 2.71e-005¢kg™m?) V' -0.011(m/s)
V..o -1.31(m/s) J,0 0.000321(kg'm?) Vi -1.4(mis)
W -B28° Ji1 0.000321¢kg™m?) Wi -77.86°
depth:2.22(m) 1 -0.005307(m) depth:2.25(m)
MIDEX Run 12--1-30, Run 1 3-D Model Qutput 12--1-30, Run 1
' | " | [Model Initial |
Parameters :
W, 47"
1r ®,,-3.8 (r/s) .
V., -0.054 (m/s)
Vipi-1.13 (mis) 5
V. 1181 (m,'s)
10 dt: 1/30(s) % |
g
i
4
g
1 0.5 0 -05 1 05 0 -0.5
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
!
0 ¢ 05 |
g - g,
-0.2 = E .02 £ !
[=% > o |
a 3 -1.5 ]
[
-04 -04 2 i
[
-02 0 0.2 -864202 -0.2 0 0.2 -864202
X (m) , (fsec) X (m) , (fsec)

377



Final Drop
Parameters (30/12-18238)

time: 2.27(s)
XY.. 0.501(m)
V... 0.054(m/s)
V.o 0.375(mis)
V.o -0.91(m/s)
Wo o -39.8°

depth:2.25(m)

d:

o T, S - S

3

Mine Shape

Parameters (30/12-1828)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
0.005307(m)

v
v
¥

me :

Eil
yim”
zitm”

Final Model

Parameters (30/12-1828])
time:
X i

1.6(s)
0.299(m)
0.00191(m/s)
0.0097(m/s)
-1.37(m/s)
96.63"

depth:2.27(m)

MIDEX Run 12--1-30, Run 2

3-D Model Qutput 12--1-30, Run 2

0 T T T T T
Model Initial
Parameters
W,,:51°
-05 ¢ 1F ®5,-1.8(rfs) o
V.o 0 (mis)
V.. -0.966 (m/s)
_r 1l V.. -1.55 (mfs) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F 1
2L dF ]
1 05 0 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.2 0.2 !
-05 !
0.1 I~ 0.1 EX !
- E g g . !
E ¢ = g0 < ! !
> -0.1 . > -0.1 = !
a) o -1.5 |
-0.2 -0.2 i
-0.3 -0.3 52 :
0 02 04 42024 0 02 04 -4-2024
X (m) , (fsec) X (m) , (fsec)

378



Final Drop

time: 2.23(s)
XY..  0.302(m)
V..o 0.321(mis)

Vi -0.321(m/s)

V.o -0.91(m/s)
Wit -532°
depth:2.23(m)

Parameters (30/9-2258)

d:

o T, S - S

3

Mine Shape
Parameters (30/9-2258)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000158¢kg"m?)
0.000158(kg"m?)
-0.002911¢m)

Final Model

Parameters (30/9-2258)

time: 1.6(s)
XYl 0.199(m)
V.0 -0.075(m/s)

V' -0.0193(m/s)

V..o -1.41(m/s)
Wit -85.49°
depth:2.23(m)

MIDEX Run 9--1-30, Run

3-D Model Output 9--1-30, Run 1

0 T T I T T
Model Initial
Parameters
W, 64"
-05¢+ 1F @55 (rfs) .
V.. 0 (mis)
V.. -1.02 (m/s)
o V.. -1.55 (mfs)
B, e | dt: 1/30(s) 1
i
=3
1]
(]
-15¢ - .
B L 4
\
1 : 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
i
g ¢ 05 |
~-0.1 E -0.1 g | |
g = £
L o i [+ |
0.2 2 0.2 &5 i
[
-0.3 -0.3 2 |
|
-01 0 010203 -01 0 01 02 03 -5 0510
X (m) X (m) , (fsec)




Final Drop
Parameters (30/9-1815)

time: 2.17(s)
XY.! 0.375(m)
V..o -0.375(m/s)
Vi 0(mifs)
V.o -0.858(m/s)
Wo' o -35.1°

depth:2.25(m)

Mine Shape

Parameters (30/9-1815)
d:  0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
.- 0.000158tkg'm?)
s 0.000158¢kg'm?)
0.002911(m)

3

o T, S - S

Final Model

Parameters (30/9-1815)

time: 1.57(s)

X¥,.- 0.336(m)

V... -0.0468(m/s)
V' 0.0208(m/s)
V.o -1.4(mfs)

Yt 86.02°
depth:2.26(m)

3-D Model Output 9--1-30, Run 2

MIDEX Run 9--1-30, Run 2

0 T T T T T
Model Initial
Parameters
W, 55"
-05} 1F ®5,-3.6 (rfs) g
V.o 0 (mis)
V.. -1.02 (m/s)
= ol 11 V.. -1.47 (mfs) |
£ dt: 1730 (s)
=
B
@
(a]
-1.5}1 1r %J 1
2L 4L i
1 : 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
[
0 0 :
-0.5 :
.01 g .01 :'g: 1 i
£ = £ £ |
> -0.2 = > -0.2 2 [
-0.3 -0.3 !
210
04 04 :
-04 -0.2 0 -0.4 -0.2 0 0 510
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model
Parameters (45/15-3006) Parameters (45/15-3006) Parameters (45/15-3006]
time: 1.67(8) d:  0.04(m) time: 1.37(s)
XYt 0.679(m) L:  0.152(m) et 0.503(m)
V..o -0.163(m/s) m: 0.323(m) V... 0.0602(m/s)
Vi -048(m/fs) Ji7 3.3e-005(kg'm?) V' 0.000502(m/s)
Vol -1.15(m/s) J;* 0.000578(kg"m?) V™ -1.54(m/s)
Wigr  -45.2° J;* 0.000578(kg"m?) Wi -80.486°
depth:1.8(m) . -0.007411(m) depth:1.83(m)

MIDEX Run 15--1-45, Run 1

3-D Model Output 15--145, Run 1

0 T T T T T T T T T I T
Model Initial
02} | | Parameters i
W,,:50°
04} 1F ®5,7-2.3 (rfs) 1
V. _1-0.106 (mf
g 11 Yiet-1.45 (i)} 7
. V.0 -1.34 (mfs
E dt: 1730 (s)
=
& r 1} ]
(]
1.2} 1r 1
14+ 1r .
1.6} 1r .
-1-8 i 1 1 1 1 1 1 1C 1 1 1 1 1 1 I_
1 08 06 04 0.2 0 08 06 04 02 0 -02 -04
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
i
0 0 i
L 1-05
- £ - £
§-0.2 l= §'02 _C; 1 .
o = > > |
-04 - -04 a !
151
-0.6 -0.6 i
-06 -04 -02 0O 0 1020 -06 -04 -02 0O 0 1020
X (m) , (fsec) X (m) , (fsec)

381




Depth (m)

Final Drop
Parameters (45/15-2339)

time: 1.77(8)
.- 0405(m)
V..o -0.216(m/s)
V.o 0.375(mis)
V.o -1.15(mfs)
W -B2.5°
depth:1.95(m)

d:

L:
m:
J1:
Jz:
Ja:
2

Mine Shape
Parameters (45/15-2339)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000578¢kg"m?)
0.000578(kg"m?)
0.007411(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (45/15-2339]
1.27(8)
0.509(m)
0.0909(m/s)
-0.00454(m/s)
-1.52(m/s)
88.66"°
depth:1.96(m)

MIDEX Run 15--1-45, Run 2

3-D Model Qutput 15--1-45, Run 2

W, 1550

@, 1.7 (1)
| Vo 0.055 (m/s)

V.. -1.34 (mfs)
1F ¥,,1-1.69 (mfs)
dt: 1/30 (s)

'Model Initial
1 rfParameters

Mass center trail

Path Distance {m)

Yaw Velocity
0

epth (m)

-04 -0.2

X (m)

0 02

0.5 0
Path Distance {m)

Mass center trail

Yaw Velocity
0

Bepth (m)
1
-

-04

02 0
X (m)

0.2

-5 0 5
, (fsec)



Final Drop
Parameters (45/12-3224])

time: 2.27(s)
XY, 1.01(m)
V... 0429(mis)
Vi -0.375(m/s)
V.o -0.856(m/s)
Yo' -364°
depth:2.19(m)

d:

o T, S - S

Parameters (45/12-3224]

3

Mine Shape

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000321¢kg"m?)
0.000321(kg"m?)
-0.005307¢m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (45/12-3224]
1.7(s)

0.405(m)
0.0559(m/s)
0.00154(m/s)
-1.4(m/s)

-83.
depth:2.19(m)

66"

MIDEX Run 12--1-45, Run 1

3-D Model Output 12--145, Run 1

0 T T T T T
Model Initial
Parameters
W, 62"
-05} {F ®5,:1.5(rfs) g
V. .1-0.108 (m/s)
V., -0.966 (m/s)
~ V.. -1.26 (mfs)
AT 17 dt: 1730 (s) 1
i
-3
1]
(]
1.5} 1r 1
5L 4t 4
: 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
A-0.2 g A-0.2 E:
= = g £
» -04 s » -04 E3
0 o -1.5
-0.6 -0.6
-2
0 02 04 06 -10 0 10 0 02 04 06 -10 0 10
X (m) , (fsec) X (m) , (fsec)

383



time: 2.07(s)
XY.! 0.592(m)
V... -0.054{m/s)
Vi -0.483(m/is)
V.o -0.859(m/s)
Yo -49.9°

depth:2.19(m)

Final Drop
Parameters (45/12-2461)

Mine Shape

Parameters (45/12-2461)

d:  0.04(m)

L:  0.121(m)

m: 0.254(m)

Ji7 2.71e-005¢kg™m?)

J,0 0.000321(kg'm?)

J37 0.000321(kg'm?)

v 0.005307(m)

time:
S

me :

Final Model

Parameters (45/12-2461])
1.53(s)
0.176(m)
V... -0.0403(m/s)
V' 7.9e-018(mis)
V..o -1.37(m/s)
89.74°
depth:2.23(m)

MIDEX Run 12--1-45, Run 2

3-D Model Qutput 12--1-45, Run 2

0 T T T
Model Initial
Parameters
W, 72°
05} {1} @,,:-0.66 (r/s)
Vo' 0 (mis)
V,.'-0.591 (mfs)
~ V.1 -1.9 (mis)
E, #lp 10 dt: 1730 (s)
i
-3
1]
(]
1.5} 1r
2L 41
; 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.1 -0.1 -0.5
02 £ =02 B
€ 03 = E 03 %
> o F] > @
-04 al 04 a-1.5
-0.5 -0.5 )
-04 -0.2 0 -04 -0.2 0 -10-5 0
X (m) X (m) , (fsec)




Final Drop Mine Shape Final Model

Parameters (45/9-3030) Parameters {45/9-3030) Parameters (45/9-3030)
time: 2.2(s) d:  0.04(m) time: 1.57(s)

s 0.253(m) L: 0.0912(m) s 0.145(m)

V... 0.162(m/s) m: 0.215(m) V.0 -0.0777(m/s)
Vm: -0.159(m/s) Ji7 2.35e-005¢kg™m?) Vwmi -0.00211{m/s)
V! -0.589(mis) J;* 0.000158(kg"m?) V' -1.44(m/s)

W' -B5.5° J;* 0.000158(kg"m?) Wi -98.08°
depth:2.14(m) . -0.002911(m) depth:2.19(m)

MIDEX Run 9--1-45, Run 1

0 T T T
Model Initial
Parameters
W, 57"
05| 1 ®5,°5.2(rfs) i
V. _1-0.105 (m/s)
V.. -0.696 (m/s)
~ V.. -1.53 (mfs)
E -1r 1F dt: 1/30(s) 1
i
-3
1]
(]
-1.5} 1r 1
Bk JL 2
1 . 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
0.1 £ .01 g
E = £ £ -1
> -0.2 = > -0.2 3
) a-15
-0.3 -0.3
-2
-01 0 0102 -362010010 -01 0 0.1 02 -3N0010
X (m) , (fsec) X (m) , (fsec)

3-D Model Output 9--1-45, Run 1
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Final Drop Mine Shape Final Model

Parameters (45/9-2318) Parameters (45/9-2318) Parameters (45/9-2318)
time: 2.07(s) d:  0.04(m) time: 1.47(s)

XYt 0.0649(m) L:  0.0912(m) Xt 0.266(m)

V..o 0.213(mis) m: 0.215(m) V... -0.0435(m/s)
Vet -0.108(m/s) Ji7 2.35e-005¢kg™m?) V' 0.0149(m/s)
Vol -1.07(mis) J;* 0.000158(kg"m?) V™ -1.4(m/s)

Wigr  -52.2° J;* 0.000158(kg"m?) Wins  85.3°
depth:2.05(m) v 0.002911¢{m) depth:2.09(m)

MIDEX Run 9--1-45, Run 2 3-D Model Output 9--1-45, Run 2

0 T T T T
Model Initial
-0.2 - 1 rParameters 1
W,, 66"
04} 1k % .
@a 4.1 (rfs)
06| 1F Vo' 0 (mis) -
o5 V.. -0.696 (m/s)
ﬁ' =T 11 ¥, -1.18 (mifs) il
E 4l 1L dt: 1/30(s) |
i
-3
a-12+ 1t 1
14+ 1r .
16} 1r 1
1.8} 1r .
2 S 1
1 0.5 0 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0.1 0.1 |
0 0.5 0 0.5 :
3 - 3 |
-0.1 = -1 §-0.1 £ - !
T > o !
0.2 8 15 02 8 .45l |
; ; :
-0.3 . -0.3 :
-2 | -2 |
-0.2 0 0.2 -10 0 1020 -0.2 0 0.2 -10 0 1020
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (60/15-3359)
time: 1.67(8)

