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EXECUTIVE SUMMARY

Thisreport presents an overview of ajointly sponsored project by the U.S. Coast Guard and Transport
Canadato develop new research tools for evaluating personal floatation devices (PFDs). The U.S. and
Canadian governments require approva for PFDs used in the boating community and promote research
to devel op safer PFDs.

At present, PFDs are only evaluated for U.S. Coast Guard approva using cam water testing inwhich a
person wearing a PFD enters the water and S mulates an unconscious state. The PFD is then evaluated
for floatation and righting ability. This calm water testing cannot accurately address the effects of that
same PFD in the rough water environment. A more robust testing method could safely test and better
evaluate the PFD in a wider range of water Stuations. To this end, two research tools have been
constructed and are reported on. The first tool is a full-size waterproof manikin, which represents an
average malein stature, weight, and buoyancy. This manikin was constructed to collect data on how an
average male floats and responds to water forces. The second tool, a computer Smulation program,
simulates an average ma€e' s movement in the water environment. The manikin was used to gather input
data for the computer smulation model. This report describes tests using the manikin in the water

environment and compares the results of the computer simulation model of those same tests.

The U.S. Coast Guard and Transport Canada entered into a Joint Research Project Agreement (JRPA)
in 1992 to develop new R&D tools to improve our understanding of the effects of rough water
performance of PFDs. Thereislittle information about the performance of life jackets in rough water,
and methods are not available to extrapolate the rough water performance of a PFD from cam water
testing. A computer mode simulation was developed at Wright-Patterson Air Force Base based on the
existing Articulated Total Body Manikin (ATB) program written. The ATB program is used to evaluate
the three-dimension dynamic response of a system of rigid bodies when subjected to a dynamic

environment. The ATB program has been used for many yearsto study subject response to aircraft



gection and automobile crashes. The new program, developed jointly by the U.S. and Canada, isreferred
to as Water Forces Anaysis Capability (WAFAC) and has adapted the ATB mode to the in-water
environment. To complete the WFAC program, we had to verify the program using test data from the
sophisticated Sea Water Instrumented Manikin (SWIM).

In conjunction with the development of the WAFAC program, a sophisticated SWIM was constructed
and evaluated as a standard for testing PFDs.  This manikin was used to gather data to validate the
WAFAC model. SWIM is an anthropomorphically correct mechanical representation of a50™ percentile
male with the gppropriate dimensiond, inertid, center of gravity, center of buoyancy and joint properties.
The SWIM physicd properties were taken from severd proven manikins, including the Hybrid I1, Hybrid
[, and Advanced Dynamic Anthropomorphic Manikin (ADAM). SWIM has a self-contained data
acquisition system (DAS) with 32-channd capability which trandates the SWIM movement from 21 joint
sensors, 4 pressure transducers, linear and angular accel erationsinto engineering units. Collectively, these

data describe the Swim’s movement in the water environment.

Validation of the SWIM and the WAFAC program was the first important step in the process of
developing each asatool. Preliminary testing was completed at the Ingtitute for Marine Dynamics (IMD)
in &. Johns, Newfoundland, Canada, in February and March of 1999. IMD hastesting tanks with wave-
making capability and is part of the Canadian National Research Council, the primary science and
technology agency for Canada. Testing included center of buoyancy (CB) measurements, center of
gravity (CG) measurements, drag measurements, Ssmple bottom release tests from 7, 5, 4 and 3 meters
of depth and wave testing in smplewaves. This preliminary testing, exploratory in nature, wasto help
point out successes and problems with the SWIM and WAFAC model. Some mechanical and sensor
problems were identified with the SWIM. There was good correlation between the actua and smulated
bottom rel ease tests when using the norma outfit weight for SWIM. Verification of SWIM and WAFAC
toolswill provide subgtantia insight into the rough water testing of PFDs. Thesetoolswill aid the Coast
Guard indeveloping better testing methods and provide datafor the PFD life-saving index. 1n 2000,
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additional testing of SWIM will be coordinated through the USCG Office of Boating Safety, USCG
Office of Design Engineering Standards, and Transport Canada. SWIM and the WAFAC mode may
become tools for industry to design, build, and test new life-saving devices. In addition, these tools may
be used for USCG/CCG-type approva testing and evaluation. Using the WAFAC program,
manufacturers may be able to smulate a PFD prototype for use in cam and/or rough water environments
eliminating actual in-water testing. SWIM could be used for actua in-water testing of new life-saving

devices without subjecting a human to the hazards of those tests.
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1.0 INTRODUCTION

1.1 Research Goals

The primary god of this research was development of a vaidated computer smulation capability to
predict the dynamic behavior of persons wearing PFDsin rough water conditions. A computer Smulation
would provide asafe and cost-effective gpproach to testing new survival system products on various cross
sections of the boating population without actual water testing. The end product is envisioned as being
apublic domain design tool that surviva equipment manufacturers can use to optimize concepts and new
products.

The secondary god is to utilize both the program and instrumented manikin to design experiments to
study the factors which are most important to survival in aman-overboard scenario. Thiswill improve
the Coast Guard's understanding of the effects of waves on the person wearing a PFD and will lead to the
devel opment of the best possible standards for PFD testing and approvdl, i.e., improved life saving index

(LS!) data.or new rough water indices.

The U.S. Coast Guard and Trangport Canada jointly sponsored the development of an instrumented
floatation manikin designated as the Sea Water Instrumented Manikin (SWIM) (Veridian, 1998), and the
development of acomputer program cdled the Water Forces Andysis Capability (WAFAC) (Weergppuli,
1992). Both the new manikin and the software were designed to eval uate the performance of persona
floatation devices (PFDs). The U.S. Coast Guard and Transport Canada have jointly planned and
executed a set of testswith SWIM to check the performance of the modd for the case of the complete
manikin for anumber of different initia conditions. Thesetests, described in thisreport, were exploratory
in nature and were intended to check out the SWIM hardware in Smple water states. In addition, these
tests served to examine how well the WAFAC modd can smulate the motion of the actual manikin under

the sameinitia conditions.

1.2 TheU.S. Coagst Guard’'sLife Jacket Responsbilities

The U.S. Coast Guard and Transport Canada have approval authority for new life jacket designsin North
America. The Coast Guard strivesto establish the best possiblelife jacket performance requirements for
the recreational boating community. Recrestiona boating fatalities, as reported in the annua U.S.
Department of Transportation Boating Statistics, have decreased over the past couple of decades. This



Isaresult of improved boater education, enhanced standards for boats, and more comfortably designed
Persona Hoatation Devices (PFDs). However, there continues to be afairly steady percentage of fataities
in which drowned persons are recovered with their PFDs attached. Some of these deaths may be attributed
to inadequate PFD design for rough water conditions. PFD designswill continue to evolve, aswill the
need for better performance standards. For example, the recent boom in persond water-craft usage will

increase consumer demand for more wearable PFDs.

Testing practices are well established for evauating the performance of PFDsin cam water, but up until
now there have not been adequate tool s to bridge the gap in understanding how calm water performance
predictions equate to arough water environment. PFD testing has been performed using human subjects
including children; however, evaluating PFD performance on humans in anything but the calmest of
conditions has drawbacks because subjects do not remain passive. Test repeatability has been difficult,

and testing persons in rough water increases risk considerably.

1.3 LifeJacket Testing Practices

PFDs encompass severd types (Typel to TypeV'’s). A Typel isan offshorelifejacket, hasthe greatest
buoyancy, and is the most effective in rough water. Type Il isanear-shore buoyant vest, and its buoyant
turning action is dower than the Type | but is more comfortable to thewearer. The Typelll isafloaation
aid and is not designed to turn the wearer face up but is usualy the most comfortable. The TypelV are
throwable devices that are designed to be grasped and held by the user or thrown to a person who has
falen overboard. A TypeV PFD is conditionally approved for restricted uses such as board sailing and
may not be suitable for other recreationa boating activities. Theterm PFD will for the purposes of this
report refer to those PFDs that can be donned as awearable life jacket.

The U.S. Coast Guard approva process requires a human subject to enter calm water wearing the
candidate PFD. The subject smulates unconsciousness and the PFD is evaluated for floatation and face-
up righting ability. The U.S. Coast Guard has both structural and performance standards and procedures
for approva of PFDs. Asan example, an excerpt from the U.S. Code of Federal Regulations (Title 46)
stipulates the following approval test requirements for the approva of inflatable PFDs.



8160.176-13 Approva Tedts
"(3) Sometestsin this section require alifgjacket to be tested while being worn. In each of these teststhe

test subjects must represent arange of smal, medium, and large heights and weights. Unless otherwise
gpecified, a minimum of 18 test subjects, including both males and females, must be used. The test
subjects must not be practiced in the use of the lifgjacket being tested. However, they must be familiar
with the use of other Coast Guard approved lifgackets. Unless specified otherwise, test subjects must

wear only swim suits. Each test subject must be able to swim and relax in the water.

NOTE: Some tests have inherent hazards for which adequate safeguards must be taken to protect
personnel and property in conducting the tests.”

"(4) Average requirements. The test results for al subjects must be averaged for the following Static

measurements and must comply with the following:

() The average freeboard prior to positioning the head for maximum freeboard must be at least 120 mm
(4.75 inches).

(i) The average torso angle must be between 30° and 50° (back of vertica); and

(iii) The average face-plane angle must be between 20° and 50° (back of vertical).

(5) "HELP' Podition. Starting in arelaxed, face-up position of static balance, each subject bringsthe
legs and arms in towards the body so asto attain the "HELP" position, (afetd position, but holding the
head back). Thelife jacket must not turn the subject face down in the water.”

1.4 U.S. Coast Guard Research

The U.S. Coast Guard has been sponsoring PFD research since the early 1970s. Thisresearch has mostly
been limited to static calm water floatation evauations. The underlying reason for the universa

acceptance of calm water approva testing of new products and calm water research studiesisthat itisa
safe and somewhat repeatable method for determining the grossin-water characteristics of aPFD. The

lack of an available rough water standard has limited approva and research to mostly calm water.



14.1 197/0'sto1980's

Asrecently asthe 1980's, PFDs had only been tested in calm water. Rough water testing was conducted,

(Girton, Wehr, 1984), at the David Taylor Research Center (DTRC) with human subjects in a wave

making tank. Thesetests provided qudlitative information on the effects of different PFDs on personsin

rough water. Recommendations were made to eval uate the repeatability of testing PFD designsin rough

water by using instrumentation to mesasure such items as head angle and the number of mouth and nose

immersions. There are questionsthat calm water methods cannot address such as:

* effects of wave action on the turning moment of PFDs

* the position that should be taken by the person wearing a PFD relative to awave front, i.e., the
optimum angle of repose for his body and head angle.

* the number of mouth immersionsthat can be expected

* how much buoyancy is adequate in rough water

In 1988, DTRC collected quantitative data on factors influencing the performance of PFDs, (Hart, 1988).
Experiments were performed on a smplistic floatation dummy referred to as " Sierra Sam” and human
subjects to evaluate the natural periods of oscillation in calm water. DTRC indicated the need for new
research tools and recommended the acquisition of aset of anthropometric manikins for sandardization

of testing and the application of the Air Force's human body dynamics simulation program.

Although asurvivor's primary concern in rough water will be hisor her maintenance of airway fresboard,
asecondary yet important additional concern is hypothermia. The physical activity required to maintain
freeboard, distance from the mouth to the water's surface, in rough water will increase heet loss. A study
was conducted by the Coast Guard to eva uate the cooling rates of human volunteerswearing Coast Guard
operationd protective garments in cold sea-water under calm versus rough sea conditions (Steinman,
1985). Theresults of this experiment showed significantly faster body cooling rates in rough seas than
in cam seasfor the subjects wearing athermd float coat, aviation anti-exposure coverdls, and boat crew
coverdls. Significantly higher heart rates were measured in the rough water for al garmentstested. The
loosefitting protective garments, i.e., coveralls, performed the worse because of the wave-induced cold
water flushing through the garment.



1.4.2 Life Saving Index

The U.S. Coast Guard has the responsibility to ensure that al PFDs it approves have a high probability
of saving thelife of boaters. Therefore, the U.S. Coast Guard is exploring the use of the Life Saving Index
(LSI) asan dternative compliance path for PFDs. The LSl isarisk-based approach that could alow for
improved comfort or effectivenessin a PFD design to compensate for a dight reduction in operationa
reliability, e.g., inflatables versus inherently buoyant PFDs. Essentialy, the LSl is summarized as a
number between zero and one that representsthe overal lifesaving potentia of a PFD design. It is based
on aprobability model with components of in-water effectiveness (E), rdiability (R), and wearability (W):

LSI=EXRxW

Experiments with an instrumented floatation manikin and computer modd sensitivity studies could
provide invauable insight and more meaningful indices for the in-water effectiveness of new designs,

especidly in areas of quantifying freeboard and self-righting performance in both cam and rough waters.

1.5 U.S. and Canadian Joint Resear ch Project Agreement
Aninternationd joint project was arranged between Trangport Canadaand the U.S. Coast Guard because
both agencies had embarked aong asimilar research path in 1992 and because research dollars were and

continue to be scarce for thistype of long-term research.

The methods of cooperation outlined in Section 5 of the agreement are asfollows:

5.1a Both partieswill exchange reports embodying significant research results from their activities subject

to restrictions on distribution of proprietary or other sensitive data.

5.1b Researchersfrom both countries will participate in workshops and conferences organized by the
Department of Trangportation or Transport Canadato address specific PFD research issues or to

provide a mechanism for the formal or informal exchange of information.

5.1c Both parties will exchange operationa and assessment data and participate in the definitional

phase of experimental facility planning.



5.1d Both parties will cooperate in studies to evauate the benefits and cost of potential applications

for PFD research.

5.1e Researchersfrom both countries will be invited to inspect experimental test facilitiesand to
witness and/or participate in tests related to PFD research.

5.1f Both parties will exchange any devel oped software packages for studying the performance of

persond floatation devices.

The participating program representatives are the Ship Safety Branch for Trangport Canadaand Lifesaving
& Fire Safety Standards Divison (G-M SE-4) for the U.S. Coast Guard. The joint project goas are to
jointly award a contract for the development of an instrumented anthropometric floatation manikin and

to develop avaidated computer simulation capability for modeling persons wearing PFDs in waves.

2.0 BACKGROUND

2.1 Testing Goals

The testing goals for these preliminary tests were straightforward: using two weight states for SWIM,
(one heavy and one light), and three manikin attitudes, (one straight vertical, one straight horizonta, and
one configured a aright angle), collect enough data to start verification of the SWIM and the WAFAC
computer model as tools. The intent behind these preliminary tests was to gather enough data to
distinguish where the two tools (SWIM and WAFAC) support each other’ s outputs, identifying where
the hardware and software emulate each other, and where they do not. This testing aso addressed the
shortcomings of the SWIM and WAFAC modd. Vdidation of both the SWIM and WAFAC mode is
required before any practica applications for each can take place. Thisexploratory testing wasthe first

tep.



2.2 SWIM Overview

The SWIM isan ingrumented floatation manikin tool for testing the response of PFDs and other surviva
equipment in still and rough water. Test datawill be used to vaidate a computer mode, which in turn
will become atool to test designs and modifications of surviva equipment. The SWIM isamechanica
representation of a mid-sized mae human in every respect. The performance requirements for SWIM
were developed in 1992 by the U.S. Coast Guard and Transport Canada in accordance with the United
States Department of Transportation/Transport Canada Joint Research Project Agreement Number 6, for

the Performance Research of Hoatation Devices.

The anthropomorphic performance requirements devel oped by the U.S. Air Force (Wright Patterson AFB,
1990), were for a50™ percentile mid-sized male, and includes 17 principal segments. They are: 1- Head,,
2- Neck, 3-Thorax, 4-Abdomen, 5-Pelvis, 6-Right Upper Arm, 7-Left Upper Arm, 8-Right Forearm, 9-
Left Forearm, 10-Right Hand, 11- Left Hand, 12- Right Thigh, 13- Left Thigh, 14- Right Calf, 15- Left
Cdf, 16- Right Foot, 17- Left Foot. Inertia properties were specified for each segment and included the
mass, center of mass, magnitudes of the principal moments of inertiaand the orientation of the principal
axes. It was required that the manikin and segment surface shapes conform to the mid-size mae.