XY...  0.614(m)

V... -0.055(m/s)
Vit -0.213(mis)

Depth (m)

V.o -1.26(m/s)
Wyt -58.4°
depth:1.92(m)

Mine Shape

Parameters (60/15-3359)
d:  0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
.- 0.000578tkg'm?)
s 0.000578¢kg'm?)
-0.007411(m)

3

o T, S - S

Final Model

Parameters (60/15-3359]
time: 1.33(s)

XYyo 0.25(m)

V... -0.0665(m/s)
V' -0.00864(m/s)

me :

V..o -1.46(m/s)
-69.54°
depth:1.93(m)

3-D Model Output 15--1-60, Run 1

MIDEX Run 15--1-60, Run 1

4 tParameters
W, 730

V.10 (m/s)

Model Initial

@5.+1.3 (rfs)

V.. -1.23 (m/fs)
{F V. -2.04 (mfs)
dt: 1/30 (s)

1 08 0 -02 08 06
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0.2 0
-0.5 0 -0.5
3 - 3
s -1 E. £ -1
g T 3
) ch
-1.5 04 -1.5
-06 -04 -02 0 -4020 0 20 -06 -04 -02 0 -48200 20
X (m) , (fsec) X (m) , (fsec)

06 04 0.2

04 02 0

-0.2 -04

387




Depth (m)

Final Drop Mine Shape
Parameters (60/15-2961) Parameters (60/15-2961)
time: 1.67(8) d:  0.04(m)
XY...  0.559(m) L:  0.152(m)
V' 0.858(m/s) m: 0.323(m)
Vit -0.213(m/s) Ji7 3.3e-005(kg'm?)
V.o -1.26(m/s) J,0 0.000578(kg'm?)
W, -38° J37 0.000578(kg'm?)
depth: 2.02(m) v 0.007411(m)

Final Model

time:
R i
Vm:
vam:
v

1.3(s)
0.497(m)
0.102(m/s)
-0.014(m/s)
- -1.52(m/fs)
Wi 89.45°
depth:2.03(m)

Parameters (60/15-2961])

MIDEX Run 15--1-60, Run

T i
i

3-D Model Qutput 15--1-60, Run 2

W, 66°

Model Initial
4 rParameters

@, 1.4 (rfs)
w0 0.085 (m/s)
vo- =1.23 (M/fs)

Mass center trail

0.5 0

Path Distance {m)

Yaw Velocity
0

Depth (m)

0.5

Path Distance {m)

Mass center trail

Yaw Velocity
0

-0.5
o -1
T
@
Q15
-2
0 02 04 -10-5 0 5
X (m) , (fsec)



Final Drop Mine Shape Final Model
Parameters (60/12-3794]) Parameters (60/12-3794] Parameters (60/12-3794]
time: 1.93(s) d:  0.04(m) time: 1.57(s)
.- 0.575(m) L:  0.121(m) s 0.413(m)
V..o o(mis) m: 0.254(m) V... 0.0264(m/s)
Vm: -0.644(m/s) Ji7 2.71e-005¢kg™m?) Vwmi -0.000912(m/s)
Vol -0.966(mis) J;' 0.000321(kg"m?) V' -1.37(m/s)
Wi -45.8° J;- 0.000321(kg"m?) Wi -87.96°
depth:2.14(m) 1 -0.005307(m) depth:2.14(m)

MIDEX Run 12--1-60, Run 1 3-D Model Output 12--1-60, Run 1

| Model Initial '
Parameters
W, 80"
05} 1F ®a0°-1.3 (1f8)
V.1 0.054 (m/s)
V.. -1.07 (m/s)
~ V.. -2.14 (mfs)
E 1t 1t dt: 1/30(s)
i
=3
1]
(]
-15¢ s
2k 4t
1 0.5 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 . 0 .
0 0 i
05; |
02 = 02 T i
£ = £ £
> Y - Y !
-04 ) -04 & -1.5 !
[
2 |
-06 -06
-02 0 0.2 -0.2 0 0.2 5 0 5
X (m) X (m) , (fsec)




0 T T T T
Model Initial
-0.2 - 1 HParameters .
W, 74"
-04¢ 10 @,,:1.6 (tfs) 7
061 1| Vo -0.054 (m/s) |
V.. -0.588 (m/s)
08+ 1F ¥,,1-1.35 (mfs) .
£ dt: 1730 (s)
£ -t 1t ]
j= 1
a
-1.2¢ 1F 1
14+ 1 -
-16 ¢ 1F 1
-18+ 1 .
P L L ERS I 1 E
1 0.5 0 0.5 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0 i
050 |
= 3 =0 E i
= < £ £ -1 !
> Y > Y !
-0.2 ) -0.2 ch [
-1.5 i
i
-04 -0.4 ke o
-04 -02 O 42024 -04 -0.2 0 -4-2024
X (m) , (fsec) X (m) , (fsec)

time
XY,
V}{Te:
Vm:
Vm:
llJfe:

dept

Final Drop

Parameters (60/12-2789)

© 1.83(s)
0.595(m)
-0.483(m/s)
-0.804(m/s)
-0.901(m/s)
-36.8"

h:1.95(m)

Mine Shape Final Model
Parameters (60/12-2789) Parameters (60/12-2789]

d:  0.04(m) time: 1.4(s)
L:  0.121(m) s 0.275(m)
m: 0.254(m) V..o 0.0393(m/s)
Ji7 2.71e-005¢kg™m?) Vwmi -0.00442(m/s)
J,0 0.000321(kg'm?) V.o -1.37(m/s)
Ji1 0.000321¢kg™m?) Wi 92.58°
v:  0.005307(m) depth: 1.95(m)

MIDEX Run 12--1-60, Run 2

3-D Model Qutput 12--1-60, Run 2

390



Final Drop Mine Shape Final Model
Parameters (60/9-3810) Parameters (60/9-3810) Parameters (60/9-3810)
time: 2.27(s) d:  0.04(m) time: 1.53(s)
XYt 0.296(m) L:  0.0912(m) Xt 0.195(m)
V..o -0.162(m/s) m: 0.215(m) V... 0.0804(m/s)
Ve 0.108(m/s) Ji7 2.35e-005¢kg™m?) V' 0.00761(m/s)
V! -0.696(mis) J;* 0.000158(kg"m?) V' -1.44(m/s)
W -355° J;* 0.000158(kg"m?) Wins  -81.8°
depth:2.16(m) . -0.002911(m) depth:2.17(m)

MIDEX Run 9--1-60, Run 1

3-D Model Output 9--1-60, Run 1

0 T T T T
Model Initial
Parameters
W, 82°
-05 ¢ {b ®5,7-1.8 (rfs) _
(L
o 0 (m/s) ]
V.. -0.537 (mfs)
~ V, -1.72 (mfs) %
E. #ln 1T dt: 1730 (5) .
i
-3
1]
(]
1.5} 1r .
0L 4k 1
1 : 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 05 0 05
0.1 £ 0.1 g
E = -1 £ £ -1
> -0.2 = > -0.2 o
A 15 & -15
-0.3 -0.3
-2 -2
-0.2 0 0.2 20 0 20 -0.2 0 02 -20 0 20
X (m) , (fsec) X (m) , (fsec)



Final Drop

time: 2.27(s)
XY.! 0.182(m)
V..o -0.105(m/s)
Vi 0(mis)
V.o -0.936(m/s)
Wot -31.9°

depth:2.22(m)

Parameters (60/9-2942)

Mine Shape

Parameters {60/9-2
d:  0.04(m)

0.0912(m)

0.215(m)

0.000158(kg
0.000158(kg

L:
m:
J1:
Jz:
J3
. 0.002911(m)

2.35e-005(kg*m?)
tmz)
*mz)

942)

Final Model
Parameters (60/9-2942)

time:
Wy
Vm:
vam:
szm:
me:

depth:

1.53(s)
0.247(m)
-0.0308(m/s)
-0.00398(m/s)
-1.39(m/s)
91.33°
2.24(m)

MIDEX Run 9--1-60, Run 2

3-D Model Output 9--1-60, Run 2

Depth (m)

Model

b @01

| dt: 1

Initial

Parameters
W, 730

.7 (r/s)

V.. 0 (mis)
V.. -0.534 (mfs)
V.. -1.74 (mfs)

/30 (5)

0.5

1 0.5 0 0 -0.5
Path Distance {m) Path Distance (m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 i
-0.5 05 |
M p==. 0 T I
£ - £ i
c ! E-01 g hE o
[=% > v 8 I
8 -1.5 0.2 2-15 @
[
-2 2
| -0.3 |
-0.3-0.2-01 0 0.1 -10 0 10 -03-02-01 0 0.1 -10 0 10
X (m) , (fsec) X (m) , (fsec)
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Final Drop

time: 1.53(8)
XY, 0437(m)
Vier  O(m/S)
Ve 0.108(m/s)
V.o -1.58(mfs)
W, -87.9°

depth:2.14(m)

Parameters (30/15-2390)

Mine Shape Final Model
Parameters (30/15-2390) Parameters (30/15-2390]
d:  0.04(m) time: 1.6(s)
L:  0.152(m) s 0.549(m)
m:  0.323(m) V.o 0.014(m/s)
Ji7 3.3e-005(kg'm?) Vwmi -2.13e-019(m/s)
J,0 0.000623(kg"m?) V.1 -1.53(m/s)
Ji1 0.000623(kg™m?) Wi -78.57°
v: -0.01477(m) depth:2.19(m)

MIDEX Run 15--2-30, Run 1

3-D Model Output 15--2-30, Run 1

0 T T T T = T
Model Initial
Parameters
W, 28"
05| 1 @5,:-0.73 (1/s) i
V.. 0 (mis)
V. -1.61 (mfs
~ Vi -1.13 (m/g;
E ¢ 1r dt: 1730(s) ¢ 1
i
-3
1]
(]
-1.5} 1r 1
oL 3 4L ! 4
0.5 0 -05 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-0.5
~-0.2 £ ~-02 &
E = £ £ -1
- f=1 - o 8
-04 A -0.4 8 .15
-0.6 -0.6 -2
-02 0 02 04 -10-5 0 -02 0 02 04 -10-5 0
X (m) , (fsec) X (m) , (fsec)
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0 T T T ee T
Model Initial :
Parameters
W, 170
05| 1L @5, 4.6 (rfs) 1
V.o 0 (mis)
V.. -0.909 (m/s)
~ V., -0.778 (m/s);
E 1t 1t dt: 1/30(s) 1
i
-3
1]
a v
v
1.5} 1r 1
2t 11 4
1 -0.5 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 01—
[
s i
0 - 1 0.5 |
= £ E |
E/ = o |
e g |
N a-15; |
-04 :
-2 I
-04 -02 0 02 0.2 0 510
X (m) , (fsec)

Final Drop

time: 1.5(5)
XY, 0.367(m)
Vier  O(m/S)
Vi 0(mis)
V.o -1.82(mfs)
Wit -90°

depth:2.13(m)

Parameters (30/15-1553)

Mine Shape Final Model
Parameters (30/15-1553) Parameters (30/15-1553])
d:  0.04(m) time: 1.53(s)
L:  0.152(m) s 0.349(m)
m:  0.323(m) V..o 0.0259(m/s)
Ji7 3.3e-005(kg'm?) Vwmi -0.0534(m/s)
J,0 0.000623(kg"m?) V.1 -1.53(m/s)
Ji1 0.000623(kg™m?) Wi 90.91°
v:  0.01477(m) depth:2.15(m)

MIDEX Run 15--2-30, Run 2

3-D Model Qutput 15--2-30, Run 2




Final Drop Mine Shape Final Model
Parameters (30/12-2507) Parameters (30/12-2507) Parameters (30/12-2507]

time: 1.73(8) d:  0.04(m) time: 1.73(s)
Xt 0416(m) L:  0.121(m) et 0.461(m)
V... 0.054(m/s) m: 0.254(m) V... 0.0502(m/s)
Ve 0(mis) Ji7 2.71e-005¢kg™m?) V' -0.0086(m/s)
Vol -1.58(m/s) J;' 0.000331(kg"m?) V™ -1.39(m/s)
W -B0.6° J;- 0.000331(kg"m?) Wins -91.43°
depth:2.19(m) v -0.00997(m) depth:2.22(m)

MIDEX Run 12--2-30, Run 1 3-D Model Output 12--2-30, Run 1

Model Initial

Parameters
W, 40°

4F ®,°-3.1(rfs) ;

V.1 0.054 (m/s)f

V.0 -1.39 (mis)]

V_1-1.02 (m/sy!

AT 17 dt: 1730 (s)
i
-3
1]
(]
1.5} 1r
S5 it
1 0.5 0 -0.5 1 0.5 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0 0
-05¢} !
'01 ., -01 ~T= l
o £ - £ |
£-02 = g-02 I 11
> .03 o > 03 & !
0 a-1.51 |
-04 -0.4 !
|
05 i -0.5 2 |
0 02 04 051015 0 02 04 05105
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (30/12-12738) Parameters (30/12-1278) Parameters (30/12-1278]

Depth (m)

time: 1.73(8) d:  0.04(m) time: 1.63(s)
Xt 0.55(m) L:  0.121(m) Xt 0.287(m)
V... o(mis) m: 0.254(m) V... 0.0425(m/s)
Vi -0.162(m/s) J7 2.71e-005¢kg*m?) V' -0.00983(m/s)
Vool -1.45(mis) J;' 0.000331(kg"m?) V' -1.38(m/s)
Wi -88° J;- 0.000331(kg"m?) Vi 85.27°
depth:2.09(m) . 0.00997(m) depth:2.11(m)
MIDEX Run 12--2-30, Run 2 3-D Model Qutput 12--2-30, Run 2
0 T = T T P T
o Model Initial o
-0.2 - 1 rParameters : T
Y, 1240
04} {F 24 1
Wa,0=9.1 (1/s)
06} 1F V.. 0 (mis) .
el 1L V.. -0.75 (mfs) i |

' V., -0.671 (m/s)]

At {F dt: 1/30(s) ¢ -
1.2+ 1F .
-14 ¢ 1F -
-16 1F 1
-18 ¢ 1F 1

2L JL 4

1 -0.5 05 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i

-0.1 -0.1 05
.02 £ .02 g : @
£ = > g S
5 0.3 2 5 0.3 2 !

04 & -04 Q.15 :

-0.5 -0.5 !

=2 |
-02 0 0.2 -0.2 0 0.2 0 510

X (m) X (m) @, (fsec)




Final Drop Mine Shape Final Model
Parameters (30/9-2294) Parameters (30/9-2294) Parameters (30/9-2294)
time: 1.83(s) d:  0.04(m) time: 1.63(s)
XY 0.29(m) L 0.0912(m) XYt 0.293(m)
V... o(mis) m: 0.215(m) V... 0.0386(m/s)
Ve 0.642(mis) Ji7 2.35e-005¢kg™m?) V' -2.02e-018(m/s)
Vol -1.21(mis) J;* 0.000156¢kg"m?) V™ -1.43(m/s)
W, 9.8° Ji0 0.000156(kg™m?) Yins  -76.47°
depth:2.22(m) v -0.005796(m) depth:2.25(m)

MIDEX Run 9--2-30, Run 1

3-D Model Output 9--2-30, Run 1

0 T T T F T
Model Initial
Parameters :
W, 54"
05} 1F ®5,--0.052 (rfs) .
V,o© 0 (m/s)
V.. -0.855 (m/s)
. V. i-1.21 (mfs) §
E -1 10 dt: 1/30¢(s) |
=
B
@
(a]
-1.5}1 1r 1
2L dF ]
1 ; 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0
0 0
-0.5
A-0.1 g A-0.1 E:
£ = £ = B
] o -1.5
-0.3 -0.3
-2
-04 -0.4
-01 0 010203 -60H20020 -01 0 0.1 0.2 03 -66HP0020
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T
Model Initial
Parameters
W, 41"
-05 ¢ 1F @5, 4.6 (r/s) ]
V. _1-0.054 (m/s)
V.. -0.966 (m/s)
_r 1l V.. -0.91 (mfs) |
£ dt: 1730 (s)
i
=3
1]
(]
-15¢ 1F 1
2oL 4k 1
1 05 0 -05 1 05 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
[
0 -0.5 i
fam=s., e I
~-0.1 = E !
£ = 25 :
= o [
> 02 2 sl
03 - :
|
-0.2 0 0.2 0 0.2 -6-4-202
X (m) X (m) , (fsec)

Final Drop

time: 1.8(s)
XY.. 0.0471(m)
V..o 0.321(mis)
Ve 0.108(m/s)
V.o -1.26(m/s)
Wo  -78.2°

depth:2.25(m)

Parameters (30/9-1415)

d:

o T, S - S

Mine Shape
Parameters (30/9-1415)

3

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (30/9-1415)
1.63(s)
0.292(m)
0.0421(m/s)
-0.00563(m/s)
-1.41(m/s)
91.12°
depth:2.26(m)

MIDEX Run 9--2-30, Run 2

3-D Model Output 9--2-30, Run 2




Depth (m)

Final Drop Mine Shape Final Model
Parameters (45/15-2874]) Parameters (45/15-2874] Parameters (45/15-2874]
time: 1.53(8) d:  0.04(m) time: 1.5(s)
Xt 0.612(m) L:  0.152(m) et 0.366(m)
V... 0.051(m/s) m: 0.323(m) V... -0.0101(m/s)
Ve 0.055(m/s) Ji7 3.3e-005(kg'm?) V' 7.08e-019(m/s)
Vol -2.46(mis) J;* 0.000623¢kg"m?) Vi® -1.53(m/s)
Wi+ -88.8" J;* 0.000623(kg"m?) Wim-  -85.12°
depth:2.12(m) v -0.01477(m) depth:2.15(m)
MIDEX Run 15--2-45, Run 1 3-D Model Qutput 15--2-45, Run 1
0 T T T T
Model Initial
0.2 1 rParameters 1
04l 1| ¥ar60° |
@,.+-0.7 (r/s)
06} 1F Yoo 0 (mis) . 1
sl || Vio' -0.858 (mis) |
V.. -1.5 (mis)

-1r 1 dt: 1/30 (s) .
-1.2¢ 1F 1
14+ 1 .
-16+ 1 .
-18 ¢ 1F -

2L JL 4

1 05 0 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
-0.5 -05
~-0.2 g —~-0.2 E:
E c -1 £ £ -
- f=1 - o 8
04 A 15 04 & 15
-06 -2 | -06 -2
-02 0 02 04 -8642024 -02 0 02 04 -8642024
X (m) , (fsec) X (m) , (fsec)
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0 T T T T T
Model Initial
Parameters
W, 52°
05} 1F ®5,:-2.4 (rfs) ]
V.. 0 (mis)
V.o =113 (mfs)
~ V.. -1.37 (mfs)
E -1t 15 dt: 1430 (s) .
i
-3
1]
(]
1.5} 1r .
b
4
2+ {1t g
1 1 1 1 1 g 1 1
0.5 0 -05 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0.2 0 0.2 0
0 ﬁ-0.5 0 1 -0.5
P £ —_ £
£ = T £ I o
=02 = =-0.2 £
> o > &
A -1.5 o -1.5
-04 -0.4
-2 -2
-02 0 02 04 -10 0 1020 -02 0 02 04 -10 0 1020
X (m) , (fsec) X (m) , (fsec)

time: 1.57(8)
XYl 0.373(m)
V... 0.108(m/s)
V.o 0.085(m/s)
V.o -1.42(mfs)
Vo -86.8°

depth:2.17(m)

Final Drop
Parameters (45/15-2332)

d:

o T, S - S

3

Mine Shape

Parameters (45/15-2332)

0.04(m)
0.152(m)
0.323(m)
3.3e-005(kg"m?)
0.000623¢kg"m?)
0.000623(kg"m?)
0.01477(m)

time:
Wy
Vm:
vam:
szm:
me:

Final Model

Parameters (45/15-2332]
1.43(s)
0.372(m)
0.0415(m/s)
0.00695(m/s)
-1.53(m/s)
91.86"°
depth:2.18(m)

MIDEX Run 15--2-45, Run 2

3-D Model Qutput 15--2-45, Run 2
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Final Drop

Parameters (45/12-2977)

time: 1.6(5)
XY, 0.55(m)
V... -0.051(m/s)
Ve 0.108(m/s)
V.o -1.37(mfs)
W' -84.8°
depth:2.03(m)

2.71e-005(kg"m?)

Mine Shape

Parameters (45/12-2977)

d: 0.04(m)

L 0.121(m)

m: 0.254(m)

J1:

J,0 0.000331(kg'm?)

J37 0.000331(kg'm?)

v -0.00997(m)

Parameters (45/12-2977]

Final Model

time: 1.53(s)

Xt 0.329(m)
V.0 -0.014¢m/s)
V' 1.32e-018(m/s)
V..o -1.38(m/s)
Wit -78.58°
depth:2.07(m)

MIDEX Run 12--2-45, Run 1

3-D Model Output 12--245, Run 1

0 T T . T 3 T
Model Initial ,_.-'5"
-0.2 - 1 rParameters 1
W, 52°
041 1= 1
@.,,-0.82 ({rfs)
0.6} 1t Vie' 0 (mis) ]
V.. -0.912 (mfs) /4
ﬁ-o.a i 10 Vi -1.81 (mis) 7 i
E 4l || dt: 1730 () |
i
g
o-12¢ 1F 1
-14 ¢ 1t .
i
16 1t é .
-18+ 1 .
B dE q d
1 05 0 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0
-0.1 -0.1 -05
~-0.2 5 _.-0.2 (3
£ = £ £ -1
> 03 5 5 =03 3
04 a -04 D15
-0.5 -0.5
-2
-02 0 0.2 -0.2 0.2 -20-10 0
X (m) X (m) , (fsec)




Final Drop

time: 1.7(s)
XY.. 0.304(m)
V... 0.051(m/s)
Vi -0.108(m/s)
V.o -1.23(mfs)
Yo -784°

depth:2.17(m)

Parameters (45/12-1996)

d:

Mine Shape

Parameters (45/12-1996)

0.04(m)
0.121(m)
0.254(m)
2.71e-005(kg"m?)
0.000331¢kg'm?)
0.000331(kg"m?)

time:
R i
Vm:
vam:
v

zitm”
me 4

Final Model

Parameters (45/12-1996]
1.57(8)
0.345(m)
0.0283(m/s)
-2.15e-018(m/s)
-1.37(m/s)
82.49°

L:
m:
J1:
Jz:
JS
2

0.00997(m)

depth:2.21(m)

MIDEX Run 12--2-45, Run 2

3-D Model Qutput 12--2-45, Run 2

0 T T T T
Model Initial
Parameters
W, 60"
05| {b ®5,-0.24 {rfs)
V.. 0 (mis)
V.. -0.963 (mfs)
~ V.. -1.58 (mfs)
E. #ln 1T dt: 1730 (5)
i
-3
1]
(]
1.5} 1F
2t 1L 1
0.5 0 -0.5 1 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0
0.1 0.1
0 0 -0.5
-0 £ .01 £ 3
£ £ L -
S 0.2 = =0 &
> o F] > @
03 ] 03 o -1.5
-04 -0.4 )
-02 0 0.2 642024 -0.2 0 0.2 -6-4-2024
X (m) , (fsec) X (m) , (fsec)
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Final Drop Mine Shape Final Model
Parameters (45/9-2895) Parameters (45/9-2895) Parameters (45/9-2895)
time: 1.8(s) d:  0.04(m) time: 1.57(s)
Xt 0.191(m) L:  0.0912(m) Xt 0.268(m)
V... 0.054(m/s) m: 0.215(m) V... -0.095(m/s)
Ve 0.105(m/s) Ji7 2.35e-005¢kg™m?) V' 0.162(m/s)
V..o -1.23(m/s) J,0 0.000156(kg"m?) Vi -1.39(m/s)
Wier  -634° J;* 0.000156(kg"m?) Yim- -81.29°
depth:2.21(m) v -0.005796(m) depth:2.22(m)
MIDEX Run 9--2-45, Run 1 3-D Model Output 9--2-45, Run 1
0 T T T T T
Model Initial
Parameters
W, 73"
-05} 1F ®5,-3.9 (rfs) .
V.o 0 (mis)
V.. -0.855 (m/s)
~ V.. -1.74 (mfs)
(ST 10 dt: 1/30(s) 1
i
=3
1]
(]
-15¢ 1F 1
2+ SRS g
1 05 0 -0.5 1 0.5 0 -05
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 .
0.1 0.1 i
-05 !
0 e 0 T l
E _ c E . L !
= 0.1 s o 0.1 g . |
) o -1. [
-0.2 -0.2 ; i
2l 4
-0.3 -0.3 |
-0.3-0.2-0.1 0 041 -5 0510 -03-02-01 0 041 -5 0 510
X (m) , (fsec) X (m) , (fsec)
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Final Drop

Parameters (45/9-2271)

time: 1.77(8)
XY.D 0.141(m)
V... 0.588(m/s)
V.o 0.375(mis)
V.o -0.964(m/s)
Yot -51.7°

depth:2.1(m)

d:

3

o T, S - S

Mine Shape
Parameters (45/9-2271)

0.04(m)
0.0912(m)
0.215(m)
2.35e-005(kg*m?)
0.000156¢kg"m?)
0.000156(kg"m?)
0.005796(m)

Final Model
Parameters (45/9-2271)
time:
X "

v
v
¥

me :

depth:2.14(m)

Eil
yim”
zitm”

1.5(s)
0.232(m)
0.053(m/s)
0.00171(m/s)
-1 41(mfs)
93.92°

MIDEX Run 9--2-45, Run 2

3-D Model Output 9--2-45, Run 2

0 T T T
Model Initial
0.2 1 rParameters T
04l 1 W20r69° )
@,.+-1.5 (r/s)
06+ 1r V}{o: 0 (m'!s) i
el 11 V.. -0.696 (m/s) |
~ V.. -1.37 (mfs)
E 1t {b dt: 1/30 (s) 1
i
g
2-1.2r 1r 1
14+ 1r .
u
-1.6} 1r .
-1.8} 1r 1
B dE 4
1 ; 0.5 0 -0.5
Path Distance {m) Path Distance {m)
Mass center trail Yaw Velocity Mass center trail Yaw Velocity
0 0 i
0.1 0.1 i
0 0 -0.5 !
- £ - E3
£-01 = £-01 A
> F=3 > o
02 ) 0.2 & 15
-0.3 -0.3 2
-0.3-0.2-01 0 041 -10-5 0 5 -03-02-01 0 041 -10-5 0 5
X (m) , (fsec) X (m) , (fsec)
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APPENDI X B. MODEL SOURCE CODE