Buoyancy adjustments would have to be evenly distributed within each segment space about the long
bone. Joint resistance requirements were to reflect an unconscious PFD user and adjustable joint
res stance was required to Smulate an appropriate muscular joint res stance for each articulated joint. The
manikin was aso required to have built in variable ballast to fine-tune the final buoyancy and to account

for future weight growth for instrumentation.

2.2.1 SWIM Mechanical System.

The SWIM’s mechanical skeletal structureis made of stainless steel, aluminum, high molecular weight
polyethylene, and delrin. Each of the 17 segmentsis molded of vinyl with closed cell foam benegath the
skin. The floatation vest is made of 5/16-inch neoprene and the chest floatation inserts are made from
DOW® HI 100, high density Hygrofoam type 4.



The SWIM houses a suite of sensors used to measure and
record the whole body and individua segment movement.

Each mgjor joint contains asensor (for atotd of 21), figure 1,
which documents that segment’ s movement (arc distance and
direction of
rotation) relative
to the adjacent
segment.  The
chest houses the

Figure 1. Joint sensor. data acquisition
system (DAS),

the rechargeabl e battery pack and a six degree of freedom Soprior
sensor package, which measure the whole body movement
in roll, pitch, and yaw. It aso contains a triaxiel
accelerometer to record accelerations in the X, Y and Z
axes. The body dso includesfour pressure sensorsto record "Y’L
the immersion depth of the SWIM. All sensorsare oriented

and cdibrated to the chest cavity, which serves as the

Inferior -

basdline reference point for the measured joint articulations.
The convention for these measurementsis shown in figure
2, which displays the standard for body movement and
rotation. The SWIM’s 17 Segments are the minimum

_ _ Figure2. Standard X, Y, Z planefor
necessary to characterize afloating person. Each of these anatomica messurements.

segment junctions include a joint sensor with range of

motion similar to the human counterpart.



22.2 SWIM Design Changes

Theorigind SWIM, (Macesker, Gareau, 1997), has undergone afew modificationsto improve the design

and flexibility for testing. The following modifications were made:

1. Theemergency inflatable buoyancy device was moved from the mid-abdomen to the head.

2. Thematerid for the chest and head were changed from machined aluminum to polyethylene.

3. Themethod of adjusting the overal buoyancy of the SWIM was changed from inflatable body
segments to a buoyancy vest and a series of buoyancy pockets and ballast system.

4. Thewater ingestion system to estimate the frequency of head travel or dunkings underwater

was removed.

5. Theideaof having springs attached to the segment joints to return them to anormal attitude
emulating an unconscious person in the water was eliminated for this testing.

These modifications are described as follows:
Figures 3 through 9 illustrate the differences
between the origind SWIM design and the
final SWIM astested &t the Indtitute of Marine
Dynamics (IMD). The SWIM skull originaly
machined from auminum and coated with
chrome is now constructed with high
molecular weight polyethylene. This change
was made to lighten the overall weight of the
SWIM and to provide better placement for the
emergency floatation system figure 3. The
emergency inflatable floatation bag originaly
housed in the lower @bdomen isnow housed in

the skull aong with the pressure release

BREAKAWAY SKIN

FLAPS AND
FLOATATlO@;G
'- PRESSURE
O o RELEASE

Assembly.

mechanism and CO? cartridge. The system is triggered by adepth sensor, and the bag inflates through

flexible skin flapsin the forehead.



Figure 4 isafront view of the SWIM as tested without the floatation vest. Figure 5 illustrates the old
SWIM design. The indentations shown on the mid thigh and similarly incorporated into each major
segment are air valves which were used to partiadly inflate the manikin segments to adjust buoyancy.

.,\,,J,Jf i

Figure4. SWIM astested without
floatation vest. Figure5. Old SWIM Design.
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Figure 6. SWIM open-chest cavity with DAS and batteries.

Thisinflation technique tended to delaminate the core foam from the skin and was dropped in favor of
aweighting system using buoyancy pockets which are discussed later in thisreport. Figure 6 showsthe
SWIM in adisassembled state revealing the open chest housing the DAS and sensor container, batteries
and aso showsthe O-ring sedls and bolt pattern which provide the chest with water tight integrity. Figure
7 isshown to illustrate the changes between the two. This figure shows the auminum and delrin chest
assembly of the old SWIM design. Asshown the DAS, internal sensors and battery pack is housed in the
chest and the chest was covered with avinyl skin. Theoriginad SWIM design wasto havetwo fixed Sizes
of chest skins, to dlow the SWIM to duplicate avariety of people who tend to float or snk in the water.
In figure 5 the opening in the mouth insert can be viewed. This opening was the inlet for the water
ingestion system. This system wasto alow water to collect through this opening into acollection bag in
order to correlate how much water an unconscious person may ingest. Thisideawas not ingtituted for this
testing. Springswere to be instaled on each primary joint. These springs, when the SWIM was floating
in the water with the joints unlocked and the segments subjected to water forces of waves, would dowly
move the segments back to a preset position much like that of an unconscious person. The springswere
an idea devel oped after the manikin was completed and proved too complex for integration into the design
for these tests, however, incorporation into the design at alater time may be possible.

11



back chest
skin

caivelore dlnps

o ot chest sk, <

Figure 7. Old SWIM auminum and Delrin chest cavity with skins.

The front and rear view of SWIM in figures 8 and 9 show the SWIM as tested with the neoprene
floatation vest attached and the rigid foam floatation insertsinside.



Figure9. SWIM rear view astested at
IMD.

Figure 8. SWIM front view astested at IMD.



2.3 WAFAC Overview

The Water Forces Analysis Capability (WAFAC) model (Shams, 1996) was developed by GESAC INC.
under contract to the U.S. Air Force. The WAFAC modd predicts human body response to still water
or to wave conditions. Thismodel can be used to eva uate the effects of body motion in water with and
without a PFD attached. The model employs linear wave theory to determine the forces on a submerged
body. The forces include buoyancy, wave excitation effects, added-mass, damping, drag, and lift.
Incident waves are defined by the wavelength, wave amplitude, and phase angle. The model predicts
gross body motion and individua segment accelerations, velocities, and displacements. Buoyancy, added-

mass, drag, lift, and wave forces are calculated in user-defined reference frames.

Theitems of information required to describe the motion of a person wearing a PFD floating in wavesfor
the WAFAC mode are: 1) adescription of the water surface and water forces acting on the subject; 2)
a complete description of the subject in the water, including characterization of individual-linked
segments with their ssgment contour geometry, segment locations, mass-moment-of-inertia, center of
mass, buoyancy, and joint torque definitions; and 3) a smilar description of the PFD attached to the
subject.

The solution of fredly floating bodiesin surface wavesis difficult. The WAFAC model approach uses
potential flow theory and employs aviscous treetment in the form of drag and lift effects. Developing a
useful model for this application is an iterative process. WAFAC is based on an empirical approach
where coefficient vaues for damping, added mass, and lift will be assumed from smple shape
experiments and computer sengitivity studies. Experimenta data on linked segments followed by whole
body tests will need to be collected. A full size instrumented floatation manikin is aso basic to
conducting correlation experiments to fine tune and define the range of practica usefulness of the
anaytica modd, i.e, SWIM. The data collected through testing of the SWIM will aid the iterative
process of coefficient development for the WAFAC program. Intime, SWIM and the WAFAC program
will result in avaidated computer simulation capability to predict the dynamic behavior of a person
wearing a PFD in rough water conditions. In addition, they could be used by manufacturers asatool to
mode and optimize surviva equipment (PFDs) for boaters and seafarers, as well as set standards for
approval.
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The WAFAC smulation model predicts the effect of various hydrodynamic forces on the overall motion
of amode of ahuman with or without aPFD. The computer model has been integrated to work with the
generd-purpose occupant Smulation programs DY NAMAN and ATB. These programs are usudly used
in predicting the kinematics of occupantsin high acceleration environments as seen in vehicle crashes or

arcraft gection.

The human being (or its surrogate, a dummy) is modeled using a set of linked segments, where the
segments represent the various parts of the human or dummy, such asthe head, neck, arms, legs, etc. The
inertial properties of each segment are represented by a mass and by the three principal moments of
inertia. Thelink between adjacent segments are model ed using joints with variousjoint properties that
describe the torque versus angle response as one segment is rotated relative to its neighboring segment.
The shape of each segment is represented using dlipsoids. The elipsoids are normaly treated asrigid,
though for interactions with vehicle panel's, some degree of deformation can be modeled.

The WAFAC modd computes buoyancy, wave-excitation, added-mass, and drag forces acting on a
human or dummy model immersed in water. Capability was also added to the Ssmulation program to
cd culate awave-making component of the force, when the élipsoid is near the surface of thewater. The
contribution due to this force was based on the work done by (Reynolds, 1993). Sea states can be
approximated by the superposition of up to ten regular waves of different wavelengths and amplitudes
or by asingle regular wave of amplitude and frequency derived from satistical models of sea states
encountered in real ocean environments. A more complete description of this development effort has
been given in (Weerapulli, 1992). The WAFAC modd treats the €llipsoids associated with a system of
linked segments as a set of discrete dlipsoids when computing water forces acting on the whole system;
i.e.,, the water force acting on each elipsoid is evaluated separately without alowing for either the
blocking effects of closely located dlipsoids or the effects of overlapping elipsoids. The mode aso
disregards the effects of neighboring ellipsoids on the local flow pattern around a given elipsoid.

The postprocessor used for examining the output from the simulations is a modified version of the
DYNAMAN postprocessor, which allows the user to look at plots related to the various components of
the hydrodynamic forces, such asthe hydrostatic drag, added mass, and wave excitation.
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2.3.1 Mode Validation Objectives

Until the current series of testswith SWIM, the WAFAC modd had been checked using the single and
hinged dllipsoid tests conducted previoudy a IMD (McKenna, 1994). The current exploratory testing
with SWIM was designed to eva uate the ssimulation model using the full manikin shape and point out
areas Where additiona improvements would be needed or better definition of input datarequired. Some
of theinformation that was expected from the testing was:

1. Develop experimenta error margins for different initial conditions, based on repesat tests. This
provides alower limit on the accuracy required from the smulations.

2. Obtain effective drag coefficients for the whole manikin in different orientations. It may be possible
to use the single, effective drag coefficient in place of the individua drag coefficients for each
elipsoid.

3. Determinewhich part of the manikin kinematics is modeled well and which part is not. Reasonable
replication of the motion of some parts will be considered essentid for the program to be treated as
avaid modd. For example agreement in the position and orientation of the torso as function of time
(within acceptable limits) will be an important aim of the model. Since the joints were locked in
amost dl the tests, these would not be able to resolve how well the kinematics of each individual
segment was being predicted.

4. Determine if there is better agreement of such variables as freeboard, repose angle, submerged
volume, etc. when examined over longer time periods. That is, does the model make better
predictions of the kinematic state of the manikin after initia transgent motions are over. For
evauation of PFDs, the long term behavior of the manikin is of great interest and the mode should
be able to do thiswdll, even if it shows discrepancies during theinitial motion.

5. Evduate which components of the water forces are being smulated well and which arenot. There
are five principa components comprising the water forces, namely: buoyancy, drag, added-mass,
wave damping and wave excitation. The resultsfrom the tests should tell us the following about these
components:

a Itisexpected that the buoyancy or hydrostatic force should be modeled fairly well, and if any
discrepancy arises it would be from miscalculations in the actua volume being submerged.
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b.  Thehydrodynamic coefficientsfor drag, added mass, and wave damping are based on anumber
of smplifying assumptions and the smulation of the tests should point out how well these
assumptions are working.

c. Simulationsof thetestsin waveswill provide an indication of the suitability of the assumptions

used in modeling the wave excitation forces.

2.3.2 Preiminary Model/Computer Simulations

Prior to the smulations of the actua SWIM, a series of preiminary smulations with WAFAC were
carried out using characterization data for a Hybrid Il dummy, (Smilar data for the SWIM was not yet
available). The overdl inertia characteristics of the dummy, which is meant to represent a 50th percentile
adult male, was expected to be smilar to that of the SWIM. Simulations were performed for the bottom
release testswith the different initia configurations, i.e. vertical, horizontal, and right-angled.

In dl of these configurations, al of thejoints of the dummy werelocked. Different values of the drag
coefficient (CD); added mass (Ca); and release depth (D), (of the lower torso’s center of gravity (CG)
from the water surface) were used to see the how these influenced the motion. The same drag and added
mass coefficients were used for al segments. The principa output parameters that were watched were:
the velocity of the head at the timeit reached the surface, the rise time for the head to reach the surface,
the maximum displacement of the lower torso, the maximum displacement of the head CG above the
water surface (freeboard), the approximate heave period, the maximum rotation angle achieved by the

dummy, and the pitch rotation period. All units given below are in inches and inches/sec.

The results from the smulations indicate:

* Thetimeto riseto the surface from a given depth, isrelatively constant for various configurations.
with adrag coefficient of 0.5 (for al segments) the following was obtai ned:
e depth of 100in (of lower torso CG): risetime=4-5sec
e depthof B0in: risetime=2- 3sec
e depthof 30in: risetime=0.5sec
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» Therisetimeincreases with increasing drag, as expected. Doubling the drag coefficient from 0.5to
1.0, increases the rise time by about 20 — 25 percent.

» Equilibrium velocities, when the drag forces roughly baance the buoyancy forces, are reached only
for sufficient release depths. E.g., at release depth of 100 inches, equilibrium velocity is reached, but
at release depth of 50 inchesit isnot.

* Equilibrium velocities arein the range of 25 - 30 in/sec.

» For releases from depths >50 inches in the horizontal and vertica configurations, the maximum
displacement of the head CG above the water surface wasin therange of 10 - 13inches. The heave
period averaged about 2 sec. For the bent configuration, the body rotated to a position where the
lower torso was higher than the legs, and the head stayed under the water surface. The heave period
for this configuration was also about 2 sec.

* Thereisggnificant horizonta displacement of the dummy for both the horizontal and vertical release
configurations. These motions arise because the center of buoyancy is separated from the CG of the
body. For the bent configuration, the horizontal displacement isless.

» Thereissgnificant rotation for the horizontal and vertical releases. The body continuesto perform
rotational oscillations after it encountersthe water surface. Thetypica rotation period is about 2 sec.
For the bent configuration, there was Sgnificant initia rotation, but little after an equilibrium position
was obtained. The rotation period was about 4 sec.

2.4 Data Requirementsfor WAFAC

24.1 Integration of SWIM Instrumentation with DY NAMAN Post-Pr ocessor

One of the features of the DYNAMAN post-processor, used to view the kinematics predicted by the
simulations, is the cgpability of comparing it with the experimenta data obtained from an equivaent test.
The experimentd data are the output of the sensors in the SWIM, which are acquired by the Data
Acquistion Sysem (DAS). Thisindudesthe accelerometers, rall, pitch, yaw sensor, rotary potentiometer
sensors, and four pressure transducers. The accelerometer data were intended to be used to obtain
displacements of the CG of the dummy relative to alaboratory coordinate system (by twice integrating
the accelerations). Therall, pitch, and yaw sensors were to be used to obtain the orientation of the upper
torso (where these sensors were located) in time. The orientation would actualy be used with the
acceleration data to track the motion of the CG, since the accel erations are being measured in the body
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coordinate system which isrotating over time. The rotary potentiometer data could be used to describe
the relative motion of each of the movable ssgmentsin the SWIM. Findly, the pressure transducers could
be used to define the depth of the dummy relative to the water surface. Thus, with al the sensor data, it
would be possible to describe completely the motion of the SWIM in water.