The followi ng subroutines conprise the MATLAB source
code for the mnmine three dinensional | mpact Buri al
Prediction Mddel. It was devel oped during May — August 2002
in the Naval GCcean Analysis and Prediction Laboratory
(NOAP), Naval Postgraduate School, Mnterey CA. These
subroutines are called fromwthin the main data retrieval,
formatti ng and presentation code of Appendix C. They return
position, angle, linear velocity, and angular velocity
vectors and an updated nmine body to earth fixed reference
frame transformation matrix. Please contact the NOAP | ab,
Naval Postgraduate School Mnterey, CA wth questions
concerning subroutines and application. The points of

contact are Professor Peter C  Chu, chu@ps.navy.ml, or

M. Chenwu Fan, NPS Cceanographer, fan@ps.navy. ml.

A SUBRQOUTI NE 1

functi on[ Pos, Ang, Vo, Orgm eRnj =di aglstep(m J, d, L, chi, Pos, Ang, Vo, Ongm eRm
, dt, rhom, r how, Wwat er, t enp, sea_wat er, cc) ;

% function

[ Pos, Ang, Vo, Orgm eRnj =di aglstep(m J, d, L, chi, Pos, Ang, Vo, Orgm eRm dt , r hom
n, r how, Vwat er, t enp, sea_wat er, cc) ;

%

% This main subroutine calls all the other required subroutines to
provide a conplete set of solution vectors for each tinestep to the
mai n program

%

% inputs:

% m m ne mass

% J: the nonent of inertia of the cylinder J(1:3)

% d: mne dianmeter

% L: mne length

% chi: the distance between vol ume center and mass center

% Pos: position of mass center as [Xxo0; Yo, z0o]

% Ang: angle position of the mne as [0;fi2;fi3]

% Vo: velocity vector of nass center as [u,Vv, W

% Omgm nine angle velocity base on noving frane as [ OMG ong2; ong3]
% eRm the rotation matrix between earth and noving frame.
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% dt: time step

% rhomm: nean mne density.

% rhow rhow sea water density (default: 1028)

% Vwater: sea water velocity (default: [0;0;0] ms)
% tenp: water tenperature (C (default: 20)

% sea water: 1-for sea water, 0- not sea water.

%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 15/ 2002

if(~exist('rhow)), rhow=1028; Water=zeros(3,1); tenp=20; sea water=0;
el seif(~exist('Water')), Water=zeros(3,1); tenp=20; sea_water=0;
elseif(~exist('tenp')), tenmp=20; sea_water=0;

el sei f(~exist('sea_water')), sea water=0; end

if(~exist('cc')), cc=0.1; end

[ ABV, ABA] =ODEdi agmt x(m J, d, L, chi, Ang, Vo, Orgm eRm r homm, r how, Wat er, t enp
, Sea_water, cc);

% solve |linear ODE

[ Vo, I nt V] =ODEdi agsol ve( ABV, Vo, dt) ;
Pos=Pos+I nt V;

[ Ongm | nt ong] =CDEdi agsol ve( ABA, Orgm dt) ;

% updat e eRm
eRm = eRm*ERM I nt ong(2), I ntong(3));

[Ang, eRn] = eRnRag(eRm Ang(3));
B. SUBROUTI NE 2

function

[ ABV, ABA] =ODEdi agmt x(m J, d, L, chi, Ang, Vo, Orgm eRm r homm, r how, Wat er, t enp
, Sea_water, cc);

% function

[ ABV, ABA] =CDEdi agnt x(m J, d, L, chi, Ang, Vo, Orgm eRm r homm, r how, Wat er, t enp
, Sea_water, cc);

%

% Thi s subroutine cal culates the forces and nmonents acting on the solid
body for each tinme step and returns as outputs, two coefficient
matrices; one for nonents and the other for the forces.

%

% input:

% m m ne mass

% J: the nonent of inertia of the cylinder J(1:3)

% d: mine dianeter

% L: mne length

% chi: the distance between vol une center and mass center

% Ang: angle position of the mne as [0;fi2;fi3]

% Vo: velocity vector of nass center as [u,v, W

% Ormgm nine angle velocity base on noving frame as [ OMG ong2; ong3]

% eRm the rotation natrix between earth and noving frane.

% rhomm: nean mne density.
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% rhow rhow sea water density (default: 1028)

% WVwater: sea water velocity (default: [0;0;0] ms)
% tenp: water tenperature (C) (default: 20)

% sea water: 1-for sea water, 0- not sea water.

% cc: the maxi mum non-di nensi oal force center gap. cc>=0: added nass
% out put:

% ABV: coefficient matrix of V PDE

% ABA: coefficient matrix of angle velocity PDE
% dv/dt = ABV(:,1).*V + ABV(:, 2)

% dOmg/dt = AVA(:,1).*V + ABA(:, 2)

%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS, 7/ 18/ 2002

% gl obal cdtb;

if(~exist('rhow)), rhow=1028; Wwater=zeros(3,1); tenp=20; sea_ water=0;
el seif(~exist('Water')), Vwater=zeros(3,1); tenp=20; sea_water=0;
elseif(~exist('tenp')), tenmp=20; sea_water=0;

el sei f(~exist('sea_water')), sea water=0; end

0=9.806; idig=[1,5,9]";
V=Wat er - Vo; % relative water velocity

[eRd, v1, v2] =ERD( eRm V) ; %rotation matrix fromdrag to earth frane.
nRd=eRmi * eRd; %rotation matrix fromdrag to noving frane.

Onmgd=nRd' * Orgm % drag frame angle velocity.

% define the end Layer flow coerrect fact
% if(v2==0), fact=0; else, fact=1-exp(-abs(vl/v2)); end

if(~exist('cc')), cc = 0.05; end
i f(cc>=0)
R=L/ d;
if(R>1), ecc=sqgrt(1-1/R*2); else, ecc=0.00001; end
a = 2*(1l-ecc"2)/ecc”"3*(0.5*1 og((1+ecc)/ (1-ecc))-ecc);
B = 1/ecc™2-(1-ecc”2)/(2*ecc”3)*l og((1l+ecc)/(1-ecc));

kl=a/(2-a); % inertial coefficient in axial flow
k2=B/ (2-B); % inertial coefficient in cross flow
t p=2/ ecc"2-1;

kdash=1/ (tp*(2/(B-a)-tp)); % nertial coefficient for rotation

fk1=(1+k1*r how r hom) ;

fk2=(1+k2*r how r homm) ;

JA=J. *[ 1; (1+kdash*r how r hom) ; (1+kdash*r how rhom)] ;
el se

fk1=1; fk2=1;
end

% creat linear coeficient matrix ABV and ABA:

ABV=zer 0s( 3, 2); ABA=ABV;

nu=Nu(tenp, sea_water); nu=nu*rhow,

cd1l=Cd1(vl, d, L,tenp, sea_water); cd2=Cd2(v2,d,L,tenp, sea water);
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% Al ong cylindier drag force coefficient
cf 1=cd1*pi *d"2/ 8*r howabs(v1l)/fki;
A =eRd(:,1)*eRd(:,1)"; AA=A; AA(idig)=0;
ABV(:,1)= ABV(:,1) - cfl1*A(idig);
ABV(:,2)= ABV(:,2) - cfl*AA*Vo + cfl*A*Vwater;

% cross cylinder drag force coefficient
cf 2=cd2*d*L*r how* (abs(v2)/ 2+chi *Ongd(3) )/ fk2;
fcf 2=cd2*d*L*r how* Orgd( 3) *2* (chi ~2/ 2+L"2/ 24) | f k2;
A = eRd(:,2)*eRd(:,2)'; AA=A; AA(idig)=0;
ABV(:,1) = ABV(:,1) - cf2*A(idig);
ABV(:,2)= ABV(:,2) - cf2*AA*Vo + cf2*A*VWater + fcf2*eRd(:, 2);

% Lift director drag force
fd3=-cd2*d*r how* chi *(3* L"2+4*chi ~2) *abs( Orgd(2) ) *Orgd( 2) / f k2;
ABV(:,2) = ABV(:,2) + fd3*eRd(:, 3);

% Lift force
cfl =0Omgnm( 1) *d*2*L*r how 2; fcfl=0rgn(1)*d*2*L*r how* Ongd(3) *chi /2/fk2;
A = eRd(:,3)*eRd(:,2)'; AA=A; AA(idig)=0;
ABV(:,1) = ABV(:,1) - cfl*A(idig);
ABV(:,2)= ABV(:,2) - cfl*AA*Vo + cfl*A*VWater + fcfl*eRd(:, 3);

% two end force: as Fal kber-Skan Similarity Solution on two sqrt(pi)*r
% squr e.

% Lr=d/2*sqrt(pi); Ree=sqrt(v2*Lr/nu);

% [cdel, cde2] =Cde(v1,v2);

% % di sp([cdel, cde?]);

% if(Ree<le-6), cfe=0; else

% cfe=(cdel+cde2)/(2*Ree)*rhowsLr"2*v2; end

% A = eRd(:,2)*eRd(:,2)'; AA=A; AA(idig)=0;

% ABV(:,1) ABV(:,1) - cfe*A(idig);

% ABV(:, 2) ABV(:,2) - cfe*AA*\Vo;

% di vide mand add gravity force;
ABV=ABV/ m ABV(3,2) = ABV(3,2) -(1-rhow rhom)*g;

% define the gap between the center of force and the center of volune
as
% fc = L*cc*sin(2*af); cc is the relative gap, assune is a
cont ant
% nunber. af is the attack angle.
af atan2(vl, v2);
fc L*abs(cc)*abs(sin(2*af)); %disp([chi,fc,chi+fc]);

% Cylind rotation around axis
ABA(1,1) = ABA(1,1) -pi*nu*L*d"2;

% Drag force torque around lift axis
cnB=-
cd2*d*r how* (v2*L~3/ 12+v2*L*chi ~2+L"3* Orgd( 3) *chi / 8+L*chi ~#3*Omgd(3)/ 2) ;
ncnB=- cd2*d*r howv27"2*L*(chi-fc)/ 2;
A=nRd(:,3)*nRd(:,3)"; AA=A; AA(idig)=0;
ABA(:,1) = ABA(:,1) + cnB*A(idig);
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ABA(:,2) = ABA(:,2) + cnB*AA*Orgm + ntnB8*nRd(:, 3);

% Drag force torque around cross flow axis
% cnR=-cd2*d*r how*(L"4/ 16+3*L"2*chi 2/ 2+chi *4) *abs( Ongd(2))/ 4;
cnm2=- mu* (L"3/ 3+4*L*chi ~2);
A= nRd(:,2)*nRd(:,2)"; AA=A; AA(idig)=0;
ABA(:, 1) ABA(:,1) + cnm*A(idig);
ABA(:, 2) ABA(:, 2) + cnR* AA*Ongm

% Lift nonment (cross axis)
cm =Orgd( 1) *d*2*r how* L* (L"2/ 24+chi ~2/ 2) ;
ncrm =Orgd( 1) *d*2*r how* L*v2*chi / 2;
A= nRd(:,2)*nRd(:, 3)"; AA=A; AA(idig)=0;
ABA(:, 1) ABA(:,1) + cm*A(idig);
ABA(: , 2) ABA(:,2) + cml *AA*Omgm + ncm *nRd(:, 2);

% two end force torque: (Falkber-Skan Simlarity Sol ution)

% if(Ree<le-6), nctne=0; else,

% necme=rhow Lr22*(v2”2)/ (2*Ree) *(cdel*(L/ 2-chi)-cde2*(L/2+chi)); end
% ABA(:,2) = ABA(:,2) + ncre*nRd(:, 3);

% di vide J and add gravity torque
ABA=ABA. / (JA*ones(1, 2));
% disp(ABA(2,1));
ABA( 2, 2) =ABA( 2, 2) +nrchi *g*r how*cos(Ang(2))/(rhom*J(2));

C. SUBROUTI NE 3

function [Q Int@ = ODEdi agsol ve(AB, Q0, dt);

% unction [Q Int@ = ODEdi agsol ve(AB, QO, dt);

% functi on Q = ODEdi agsol ve( AB, O, dt);

% Sol ve di agonal ODE as dQdt = AB(:,1)*Q + AB(:,2), with the initial
% condition QO at tinme step dt. Q and Q can be V and Ang col um

% vector.

% Subroutine creates and update each tinme step the solution for the
% monment um and nmonent of nonentum system of |inear ordinary

% di fferential equations.

%

% AB: the linear and constant coefficient matrix.

% Q(Q): V or Ang colune vector

% IntQ the integration of Q along dt.

%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 18/ 2002
Q=zeros(3,1); IntQEQ
for k=1:3

| m=AB(k, 1);

i f(abs(ln)>le-10)

ini=-AB(k,2)/Im c=Q(k)-ini;

Q k) =c*exp(l nrdt) +ini; IntQKk)=ini*dt+c/Int(exp(lnrdt)-1);
el se

Q K) =Q0( k) +AB(k, 2) *dt; I ntQ k)=Q0(k)*dt+AB(k, 2)*dt"2/2;
end
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end

D. SUBRQUTI NE 4

function [R vl,v2] = ERD(eRmV);

% unction [Ri,vl,v2] = ERD(eRmV);

%

% Subroutine creates and updates the earth fixed to drag |lift force
% reference frame transformation matri x.