During preliminary testing in September 1998, the software was checked out against the sensor data, and
the dummy position was successfully reconstructed. During thistesting, it was found that detafrom the
roll and the pitch sensors could not be acquired a the same time. It was decided that for the test
configurations planned for the SWIM, the pitch angle measurement was more important. The checkout
of the software required proper definition of theinitia values of al the sensors, and the relative polarity

of therotation sensors, i.e. which direction of rotation resulted in increasing or decreasing angle values.

2.4.2 Initial SWIM Data

The necessary data, which describes the SWIM, were supplied to the U.S. Coast Guard by Veridian and

included:

1- Mass and moments of inertia data of the various segments, including the location of the center of
gravity.

2- Geometrica datadescribing the sizes of the segments congtituting SWIM. The mode requiresthe
various segments to be approximated by elipsoids, and the data consists of the semiaxes of these
ellipsoids aong with the location of their centers.

3- Locations and properties of joints connecting two adjacent ssgments. The joint propertiesinclude the
resgtive torque generated when the relative angle between the segments is changed, as well as

frictiona and viscous torque at the joint.

The SWIM was modeled using 16 segments corresponding to the following dummy regions:

1. Lower torso: includes the pelvis and associated flesh and half of the lumbar spine

2. Upper torso: includes the chest up to the base of the neck and the remaining half
of the lumbar spine; includes all the region between the shoulders and
down to the hips

3. Neck: the segment between the upper and lower neck joints

4. Head: the segment above the upper neck joint

5. Rightupperleg:  segment between theright hip and the right knee

6. Rightlowerleg: segment between theright knee and right ankle

7. Right foot: segment below the right ankle
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8. Left upperleg:
9. Léftlowerleg:
10. Left foot:

11. Right upper arm:
12. Right lower arm:

13. Left upper am:
14. Left lower am:
15. Right hand:
16. Left hand:

These segments correspond to actual hardware segments and also include the flesi/skin that coversthe
corresponding segment.  The inertid and geometric measurements were made on these individua
segments. The datawere supplied for both the ballasted and non-ballasted configurations. Asoriginaly
ddivered, ballast weights were added to the upper torso (thorax), left and right upper arms, left and right
lower arms, left and right upper legs, and left and right lower legs. The tota ballast weight was
approximately 17.5 Ibs. (8 kg). Based on theseinitial data, initial smulations were performed with the
WAFAC mode. From these smulations, the initid estimates of the center of gravity and center of
buoyancy were determined for both the fully balasted and non-ballasted cases. Table 1 shows the
distribution of masses and dllipsoid sizes asinitially supplied for the fully ballasted case. Table 2 shows

segment between the left hip and the left knee
segment between the left knee and left ankle
segment below the left ankle

segment between the right shoulder and the right elbow
segment between the right elbow and wrist

segment between the left shoulder and the left elbow

segment between the left elbow and wrist
segment beyond the right wrist

segment beyond the left wrist

the equivaent data for the non-ballasted case.
Table 1. Distribution of masses and elipsoid sizesfor SWIM segments (ballasted).

No. | Segment | Symbol| Mass |Semiaxis|Semiaxis|Semiaxis| Ctr Off | Ctr Off | Ctr Off
(LB) | X(in) Y (in) Z (in) X (in) Y (in) Z(in)
1 [LoTorso| LT |14.22 4.9 6.94 6 0 0 -0.27
2 |UpTorso| UT 55.4 5.6 7.16 9 0 0 0.5
3 Neck N 3.86 2.7 2.28 4 -0.1 0 -1.1
4 Head H 10.36 4 3.1 5 0.5 0 0.4
5 |RtUpleg| RUL | 16.25 3.3 35 114 0.15 0 14
6 |RtLoleg| RLL 947| 2.36 2.23 9.45 0 0 0.8
7 Rt Foot RF 1.82| 5.22 1.6 1.52 0 0 -0.9
8 |LtUpleg| LUL |16.25 3.3 3.5 114 0.15 0 14
9 |Ltloleg| LLL 947| 2.36 2.23 9.45 0 0 0.8
10 Lt Foot LF 1.82| 5.22 1.6 1.52 0 0 -0.9
11 |RtUp Arm| RUA 4.19| 2.07 1.64 6.88 0 0 0
12 |RtLoArm| RLA 346| 1.775 1.775 5.8 0 0 1.2
13 |LtUpArm| LUA 4.19| 2.07 1.64 6.88 0 0 0
14 |LtLoArm| LLA 346| 1.775 1.775 5.8 0 0 1.2
15 | RtHand | RH 0.66| 1.87 1 3.65 0 0 0
16 | LtHand LH 0.66| 1.87 1 3.65 0 0 0
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Based on the preceding data, the following characteristics for the whole dummy, in fully ballasted
condition, were obtained.

Tota Full Ballast Wt = 1555 LB

Total Height =68.8in

Tota Vol. (separate ellipsoids)= 4760 in®
Total Displaced Wt (sep. dllip) = 172.2LB
Net Buoyancy = 16.7 LB

Esimated CG=X =211in,Y =0,Z=-385in

(from bottom corner of hedl)

Estimated Buoyancy ctr =X =2.20in,Y =0.,Z=-37.6in

(from bottom corner of hedl)

NOTE 1: Thetotal displaced volume, for afully immersed dummy, was based on the assumption that
there was no overlap between the dlipsoids. Thiswas not totaly true for the €lipsoids as defined above.
Modifications to the initid elipsoid sizes were done to bring the expected buoyancy closer to the
measured va ue.

NOTE 2: The SWIM datasupplied to the Coast Guard wasin English units. These unitswere retained

for al the smulations. Most of the graphica plots were converted to metric units.

Table 2. Distribution of masses and dlipsoid sizesfor SWIM segments (hon-ballasted).

No. | Segment | Symbol| Mass | Semiaxis | Semiaxis |Semiaxis| Ctr Off | Ctr Off | Ctr Off
(LB) | X(in) Y (in) Z(in) X (in) Y (in) Z (in)
1 loTorso | LT |14.22 4.9 6.94 6 0 0 -0.27
2 |[UpTorso| UT [49.03 5.6 7.16 9 0 0 0.5
3 Neck N 3.86 2.7 2.28 4 -0.1 0 -1.1
4 Head H 10.36 4 3.1 5 0.5 0 0.4
5 |[RtUpleg| RUL [13.96 3.3 35 114 0.15 0 14
6 |[Rtloleg| RLL | 7.46 2.36 2.23 9.45 0 0 0.8
7 Rt Foot RF | 1.82 5.22 1.6 1.52 0 0 -0.9
8 |[LtUpleg| LUL [13.96 3.3 35 114 0.15 0 14
9 |[Ltloleg| LLL | 7.46 2.36 2.23 9.45 0 0 0.8
10 Lt Foot LF 1.82 5.22 1.6 1.52 0 0 -0.9
11 |RtUp Arm| RUA | 3.55 2.07 1.64 6.88 0 0 0
12 |RtLoArm| RLA | 2.78 | 1.775 1.775 5.8 0 0 1.2
13 |LtUpArm| LUA | 355 2.07 1.64 6.88 0 0 0
14 |LtloArm| LLA | 278 | 1.775 1.775 5.8 0 0 1.2
15 | RtHand RH | 0.66 1.87 1 3.65 0 0 0
16 | LtHand LH 0.66 1.87 1 3.65 0 0 0
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Based on the preceding data, the following characteristics for the whole dummy, in fully ballasted
condition, were obtained.

NoBalast Wt=1379LB

Total Height =68.8in

Tota Vol. (separate ellipsoids) = 4760 in®

Total Displaced Wt (sep. elip) = 172.2LB

Net Buoyancy = 34.3LB

Edtimated CG=X =2.18in,Y =0,Z=-39.0in

(from bottom corner of hedl)

Estimated Buoyancy ctr =X =2.27in,Y =0.,Z=-37.5in
(from bottom corner of hedl)

These preiminary estimates would have to be verified by actua measurementsat IMD.

2.5 Test Plan Overview
Three types of tests were conducted with the SWIM. For each type of test, anumber of configurations
were used to vary theinitial conditions. The basic types of tests and their initia configurations are:

1. Bottom release tests from equilibrium
The manikin was rdl eased from measurableinitia conditions bel ow the water’ s surface. Two underwater

The manikin was rel eased from the following initid positions; as depicted in figure 10.

Configurations:

lla from aface-up and flat-on-the-back position with al jointslocked, (figure 10, configuration 1).

1.1b from aface-up and flat-on-the-back position with al joints locked and with greater weight
redistributed to lower limbs, (figure 10, configuration 1).

12a fromavertica stand-up position with al jointslocked, (figure 10, configuration 2).

12b fromaverticd stand-up position with all joints locked and with more weight redistributed to the
upper body, (figure 10, configuration 2).

13  fromabent-at-the waist position with al jointslocked, (figure 10, configuration 3).
The buoyancy of specific components of SWIM were adjusted using the foam/Delrin/lead plug inserts

to assess the sengitivity of buoyancy over drag effects. SWIM’s Data Acquisition System (DAS) collected
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data from these tests. The tests were repeated a minimum of three times to develop a repestability
envelope. At least two different depths were used for configurations 1.1 and 1.2 to provide information
for estimating an effective drag coefficient for the whole manikin

T

Test Configuration 1 Test Configuration 2 Test Configuration 3
ojointslocked ojointslocked ojointslocked
01(a) normd outfit 0 2(a) normd outfit
01 (b) redigribution of weight 02 (b) redigribution of weight
tolower limbs tolower limbs

Figure 10. Bottom release tests from equilibrium (IMD tow tank)

2. Push-glide tests a the water surface

The push-glide tests consisted of a push of the manikin aong a horizontal path parald to the water's
surface, dlowing the manikin to glide a ong the surface severd feet beforeitsinherent buoyancy begins
toright itself. SWIM was pushed by the wave tank carriage. The carriage was brought to a stop which
allowed the manikin to float free. Two in-air digital cameras were used to track the trgectory of SWIM
for post-test digitization. The manikin was face down and pardld to the water-plane with dl jointslocked.
The manikin was rel eased from the following initia positions.

Configurations:

2.1a head forward with al jointslocked
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21b  head forward with al joints locked and with more weight redistributed to lower limbs
22a feet forward with all jointslocked
2.2b  feet forward with all jointslocked and with more weight

redistributed to lower limbs

Figure 11 illugtrates the test configurations. SWIM’s DAS collected datafrom these tests. The testswere
repeated a minimum of three times to develop a repeatability envel ope.

s

Test Configuration 1 Test Configuration 2
ojointslocked ojointslocked

Figure 11. Push-Glide Tests  (IMD Tow Tank)

3. Whole body testsin waves
Thistest requires the use of the wave-making towing tank at IMD. Whole-body testing with the joints
locked and unlocked were performed for the following manikin positions,

Configurations:

31 fromaface-up and flat-on-the-back position with all joints locked

3.2  fromavertica stand-up position with al joints locked

33 fromadightly bent-at-the waist position with al joints locked

34  fromadightly bent-at-the-waist position with al joints unlocked

35  fromadightly bent-at-the-waist position with al joints unlocked and with joint
recoil springsinstalled

Figure 12 illugtrates the test configurations. SWIM’s DAS collected datafrom these tests. The testswere
repeated a minimum of three times to develop a repeatability envel ope.
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Test Configuration 1 Test Configuration2  Test Configuration 3 Test Configuration 4 Test Configuration 5
o joints locked ojointslocked o joints locked ojointsunlocked w/o o joints unlocked w/o
recoil springs recoil springs

Figure 12. Whole Body Testsin Waves (IMD Tow Tank)

2.6 IMD Tedt Facilities

The Testing for SWIM was performed at the Ingtitute for Marine Dynamics (IMD) in St. John'’s,
Newfoundland, Canada. IMD is a branch of the National Research Council of Canada, the principal
science and technology agency for Canada. IMD was established in 1985 to provide solutions and
technical support to Canadian ocean technology industries. The towing tank used for the testing of SWIM
is arectangular tank 200 meters (656.17 ft) in length, 12 meters (39.37 ft) in width and seven meters
(22.97 ft) deep. A computer controlled dud flap hydraulic wave generator is supported at one end of the
tank, which can create one-meter high regular waves or 0.5 meter irregular waves. A 10.5 degree beach
Is supported on the other end for wave absorption with two trim dock areasfor additiona testing. An 18-
ton carriage spans the tank supported on both sides of the tank by railroad type tracks. The carriage
contains computer control for the wave maker and carriage propulsion, with additional computers to
support the measurement systems and sensors for the testing of model hulls as well as the mechanical
support and interface for the models or devices under test. The Institute contains two other very large
testing tanks, as well as mechanical, model making, painting and testing areas and al the support
capabilitiesrequired for thiswork. IMD has atechnica staff of approximately 90 people.
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3.0 PRE-CALIBRATION TESTS

R&D Center staff performed some in-water calibration tests with SWIM from 19 through 21 February
In preparation to the actud preliminary testing involving the IMD staff. Actud testing took place between
22 February and 5 March 1999. The following in-water tests were performed.

1- A visud inspection of individua segments and sensor system check was performed on SWIM.
SWIM was shipped from the CG Research & Development Center three months before testing.

2- In-water and in-air overal SWIM weights.

3- Using thetrim dock, load cdll, and crane, anormd outfit test configuration and an off-norma outfit
test configuration were determined.

4- Vdidation of volumetric measurements by incremental immersion of the whole-body SWIM manikin

was completed in the trim dock.

3.1 Weightsand Buoyancy Calibration

During the preliminary set up and testing a number of discrepancies were discovered which effected the
test weight of the SWIM. A brief background and discussion of the solutionsimposed follows. Using the
Air Force ATB modd, two test cases for manikin weights were defined for our preliminary testing which
best represented a 50" percentile person. One weight was that of anormal 50™ percentile manikin and
the second was that of a lighter manikin or off-normal. These two test configurations for the normal
weight manikin include al additional weights and for the off normal manikin no additional weighting
(table 3). The SWIM was manufactured with pre-positioned voids in the torso and appendages called
ballast pockets (figure 13). These pockets are used to modify the manikin’s buoyancy by filling with
welights, to make the manikin heavier and less buoyant, or floatation discs to make the manikin lighter and
more buoyant. The lead weights were provided in the form of 1.5-inch disks of varying thickness, the
floatation discs were made of Styrofoam. Thetota weight difference for the manikin from heavy to light
was designed to be gpproximately 10 percent. These weights are distributed on the gppendages at or near
the center of gravity of each segment. The Upper Torso has two seded balast compartments which hold

26



up to 1250 grams (2.76 1bs.) each, while the Upper Leg, Upper Arm, and Lower Arm each have two
compartments, and the Lower Leg has three. Each bdlast compartment holds one or more discs

depending on the volume of the segment.
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Figure 13. Example of ballast pocket in lower arm.

Additiona buoyancy is added to the SWIM in the form of the floatation vest and inserts which add to the
overal weight as well. The back vedt, front vest and buoyancy pads are constructed of 5/16 inch
neoprene. The front and back vest include pockets on theinside to hold up to atota of five floatation pads
each originally also to be made of neoprene. The normd ouitfit for the SWIM isnineinserts, fiveinthe
front and four in the back. These are 11-3/4 in square. The front vest is secured to the back vest with
Zippersand laces. Thetotal weight of the front vest, back vest and nineinsertsdry is9.7 Ibs. Individua
neoprene pad weights are 163 grams (0.36 1bs.). Table 3 lists the requirements for the original Air Force
norma and off norma manikin weight digtribution and thefinal norma and off norma weighting devised
for these tests.
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Table 3. Origina Manikin Weights and Fina Test Weights (Dry)

Origina Weight Fina Test Weights
--------- Off CG& CB - Off
Normal Normal Intermediate  Norma  Normal
Weight Weight Weight Weight  Weight
(Ibs) (Ibs) (Ibs) (Ibs) (Ibs)
SWIM Weight 138 138 138 138 138
Added weight to each
Segment in Pockets
Upper Torso (UT) 553 0.0 0.0 0.0 0.0
Right Upper Leg (RUL) 2.29 0.0 2.29 2.29 0.0
Right Lower Leg (RLL) 201 0.0 201 201 0.0
Left Upper Leg (LUL) 2.29 0.0 2.29 2.29 0.0
Left Lower Leg (LLL) 201 0.0 201 201 0.0
Right Upper Arm (RUA) 0.64 0.0 0.0 0.0 0.0
Right Lower Arm (RLA) 0.68 0.0 0.0 0.0 0.0
Left Upper Arm (LUA) 0.64 0.0 0.0 0.0 0.0
Left Lower Arm (LLA) 0.68 0.0 0.0 0.0 0.0
Front Buoyancy Vest 2.7 27 2.7 2.7 2.7
Rear Buoyancy Vest 38 38 38 38 38
Float Pads Neoprene(9) 323 323 3.23
Float Pad Styrofoam 0.242 0.242
(4 pad replacement)
Float Pad Styrofoam - 0.339 0.339
(5 pad replacement)
TOTAL WEIGHTS 164.5 14753 156.33 153.68 145.08

In preparation for the sart of testing, the SWIM was|oaded with the weightsin table 3 (Origind Normd),
for amaximum weight set of 164 Ibs. The front and back skin was filled with nine buoyancy pads and
the SWIM was dowly lowered into the water at the test dock. The manikin became negatively buoyant
at thisheavier weight. The negative buoyancy of the SWIM was measured with aspring scde and it was
found to be 4.5 Ibs. negatively buoyant. Calculations were made to find out how many weights had to be
removed to give the SWIM apositive buoyancy of 4.5 Ibs. The two caculated test weight values for our
simulated manikin (from the U.S. Air Force ATB modd input files), werefor al weight and no weight.
It was concluded for ease of computer modeling that rather than remove some weight from all segments,
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it would be more prudent to remove dl the weight from specific segments. The weights from the torso,
upper and lower arms were completely removed. This accounts for dightly over 14 Ibs. The resultant
buoyancy would then be about a positive 10 Ibs. The SWIM was again lowered into the test pool and the
buoyancy measured with a spring scale was 8.5 Ibs. Fina testing weights for the two test cases of a
normal and off normal manikin arefound in table 3, marked as Final Test Weights (dry). Discrepancies
in weights are norma due to water absorption and captive water in crevices of the SWIM. The
discrepancies between some test weights (wet) and dry weights were substantial. This added weight
results in small changes to the overall CB and CG measurements which effect larger changes in the
WAFAC smulations.

3.2 Water Intruson
During the preliminary testing cracks were observed in the right and I eft hip segments (figure 14). Asthe
SWIM was more closaly inspected cracks were found as well in each foot. These cracks or weak points
seemed to be prominent at placeswhere the skin of the manikin was cast at aright angle to fit around the
stainless stedl frame of the SWIM. Inthe E;J_:l "H- 5 585 N B |
feet the cracks were hidden and the feet i S

had to be removed to squeeze out the —
water. Thewater was pressed out of each ;
segment and attempts were made to sed

the crack by melting them together with a :
soldering iron, room temperature Right Pm—iﬁ hﬂ.&ﬂ -4
vulcanizing rubber (RTV), and inner tube Criaclaht ng]lt

type patches. Usualy, not more than a Ll
few ounces of water could be squeezed
out of each segment. The right and left
hip segments were easily removed and
they were measured at one point after the

water was squeezed out. The right hip

segment weight was 1283 grams (2.83
Ibs.)) and the left segment was 1409 grams

Figure 14. Seam crack on right pelvisinsert.
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(3.101bs)) adifference of 126 grams (0.28lbs). If thiswere all due to captive water and one segment is
completely dry this accounts for 4.4 ounces of water. The origina weight for each of these two segments
was 2.13 Ibs. / 966 grams. If this were the original weight each segment had absorbed a significant

amount of water. These cracks continued to be a problem throughout testing.

3.3 Floatation Pads Neoprene/Styrofoam
The back and chest vest which supports the buoyancy padsis constructed of 5/16 inch neoprene with a
pocket inside the front and back to hold additiond pads of neoprene, five in the front and four in the back.
At the gart of the saven meter bottom relesse tests at the origind norma weight the SWIM failed to rise
to the surface onitsown. It was discovered tha the vest with the nineinserts dl made from neoprene lost
much of the buoyancy it has near the surface. At a depth of about 10 feet the neoprene compressed
causing the SWIM to become negatively buoyant. This problem was solved by replacing the neoprene
inserts with ahigh density Hygrofoam® a product of DOW Chemical Company which did not compress
at the test depths used nor absorb water. Solid inserts were made to replace the pads used in the front and
back vests. Theseinsarts were sized so the buoyancy was exactly the same as the neoprene pads repl aced.
Two additiond inserts were made with the same buoyancy asasingle pad. Theweight of the front and
back vest together is 6.5 Ibs. and each of the nine neoprene pads were 167 grams/0.368 Ibs. each. Thetota
weight for the combination of vest and nine padsdry is9.73 1bs. The replacement Styrofoam inserts, one
replacing four pads, measured 11 inches square x 1-inch thick and weighed 109.7 grams (0.242 1bs.); the
second insert, which replaced five of the old pads, measured 11 inches square x 1-3/8 inch thick and
weighed 153.8 grams (0.339 Ibs.); or atotal weight for both of 0.58 Ibs. The overal weight for thefinal
floatation vest and insertsis 7.08 Ibs.; this reduced the overdl weight by 2.65 Ibs.

34 Final SWIM Teg Weight

The changesin weight distribution due to the partia removal of ballast weights, the changesin floatation
pad materid, and the water absorption of the two foot and two pelvis segmentsall play apart in changing
the basic atributes of the SWIM as prescribed for the WAFAC model. The resultant modified weights
for our testing purposes would include: 1) Norma weight with the SWIM vest filled with the five pad
foam insert in front, and four pad foam insert in back with no weight in the torso, upper arms or lower

arms, and full weightsin the upper and lower legs asin table 3; the weight of Normal outfit SWIM dry
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IS 154 |bs,; and 2) Off Normal Ouitfit weight with the SWIM vest filled with the four and five pad foam
insert and no additional weighting in any segment, dry 145 |bs.

4.0 TESTING AND CALIBRATION
4.1 Calibration of SWIM Data Acquisition System
The SWIM contains a miniature, expandable, high speed data acquisition system DAS 32 series
manufactured by EME Inc. (figure 15). The SWIM data acquisition system (DAYS) drives a suite of
sensors to trand ate the manikin’s movement into engineering deta. The DAS contains 32 ana og channd's
— and 16 digital inputs; it requires a PC/AT
' computer and a DOS operating system. The
DASispowered by a12VDC, 5 ampere hour
(Ah), rechargeable NICAD battery pack. The
DAS, battery pack, accelerometers, yaw sensor,
and roll and pitch sensors are housed in the
chest. Four pressure sensors are on the out
board sides of the torso, two at the shoulders
and two at the hips. Joint position sensors are
distributed throughout the SWIM body. The
DAS is programmed and controlled with a

computer through an RS232 interface at up to
115 kbaud. Oncethe DASiscalibrated and set

up for sampling and acquisition, a data scan

Figure 15. DAS and internal sensors.

trigger is accomplished through a hard wire connection or by aremote transmitter. Thistransmitter isalso
used to re-trigger additiona data scans or to shut off the DAS when the number of data runs are compl eted
to conserve batteries. The DAS has a programmable sample rate between 10 Hz and 20,000 Hz. All data
collected is sampled smultaneously and stored onboard in non-volatile memory of 32 megabytes.

Onboard firmware and circuitry provides automatic calibration features for each sensor. Each channel

isshort circuit protected and has programmable gain, offsets, and filtering.
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The 32 sensors on board the SWIM are broken up into three categories of sensors, each requiring a

different method of calibration. These sensors require calibration before each test sequence.

The three types of sensors and cdlibration techniques are;

1-

RCAL Sensors. These sensorsinclude bridge type sensors and include the four pressure transducers,
three accelerometers and roll and pitch channes. RCAL sensors are calibrated eectronically by
selecting the sensor channdl number under the DAS RCAL program screen. The sensor’ s offset and
gain are calculated using that channdl’s Max and Min value and sengitivity by the DAS.

JCAL Sensors. These sensors are generally resistive sensors and include the 21 joint sensors used
throughout SWIM. The RCAL sensors are cdibrated by first selecting the RCAL cdibration screen
and sdlecting achannel. The DAS program steps through a two-point preprogrammed calibration
process (table 4). The sensor, for examplein the case of the SWIM, ashoulder, ismoved to line up
two marks for the first calibration point and the computer makes a measurement at that point, the
sameroutineis used for the second point with a second set of alignment marks. The program then
calculates offsets and gains for that channdl.

NOCAL Sensors. These sensors include other types of sensors which do not fit into the first two

types and include the compass. This sensor is selected through the NOCAL computer screen and
iscalibrated similarly to the JCAL sensor.

Table4 isatable of channd numbers, sensor names, dtatic calibration points where gpplicable, minimum

and maximum vaues of travel (CH 8-20 & 25-32), or minimum maximum eectronic limits (CH 1-7 &

21-24), and engineering units as compiled for the testing. Many of the SWIM sensors have mechanical

limits with marked calibration points aswell aselectrical limits. Figure 16 relates sensors' placements
and sensor channd number to the SWIM. The channels housed in the chest cavity with the DAS and

battery pack are noted.

32



Table4. DAS Channel Setup Data.

DAS CHANNEL NUMBER ALIBRATION ALIBRATION MINIMUM MAXIMUM  ENG
POINT 1 POINT 2 VALUE VALUE UNITS

CH 1 Z ACCELERATION NA NA -2.0 2.0 G’s
CH 2 Y ACCELERATION NA NA -2.0 2.0 G’s
CH 3 X ACCELERATION NA NA -2.0 2.0 G’s
CH4 PITCH NA NA -60.0 60.0 DEG's
CH5ROLL NA NA -60.0 60.0 DEG’s
CH 6 COMPASS NA NA 0.0 360.0 DEG's
CH 7 UNUSED NA NA NA NA NA
CH 8 RT SHOULDER FRONT TO BACK -45.0 45.0 -90.0 140.0 DEG'’s
CH 9 RT SHOULDER SIDE TO SIDE 3.0 46.0 -5.0 150.0 DEG'’s
CH 10 RIGHT ELBOW 6.0 44.0 0.0 140.0 DEG'’s
CH 11 UPPER NECK 0.0 14.9 -5.0 20.0 DEG's
CH 12 LOWER NECK -12.9 46.3 -15.0 50.0 DEG’s
CH 13 RIGHT LOW ARM -20.0 108.0 -25.0 110.0 DEG'’s
CH14 NECKSTO S -32.7 32.7 -35.0 35.0 DEG’s
CH 15 LUMBAR SIDE TO SIDE -7.8 7.8 -20.0 20.0 DEG’s
CH 16 LUMBARFTOB -16.1 2.0 -20.0 20.0 DEG's
CH 17 RIGHT HIP FRONT TO BACK -25.2 50.0 -60.0 100.0 DEG'’s
CH 18 RIGHT HIP SIDE TO SIDE 0.0 24.0 -10.0 60.0 DEG’s
CH 19 RIGHT KNEE 21.4 76.7 0.0 125.0 DEG'’s
CH 20 RIGHT ANKLE -32.7 25.1 -50.0 45.0 DEG'’s
CH 21 PRESS UPPER RIGHT NA NA -0.1 9.5 PSI
CH 22 PRESS LOWER RIGHT NA NA -0.1 9.5 PSI
CH 23 PRESS UPPER LEFT NA NA -0.1 9.5 PSI
CH 24 PRESS LOWER LEFT NA NA -0.1 9.5 PSI
CH 25 LEFT LOW ARM -95.0 20.0 -105.0 25.0 DEG’s
CH 26 LEFT ELBOW 5.0 55.6 0.0 140.0 DEG'’s
CH 27LEFT KNEE 23.6 68.3 0.0 125.0 DEG'’s
CH 28 LEFT HIP FRONT TO BACK -26.3 52.6 -60.0 140.0 DEG'’s
CH 29 LEFT HIP SIDE TO SIDE 0.0 25.0 -10.0 60.0 DEG's
CH 30 LEFT ANKLE -39.0 41.0 -50.0 45.0 DEG'’s
CH 31 LEFT SHOULDER FRONT TO BACK -45.0 45.0 -90.0 140.0 DEG'’s
CH 32 LEFT SHOULDER SIDE TO SIDE 0.0 42.4 -5.0 150.0 DEG'’s
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An explanation of the steps required to take a set of datafollows:

A computer is connected to the DAS through the waterproof connector and the DASisturned on. The
individual sensorsto be used for the test are calibrated. These calibrations are stored in memory aong
with all sensor sengitivities, offsets, spans and test name. The SWIM data acquisition process set up
includes sampling rate, sampling delays, and number of samples, are programmed into the DAS and the
DASisamedto collect data Thewires are disconnected, cgpped for waterproof integrity and the SWIM

is placed in the specific test posture required. The external transmitter istriggered when it istime for a
test, the DA S takes the amount of data as programmed and goes into astandby mode. It isretriggered for
each consecutive test using the remote tranamitter. Each data acquisition sampleis accomplished using
the timing as originally programmed. After dl tests are completed for that series the remote transmitter

triggers the DAS to power down.

The SWIM isbrought out of the water dried off and the computer is attached and the dataiis downloaded
to afiledong with dl the setup information stored inthe DAS. A new test sequence can now be started
with anew cdibration. The complete DAS operation, cdibration and wiring isexplained in the DAS 32,
V7.3C Operations Manual .

4.2 Center of Gravity and Center of Buoyancy Testing

The testing of SWIM included two primary test cases or positions. Thefirgt isthe straight upright
position asif standing with all joints locked with arms at the sides. The second istheright angle or
sitting position. Two important items of information required in these tests to verify the accuracy of

the WAFAC modd are the center of gravity (CG) and the center of buoyancy (CB).

The CG and CB are the points around which the SWIM weights and buoyancy rotate during testing. The
CG and CB measurements were made before the compression problem with the neoprene chest inserts
was realized and replaced with foam. These measurements are dightly in error due to the deviation in
weight and buoyancy from the rigid foam inserts used in the find SWIM tests. Time constraints
precluded retesting. These tests are discussed on the next page.



4.2.1 Center of Gravity M easurements

Two important items of information required in these tests to verify the accuracy of the WAFAC model
arethe center of gravity and the center of buoyancy. Center of gravity measurements were conducted for
the dry SWIM in the laboratory at the normal ouitfit intermediate weight of 156.3 1bs. The CG testswere
conducted for two positions, one the right angle sitting position with forearms locked at a right angle
pardld to thelegs (figure 17), and two the standing straight upright position with al jointslocked (figure
18.) These measurements were made using a platform suspended from a leveled beam with needle
bal ance points on each end. The SWIM was placed on the platform in each position and weights were
added to change the angle of the platform. Using these weights and angles, vectors were calculated
establishing the center of gravity for the SWIM. The center of gravity for the upright ssanding SWIM was
cdculated to be 5.300 inches measured from back of torso, 38.393 inches from the bottom of the feet on
the centerline of the SWIM. The center of gravity for the itting right angle position was caculated to be
11.90 inches from the back of the legs upward, 30.500 inches from the flat of the feet towards the chest.
A brief discussion of how these calculations relate to the SWIM coordinate system is given in gppendix
A.
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Figure 17. Center of gravity (SWING) test right angle position photo and drawing.
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Figure 18. Center of gravity (SWING) test standing position photo and drawing.