%

% where eRm is the rotation matrix fromnoving to earth frane,

% V=[u;v;w relative fluid velocity vector.
%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 19/ 2002

el=eRm(:,1); v1=V *el;

V2=V-vl*el; v2=sqrt(V2'*V2);

i f(v2==0), R=eRm else

e2=V2/v2; e3=cross(el,e2); R =[el,e2,e3]; end

E. SUBRQUTI NE 5

function R = ERM psi 2, psi 3);

% function R = ERM psi 2, psi 3)

%

% Subroutine creates and updates the earth fixed to mne body
% reference frame transformation matri x.

%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002
% Ashley D. Evans, NPS 7/ 19/ 2002

cp2=cos(psi 2); cp3=cos(psi3); sp2=sin(psi2); sp3=sin(psi3);

R = [cp3, -sp3, 0;sp3,cp3,0;0,0,1]*[cp2, 0, sp2; 0, 1, 0; -sp2, 0, cp2] ;

F. SUBROUTI NE 6

function [ang, R =eRnRag(R, ang3);

% function [ang, Rl =eRmRag(R, ang3) ;

%6

% Subroutine creates and updates the Eul er angles for each
%tinme step.

%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 19/ 2002

ag2=acos(R(3,3)); ag3=acos(R(2,2));

if(R(1,2)>0), ag3=2*pi-ag3; end
i f(R(3,1)>0), ag2=2*pi-ag2; end

i f(exist('ang3'))
whi | e( (ag3-ang3) <-pi), ag3=ag3+2*pi; end
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whi | e( (ag3-ang3) >pi ), ag3=ag3-2*pi; end
end

ang=[ 0; ag2; ag3] ;
R = ERM ag2, ag3) ;

G SUBRQUTI NE 7

function cdl = Cdi(v,d,L,t,sea water);

% function cdl = Cd1(v,d,L,t,sea water);

%

% Cal cul ates the axial flow drag coefficient.
%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 19/ 2002

if(~exist('t')), t=20, sea_water=0;
el seif(~exist('sea_water')), sea_water=0; end

Re=abs(v)*d/ Nu(t, sea water); AR=L/d;

i f (AR>8)
cdl=1;
el sei f (AR>0. 5)
cd1=0. 75+AR/ 32. 1934+0. 09612/ AR2; % cd1=0. 75+AR/ 33. 6+0. 0962/ AR2;
el se
cdi=1. 15;
end

H. SUBROUTI NE 8

function cd2 = Cd2(v,d,L,t,sea water);

% function cd2 = Cd2(v,d, L,t,sea water);

%

% Cal cul ates the cross flow drag coefficient.
%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 19/ 2002

if(~exist('t')); t=20; sea_water=0;

el sei f (~exi st (' sea_water')), sea_water=0; end

Re=max (0. 001, abs(v)*d/ Nu(t, sea_water)); AR=L/d;
% di sp([' Re= ', nun2str(Re)]);

i f(Re<=12)

cd2=1.9276+8/ Re; % cd2=1. 8+8/ Re;
el sei f (Re<=180)

cd2=1. 261+16/ Re; % cd2=1. 26+16/ Re;
el sei f (Re<=2000)

cd2=0. 8555+89/ Re; % cd2=0. 86+89/ Re;

el sei f (Re<=12000)
cd2=0. 84+0. 00003* Re;
el sei f (Re<=150000)
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i f(AR>=10), cd2=1.2-4/ AR, elseif(AR>=2), cd2=0.835-0. 35/ AR,

el se, cd2=0.7-0.08/ AR end %
el sei f (Re<=350000)

cd2=1. 875- 0. 0000045* Re;
el se

cd2=1/ (641550/ Re+1.5);
end

cd2=1. 1*cd2?;

l. SUBRQOUTI NE 9

function nu = Nu(t,sea water);

% function nu = Nu(t,sea_ water);

%

% Cal cul ates the kinematic viscosity of water.
%

% Chenwu Fan, NOAP, NPS 7/ 12/ 2002

% Ashley D. Evans, NPS 7/ 19/ 2002

if(~exist('t')); t=20; end

i f(t<=10), nu=107(-5.7471-0.0136*t); else
nu=10"(-5.77592-0.010718*t); end

if(exist('sea water') & sea water)

nu=nu*1. 058* (1+0. 0000363*t *2) ;
end
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APPENDI X C. DATA PRESENTATI ON CCDE

Appendi x C cont ai ns t he MATLAB appl i cation
presentation code used to output displays of the Carderock
data files, the MDEX data files, and associated three
di mensi onal nodel outputs to presentation graphics as seen
i n Appendi x A

A CARDEROCK DATA CODE

% car derock. m This program conputes the position of Carderock
Experi ment al

% Drops and plots themto the screen in an S (path) vs Z plot, x-y
% bottom pl ot and center of nmmss novenent angle plot. The second part
% of the programuses the data initial conditions and runs the M ne
% Burial 3-D nodel and produces the sane set of plots fromthe 3-D
nodel

% f or conpari son.

%

% Ashl ey D. Evans and Chenwu Fan

% Thesi s Program 2002

% NOAP Lab for Peter Chu.

% July 2002

% LCDR/ USN

% Part 1: This program asks for a mine drop data file, there are a

t ot al

% of 42 drops at Carderock used in this validation. Then references
%that file to (0,0,0) in x,y,z. It then plots the center of nass

% position and a snmall mne shape around it with an identification
%t abl e.

clear all
cl ose all

% CGeneral M ne data for the mne shapes used at Carderock. Understand
% the noments of inertia are a 3x3 matrix.
%

% 1 2 3 4 5 6
m = 17. 2, 22. 2, 34. 5, 46. 3, 45. 4, 44.7]:
Ji=[ 0.0647, 0. 08086, 0. 1362, 0. 1696, 0. 1693,
0.1692; . ..
0. 356, 0. 477, 2.9, 3.82, 3. 94, 4.57; ..
0. 356, 0. 477, 2.9, 3.82, 3. 94, 4.57];
chi i =[ 0. 0002385, 0.001908, 0.001964, 0.008838, 0.045172,
0. 076596] ;
Li = 0. 477, 0. 477, 0.982, 0. 982, 0. 982,
0.982];
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di =0. 168*ones(1, 6) ;
m nepath % Path to all the required subroutine functions for 3-D nodel.
% Request for nodel type input.

i cc=input('input case drop nunber and nodel m ne nunber nunber and cc:
I’ISI);

icc=str2nun(icc); ic=icc(2); cas=icc(l);
i f(length(icc)==3);
cc=icc(3);
el se
cc=0. 13;
end

% Sets the mne nodel paraneters for the given mine drop in part 1.
ma=m (ic); J=Ji(:,ic); chi=chii(ic); L=Li(ic); d=di(ic);d2r=pi/180;
% Request for input data file and creates the file as (pos natrix).
%time, X, y, z, pithc angle(around y axis), and yaw angle (around
% the z axis).

dr = 'carderockdata/';

flnme[int2str(cas), ' w',int2str(ic),"'.txt"'];
flnnp=[int2str(cas), ' w',int2str(ic)];

fid=fopen([dr,flnni);
i f(fid<2), break;

end
pos=fscanf(fid,"'%"',[6,inf]);
fclose(fid);
dt1 = 0.008;
% I nput files from Carderock are all in cm and this converts themto

% met er st andard.

pos(2,:) = pos(2,:)./100;
pos(3,:) = pos(3,:)./100;
pos(4,:) = pos(4,:)./100;
pos(6,:) = 180+pos(6,:);

% Thi s section calcul ates angle 3 and insures they are al
% < 180 degrees.

dag3=di ff (pos(6,:));
ii=find(dag3>200);
if(~isenpty(ii));
for k=1l:length(ii);
pos(6,ii(k)+1:end)=pos(6,ii(k)+1:end)-360;
end
end
i i =find(dag3<-200);
if(~isempty(ii))
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for k=1l:length(ii)
pos(6,ii(k)+1:end)=pos(6,ii(k)+1:end)+360;
end

end

% This section saves the tilt angles in degrees and converts separately
%to radians for pitch and yaw.

posa(5,:) = pos(5,:);
pos(5,:) = pos(5,:)*pi/180;
pos(6,:) = pos(6,:)*pi/180;
ang2i = pos(5,1);

% I1f the initial tine is not zero this portion calculates the initial
% i nst ant aneous vel ocity vector to use in the nodel run portion of

% Part 2. Then calculates an initial nean angul ar velocity rate based
% on the first 20 time increments of angle2 and angl e3.

Vo = [0;0;0];
Omgme[ 0; 0; 0] ;

nnn=3;

Vo( 1)
Vo( 2)
Vo( 3)
% Vo

Omgne
Omgn(
Omgn(

VX0

Wo

Vzo

g
30w

(pos(2, nnn+1)
(pos(3, nnn+1)
(pos(4, nnn+1)
= Vo',

[0;0;0];

2)
3)

Vo(1);
Vo(2);
Vo(3);
= QTgm

(pos(5, nnn+l) -
((pos(6, nnn+1) -

- pos(2,1))/(nnn*dt1);

pos(3,1))/(nnn*dt1);
pos(4,1))/(nnn*dt1);

pos(5,1))/(nnn*dt1);
pos(6,1))*cos(pos(5,2)))/(nnn*dt1);

% This section references tinme and xyz to zero both spatially and
% tenporally. This nakes the output consistent with the nodel

% outputs. (Has to wait until after the initial velocity

% cal culation as t0 is a check

pos(1,:) = pos(l,:) - pos(1l,1); %tine reset.
pos(2,:) = pos(2,:) - pos(2,1); % x displacenent.
pos(3,:) = pos(3,:) - pos(3,1); %y displacenent.
pos(4,:) = pos(4,:) - pos(4,1); %z displacenent.
% Renane t he position vectors.

xm = pos(2,:); %x displacenent from zero.

ym = pos(3,:); %y displacenent from zero.

zm = pos(4,:); %z displacenent from zero.

% Cal cul ates the bottomas the last position tracked on the file.

bot = -abs(pos(4,end));

% Creates a short vector used to denote the long axis of the m ne
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dd = abs(bot/30);

% Sets up a new figure for plotting of the given mne data file from
% Car der ock.

ftsz = 8;

figure('units','inches','position',[1,.4,8,7],"  paperposition',...
[1.5,1.6,5.5,8]," ' paperorientation', ' portrait');

axes('position',[0.1,0.175,0.44,0.67],"'xdir', " reverse' ,"ylim, ...
[ bot-dd, 0], "' box','on','fontsize', ftsz);

hol d on;

axi s('equal ');

yl abel (' Depth (m"');

x| abel (' Path Di stance (m');

% Cal cul ate the path length of mine travel.

path = sqrt(diff(yn)."2+diff(xm."2);
path = [0, path];
path = cumsun( path);

pl ot (path,zm;

[mMm n] = size(path);
xx(1,:)=pat h+dd*cos(pos(5,:)); xx(2,:)= path-dd*cos(pos(5,:));
zz(1,:)=zmdd*sin(pos(5,:)); zz(2,:)=zmtdd*si n(pos(5,:));

% Actual steps to plot mine after calculations are conplete.
for i = 1:8:n
plot(xx(:,i),zz(:,i),"r-");
% Plots the line for long axis of the mne.
plot(xx(1,i),zz(1,i),"'ro","' markersize',3);
% Pl ots the head of mine.
end
Y%l ot (pos(2,:),pos(4,:)); 9%lots the center of mass position in x, z.
icm= nunstr(ic);
casm = nunstr(cas);
title([' Carderock Experinent Run: ',casm'w
",icn], " fontweight', bold);
hol d of f

% Cal cul ates the horizontial nmovenment fromrel ease center |ine, inpact
% vel ocity components and inpact angl e.

xyf = sgrt(xmend)~2 + ym(end)”"2);

Wxf = (pos(2,n)-pos(2,n-10))/(10*dt1);
Wf = (pos(3,n)-pos(3,n-10))/(10*dt1);
Vzf = (pos(4,n)-pos(4,n-10))/(10*dt1);

angf = posa(5, end);
% Corrects values of angle to 180 to 180.
if angf > 180
angf = angf - 360;
end
timef = pos(1,end);

% Plot a data card to annotate the final velocity components,inmpact
% angle tinme and horizontial novenment for respective nodel drop.
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axes('position',[0.11,0.75,0.2,0.24]," ' fontsize',ftsz);
axis off;
hol d on;

dx=1; x1=0; x2=1;
ddy=1; y2=1; yl = 0;
x3=x1+0. 08*dx; x4=x3+0.3*dx; xml=(x1+x2)/2;

y=y2-.01*ddy;

text(xnl,y,"' Final Drop','Horizontal Alignnent','center','fontsize',...
ftsz,' fontweight','bold);

y=y-.01*ddy; text(xml,y,' Paraneters','Horizontal Alignnment','center',...