4.2.2 Center of Buoyancy Measurements

Center of Buoyancy measurements were made in the test tank underwater at aweight of 156.31bs. CB
measurements were made for two positions, one standing straight upright (figure 19), and the other in the
right angle position with forearms locked in the right angle position pardld to thelegs (figure 20.) Note
for the purposes of CB measurements standing upright and laying horizontaly arethe same. Thejoints
were locked asrequired for each position. During the CB testing aline had to be attached between the
ankles and the neck to keep the SWIM joints from moving out of the right angle position. Thiswasa
problem because the locking bolts on the top of the thigh joints are too smdl to secure the weight of the
legs when the SWIM was lifted from the floor into the water with the overhead crane. Center of buoyancy
tests were made by pulling the SWIM under water from various points aong the SWIM aslisted below
from feet to head and measuring the pitch angle for the SWIM. The CB measurements assumed no roll
during thetesting. The attachment points on the SWIM were asfollows:
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1 CB ATTACHMENT POINTSFOR STANDING POSITION NORMAL WEIGHT

A.

B
C.
D

At rear side center of ankles three inches from the bottom of the feet.

At therear side center of knees, 17.5 inches from bottom of the feet.

At therear side of the shouldersin the center, 55.75 inches from bottom of feet.
At the Head bolt 68.25 inches from the bottom of the feet.

Figure 19. Center of buoyancy measurements, horizontal/vertical position
underwater.

2 CB ATTACHMENT POINTSRIGHT ANGLE POSITION NORMAL WEIGHT

A.
B
C.
D

Center of buoyancy cd culations were made using the measured va ues from the tests and the CG vaues
from the previous test. The CB vaues for the standing upright position was found to be 0.17 inches
forward of the CG or 5.47 inches from the back of the torso, 0.90 inches above or 39.29 inchesfrom the
bottom of the feet. The CB vauefor the right angle sitting position were similarly caculated to be 0.38
inches behind and 1.54 inches below the CG for mark for that position or 10.36 inches measured from
the bottom of thelegs, and 30.12 inches as measured from the feet. A discussion of center of buoyancy

At front side center of ankles, 4.13 inches from sitting position.
At back center of knees 0.78 inches from ditting position.
At front center of upper torso, 23.7 inches from gitting position.
At front head eye bolt 38.89 inches from sitting position.

caculationsisfound in appendix B.



Figure 20. Center of buoyancy measurements, right angle position
underwater.

4.3 Drag Testing of Swim

Drag testing of the SWIM was conducted to measure the drag coefficients through the water. Thisdata
isrequired to accurately model the SWIM movement through the water. Drag testing was conducted in
the test tank using the towing carriage load cells as the measuring device. A test frame was constructed
that would securdly hold the SWIM in the siting position with dl joints locked (figure 21), the horizonta
position (figure 22), and the stlanding pogition. Thistest frame was ingtaled on the carriage-towing fixture
which would securdly hold the SWIM. The carriage dlowed the frame and SWIM to belowered inthe
water. For testing purposes the SWIM was lowered 12 inches below the water surface. Testing was
conducted on the SWIM in an upright face forward, upright back forward, upright left side forward,
upright right side forward, horizontal head forward, horizonta feet forward and right angle face forward,
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right angle back forward, attitudes. Testing was conducted at speeds of 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0
meters per second. The forces acting on the SWIM were measured using the towing carriage load cells

and recorded by the carriage instrumentation. The SWIM was removed from the fixture and the same

tests were conducted to remove additiona drag caused by thefixtureitself. Table 5 isthe resultant drag
coefficients from the drag tests for the SWIM in normal weight and floatation vest inserts. Table6 lists
the drag data.

Figure 21. Drag testing forward direction Figure 22. Drag testing forward direction locked
locked right angle position. horizontal position.

The coefficients appear reasonable, except probably for the difference seen in the sideways motion,
between the forward and reverse directions, since the dummy should provide a symmetrica profile

towards the stream in both directions.

The drag coefficients were used as the basis for the initial estimates of the coefficientsto be used in the
SWIM modding effort. The gppropriate coefficient was for the principa configuration that was modeled.



Veocity
(m's)
0.1
0.2
0.3
04
05
0.6
0.7
0.8
0.9

Table5. Measured drag coefficients.

Configuration Co Co
Forward | Reverse
Horizonta; parallel to motion 67 .65
Verticd; perp to motion 1.20 124
Bent at waist; 81 97
Sideways; rt shoulder towards .80 .90
motion
Table6. SWIM manikin drag data.

(All Measurementsin Newtons) Vertical Verticd Right
Horizontal Position  Right Angle Position  Face Forward Shoulder Forward
Forowad Reverse Forward Reverse Forward Reverse Forward Reverse

0.547 0.681 1074 132 2261 3836 1317 2285

2517 1.724 5393 4501 9186 11389 5543 6421

4.866 3812 12087 11.035 2043 25225 12341 14.153

7.594 6.946  21.155 20.923 35992 45393 2171 25483
10699 11124 32598 34164 55873 71894 33651 40411
14.184
18.046
22.287
26.907
31.904
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4.4 Qualisys[] Video Tracking System

During the bottom release tests and the whole body in
waves tests a video tracking system was used to
provide a secondary method of tracking the SWIM as
it moved through the water. The Qualisysl] tracking
system isaset of two video cameras wired to avideo
monitor and computer. The system aso employs a
series of lights near the cameras. This system was used
underwater for the bottom release tests and above
water for the in wave tests. The system was set up
with two cameras set on underwater towers on each
Sdeof thetest area. In this case the cameras were set
up with aviewing path perpendicular to the assent path
of the SWIM through thewater. Thetest areathat the
cameras can view islimited in space and must be set
up meticulously. Once the cameras are in position
precise cdibration is completed using balls (the size of
golf bals) covered with retro-reflective materia. These

balls are moved throughout the viewing area to make

Figure 23. Qualisystree on SWIM.

sure distance definition throughout is uniform. Thetypica tracking device used with thissystemis caled
atree (figure 23.) Thistree was atached under the lifting bolt of the SWIM on the head and congists of

aseries of very light weight composite rods with aball on top of each rod. Therod lengths vary, which
enables tracking of roll and pitch aswill as acceleration through the water. The SWIM had additiona

retro-reflective tape attached at predetermined |ocations on the body. The results from the Qualisys(]

system were not available for this report, and will be reduced at a later time by the staff at IMD and

reported on.
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50 MODIFICATIONSTO SWIM INPUT DATA
The following modifications were required based on the results of the preliminary testing.

5.1 SWIM Inertial Characteristics

During initial weight measurements by the Coast Guard a IMD with the actual SWIM, a number of

problems were noticed with the data set that had been developed for the dummy. These are described

below:

1 Thetotal weight of the origind, fully ballasted dummy was 73.2 kg (161 1b). Thiswas2.5kg (5.5
|b) higher than the total weight provided in the data set. The discrepancy arose because the data
st did not take into account the normal weight of the chest vest, consisting of the Neoprene outer
jacket and the inner Neoprene pads. The origind data set developed for the U.S. Coast Guard
have to be modified to reflect the actua weights. The additiona weight could be easily absorbed
in theweight of the upper torso segment, but the location of the CG and of the principal moments
of inertiawere affected. These measurements could not be easily repesated, so it was assumed that
because of the symmetric positioning of the vest about the original CG of the chest, it would not
significantly change the location of the CG. The value of the moments of inertia was a more
difficult proposition, but it was assumed that because the rotationa accelerations encountered
would be very low, it would not change thefind results very much. Inertial measurements on the
upper torso with the vest added should be made prior to any future test sequence. Theweight of
the dummy (in air) increased significantly once it was fully immersed. The weight of a wetted
dummy was 76.4 kg (168 Ib), an increase of 3.2 kg (7 Ib). Thus, the added inertia effect would
aso haveto beincluded in the data set used for the smulations. Much of thisincrease was due
to the absorbed water in the neoprene vest. But asmall amount of the increase was due to water
absorbed through small holes in some of the skin segments, specifically theright and | eft upper
thigh flaps and the right and left foot. The skin segments were treasted with waterproofing
materia, and though the problem was not totaly eliminated, the amount of water absorbed in the
segments probably became negligible, and the only consequentid effect was the water absorbed
inthe vest. Thusthe increased inertiawould have to be accounted for by an increasein the upper

torso mass.



2. During the initial tests by the Coast Guard a IMD, it was discovered that the fully ballasted
SWIM would not be buoyant. This effect could be surmised from the fact that the maximum
expected buoyant force on the dummy was 78.2 kg (172 Ib), asgiven in tables 7 and 8. This
buoyant force was over-estimate, asit does not take into account the overlap of the dlipsoids used
to represent the dummy, and it would be reasonabl e to expect that the buoyant force would be less
than the wetted weight of 76.4 kg. From the measurements made, it appeared that the dummy hed
anegative buoyancy of about -2 kg (-4.51b).

3. In order to reduce the effective weight of the dummy, it was decided to set the norma ballast
weight to include the additional weight in the lower extremities and not include the ballast
weightsin the thorax and arms. The ballast weights that were removed amounted to atotal of
4.1kg (9.01bs). Thisreduced theoriginal, fully ballasted, dry weight of the dummy from
73.2 kg to 69.1 kg (152 Ib). This was the configuration selected for the center of gravity
measurements made at IMD. The bdlast weight that remained in the lower extremities
amounted to 3.9 kg (8.6 Ib). This modified balast configuration was defined to be the normal
ballast configuration for the SWIM.

5.2 Madificationsto Segment Datain SWIM Input Data Set

Oncethe CG and CB measurements were available, the predictions of theselocations based on the SWIM
data sets were generated using the DYNAMAN program. For these comparisons, the SWIM was
modeled in both the straight and bent configurations, and the position of the CG and CB was determined.
Differencesin the locations with the experimental data were then examined and the input data were then

adjusted to provide better agreement. This procedure is described below.

5.2.1 Adjustment of Inertial Properties

As discussed the origind weights of some of the segments had to be adjusted. After the fina
configuration was achieved with the Styrofoam inserts, it was possible to adjust only the upper torso
weight from 55.4 Ib to 56.5 |b to achieve the total measured wet weight of 154 Ib. The SWIM weight
only included the ballast weights in the lower extremities. It should be remembered that though the

difference in weight of the upper torso was not large, the underlying reasons for the difference were



significant. The origina upper torso weight included the thorax ballast weight, but did not include the
weight of the jacket and inserts, nor did it account for the increase in weight due to water absorption.
Thusit was somewheat of a coincidence that the loss of ballast welght was essentidly offset by the incresse
in the vest weight and absorbed water.

5.2.2 Adjustment of Ellipsoid Dimensions

The sizes of the dlipsoidsin the origind SWIM data set generated a buoyant force of about 172 |b which
was significantly higher than the actual measured buoyant force of about 157 Ib. This prompted a detailed
evauation of the appropriate ellipsoid sizes based on the CAD drawings for the SWIM. The original
ellipsoid dimensions are overlaid on the SWIM CAD drawingsin figure 24, which show the dummy in
both frontal and sde views. When the drawings were checked, it appeared that the elipsoids representing
severd segments over-represented the volume of the segment. The principal region where this occurred
was the region between the upper torso and lower torso. In the actual dummy, a part of thisregion is
empty, with only the region about the lumbar spine having any volume. This occurred because there was
no skin to fill between the two segments in this region. There was a smilar, though small over-
representation of the volume around the neck region. On the other hand, there was an under-
representation of the volume of the upper torso itself. This probably arose because the original data set
did not utilize the outside dimensions of the jacket with al theinsertswhich increased the X (front-back)
dimensions of the dlipsoid significantly. The new jacket with the squarish, Styrofoam inserts actualy
made the volume larger than could be represented by an ellipsoid shape.
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. Front and sde views of the SWIM with the original dlipsoids overlaid.



In addition to the élipsoid dimensions of the upper and lower torso and the neck, which were not properly
represented, some of the other dlipsoids dimensions were modified to minimize the overlap between
neighboring segments. Asindicated earlier, onelimitation of the current modd isthat the buoyancy (and
drag) is cdculated for each individual elipsoid and thus the overlap regions are counted twice. By
minimizing the overlap, this error could also bereduced. After the sizes were estimated from the CAD
drawing, some small tuning was doneto bring the estimate of the buoyant force closer to the experimenta

vaue. Thefind dlipsoid sizesthat were arrived at are shown in figure 25 in the front and side views.

The modifications madein thedlipsoid szesare shown intable 7. Thetable providesthe origina semi-

axes dimensions and the new ones.

Table 7. Modification of Ellipsoid Sizesfor SWIM Input Data.

Original Dimension (inches) New Dimension (inches)
Segment | x.axis | Y-axis | Z-axis | X-axis | Y-axis | Z-axis
LT 4.9 6.94 6 54 6.94 5.3
uT 5.6 7.16 9 6.7 6.8 9
N 2.7 2.28 4 15 1.6 1.6
H 4 3.1 5 4 3.1 5
RUL 3.3 3.5 11.4 2.8 34 8.2
RLL 2.36 2.23 9.45 2.36 2.23 8.15
RF 5.22 1.6 1.52 5 1.6 15
LUL 3.3 3.5 11.4 2.8 34 8.2
LLL 2.36 2.23 9.45 2.36 2.23 8.15
LF 5.22 1.6 152 5 1.6 15
RUA 2.07 1.64 6.88 2.07 1.64 6.88
RLA 1.775 1.775 5.8 1.775 1.775 5.8
LUA 2.07 1.64 6.88 2.07 1.64 6.88
LLA 1.775 1.775 5.8 1.775 1.775 5.8
RH 1.87 1 3.65 1.87 1 3.65
LH 1.87 1 3.65 1.87 1 3.65
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The following changes were made:

1-

5-
6-

The dimensions of the lower torso were reduced to account for the space between the it and the upper
torso.

The X-dimension of the upper torso was increased by about an inch to account for the jacket and the
Styrofoam inserts.

The dimension of the neck was reduced to account for the space around the lower neck joint and to
reduce overlap.

The dimension of the upper leg was reduced in the vertica direction to eliminate overlap with the
lower leg and lower torso.

The dimension of the lower leg was reduced to diminate overlap at the knee.

The dimensionsfor the head, arms, and hands were not modified.

5.2.3 Adjustment of Ellipsoid Center L ocations

The position of each segment dlipsoid reltive to the ssgment CG was also modified to reflect its correct

position. The segment CG values were obtained from Veridian, and though there was some adjustment

of the upper torso weight, it was assumed that these locations remained unchanged relative to the

hardware landmarks. From the CAD drawings, the changein the position of the élipsoid centersfor those

dlipsoids whose sizes had been modified were noted. Some additiond fine-tuning was performed on the

va ues obtained from matching the CAD drawings by requiring that the experimental CB location would
be close to that predicted by the model. These changes are givenin table 8.
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Table8. Modifications of dlipsoid centersfor SWIM input Data.

Original Center (inches) New Center (inches)

Segment |y \% 7 X % 7
LT 0 0 -0.27 0.3 0 -0.6
uT 0 0 0.5 0.5 0 -0.6
N -0.1 0 -1.1 0.5 0 -0.6
H 0.5 0 04 0.5 0 0.4
RUL 0.15 0 14 0.15 0 2.5
RLL 0 0 0.8 0 0 0.6
RF 0 0 -0.9 0 0 -0.75
LUL 0.15 0 14 0.15 0 25
LLL 0 0 0.8 0 0 0.6
LF 0 0 -0.9 0 0 -0.75
RUA 0 0 0 0 0 0
RLA 0 0 1.2 0 0 1.2
LUA 0 0 0 0 0 0
LLA 0 0 1.2 0 0 1.2
RH 0 0 0 0 0 0
LH 0 0 0 0 0 0

The following changes were made:

1
2- Theupper and lower leg center locations were changed to reflect the changesin dlipsoid sizes.
3- Thefoot center location was changed to reflect the location of the segment CG

4- Thehead, arms, and hand centers were not changed.

The lower torso, upper torso, and neck centers were changed to reflect the change in dlipsoid size.

5.2.4 Check on Buoyancy of Single Segments

The Coast Guard estimated the buoyancy of the individud segmentsin the SWIM dummy by gradualy
immersing it to the levels of individud joints. Though thisis not as accurate as testing the segments
separately, it provides some backup information, which can be used to tune the buoyancy estimates from
the smulation data set. Two estimates are provided to show the possible spread in measuring the
buoyancy values. The first set was generated from average vaues obtained from immersion tests
conducted & both the Coast Guard R&D and & IMD. The second set was estimated from immersion tests
a IMD just prior to the actud SWIM testing (table 9). Both estimates used the older version of the chest



vest with the Neoprene pads. Thusthere may be some difference in the buoyancy of the upper torso, with
the introduction of the Styrofoam pads, though it probably would not be significant since the overal

buoyancy was within one pound.

Table9. Estimated buoyancy of individual segments (from immersion testing).

Segment Buoyancy Buoyancy Buoyancy from
EST  #1 | EST#2(LB) | model (LB)
(LB)
LT 38.0 27 30
uT 55.8 63 62
N 0.2 0.2 0.6
H 9.5 89 9.3
RUL 115 12.3 11.8
RLL 7.0 7.8 6.5
RF 20 22 18
LUL 115 12.3 11.8
LLL 7.0 7.8 6.5
LF 20 22 18
RUA 32 3.2 35
RLA 24 2.4* 28
LUA 32 3.2 35
LLA 24 2.4* 28
RH 0.8 0.8* 10
LH 8 0.8* 1.0
158.3 158.5 156.7

NOTE: *No separate estimation was made for these segments; assumed to be sameasin Test 1
Estimated from test based on tota buoyancy; upper torso could not be checked inisolation
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The two estimates were fairly close and the major discrepancy was in the distribution of the buoyancy
between the lower and upper torsos. It is seen that the buoyancy predicted by the model based on the
segment dlipsoid sizes is farly close to that of the measurement estimates, though there is some
discrepancy in the distribution of the buoyancy between the arms and legs.

5.3 Instrumentation

A number of sensor channels were initialy found not to be operational. Among the ones which would
effect measurement of the dummy kinematics were the roll sensor (channel 5), the lumbar side-to-side
pot (channel 15), the lumbar front-to-back pot (channel 16), the left knee pot (channel 27), and the | eft
ankle pot (channd 30). Channels 15, 27, and 30 were replaced. Since the roll sensor would help in
providing information on the complete motion of the dummy, channel 15 was ultimately used for anew
roll sensor which was glued on to the outside of the dummy. It was decided that for al the important tests,

thejoints would remain locked, thus the origina lumbar rotation would not be required.

Astesting progressed, it was found that the origina pitch sensor had limitation for some configurations.
The sensor range was only between -60° and +60° and did not provide correct results when the dummy
was closeto ahorizontd orientation. A new pitch sensor, which would operate over alarger range, was
then attached to the outside of the chest using channel 16.

During the andysis of the resultsfrom theinitia bottom release tests, it was found that the accel erometer
data gppeared to vary over amuch wider range than would be expected for the dummy’smotion in weter.
Also, when the accelerometer data was examined for these tests, they did not show the expected
resolution, such as an indication of the damped oscillations that one would expected as the dummy
performed heave oscillations at the water surface. It was originally planned to use the accelerations to
derive the digplacements of the CG of thedummy inthe X, Y, and Z directions. For example, the graph
for the accelerations in the X and Z directions for the one of the bottom release test from three meters
(with normal ballast, and straight vertical configuration) is shown in figure 26. A problem with the
accelerometer data may have been that its operational range was much greater than that actually seen
during testing and the resol ution was not high enough to pick up the small changesin acceleration during

the heave oscillations.
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As an dternative, the pressure transducer data was examined to seeiif it could be used to estimate the
vertical motion rdative to the water surface. For the bottom rel ease tests, this motion would provide the
most information. Examination of this data showed that when the deta were differentiated twice to obtain
acceleration, the output appeared reasonable, both with respect to its magnitude and the damped
oscillations. The data from the lower right and left pressure transducers were seen to match well,
indicating that the dummy attitude remained fairly constant during the motion (something that was also
seen in the video coverage of the event). The acce erations derived from the pressure transducer data are

shown infigure 27.

The accelerometers show about the same magnitude of change in the Z acceleration (it should be
remembered that the accel erometer is measuring the body system and there will be some change due to
the pitching of the dummy). But the time interval for the change is about twice in the case of the
accelerometer, which will make the change in vel ocity, twice as much which would makeit too high. It
would appear that the accelerometer is not able to pick up the sharper change seen in the pressure
transducer data.

X & Z Acceleration: Accelerometers
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Figure26. X and Z acceerations for 3 m bottom release, normal balagt in vertica
configuration, as measured by the accel erometers.



Z-Acceleration: Lower Press Sensors
BR-3m; ballast; vert (bram31ns#2)
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Figure 27. Vertica accelerations obtained from pressure transducer data for 3 m bottom
release, normal ballagt, vertical configuration.

An approximate estimate of the desired peak acceleration and the time interval over which it acts can be
made based on the buoyancy force and the visual estimate of therisetime. The buoyancy force is about
four Ibs., which would result in an average accd eration of about 0.03 g of the dummy if therewas no drag
force. The rise time to the surface was about eight seconds. For the dummy to come to a stop in its
vertical motion, the acceleration actualy increases from zero and reaches amaximum, and then decreases
below zero and reaches a negative minimum, o that the net velocity at the end is zero. Assuming that
the rate of increase or decrease of acceleration is constant, then one would estimate about four seconds
for the period when the acceleration is above zero, with a pesk at about twice the average, or 0.069. As
mentioned earlier the magnitudes from the two sources are not different, but the time period when the
acceleration is positive is about the right range for the pressure transducer, but about twice as broad for
the accel erometer.

Examining another test, the 3 m-bottom release with no ballast and vertica configuration, a smilar
Situation is encountered. Figure 28 shows the output from the accel erometers and figure 29 shows the

accel eration computed from the lower pressure transducers.



X & Z Acceleration: Accelerometers
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Figure 28. X and Z accderationsfor 3 m bottom release, no balast in vertica configuration,
as measured by the accelerometers.

Z-Acceleration: Lower Press Sensors
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Figure 29. Vertica accelerations obtained from pressure transducer datafor 3 m-bottom release,
no ballast, vertical configuration.
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It isseen that in this case aswdll, the magnitude of the acceleration change recorded by the accel erometer

istoo high and thereis very little information on the heave oscillations.

The accelerometer data appeared to be reasonable for the wave tests. Figures 30 and 31 show the
accd eration output from the accel erometers and the computed acce erations from the pressure transducers
for the case of the test in waves with frequency = 0.3 Hz (with normal ballast and straight configuration).
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Figure 30. X and Z accelerations for wave tests (frequency = 0.3 Hz), normal ballast in straight
configuration, as measured by the accel erometers.
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Z Acceleration: Lower Press Sensors
Waves (B); ballast; (wanls4#4)
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Figure 31. Vertical accelerations obtained from pressure transducer datafor wave tests
(frequency = 0.3 Hz), normal ballast, straight configuration.

A criticd part of the validation of the WAFAC model centered around whether the model could predict
the basic characteristics seen during a bottom release, namely: the time to rise to the surface; the period
of heave oscillation; and the relative decrease in the amplitude of oscillations or the damping. It is
believed that the pressure transducer data could be used for this purpose, and the bottom release testswere
anayzed using thesedata. A limitation of the data, of course, wasthat motioninthe X and Y directions
could not betracked. The computer model predicts some amount of horizontal drift, and this cannot be
verified using thisdata. This part of the model may have to be verified during afollow-up evaluation.

5.4 Locationsof Pressure Sensors
The positions of the four pressure transducers were an important input. Theinitial depth information was

obtained from these sensors. The locations of the transducers were not available at the start of thetesting
and their estimated locations reléive to the CG of the upper torso were obtained from direct measuremernt.

The locations for the four sensorsarelisted in Table 10.
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Table 10. Pressure sensor X,Y, Z locations.

- Channdl X Y z
(Lr‘;‘fa[t'gﬂp torsg) | NO @ | @ | Gn
Upper right 21 17 5.7 -5.8
Lower right 22 15 45 9.2
Upper left 23 -02 | -59 -6.3
Lower left 24 0.2 -45 10.0

All measurements were relative to the upper torso CG, though the lower pressure transducers are actually
located physicaly in the lower torso. Since the lumbar spine was locked for all the tests, both segments
could be considered asrigidly connected and the location of the lower transducers relaive to the lower
torso CG (which is defined to be the reference segment for the SWIM in the model) could be obtained.
The vertical separation, when the dummy is erect, between the CG of the upper torso and the CG of the
lower torsoisabout 13 inches. Thus, thetypica location of the lower torso CG is about four inches below
the depth found from the pressure transducers. The correction due to the pitch angle was made when the

dummy was at intermediate pitch angles.

5.5 CG and CB Predictionsfrom the SWIM Modé
After making al modificationsto the SWIM data set, the DY NAMAN program was run to estimate the
CG and CB locations for the four basic configurations:

I.  Normal ballast and straight configuration

ii.  Normal ballast and right-angled configuration

lii.  No balast and straight configuration

iv. No ballast and right-angled configuration.

The results from the smulations are provided in the table 11. Comparisons are made with the

experimenta datafor the CG and CB for configurations (i) and (ii) which were the two setups that were

measured.
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Table 11. Comparison of CG and CB values from test and smulations.

Configuration M easurement Test Simulation
Normal bdlast, straight | CG - X (wrt back) 5.28 5.66
CG - Z (wrt heel) -384 -38.7
CB - X (wrt CG) +.17 +.15
CB - Z (wrt CG) -.90 -1.00
Normal balast, rt-angle | CG - X (wrt hedl) -30.5 -30.48
CG - Z (wrt heel) -11.86 -11.75
CB - X (wrt CG) -38 -1.13
CB - Z (wrt CG) +1.54 +.25
No ballast, straight CG - X (wrt back) - 5.61
CG - Z (wrt heel) - -39.77
CB - X (wrt CG) - +.20
CB - Z (wrt CG) - +.02
CG - X (wrt hedl) - -31.06
CG - Z (wrt heel) - -12.29
CB - X (wrt CG) - -.55
CB - Z (wrt CG) - +.78

It isseenthat for the norma ballasted, straight configuration, thereisasmal discrepancy inthe X location
of the CG relative to the back of the torso. This may arise from an error in the final assgnment of the
torso dlipsoid or from the compression of the jacket when the dummy was laid down on the CG
measurement fixture. (It should be remembered that the CG measurements were made using the origina
Neoprene pads whose use was discontinued). Thelocation of the CB (relaiveto the CG) wasfairly close.
If the CB measurements are accurate, this should lead to a close prediction of the equilibrium repose

angle.
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For the right-angled configuration (with normal ballast), there is a close agreement in the CG location
(relative to the bottom of the hedl), but their is a significant divergence in the location of the CB relative
to the CG. The relative loceation, i.e. behind and below the CG, is the same for both the test and
simulation. But the magnitudes are quite different. It isnot known if this discrepancy arose because of
error in the measurement process, or in the possible reaignment of the segment ellipsoids when the legs
were bent. The comparison of the motions predicted by the smulation with those seen in the testswill be
the red judge of the accuracy of the CB values. If thefina repose angle of the dummy issmilar, then it

will indicate that the ssmulation estimates are reasonable.

6.0 SWIM SIMULATIONS

Simulations of al the principal configurations were generated based on the available input data. The
simulations were meant to be an exploratory evauation of the performance of the WAFAC modd with
different initid conditions. In this study, no detailed examination was made of the sengtivity of the output
parametersto different values of the important hydrodynamic coefficients. Asindicated in the previous
section, there were some areas of uncertainty in the SWIM data set to be used for the smulations. These
centered around the precise location of the CG and of the CB relative to the CG. Thetest datafor the
bottom release from three meters were used to tune the input data set so that we were able to get the
closest agreement between the smulation and test results. The principa coefficients were the drag
coefficient, the added mass coefficient, and to a lesser extent the wave-damping coefficient. The
preceding test data were used to sdlect values for these coefficients which appeared to provide good
agreement with the test.

6.1 Determination of Initial Conditions

The initid conditions that are supplied to a WAFAC smulation consist of the initia orientation and
position of the manikin, any initid motion of one or more segments, and theinitial Sate of thejoints, i.e.
whether they arelocked or not. In addition to the manikin data, the Sate of the water has to be described.
For the bottom release and the push-glide tests only the location of the water planerelaiveto apoint on
the dummy hasto be specified. Inthe current smulations, the water plane was made coincident with the
horizontal plane, Z = 0 intheinertia coordinate system. In this case the location of the CG of the lower

torso determines the depth from which the dummy startsits motion. For the wave tests, the description



of the waves are provided essentialy through the wavel ength, wave amplitude, and its direction relative
to the dummy. For the push-glide test, theinitid speed with which the dummy ismoving in water isaso
inputed.

For all the test conditions, it is important to ensure that the initial conditions are maintained up to the
moment the test is initiated. Any forces arisng from the imbalance between the gravitational and
buoyancy forces have to be controlled by constraint forces (such as by usng wires or other mechanisms)
which will keep the manikin in equilibrium until it is released. If any off-balance forces are initialy
present, they will tend to make the motion of the dummy different from the smulation predictions,
especidly during the early stage of the smulation. 1t is expected that as equilibrium is achieved when the

dummy reaches the surface of the water, the differenceswill beless.

The tests were designed such that the motion would be basicaly in the vertical, X-Z plane. All forces
were arranged to achieve this result. Because of small asymmetries in the left and right sides of the
dummy, some off-axis motions entered into the results, especidly over longer time periods and someroll
and yaw motions enter into the picture. In the case of the simulations, adl the data with respect to the
dummy and theinitial conditions are symmetrical, so thereis no maotion outside the X-Z plane. (In redity,
there are smdl numerica errorsthat cregp in which generate non-zero vaues for yaw and roll, but these

are very small with respect to the change in the pitch angle.)

6.2 Egtimatesfor the Hydrodynamic Coefficients
Theinitid estimates for the drag, lift, and added mass coefficients were made based on the results of the
computer smulations performed to predict the motion of theinitid elipsoids tests done by IMD (Shams,
1996). From these tests, the range of values for the drag coefficient ranged from 0.4 - 2.0. The added
mass coefficients ranged from 0.3 - 1.0. In addition, wave damping coefficient valueswerein therange
of :

8=011t00.3; & =0.25t00.54

From the IMD drag tests, we aso had information on the full-dummy coefficients, which ranged from
about 0.6 when the dummy was parald to the flow to 1.2 when the dummy was perpendicular to the flow.
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The right-angled configuration fell approximately in-between.

For most of the smulations, aninitia set of values were used, based on theinitid ellipsoid study and on
the IMD drag testing. If there was significant disagreement in the result with those from the test, then
some parameter variation was performed to see if a closer agreement could be achieved. No detailed
variation was performed during this studly.

6.3 Summary of Simulations

The principal smulations, along with the initial configurations, and the corresponding test data sets are
giveninthetable 12. Test file names are listed and are abbreviated notations for tests. For each condition,
the test data were examined. As noted in the previous section, the accelerometer data were not usualy
reliable. The pressure transducer data were used to examine the vertica motion of the dummy in weter.
Usudly al four pressure transducer locations were used, but normaly, the lower transducers were more
consistent. Since these motions were meant to occur mainly inthe vertica plane, the average of the left
and right Side readings were used as the basis for comparing the smulation results. From the time history
data, the time point at which release occurred was located. Usudly the smulations were performed for
about 30 seconds, which would alow the dummy to oscillate about 4 - 5 times.

6.4 Validation Procedure
The principa parameters that were examined to evauate the ‘ goodness of fit' of the simulation results
with the test were:

1. thedepth location of the CG of the lower torso over time. Agreement in time history would ensure
that the rise time to the surface and the vertical velocity of travel would also agree.

2. the pitch angle of the body over time. This would indicate whether the CB was located correctly
relative to the CG and aso provide information on the rotational drag of the body.