"fontsize' ,ftsz,' fontweight',' ' bold)

y=y-.01*ddy; text(x3,y,'tine:', ' fontsize' ,ftsz);

text(x4,y,[numstr((tinef),3),"'(s)'], fontsize' , ftsz);

y=y-.01*ddy; text(x3,y,'xy f e:','fontsize' K ftsz);

text(x4,y,[numkstr(xyf,3)," (m'], ' fontsize' K ftsz);

y=y-.01*ddy; text(x3,y,'V.x f _e:",'fontsize' , K ftsz);
text(x4,y,[numstr(Vxf,3)," (ms)'], ' fontsize' ,h ftsz);
y=y-.01*ddy; text(x3,y,'V.y f e:','fontsize', K ftsz);
text(x4,y,[numkstr(Wf,3)," (ms)'], ' fontsize',6 ftsz);
y=y-.01*ddy; text(x3,y,'V z f e:','fontsize', K ftsz);

text(x4,y, [ nunmRstr(VvVzf,3)," (ms)'], ' fontsize' , ftsz);
y=y-.01*ddy; text(x3,y,'\psi_2 f e:",'fontsize' , 6 ftsz);
text (x4,y, [ nunmkstr(angf,3),' *0']," ' fontsize',h ftsz);
y=y-.01*ddy; text(x3,y, depth:','fontsize', 6 ftsz);
text(x4,y,[numkstr(-(bot),4)," (m'], ' fontsize', ftsz);
yl=y-.01*ddy;

set(gca,'ylim, [yl,y2],"xlim,[x1,x2]);
plot ([x1,x2,x2,x1,x1],[yl,yl,y2,y2,y1]);
hol d of f

%

HHHHHHHHHH R R TR R R R R R R R R R R R R R R R R R R R R R R
% Part 2 of the code runs the initial conditions fromthe Carderock
case

% usi ng the specified m ne shape characteristics and traces out the 3-D
% nmodel results.

%
G G S e b Gt ]

mem (ic); J=Ji(:,ic); chi=chii(ic); L=Li(ic); d=di(ic);
dt =1/ 15;

%

% Creates the data card for the m ne paraneters for the selected mne
%
axes('position',[0.42,0.75,0.24,0.24]," ' fontsize' ,ftsz);
axis off;

hol d on

dx=1; x11=0; x22=1

ddy=1/2; y22=1;

x3=x11+0. 08*dx; x4=x3+0.3*dx; xml=(x11+x22)/2;

%

y=y22-.01*ddy;
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text(xnl,y,"' M ne Shape','Horizontal Alignnent','center','fontsize',...
ftsz,' fontweight','bold');

y=y-.01*ddy; text(xml,y,"' Paraneters','Horizontal Alignment',' center',...

"fontsize' ,ftsz,' fontweight',' ' bold)

y=y-.01*ddy; text(x3,y,'d:','fontsize' ,K ftsz);

text(x4,y,[numstr(d,3)," (m']," fontsize',K ftsz);

y=y-.01*ddy; text(x3,y,'L:','fontsize', K ftsz-2);

text (x4,y, [ nunmkstr (L, 3) (m'], fontsize' ,ftsz);

y=y-.01*ddy; text(x3,y,'m"', ' fontsize' K ftsz-2);

text(x4,y,[nunRstr(m3),' (kg)'],'fontsize' K ftsz);

y=y-.01*ddy; text(x3,y,'J 1:.','fontsize',f ftsz);
text(x4,y,[numstr(J(1),3)," (kgrm2)'],'fontsize', 6 ftsz);
y=y-.01*ddy; text(x3,y,'J _2:','fontsize , ftsz);
text(x4,y,[numstr(J(2),3)," (kgrm2)'],'fontsize' , K ftsz);

y=y-.01*ddy; text(x3,y,'J _3:','fontsize' ,f ftsz);
text(x4,y,[numstr(J(3),3)," (kgrm2)'],'fontsize', K ftsz);
y=y-.01*ddy; text(x3,y,'\chi:','fontsize' K ftsz);
text(x4,y,[nunm@str(chi,4)," (m'], fontsize' ,ftsz);
yll=y-.01*ddy;

%

set(gca,'ylim,6 [yll,y22],"'xlim,[x11, x22]);

pl ot ([ x11, x22, x22, x11, x11],[y11,y1l,y22,y22,y11]);

%

hol d of f

% Cal cul ations required for the specified mne shape in the initial
% condi tions.

vol =pi *d*"2*L/ 4; rhom=mn vol
Pos=[0; 0;0]; Ang=[0;ang2i;pos(6,1)];
Wt er =zeros(3,1); tenp=21;sea_wat er =0;

% Wat er density cal cul ati on.
rhow=1028. 17 — 0. 0742*tenp - 0.0048*(tenp"2);

eRM-ERM Ang(2) , Ang(3) ) ;
posl=Pos; ang=Ang; ong=0rgny ti ne=0;
dt hdt 2=0Omgn( 3) ;
for k=1:600
[ Pos, Ang, Vo, Orgm eRn] =di aglstep(m J, d, L, chi, Pos, Ang, Vo, Ongm eRm . . .
dt, rhom, r how, Vwat er, t enp, sea_wat er, cc) ;
posl=[ posl, Pos]; ang=[ang, Ang]; ong=[ong, Omgni;
dt hdt 2=[ dt hdt 2, Ognm(3) ] ;
i f(Pos(3)<bot), break;
end
time=time+dt;
end

% Cal cul ate the path distance of the m ne shape from nodel output.

ptt = sqrt(diff(posl(l,:))."2+diff(posi(2,:))."2);
ptt =[0,ptt];
ptt = cumsunm(ptt);

angd=ang* 180/ pi ;
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axes('position',[0.55,0.175,0.44,0.67],"'xdir','reverse','ylim, ...
[ bot-dd, 0], "' box','on','fontsize', ftsz);

hol d on;

axi s('equal ');

x|l abel (' Path Di stance (m');

set(gca, 'yticklabel',[]);

pl ot (ptt, posl(3,:));

xx1(1,:)=ptt+dd*cos(ang(2,:));
xx1(2,:)=ptt-dd*cos(ang(2,:));
zz1(1,:)=posl(3,:)-dd*sin(ang(2,:));
zz1(2,:)=posl(3,:)+dd*sin(ang(2,:));
pl ot (xx1,zz1,'r-"); plot(xx1(1,:),zz1(1,:),"'ro',"' markersize', 3);
title(['3-D Model Solution: 'casm'w

"nunkstr(ic)], fontweight', bold);

xI meget (gca, "xlim); ylmeget(gca, ' ylim);

% Prints the card for the initial parameters for the nodel inside the
% axes of the nodel figure on the output page.

dx=di ff(xIn); dy=diff(ylm;
x1=xI m(2); yl=yl m(2)-0.02*dy;

ddy=0. 08*dy;

x3=x1-.05*dx; x4=x3 - .09*dx; y = yl; y=y-.2*ddy;
text(x1-.025,y,"  Model Initial','fontsize' ,ftsz,' fontweight', 'bold);
y=y-. 75*ddy;

text(x1l-.025,y,"' Paranmeters','fontsize' ,ftsz,' fontweight',' 'bold);
y=y-.75*ddy; text(x3,y,'\psi_2 o:','fontsize',8);

text (x4,y, [ nunstr (ang2i *180/pi, 3)," 0" ], ' fontsize', 8);

y=y-.75*ddy; text(x3,y,'\onega_2 o:','fontsize',8);

text (x4,y, [ num2str(Omgno(2),2),' (r/s)'], ' fontsize', 8);

y=y-.75*ddy; text(x3,y,'V.x o:','fontsize',8);

text (x4,y, [ numstr(Vvxo,3),' (ms)'], ' fontsize', 8);

y=y-.75*ddy; text(x3,y,'V_y o:','fontsize',8);
text(x4,y, [ numstr(VWo,3)," (ms)'],  fontsize', 8);

y=y-.75*ddy; text(x3,y,'V_z_o:','fontsize',8);
text(x4,y, [ numstr(Vzo,3),' (ms)'], ' fontsize', 8);

y=y-.75*ddy; text(x3,y,'dt:', ' fontsize',8);

text(x4,y,[" 1/ ' nun2str(1/dt,2)," (s)'], ' fontsize', 8);

hol d of f

%

% Cal cul ates and plots xy travel of center of nass of the mine and
% al so a center of mass novenent angle vs depth.

xml = xm ymll = ym

xmax=max( max(xnil), max(posli(1,:))
xm n=m n(m n(xnLl), m n(posli(1,:))
ymax=max( max(ymill), nax(posl(2,:))
ym n=m n(m n(ymll), m n(posl(2,:)));

ddxy=max([ 5*L, (xmax-xm n), (ymax-ym n)])*0. 52

xI me(xm n+xmax) / 2+ddxy*[ -1, 1] ; yl me(ymi n+ynmax)/ 2+ddxy*[ -1, 1];

— N
— N

psm=( pos(5, 1: end- 1) +pos(5, 2: end) )/ 2;
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dt hdt 1=di ff (pos(5,:))./diff(pos(1,:)).*cos(psm
xmax=max( nax(dt hdt 1), max(dt hdt 2) ) ;

xm n=m n(mn(dthdt1l), mn(dthdt2));

ddx=max(5, (xmax-xm n) *0. 52) ;

xI m2=(xmax+xmi n)/ 2+ddx*[ -1, 1] ;

axes('position',[0.12,0.05,0.2,0.17],'xlim,xIm'ylim,ylm"*box',...
‘on','fontsize' ,ftsz);

hol d on; plot(xnmll, ynll, 'r-"); plot(xmll, yml,".");

xlabel ("X (mM"'); ylabel("Y (mM"');

title(' Mass center trail',' fontweight','bold');

axes('position',[0.39,0.05,0.1,0.17], ' xlim ,xInR2,"ylim,...
[ bot-dd, 0], "' box',"'on','fontsize',ftsz); hold on

zmh=(zm(1: end-1) +zm(2: end) )/ 2;

plot(dthdtl, znh); plot([0,0],[bot,0], r-.");

x|l abel (' \omega_3'); ylabel (' Depth (m"');

title(' Yaw Velocity',' fontweight',  bold');

axes('position',[0.6,0.05,0.2,0.17],'xlimM,xIm"ylim,ylm"'box',...
‘on','fontsize', ftsz);

hol d on; plot(posl(1,:),posi(2,:),'r-"); plot(posl(l, :),...
posl(2,:),'.");

xlabel ("X (m"'); ylabel("Y (mM");

title(' Mass center trail',' fontweight','bold');

axes('position',[0.88,0.05,0.1,0.17], ' xlim ,xInR2,"ylim,...
[ bot-dd, 0], "' box','on','fontsize',ftsz); hold on
pl ot (dt hdt 2, pos1(3,:)); plot([0,0],[bot,0]," r-.");
xl abel ('\onmega_3'); ylabel (' Depth (M"');
title('Yaw Velocity',' fontweight','bold');

% Pl ot a data card to annotate the final velocity components,inpact
% angle time and horizontial nmovenent for the respective mnine drop
% 3- D nodel sol utions.

xyPos = sqgrt(Pos(1)"2 + Pos(2)"2);
ang2f m = Ang(2) *180/ pi ;
% Corrects the angle to display -180 to 180.
i f ang2fm > 180
ang2fm = ang2fm - 360;
end

axes('position',[0.77,0.75,0.20,0.24], "' fontsi ze',ftsz);
axi s off;
hol d on;

dx=1; x1=0; x2=1;
ddy=1/2; y2=1;
x3=x1+0. 08*dx; x4=x3+0.3*dx; xml=(x1+x2)/2;

y=y2-.008*ddy;
text(xnl,y,"' Final Model', ' Horizontal Alignment','center', ' fontsize',...
ftsz,' fontweight', ' bold);

420



y=y-.01*ddy; text(xml,y,' Paraneters','Horizontal Alignment','center',...
"fontsize',ftsz,' fontweight',' 'bold)
y=y-.01*ddy; text(x3,y,'tine:','fontsize' ,ftsz);
text(x4,y,[numstr((tine),3)," (s)'], fontsize' ,ftsz);
y=y-.01*ddy; text(x3,y,'xy_ f m', 'fontsize' ,K ftsz);
text (x4,y, [ nunmkstr(xyPos,3)," (m']," ' fontsize', K ftsz);
y=y-.01*ddy; text(x3,y,'V.x f m', 'fontsize', K ftsz);
text(x4,y, [ numstr(Vo(1),3)," (ms)'], fontsize' , ftsz);
y=y-.01*ddy; text(x3,y,'V.y f m"','fontsize' K ftsz);
text(x4,y,[numstr(Vo(2),3)," (ms)'], fontsize' ,h ftsz);
y=y-.01*ddy; text(x3,y,'V.z f m','fontsize', 6 ftsz);
text(x4,y,[numstr(Vo(3),3)," (ms)'], fontsize', K ftsz);
y=y-.01*ddy; text(x3,y,'\psi_2 f m"','fontsize' , 6 ftsz);
text(x4,y, [ nunmkstr(ang2fm 3),' ~0'], ' fontsize' , 6 ftsz);
yl=y-.01*ddy;

set(gca,'ylim,[yl,y2],"'xlim,[x1,x2]);
pl ot ([ x1, x2, x2, x1,x1],[y1l,yl,y2,y2,y1]);
hol d of f

% prints the figure using filenane to the current data directory
% for later analysis and use for presentation as apost script file
% and j peg format for powerpoint presentation.

eval (['print -tiff -depsc carderockplts/', flnnp,'.eps;'])
eval (['print -djpeg carderockplts/',flnnmp,"'.jpg;'])

% This section prints out the final velocities, transverse
di spl acenent,
% and sedi nent inpact angles to file for both the data and the nodel.