3. For the bottom rel ease tests, the amplitude and the time period of the heave oscillations.

4. For the push-glide tet, the time required for the body to cometo astop and for it to become upright
was also compared.

62



Table12. Description of SWIM smulations.

Configuration Test File RunNo | Test Start Pt (sec) | Smulation File
(relativeto run)

Bottom release br3m31ns 2 67.0 br3mnsl

3 m; norm ballast; vertica

Bottom release brdm31lis 3 925 brdmlsl

4 m; no balagt, vertica

Bottom release br3mlh2a 5 36.0 br3mlsl

3 m; no ballast, vertical

Bottom release br3mnh32 3 78.0 br3mnhl

3 m; norm balagt, horiz.

Bottom release br3mlh2a 2 62.75 br3mlhl

3 m; no ballast, horiz

Bottom release br3mnr32 3 420 br3mnrl

3 m; norm ballast, bent

Bottom release br3mlr32 1 33.75 br3mirl

3 m; no ballast, bent

Inwaves, wanls4 4 40.0 Wansl

f =0.3 Hz; norm bdlast; vert.

Inwaves, wanls4 9 40.0 Whbnsl

f=0.5 Hz; norm balast; vert

Inwaves; wanls4 11 40.0 Wensl

f=0.7 Hz; norm bdlast; vert

Inwaves, whljls3 2 40.0 Whlsl

f=0.5 Hz; no ballast; vert

Inwaves, wbnlr4 4 40.0 Whbnrl

f=0.5 Hz; norm ballast; bent

Inwaves, wbnju 3 70.0 Whbng 1

f=0.5 Hz, norm balag; jts

unlocked:; vert

Push-glide; panjls 4 30.0 Pgnjlsl

v=1 m/s; norm ballat;
facefwd & down;




7.0 TESTING RESULTS

7.1 Bottom Release Tests
Bottom rel ease testing was compl eted
for depths of seven, five, four, and
three meters, with jointslocked in the
upright and right angle positions.
These release points are measured to
the bottom of the SWIM feet and are
nominal but repeat-able depths. The B :
joints were locked to prevent '

Figure 32-A. Above 7-meter
movement of

bottom rel ease test on surface,
the segments end of test.
to make
- Figure 32-B. Left 7-meter
modling bottom release test breaking
eader. The surface.

release

Figure 32-C. Left 7-meter bottom release test haltway
to surface.

mechanism was attached to a Styrofoam float. This
mechanism/float was attached to arope which went through
a pulley attached to an underwater tower and back to the
surface at the Sde of the test tank. The use of this underwater
tower dlowed the rel ease mechanism to be moved to different
meter bottom release ) _
test, test start 7 depths during testing. The SWIM was fastened to the
meters below surface. mechanism and pulled underwater to the stop on the tower.

When the SWIM was stable and at equilibrium under water

Figure 32-D Léft 7-

the data acquigition systems were triggered, a string was

pulled to release the SWIM to float to the surface. Datawere
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taken afew seconds before the release, figure 32-D; during therise to the surface of the water, figure
32-C; breaking the surface, figure 32-B; and for atime, while floating on the surface, figure 32-A. These
data later are used as input data to the WAFAC model program and are compared to the smulation
information using the same weights, buoyancy and characteristics of the SWIM for each series of tests.
Each st of testswas completed threetimes. The measure of this effort isto determine how closdy these
two systems match.

7.11 Bottom Release Tests Summary
The bottom release tests conducted &t three and 4 meters depth were used to compare the SWIM sensor
output data to the WAFAC computer smulation. Bottom release tests at five and seven meters were lost

due to sensor problems and are not recoverable.

The three and four meter bottom rel ease tests with normal ballast and no balast in both the straight and
right angle configuration generally showed very good repeatable for the sets of three tests conducted with
the SWIM. In comparison with the WAFAC mode simulations the profiles for the depth and risetime
to the surface, for those tests, were dso good. The smulation usualy predicted a dower response by one
or two seconds in the rise of the SWIM to the surface than the actual test showed. For the pitch angle
generd wave form comparisons between the test and simulation were good but the actuad angle of pitch
response between the two was not. The test always showed a higher pitch angle and a more dampened
frequency than that of the simulation. Various adjustments were made to the drag and added mass
coefficientsto correct the response of the smulation to the actual test data. These changes reflected an
even closer match between the simulation and test for the depth and rise times for the tests but had only
moderate successin correcting the pitch angle response. It is apparent that better measurements of the CG
and CB need to be made at exact test weights which would include captive water. More accurate
measurements of al the base datawill aid future smulations. The replacement of the accelerometers and

pitch and roll sensorswith sensors of the proper sensitivitieswill positively effect future smulations.

Appendix C containsamore detailed explanation of theincremental changes made to the coefficientsfor
drag, lift, added mass and wave damping for the bottom release testing.
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7.2 Push Glide Tests

The push glide testswere origindly to be conducted a velocities of 0.3, 0.6, and 0.9 m/s, making 3 runs
each with head forward at norma and off-normal weights, and again with feet forward a both weights.
The push glide tests were conducted last because these were the least critical tests. A frame constructed
inan‘H’ pattern was used and affixed to the tow carriage assembly. The frame had 1- inch tapered pins
toward the outboard side of each leg of the H at shoulder width on the front side and knee width on the
back sde. The atachment brackets were mounted to the SWIM shoulders and kneesand asmdl linewas
tied through each with a4-inch loop in the end. The frame was lowered to about three inches above the
SWIM asit floated horizontally in the water face down (figure 33), in normal outfit weight. The loops
in the string were attached over each pin, but it wasimpossible to kegp the SWIM on the frame because
the feet tend to sink. To overcome this, a tether line was attached to the ankles. This solved three
problems: one, it dlowed usto pull thefeet up level with the water until the carriage could move forward,
two, it helped orient the SWIM exactly in the direction of the test; and three, it allowed reverse pressure
on theloops and pins and held the SWIM in place at the shoulders until the test started. During the final
testing only the shoulders were attached to the pins. The towing carriage was programmed for speeds as
above and tests were conducted first at 0.3 nv/s. The result when the carriage stopped was that the SWIM
moved forward very little and when the feet sunk and it righted it bumped the frame. The sametest was
run at 0.6 m/sand 0.9 m/swith smilar results. It was obvious that push glide tests of less than one m/s
would yidd little useful data. One of the problems occurring was the deceleration of the carriage. At 18
tonsit was not programmed to decelerate quickly. The deceleration was adjusted as short as deemed safe
and three tests were conducted again at one m/s. These resultswere good. The SWIM glided forward
about one SWIM length, about six feet, it gently turned toward the right front and righted itself in aface
up attitude of about 15 degrees with the bottom of the nose in the water, figure 34. Further push glide

testing was not completed due to time restrictions.

66



Figure 33. Push glide tests forward and side view.

Figure 34. Final attitude of SWIM during push glide tests.
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The datafrom test PGNJLS (run #4) was used for comparison. The pressure transducer and pitch time-
histories were checked to determine the depth and pitch angle to be used for theinitia condition in the
smulation. The initia conditions from the pressure and pitch sensors from this run provided the

following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 14 inches (0.36 m)
Pitch (from auxiliary pitch sensor-channd 15) -90 deg.

The position of the lower torso CG based on the depth was taken to be 12 inches. The coefficient values

used in this Ssmulation were:

drag coefficient: Co=06
added mass: Ai=03 (for dl directions)
wave damping: a0, a=025,05

No significant changes were made to the coefficients, these values were similar to those used for the case
with the ballasted dummy in bottom release tests. The drag coefficient was smilar in magnitude to that
obtained from the IMD towing tests.

The results are shown in figure 35 and figure 36.
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Comparison: Z position (depth)
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Figure 35. Comparison of depth from test and smulation: push-glide test; normal ballast; horizontal;

face down.
Comparison: Pitch Angle
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Figure 36. Comparison of pitch from test and smulation: push-glide test; norma ballast; horizontal; face
down.

It is seen that the Ssimulation shows amuch faster response than seen in the test, but the magnitude of the
change in depth and in pitch is predicted fairly well. Thereisasmal glitch in the sensor datafrom both
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the pressure sensor and the pitch sensor, which may have been due to some background el ectrical spike.
From the pitch sensor data, it is seen that the simulation predicts that the dummy will upright itself about
2 sec. earlier than actualy seenin thetest. Thistime can probably be controlled by proper adjustment of
therotationa drag as the dummy rotates into its equilibrium position. The amount of glide predicted by
the program was about 50 inches. This appeared to be smilar in magnitude to what was observed
visualy. The actua distance could not be directly compared to test data since the X accelerometer

information showed anomal ous behavior.

7.3 Whole Body In-Wave Tests

The SWIM whole body in wave testing was to be completed at various attitudes using the wave making
capability of thetowing tank. It became apparent after an initia test sequence that it was difficult to hold
the SWIM in some of these initid starting positions without imparting movement to the manikin at the

start of thetest. Tests were completed for the SWIM in the following configurations:

1. Swim outfitted for Normal and Light weight in the vertical position, joints locked.

2. Swim outfitted for Normal weight in the right angle position, joints locked.

3. Swim outfitted for Normal weight in the vertical position, al joints unlocked.
The wave sets used for test purposes were:

Wave Set A = Frequency 0.3 Hz, Length 17 meters, Height 25 cm (10 inch)

Wave Set B = Frequency 0.5 Hz, Length 6.2 meters, Height 25 cm (10 inch)

Wave Set C = Frequency 0.7 Hz, Length 3.2 meters, Height 25 cm (10 inch)

Wave Set D = Frequency 0.5 Hz, Length 6.2 meters, Height 30 cm (12 inch)

Testing inwavefront A or C gppeared to impart little movement to the SWIM for these preliminary tests.
Wave front B and D seemed to provided the stimulation which would yield the best dataoverall. The
SWIM was moved to apoint dightly forward (toward the wave maker) of the hafway mark of the tank
and lowered into the water. The halfway mark was used to permit the longest data run possible before
waves were reflected back into the tank from the beach and till alow asmal amount of datato be taken
in the still water before the first wave encounter. It was also thought that the SWIM would be pushed
back toward the beach with each wave encounter. Small tag lines were attached to the SWIM in order
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to orient the manikin properly to the oncoming wave s&t and to aid in moving the SWIM back to the same
sarting position between test series. One line was threaded over the side of the carriage to the SWIM
head lifting eye and the other on one shoulder. At the start of each test SWIM was oriented perpendicular
to the front of the tank and allowed to reach absolute equilibrium in the water with the lines dackened.
Each test sequenceincluded three tests and started with a perfectly calm water surface. With still water
dataacquigition wasinitiated.

1- Test 1, Data was gathered during the transition from still water to the wave st.
2- Test 2, Data was gathered while under the forces of the wave <.

3 Test 3, Datawas gathered while under the forces of the wave set.

Aseach test progressed the tank carriage was moved backwards as the SWIM moved and returned to the
same starting position after each set of three tests. The following summaries for each test describe the
attitude changes of the SWIM in genera termsfor tests conducted in 0.5 Hz waves with either 25cm (10

inch) or 30 cm (12 inch) waves.

SWIM VERTICAL, JOINTSLOCKED, NORMAL WEIGHT

* CHEST FACING AWAY FROM WAVES, FACE UP, HEAD FORWARD

Asthetest started the SWIM Hoated with achest up attitude at about 20 degrees with the face out of the
water to the mouth. Asthe waves encountered the SWIM the head went under water on the crest and out
of thewater at the troughs to the middle of the neck.

* CHEST FACING WAVES, FACE UP, HEAD AFT

At the start of the test the SWIM floated in the chest up attitude of about 20 degrees with the face out of
the water up to the mouth. Asthe waves encountered the SWIM the manikin dowly turned to the right
approximately 90 degrees, over a period of two minutes and ended up with the right shoulder into the
waves. The SWIM then would then waffle back and forth between 85 and 95 degrees from its starting
point as the waves washed by. With the SWIM on the crest of awave the water was usudly covering the
head to the middle of the forehead. When the SWIM wasin the trough, the water was below thejaw to

the mid neck level. Thiswasthefina non-resting position while in the wave front.
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SWIM RIGHT ANGLE POSTION, JOINTSLOCKED, NORMAL WEIGHT

» BACK FACING WAVES, FACE IN WATER, HEAD AFT

At the start of the tests, the SWIM floated in an attitude with face down in water with only about oneinch
of the back of the head above the surface with the angle on the back about 20 degrees to the surface of the
water, figure 37-A. As the waves washed by the SWIM, the SWIM stayed in the same back-toward
waves dtitude and rocked front to back over about 20 degrees, dternately with the head under and the
lower back just touching the surface (figure 37-B), to half of the head and top of the shoulders bresking
the surface (figure 37-C), to the head under and the lower back just touching the surface (figure 37-B).

A B C
Figure 37. Wavetest right angle, A — start of test, B —head under (wave crest), C —head above water
(wavetrough).

SWIM VERTICAL, JOINTSUNLOCKED, NORMAL WEIGHT

» BACK FACING WAVES, FACE IN WATER, HEAD AFT

At the start of the test the SWIM'’ slegs hung straight down in the water with gpproximately a 35-degree
angle to the back. The SWIM was face down in the water up to the ear line with the back toward the
surface of the water. As the waves encountered the SWIM the water moved to aternately completely
cover the head to having the neck and shoulders out of thewater. The SWIM stayed with the back toward

thewaves.
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SWIM VERTICAL, JOINTSUNLOCKED, NORMAL WEIGHT

* CHEST FACING WAVES, FACE UPOUT OF WATER, HEAD FORWARD

At the beginning of the test the SWIM'’ slegs hung down at about a 15-degree angle to the chest with the
face out of the water up to the chin and the chest facing the water surface. Asthe waves encountered the
SWIM the SWIM turned 180 so that the feet were forward. The waves dternately move the SWIM
between a head underwater position to the front chest and most of the head above water.

7.4 A Summary of Whole Body In-Wave Tests

The whole body in-wave tests were of specia interest in the use of the WAFAC mode, asthisisthefirst
time the software has been tested againsgt this condition. It should be noted again that the pressure
transducers were used for the acceleration and depth characteristics and this was a disadvantage. The
pressure transducers measure depth to the surface of the water. In aperiodic wave set thisvariesasthe
waves pass by and we do not get exactly the same effect as if the wave form were measured by
accelerometers.

1. Inthecaseof the0.3, 0.5 and 0.7 Hz wave front, with normal balast and straight configuration there
was good frequency match between the WAFAC smulation and the test output for both the depth and
pitch of the SWIM. The magnitude of the depth was lower for the test than the smulation and the
pitch magnitude was higher in the test.

2. Inthe case of the 0.5 Hz wave front, with no ballast and straight configuration the frequency match
between the test and smulation was good for the depth. The magnitude of the depth waslower in the
test. The pitch sensor over ranged at 90 deg.

3. Inthe case of the 0.5 Hz wave front with normal ballast in the right angled position the frequency
match for the depth was good but the magnitude was significantly off with the test lower than the
smuléation.

4. Inthe case of the straight unlocked joints, 0.5 Hz wave front with normal ballast there was good
agreement between the test and smulation for the frequency of the depth and pitch. The magnitudes
however were considerable off, both the depth and pitch were much higher in the test than the

73



smulation. For thistest we aso looked at the right hip and right shoulder movement. Theresultis
that the test data show very little movement as compared to the smulation. Thelack of movement
of these two segments was observed during the tests. There gppearsto be a certain amount of binding

of the skins with each other which reduces movement.

In summary, it was learned that making do with sensors which do not have the sengtivity or range
required is not an adequate solution. Also the CG and CB need to be defined more accurately. The
weights of awet and dry SWIM need to be better defined so the solutions, which depend on these
data, ismore accurate. Thein water testswere thefirst chance to usethe WAFAC mode for thistype
testing and with the baseline data collected the outcome is encouraging. There was consistency in
waveforms and frequency in some cases between the test data and the smulations for those same
runs. Some comparisons were close and some were not. With more testing of afully functioning

suite of sensorsin SWIM the outlook for acloser comparison is reasonable.