Vef mesqrt (Vo(1) *2+Vo(2)"2);

Vcfe=sqrt (Wxf"2+Wyf"2);

Vfile = [Vcfm Vcfe;abs(Vo(3));...

abs(Vzf); ang2f m angf ; xyPos; xyf];

fid=fopen(['velocity.txt'],"'a+");

fseek(fid,O,"eof');

fprintf(fid, %\t',flnnp);

for k=1:length(Vfile)
fprintf(fid,'9%.3f\t',Vfile(k));

end
fprintf(fid,"\n");
fclose(fid);

% This section creates the initial output case file to use as input
%to | MPACT28. The angles are converted to the correct format to
% i nput directly to | MPACT28.

Vco=sqrt (Vxo"2+Wyo"2);
Vfilel = [(90-(ang2i*180/pi));abs(Vco); abs(Vzo); Omgno];
fid=fopen(['initialpar.txt'],"a+');
fseek(fid,O," ' eof');
fprintf(fid,"%\t',flnnp);
for k=1:length(Vfilel)
fprintf(fid,'9%.3f\t',Vfilel(k));
end
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fprintf(fid,"\n");
fclose(fid);

% End of program
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B. M DEX DATA CCDE

% M DEX. m This program conputes the position of MDEX data for 230

% 1/ 15 scale drops and plots themto screen in an S (path) vs Z plot,
% x-y bottom plot and center of nass novenent angle plot. The second
% part of the programuses the data initial conditions and runs the

% M ne Burial 3-D nodel and produces the sane set of plots fromthe

% 3-D nodel for conparison.

%

% Chenwu Fan and Ashl ey D. Evans LCDR/ USN

% Thesi s Program 2002

% NOAP Lab for Peter Chu.

% August 2002

cl ear;

% Creates a relative pointer to the fol der containing MDEX dat a.
dr="tonydata/';

% M DEX general m ne shape nobdel paraneters.

Li =[ 0. 152, 0.121,0.0912]; m =[0.3225, 0.2542, 0. 2153];

vol i =[ 191. 0088, 152. 0531, 114. 6053] *1e-6; rm =[ 1688.5, 1671. 7, 1878. 5] ;
chii=[0.0046, 0. 7411, 1. 4772;

0. 0644, 0. 5307, 0. 9970; 0. 0029, 0. 2911, 0. 5796] / 100;

% chii (mn#, case#) a 2-D array.

J

0. 23503; 6. 0879, 3.4262, 1.6952, 5.7830, 3.2065, 1.5775,
6.2338, ...

=[ 0. 33046, 0. 27132, 0. 23503, 0. 33046, 0. 27132, 0. 23503, 0. 33046, 0. 27132, . ..

3. 3126, 1.5568;6.0879, 3.4262, 1.6952, 5.7830, 3.2065, 1.5775,...

6.2338, 3.3126, 1.5568]*1le-4;

J

=reshape(Ji,[3,3,3]);

% Ji(:,mn# case#) a 3-D array.

% Sets a path narker to subroutines used within the nmain program
nm nepat h;

nm nen=[ 15, 12, 9] ;

rw=1028; VWwater=zeros(3,1); tenp=20; sea_water =0;
d=0. 04; d2r=pi/180; ftsz=8§;

% Wat er density cal cul ation.
rw=1028. 17 — 0.0742*tenp - 0.0048*(temp"2);

% Requests input for nodel size, center of mass position, and drop
% angl e to access files.

423



nca=i nput. ..
("input mne#(9,12,15) case#(-2,-1,0,1,2) ang(15, 30, 45, 60, 75)

% This section of the code reads in the MDEX data and stores it as the
%'t' array.

whi | e(~i senmpty(nta))
nca=str2nun{nta); m ne=nta(l); cas=nta(2); iag=nta(3);
ncal=nunstr(nm ne); ncta2=nunstr(cas); nta3=nunkstr(iag);
if(length(nta) == 4)
cc = nca(4)
el se
cc = 0.05;
end
m nn=f i nd( m nen==mi ne);
casn=abs(cas)+1; sag=[int2str(iag),'/'];
L=Li (m nn); n¥nmi (mnn); J=Ji(:, mnn,casn); chi=chii(mnn,casn);
vol =vol i (m nn); rhom=nivol ;

fid=fopen([dr,sag, ' flnmdat']);
df nmef scanf (fid," %' ,[4,inf]);
fclose(fid);
ii=find(dfnm(1,:)==nmine & dfnm(4,:)==cas); dfnnedfnn(:,ii);

% This for loop looks in the open file folder 'dfnm and reads files
%until it reaches the end of file marker. Files are grouped by drop
% angle first then composition and mnine | ength.

for i=1:size(dfnm2)
i 2=nun®str(i);
flnme[int2str(mne),'-",int2str(round(df nm 2,i)*1000))];
fid=fopen([dr,sag,flnm'.dat']);
fgetl (fid); fgetl(fid);

% The t array contains all tony data for the given run.

t=fscanf(fid,"'%"',[11,inf]);
fclose(fid);

% Arrays are defined for use in generating plots. Al so generated
% are the initial condition vectors to be fed to the 3-D nodel .

time=t(1,:)-t(1,1); %Tine vector

xmet (2,:)-t(2,1); %x coordinate vector
ymet (3,:)-t(3,1); %y coordinate vector
znet (4,:)-t(4,1); %z coordi nate vector
bot =zn(end); % Bottom

% This sect calculates angle 3 and insures they are all
% < 180 degrees.

dag3=di ff (t(6,:));
i i =f i nd( dag3>200):
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if(~isempty(ii));
for k=1l:length(ii);
t(6,ii(k)+1:end)=t(6,ii(k)+1:end)-360;
end
end
i i =find(dag3<-200);
if(~isempty(ii))
for k=1l:length(ii)
t(6,ii(k)+1:end)=t(6,ii(k)+1:end)+360
end
end

ag2=(t(5,:)-90)*d2r; % angle about the y axis or pitch angle.
ag3=t (6,:)*d2r; %angle around the z axis or yaw angl e.
dd=abs(bot)/ 30;

Vo=t (7:9,1); %lInitial linear velocity vector to feed to the
%t he 3-D nodel

Omm=[ 0;t(5,3)-t(5,1);(t(6,3)-t(6,1))*cos(ag2(2);]*d2r/(t(1,3)-

t(1,1));
% Initial Angular velocities in rad/sec
Omno = Omgm

% New fi gure defined.

figure('units','inches', position',[1,0.4,8,7]," paperposition', ...

[1.5,1.6,5.5,8]," ' paperorientation', ' portrait');

axes('position',[0.1,0.175,0.44,0.67],"'xdir', ' reverse',"ylim, ...

[ bot-dd, 0], "' box', 'on','fontsize',ftsz); hold on
axis('equal'); ylabel ("Depth (m'); xlabel('Path D stance (n');

% A di stance covered vector is created fromthe x-y data and
pl otted
% versus depth for the MDEX data set.

pt=sqgrt(diff(ym."r2+diff(xm."2);

pt=[0, pt]; pt=cumsun(pt);

% Pl ot of the M DEX data for the given read case.

plot(pt,zm;

yy=dd*[1;-1] *cos(ag2) +[1; 1] *pt; zz=dd*[-1;1]*sin(ag2)+[1;1]*zm

plot(yy,zz,'r-"); plot(yy(1,:),zz(1,:),'ro',"' markersize',3);

title(['MDEX Run ', ntal,'-',ntaz2,'-',ncta3,', Run ',i2],...
'fontweight','bold)

% Creates a val ue containing the transverse di stance covered
% across the x-y plane for the given MDEX data set.

xyf=sqrt (xm(end) *2+ym_end) *2) ;

% Model input and output to plot.

axes('position',[0.55,0.175,0.44,0.67],"'xdir"','reverse','ylim, ...

[ bot-dd, 0], "' box','on','fontsize' ,K ftsz);
hol d on;
axi s('equal'); xlabel ('Path Distance (m');
set(gca, 'yticklabel' ,[]);
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Pos=[xm(1);ym(1);zm(1)]; Ang=[0;ag2(1);ag3(1)];
eRnmFERM Ang(2) , Ang(3));
dt =1/ 30;
i f(cas<0), chi=-chi; end

% Creates enpty arrays to stored the position , and angle
% information fromthe subroutines.

pos=Pos; ang=Ang; tim=0; dthdt2=0Onmgm(3);
% Mai n subroutine marker feed for the 3-D nodel.

for k=1:700
[ Pos, Ang, Vo, Ongm eRnj =di aglstep(m J, d, L, chi, Pos, Ang, Vo, ..
Omgm eRm dt, r homm, rw, Vwat er , t enp, sea_wat er, cc) ;
pos=[ pos, Pos]; ang=[ang, Ang]; dthdt2=[dthdt2, Ongn(3)];
i f(Pos(3)<bot), break; end
% 1f the bottomis encountered
% then the program break routine and default to end of program
ti meti medt;
end
angd=ang/ d2r;

% A di stance covered vector is created fromthe x-y data and
% pl otted versus depth for the nodel output.

ptt=sqrt(diff(pos(l,:))."2+diff(pos(2,:))."2);
ptt=[0,ptt]; ptt=cumsun(ptt);

pl ot (ptt, pos(3,:));

xxx=dd*[1;-1] *cos(ang(2,:))+[1; 1] *ptt;
zzz=dd*[-1; 1] *sin(ang(2,:))+[1; 1] *pos(3,:);

pl ot (xxx, zzz,"'r-"); plot(xxx(1,:),zzz(1,:),"'ro',"' markersize', 3);
title(['3-D Model Qutput ',ntal,'-',ncta2,'-',ntas3,..
", Run ',i2],' fontweight','bold")

% A value is created containing the xy plane horizontal chord
% di stance covered data fromthe 3-D nodel results.

xyPosf =sqgrt (Pos(1)*2+Pos(2)"2);
xI meget (gca, "xlim); ylmeget(gca, 'ylim);

% Prints the card for the initial paraneters for the nodel inside
% the axes of the nodel figure on the output page.

dx=di ff(xIm; dy=diff(ylm;
x1=xI m(2); yl=yln(2)-0.02*dy;
ddy=0. 08*dy;
x3=x1-.05*dx; x4=x3 - .09*dx; y = yl; y=y-.2*ddy;
text(x1-.025,y,"' Model Initial','fontsize', ftsz,...
"fontweight','bold);
y=y-. 75*ddy;
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text(x1l-.025,y,"' Parameters', ' fontsize' ,f ftsz,...
"fontweight','bold);

y=y-.75*ddy; text(x3,y,'\psi_2 o:','fontsize',8);
text(x4,y, [ nunkstr(ag2(1)/d2r,2),"~0"]," ' fontsize', 8);
y=y-.75*ddy; text(x3,y,'\onega 2 o:','fontsize',8);
text(x4,y, [ num2str(Omno(2),2),' (r/s)'],'fontsize', 8);
y=y-.75*ddy; text(x3,y,'V. x o:','fontsize',8);
text(x4,y,[numstr(t(7,1),3)," (ms)'], fontsize', 8);
y=y-.75*ddy; text(x3,y,'V_y o:','fontsize',8);
text(x4,y,[numstr(t(8,1),3),' (ms)'], fontsize', 8);
y=y-.75*ddy; text(x3,y,'V_z o:','fontsize',8);
text(x4,y,[numstr(t(9,1),3),' (mMs)'], ' fontsize', 8);
y=y-.75*ddy; text(x3,y,'dt:', ' fontsize',8);
text(x4,y,[" 1/ ' nun2str(1/dt,2)," (s)'],  fontsize', 8);
hol d of f

% Plots the xy plots and angle plots for both the M DEX
% dat a and the nodel output.

% Conput es thenmax and nins for the xy plot.

xmax=max ( max(xn) , max(pos(1,:)))
xm n=mi n(m n(xm, mn(pos(1,:)))
ymax=nmax(max(ym , max(pos(2,:)))
1))

X

ym n=m n(m n(ym, m n(pos(2, ;
ddxy=max([ 5*L, (xmax- xm n), (ynmax-ymn)])*0. 52;
Xl me(xm n+xmax) / 2+ddxy*[ -1, 1] ;
yl me(ym n+ymax) / 2+ddxy*[ -1, 1] ;

% Conputes the max and mins for the angle 3 plots.

psm=(ag2(1: end- 1) +ag2(2: end))/ 2;

dthdt 1=di ff(ag3)./diff(t(1,:)).*cos(psm;
xmax=max( max(dt hdt 1) , max(dt hdt 2) ) ;

xm n=m n(mn(dthdtl), mn(dthdt2));
ddx=nmax(5, (xmax-xm n)*0. 52) ;

xI m2=(xmax+xm n) / 2+ddx*[ -1, 1] ;

% M DEX xy pl aner pl ot

axes('position',[0.12,0.05,0.2,0.17],'xlim,xIm"'ylim,ylm...
"box','on','fontsize' , ftsz);

hol d on;

plot(xmym'r-");

plot(xmym"'.");

xlabel ("X (mM"'); ylabel("Y (mM"');

title(' Mass center trail',' fontweight','bold');

% M DEX Yaw Vel ocity plot.

axes('position',[0.39,0.05,0.1,0.17],"'xIim,xlInR, ...
"ylim,[bot-dd, 0], ' box', on', ' fontsize',ftsz); hold on;
zmh=(zm(1: end-1) +zm(2: end) )/ 2;
pl ot (dt hdt 1, znh);
plot([0,0],[bot,0]," r-.");
x|l abel ("\onmega_3'); ylabel (' Depth (mM"');
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title('Yaw Velocity',' fontweight','bold');

% 3- D nodel xy pl aner pl ot

axes('position',[0.6,0.05,0.22,0.17],'xlim,xIm"'ylim,...
ylm'box','on','fontsize' , ftsz);
hol d on;
pl ot (pos(1,:),pos(2,:),'r-"); plot(pos(l,:),pos(2,:),".");
xlabel ("X (m'); ylabel("Y (mM");
title(' Mass center trail',' fontweight','bold);

% 3-D nodel Yaw Velocity plot.

axes('position',[0.88,0.05,0.1,0.17],"'xIim,xlInR, ...
"ylim,[bot-dd, 0], ' box', on', ' fontsize',ftsz); hold on;

pl ot (dt hdt 2, pos(3,:));

plot([0,0],[bot,0]," r-.");

x|l abel (" \omega_3'); ylabel (' Depth (m"');

title(' Yaw Velocity',' fontweight', bold');

%l ots the paraneter boxes for the final MBEX position data
% and the final nodel data

% Pl ot of the general nine paraneters table for the given
% data set and run.

axes('position',[0.42,0.75,0.25,0.24],'xlim,[-1,21],...
"ylim,[0,11]);

hol d on; axis('off');

plot([-1,21,21,-1,-1],[0,0,11,11,0]);

text(10,9.8,[' M ne Shape'], ' horizontalalignnent', ..
"center','fontsize' ,ftsz,' fontweight', bold);

text (10,8.6,[' Paraneters (',sag,flnm')"']," horizontalalignment',...
"center','fontsize' ,ftsz,' fontweight', ' bold);

text(1.5,7.6,'d: ','fontsize',ftsz);
text(6,7.6,[nun2str(d,3),'(mM"']," fontsize', K ftsz);
text(1.5,6.6,'L: ",'fontsize' , 6 ftsz);
text(6,6.6,[nun2str(L,3),"(m"']," fontsize' , K ftsz);
text(1.5,5.6,'m ','fontsize', ftsz);
text(6,5.6,[nun2str(m3),'(nmM"']," fontsize', 6 ftsz);
text(1.5,4.6,'J 1. ','fontsize' ,ftsz);
text(6,4.6,[nun2str(J(1),3),"' (kgrm2)']," ' fontsize' , K ftsz);
text(1.5,3.6,'J 2: ', 'fontsize' ,ftsz);
text(6,3.6,[nun2str(J(2),3),"' (kgrm2)']," ' fontsize', K ftsz);
text(1.5,2.6,'J 3. ','fontsize' ,ftsz);
text(6,2.6,[nun2str(J(3),3),"' (kgrm2)']," ' fontsize', K ftsz);
text(1.5,1.6,"\chi: ','fontsize', ftsz);

text(6,1.6, [ nunRstr(chi,4),"(m'], fontsize', 6 ftsz);
% Final Drop Paraneters

axes('position',[0.11,0.75,0.25,0.24],'xlim,[-1,21],...
"ylim,[0,11]);
axi s('off'); hold on;
plot([-1,21,21,-1,-1],[0,0,11,11,0]);
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text(10,9.8,[' Final Drop'],"' horizontal alignnent',
"center','fontsize' ,ftsz,' fontweight', bold);

text (10,8.6,[' Paraneters (',sag,flnm')"']," horizontal al i gnnent
"center','fontsize' ,ftsz,' fontweight', bold);

text(1.5,7.6,"tinme: ','fontsize', 6 ftsz);
text(7,7.6,[nun2str(tine(end),3),'(nm']," fontsize', K ftsz);
text(1.5,6.6,'xy f e: ','fontsize' ,ftsz);
text(7,6.6 [nuantr(xyf,S),'(n)'],'fontsize',ftsz);
text(1.5,5.6,'V.x f_e: ','"fontsize' ,ftsz);
text(7,5. 6,[n ungst r(t(7,end),3),'(n1s)'],'fontsize',ftsz);
text(1.5,4.6,'V.y f e: ' font5|ze',ftsz);
text(7,4.6,[n uantr(t(S end) 3),'"(mMs)'], fontsize', K ftsz);
text(1.5,3.6,'V.z f_e: ','fontsize ,ftsz);
text(7,3 ,[nunﬂstr(t(g end),3),"'(ms)'], fontsize' , K ftsz);
text (1. ,2 6, "\ psi _ ",'fontsize' ,ftsz);
text(7, 2.6, [nuantr(agZ(end)/er 4),'~0']," ' fontsize' ,ftsz);
text(1.5,1.6, depth: ','fontsize',f ftsz);

text(?,1.6,[nunﬂstr(-zn(end),3),'(n)'],'fontsize',ftsz);

% Fi nal Mbdel Paraneters.

Angf =Ang(2)/ d2r;

if 180 < Angf <= 359
Angf = Angf - 360
el se
Angf = Angf
end

% f ( Angf >200) ;

% Angf =Angf - 360;
%end

% f ( Angf <- 200) ;

%  Angf =Angf +360
%end

axes('position',[0.73,0.75,0.25,0.24],'xlinm,[-1,21],
"ylim,[0,11]);
axi s('off'); hold on;
plot([-1,21,21,-1,-1],[0,0,11,11,0]);

text (10,9.8,[' Final Model '], "' horizontal alignnment',
"center','fontsize' ,ftsz,' fontweight', ' bold);
text(10,8.6,[' Paraneters (',sag,flnm')'], " horizontal al i gnnent
"center','fontsize' ,ftsz,' fontweight', bold);
text(1.5,7.6,"time: ', 'fontsize' , 6 ftsz);
text(7,7.6,[nun2str(tim3),'"(m"'], fontsize', 6 ftsz);

text(1.5,6.6,'xy f m ','fontsize' , ftsz);
text(7,6.6,[nun2str(xyPosf,3),'(m'], ' fontsize', ftsz);
text(1.5,5.6,'V.x f m ','fontsize' 6 ftsz);
text(7,5.6,[nun2str(-Vo(2),3), ' (nms)'], fontsize' ,ftsz);
text(1.5,4.6,'V.y f m ','"fontsize' b ftsz);
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text(7,4.6,[nun2str(-Vo(1),3),'(nms)'], fontsize' K ftsz);
text(1.5,3.6,'V.z f m ','fontsize' ,h ftsz);
text(7,3.6,[nun2str(Vo(3),3),'(ms)'], fontsize' , ftsz);
text(1.5,2.6,"\psi _f_m ','fontsize' ,ftsz);
text(7,2.6,[nun2str(Angf,4),'~0o'], ' fontsize' , ftsz);
text(1.5,1.6, depth: ','fontsize',6 ftsz);
text(7,1.6,[nun2str(-Pos(3),3),'(m"']," fontsize',f ftsz);

% prnt (flnm;

% prints the figure using filenane to the current data directory
% for later analysis and use for presentation as apost script file
% and j peg format for powerpoint presentation.
flnnp = [ntal,'-',nca2,'-'",ntas3,'-',i?2];
eval (['print -tiff -depsc carderockplts/',flnnp,'.eps;'])
eval (['print -djpeg carderockplts/',flnnmp,"'.jpg;'])

% This section prints out the final velocities, transverse
% di spl acenment, and sedi nent inpact angles to file for both
% the data and the nodel

Vce=sqrt(t(7, end) "2+t (8, end)"2);
Vermesqrt (Vo(1) 22+Vo(2)"2);
Vfile = [Vcm Vce; abs(Vo(3));abs(t(9,end)); ...
Ang(2)/d2r; ag2(end)/d2r; xyPosf ; xyf];
fid=fopen(['velocitytd.txt'],"a+');
fseek(fid,O,"eof');
fprintf(fid, %\t',flnnp);
for k=1l:length(Vfile)
fprintf(fid,'9%.3f\t',Vfile(k));

end
fprintf(fid,"\n");
fclose(fid);

% This section creates the initial output case file to use as input
% to | MPACT28.

Vco = sqrt(t(8,1)"2+t(7,1)"2);

Vfilel = [(90-(ag2(1)*180/pi)); Vco;abs(t(9,1)); Omgno(2)];

fid=fopen(['initialpartd.txt'],"a+');

fseek(fid,O," " eof');

fprintf(fid, ' %\t',flnnp);

for k=1l:length(Vfilel)

fprintf(fid,' 9%.3f\t',Vfilel(k));

end

fprintf(fid,'\n");

fclose(fid);

% cl ose (gcf)
end
% This ends the central for |oop and then asks if you have nore files
%to process, a total of 230 plots will be generated in this program

% and wite to file 230 lines of final positions and initia

% condition data used to initialize | MPACT28.

nca=i nput . .

("input mne#(9, 12, 15) case#(-2,-1,0,1,2) ang(15, 30, 45,60,75): ,'s');
close all; end
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A

. Initialize the variables (x,y,z,u,v,w, U, U; Q o, ;) and

APPENDI X D. NUMERI CAL PROCEDURE QOUTLI NE

NUMERI CAL PROCEDURE ( DI MENSI ONAL)

the earth fixed coordinate reference frame to body-fixed
coordinate reference frame rotational matrix (R).

. Get nine axis director iw=YR(,1), and rotation matrix

between the earth fixed coordi nate reference frame, body-
fixed coordinate reference frane and drag-lift force
coordi nate reference frane.

. Convert angular velocity conponents (w, ®;) from body-

fixed coordinate reference frane to drag-lift force
coordinate reference frame (u, o).

Q Q
@, |= wR| @, (157)
(*53 W3
PR=P°RITR (158)

. Transfer body-fixed coordinate frane vel ocity conponents

V=f(u,v,W) to the drag-1ift force coordinate frane

vel ocity conponents (u. v, W), then calculate the

Reynol ds nunber and the drag and |ift coefficients

(Qw Ci Qn Q)-

. Calculate the drag-lift force coordinate reference frane

conponents of drag and |ift force, ﬁﬁ},fp RF). Then

rotate to the earth fixed coordinate reference frane.
Conmpute the float force term There are three conponent
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nmonment um equations in the earth fixed coordinate

reference frame where %¥ i s conput ed.

6. Transfer body-fixed coordi nate reference frame angul ar
vel ocity conponents w=f(Q, ©, ®,) to the drag-lift force
coordi nate reference frame angul ar velocity conponents

f(Qn @, ©,). Calculate the Reynolds nunber and the drag and

lift moment coefficients (Cy C, C, Cy).

7. Calculate the drag-lift force coordinate reference frane
t or que conponents,ﬂdfa fp EF). Now convert to the body fixed

coordinate reference frame. Calcul ate the buoyancy nonent
term There are three nonent of nomentum equations in the

body-fi xed coordi nate reference frame where déé;is
comput ed.

8. Get analytical solution for each conponent of the system
of linear ordinary differential equations, and update

(u, v, W, Q, w, ).

9. Integrate to get the new position (x, y, z) and the

increment (dy, dy,;) in the earth fixed reference frane.

dt
x“lzx“+L udt (159)
y“lzy“+LTvdt (160)
dt
z™=2" +j0 wdt (161)
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di, = [ wdt (162)

0

di, = wdt (163)

0

10. Update rotation matrix (R) by rotating (dy,) around
(&) and (dy,) around (&,).

cos(dy;) -sin(dy;) Of| cos(dy,) O sin(dy,)
GR™ =R sin(dy;) cos(dy,) O 0 1 0 (164)
0 0 1||-sin(dy,) 0 cos(dy,)

11. Update (v)™) and (y5™) fromrotation matrix ( jR"™) as:

cosy, -siny, O} cosy, O siny,
FR™=|siny, cosy, O 0 1 0

0 0 1il-sin 0 cos

| U, | U, (165)

COSy,-COSY, -Siny, cOSy,-Siny,

=|siny,-cosy, C€OSYy, Siny,-siny,

- siny, 0 cos,
U5 =arccos(yR™ (3,3)) (166)
5 =arccos(yR™ (2, 2)) (167)
If SR™(1,2)>0,

Y3t =gt +n (168)
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If ER™(3,1)>0,

AT S (169)

12. Return to step 2, until the end of the trajectory
(bottom is reached.
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B. NUMVERI CAL PROCEDURE FLOWCHART

il © x p, 2, w, W, W, Wy, W, Sy, 6

¥

™ Rotation roatrix® R JR OR

L

Corrert ey to @,

v

Transfer w,w to drag-hift coordinates systern, Compute
drag and Ift coefficients :© &, T, &

¥

Calenlate drag & hft foree plus grasaty force, cormpute 3
mornenturn equations in the earth fized coordinate systern

v

Calculate drag & Lft force torgue plus srascity torgue and cornpote 3
morent of rmorenturn equations in oo ing roune coordinate system.

v

Corpute the analytical solution for the inear ODE systern
for the new step:  yoH_ e ged o oeH et e

3

v

Update roane wreight center position:  xoH peH o gn¥
pdate the earth fixed to mine mowving coordinate systern
rotation matny and Euler angles © SRM | i ™

Ha Diaes reane reach the hottom?
s
Stop
Fi gure 40. Fl omchart of the Numerical Procedure
Foll owed in the Source code Subroutines found in

Appendi x B.
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