8.0RESULTS

8.1 Discusson and Conclusions
Simulations using the WAFAC model and DY NAMAN were performed to modd the testing conditions
Set up during test sequence at IMD. The simulations included bottom rel ease tests, wave tests and one

push-glidetest. The main results obtained from the smulations are summarized below.

1

2.

The rise time to the surface was predicted well by the mode for the bottom rel ease tests for al test
conditions. Some adjustment of the initia drag coefficient was necessary to make the agreement
better. But this feature meant that on the whole the buoyancy and drag forces were being modeled
correctly. For the unballasted cases, the smulation usually placed the final equilibrium position
dightly closer to the water surface than seen in thetest. Thiswas probably due to small difference
in the buoyancy being estimated by the program and the actua buoyancy. (No separate CB

measurement was made with the unballasted dummy.)

There was gpproximate agreement in the heave amplitude and frequency, the agreement getting worse

for the cases with no ballast and when the dummy was placed in aright-angled configuration.
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3. Thesimulation mode generdly followed the shape of the pitch time history. The model predicted
correctly the fina configuration for the vertical and horizontal cases with and without ballast. The
normally ballasted right-angled case was aso well duplicated. The smulation predicted shallower
equilibrium pitch angles than seen in the test. This is probably due to smulation placing the CB
dightly off from the actua position. The only serious mismatch was with the unballasted, right-
angled case. Inthis case, the simulation predicted that the dummy would pitch away in an opposite
direction than seen in thetest. It isnot clear what may have produced this effect.

4. For thewavetests, the mode predicted the generd frequency and shapewel. For thewavetest with
the 0.5 Hz frequency and norma bdlast, the more complex motion seenin the test, of the head being
submerged every other wave could aso be duplicated, by proper adjustment of the coefficients. There
was usudly amismatch in the amplitude of the forced oscillation, with the simulation predicting much
higher amplitudes. The smulation and the test data used different frames of reference for measuring

depth, so from thisinitid evauation it was not clear the degree of agreement that actually occurred.

5. The push-glide simulation indicated motion similar to that seen in the test, but did not show agood
numerical match with the limited test data. The amount of glide predicted by the program could not
be directly compared because of the lack sensor data.

6. For theunlocked joint condition the mode indicated that the rotation of the arms and legs was greater

than seen in the test, but was till relatively small for the wave condition used.

8.2 Recommendationsfor Future Modeling

The current smulations were intended to provide a fairly detailed view of the performance of the
WAFAC modd in different conditions. Assummarized, there was generd agreement in the grossmotion
characterigtics such asrisetime, heave oscillation frequency, amount of expected pitch rotation, etc. For
some conditions, especially those involving the unbal lasted dummy, the agreement was not as good and

pointed out the need for improvement in severa aress.
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8.2.1 SWIM Input Data
Asindicated in the earlier sections, there were certain limitations in the input data used for the SWIM

smulations. Theseincluded:

1. Theorigina datadid not take into account the weight of the vest.

2. Theorigina datadid not take into account the dightly different weight distribution resulting from a
wet dummy.

3. The dlipsoid data had to be revised to more closdly represent the actua surface geometry of the
SWIM. This was done using the CAD files for the SWIM, but were not verified on the actual

manikin.

8.2.2 SWIM Measurements

The center of gravity measurements were taken with a dry manikin while the actud testing was with awet
manikin which had adightly different weight distribution. Also the center of gravity measurements and
the center of buoyancy measurements were taken on dightly different dummy setup. The center of gravity
measurements were taken with the origina neoprene pads, while the center of buoyancy measurements
were with the revised Styrofoam insarts. Since the Styrofoam inserts produced adightly different surface
geometry thismay have lead to an error in the location of the CB relative to the CG, especidly since the
CB is very close to the CG location. The correct position of the CB relative to the CG is crucid in
predicting the correct repose angle of the dummy.

The sengtivity of the buoyancy datato the correct measurement of the tie-point application indicated that
these measurements require amore precise procedure. In addition, for athorough validation of the modd,
the buoyancy of theindividual segments had to be thoroughly determined. Only then can the input data
used in the model berdiably verified.

8.2.3 Instrumentation
Theinability to use the accelerometer datalimited the information that could be extracted from the tests.
For thisinitia investigation, this limitation was not critical, since the pressure transducer data appeared

to work correctly and could be used to analyze the bottom release tests fairly thoroughly. But for future
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testing, the data from the accel erometers would be necessary to estimate the amount of horizontal drift

expected in different water conditions.

The lack of reliable accelerometer data also meant that the motion of the dummy with respect to the
|aboratory coordinate system could not be fully established. Reliance was made on the pressure
transducer data which provides information relative to the water plane, which in the case of wavesis
aways changing. Thismade it difficult to directly compare the output from the smulation with the test
data. 1t may be possible to modify the smulation program, to alow output relative to the water plane.
For afew tests, the lack of pitch data meant that the rotational motion of the dummy could not be tracked
properly. Only avery rough comparison could be made between the predictions of the modd and the data
from the test.

8.2.4 Modedling Enhancements

From the results, it gppeared that the SWIM mode performed wdll in predicting the gross motions of the
SWIM dummy. Thetime of rise, the heave frequency, and even the equilibrium repose angle werefairly
well predicted. But the modd can beimproved with anumber of modifications:

1. One area is a closer definition of the surface area than the current elipsoid moddl. A fair
representation of the surface area, and hence the volume of water displaced, is achieved with the
correct dlipsoid Szes. But with the capability of modeling the surface forms more closdly, eg. by the
use of cylindrica shapes, it should be possible to improve the predictions for the buoyant force and
the drag force.

2. The overlap between adjacent dlipsoids should be accounted for. In the present smulations, the
overlap was minimized by athorough evauation of the appropriate dlipsoid sizes that should be used.
However, there were sill areas where either there was some residua overlap or there was avolume

that was not represented.

3. Thecapability of modeling different drag coefficientsin different directions, aswell as, for rotation
should beintroduced. The origina single elipsoid tests indicated that the drag coefficient depended

7



5.

on the aspect ratio presented in the direction of motion. Intermediate directions may be modeled by
some form of interpolations between the coefficients used dong two different orthogonal directions.

Rotational added mass coefficients should be introduced to account for the inertia effects during
rotation of the dummy. For some configurations, there was a significant difference in the time to

reach equilibrium, one reason being amismatch in the rotationa inertia of the body.

The resultsfrom the wave tests a different frequencies show that there isadifference in the optimum
coefficients required. Further examination of this effect is necessary and it may be necessary to
provide an option to have some frequency dependent coefficients, especialy regarding the wave
damping coefficients.

One area of the model that needs more careful checking is the unlocked joint case in waves. The
dynamics of the dummy as a whole is working correctly and the standard joint model has been
verified in normal dynamic conditions. But there were some anomalous results, and it isnot clear at
present whether they are due to problems in the calculations of the moments generated by the
hydrodynamic forces on theindividua segments. A smpler test such asarelease from ahorizontal

position, with unlocked joints may be useful in identifying the problem.

Since afairly close agreement was reached for many of the primary response parameters, it is expected

that none of these modifications would result in any significant change in the model. These changes

should make the model more robust and capable of handling unusua motions of the dummy in water, and

not merely trandational motions.

8.3 SWIM Enhancements
A number of deficiencies were found with the SWIM during testing, and have been reported on in this

report. These deficiencies somein theform of initid datasomein the form of hardware problems need

to be resolved before further testing continues. The following items are identified for these purposes and

arein no particular order of importance.
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The CB and CG measurements need to be remeasured using a dry and wet SWIM where
applicable, for the ballasted and unballasted conditions.

SWIM test weights while wet and dry need to be well defined.

The SWIM floatation vest needsto be ‘pinned’ in some manner to the chest and back so that
it adheresto the SWIM exactly the same at each application.

The SWIM interna accel erometers need to be replaced with accelerometers with the proper
sengitivity to detect the small accelerationsin water.

The Rall and Pitch sensors should be replaced with sensors that can detect and measure as dose
to 360 degree rotation as possible.

A better Y aw angleindicator should beingtaled which has more repestable caibration features.
Thought should be given to an integrated 6 degree of freedom sensor package, which would
include al these sensors.

Present placement of lower pressure transducers makes modeling very difficult, as the
transducers change attitude with the flexing of the lower torso. Changing placement of thetwo
lower pressure transducers should be considered.

A close look at the interaction of the skins of the maor segments with the torso, looking at
freedom of movement should be examined. Consideration should be given to coating those
portions of the segmentsthat rub together with Teflon or asimilar materidl.

New skinsfor theright and left pelvisinsert should be made, because of leaking due to cracks.
New feet should be made, because of leaking due to cracks.

A patch kit of suitable materials and glues should be purchased to insure the timely repair of
tears and cracks during future testing.

The present SWIM chest cavity is machined to exactly fit the batteries and sensor package. In
the event additiona machining is necessary, thought should be given to machining out al the
useable space in the chest and preparing an insert to hold the instrumentation securely. Inthis
manner making room for different or additiona sensorswould require only replacing the insert.
Locking boltsfor the mg or segments should be changed to ahex head bolt. The boltsused to
tighten the thigh joints presently use an Allen wrench format and cannot be tightened enough

to prevent movement of those joints. Larger bolt sizes may solve this problem.
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9.0 CONCLUSIONS

These preliminary tests showed that the generd floatation attitudes of the SWIM in the water can be
adjusted to reflect those of ahuman. Although there was generd agreement between experimental and
analytical results using the WAFAC program, it became apparent that many of the problems discussed
in section 8.2.4 and 8.3 must be resolved before testing continues.

The next step in the development of the SWIM and WAFAC modd will be to fix the deficiencies
identified in the preliminary testing and conduct new measurements on SWIM to establish better basdine
data. Thisnew basdine datawill in turn be used to improve the performance of the WAFAC modd. The
objectives of theinitidl SWIM and WAFAC testswere met. These werethefirst systematic tests of the
SWIM and WAFAC and showed the potentia for both toolsto emulate the other. Thetotal validation
of each tool will facilitate future work within the U.S. Coast Guard and Transport Canada, in the broad
generd areaof PFD performance improvements. The SWIM will provide a better mechanism for the no
risk testing of lifejacketsin rough water. The WAFAC modd will provide amechanism to smulate and
refine new PFD designs without water testing. Further testing will be coordinated through the U.S. Coast
Guard Headquarters Office of Design and Engineering Standards (G-M SE), and Office of Boating Safety
(G-OBP) and Transportation Development Center, Canada. Testing is scheduled to start in FY 2000.
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APPENDIX A
CENTER OF GRAVITY MEASUREMENTS
IMD performed CG measurements on the whole dummy in two configurations, namely, with the dummy
completely straight and with the legs bent at right angles at the hip. The measurements were made on the
dry, normally balasted dummy (i.e. with the dry weight of 69 kg). The results from these measurements
were:
I. Straight configuration:
Asmessured reltive to the IMD reference frame:
Longitudina (in X direction of dummy system) position: 0.134 m (5.28in)
Verticd (in Z direction of dummy system) position: 0.0097 m (0.38in)

NOTE: It should be remembered that in the dummy coordinate system, the +Z axisis directed from
the head to the feet, and the +X direction is directed from the back to the front (posterior-anterior).

For the purpases of comparison with the CG ca culated from the SWIM modd, these positionswere
trandated to areference frame tied to the bottom of the hedl. In thisframe, the positions were:
CG-X: 0134m(5.28in)
CG-Z: -0.975m(-38.4in)

ii. Right-angled configuration:
Asmessured relative to the IMD reference frame:
Longitudina (in X direction of dummy system) position: 0.0291 m (1.151n)
Vertica (in Z direction of dummy system) position: 0.301 m (11.85in)
Again, interms of areference frame with the origin at the hed:
CG-X: 0.774m(30.5in)
CG-Z: -0.301m(-11.86in)
After the CG measurements were made, and during the initial bottom release tests, a problem with the
Neoprene pads was discovered. It was found that when the dummy was rel eased from a depth of seven
meters, it sank. Thiswas probably due to the increased hydrostatic pressure resulted in a compression of

the pads and a resulting loss of buoyancy. In order to circumvent the problem, the pads were replaced



with Styrofoam pads which would remain stiff under water. The gpproximate volume of the upper torso
remained about the same upon replacement, but the shape was somewhat more squarish with the stiffer
Styrofoam pads. Also the weight dummy remained essentially unchanged with the replacement. Because

of thisthe CG measurements were not repeated, Since it was expected that it would be closeto the origina
values.

Theweight of thedry SWIM (with normal ballast) with the Styrofoam insertswas 69 kg (152 LB), while
theweight in the wet state was 154 |bs. The net buoyancy of the complete dummy was found to be 1.7
kg (3.7 LB). Thesevaueswere used to finalizethe inertial characteristics of the SWIM data set.



APPENDIX B
CENTER OF BUOYANCY MEASUREMENTS

CB measurements were taken in both the straight and the right-angled configurations. For each
configuration, the dummy was held under water, using a cable tied to four specific locations on the
dummy. For each tielocation, the dummy would rest a specific pitch angle. Using the pitch data at the
four locations, the relative position of the CB from the CG was estimated. It was assumed that the tie-
point was placed symmetricaly along the Y axis, thus producing no roll or yaw motion. The pitch was
measured using the pitch sensor. For the straight configuration, the pitch sensor attached to channel 4 on
the DASwas used. For the right-angled configuration, it was found that the angle could go past 60 deg.,
which was the range on the sensor. For this configuration, the new roll sensor, which has a full 180°
range, and which had been attached to DAS channel 16 was converted to measure pitch.

The caculation used is based on a s mple balance of moments of the buoyant force and the tension force
on the cable about the body CG. Thisis shown in figure B-1.

CG = center of gravity

CB = center of buoyancy

W= weight of system

B = buoyant force

T=  cable tension force

Xy, Z, = X, Z coordinates of CB
relative to CG

X, Z, = X, Z coordinates of cable tie-pt
relative to CG

0= angle of pitch of dummy in
equilibrium

Figure B-1. Diagram showing setup of CB location calculations.



The balance of forces, of course, lead to:
B=W+T adT=B-W 1)
I.e. the buoyant force will equal the sum of the body weight and the tension force.
The balance of moments of B and T about the CG leads to:
B( z,c080 - x,SiN@)=T( zcosO - x,SiNE)

T
Zb'thanQZE(Zt'Xttang) ()

where the symbols have been defined above. In the second equation, al the terms except for x, and z,
are measured and hence are the two unknowns. B and T are known from direct measurementsin air and
water. Thelocation of the tie-points are a so measured with respect to the CG that was measured for a
specific configuration, and finally, the pitch angle 0 is measured using the pitch sensor. Thus, this
equation isin the form of alinear equation with two unknown parameters:

y=ax+b; ©)

and there are four points at which x and y have been measured. This gives us a minimum number of
measurementsto dlow usto use aregresson fit to evaluate xy, z,. Additiona measurements would make
thefit better.

I. Straight configuration:

The equilibrium pitch angles which were achieved are shown in figure B-2. The section of the time

history data where effective equilibrium was achieved is dso shown for the four locations.



CB Measurement: Straight Configuration
Equilibrium Pitch Angles
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Figure B-2. Time history of pitch angles during CB measurement of straight configuration.

The four locations, relative to the CG, at which the SWIM was tied for this configuration, and the
estimated equilibrium pitch angleswere:

1 at head: X =-2.9in
z=-299in
e=7°

2. a shoulder: x;=-5.2in
z=-174in
0=12°

3. a knee: X =-3.3In
z=+20.9in
0=29°

4, a ankle: X =-2.3In
z=-35.0 in
0=41°



Using the regression fit for equation (2), the CB location was found to be:

Xp=0.17 in
Z,=-0.90 in

Thisindicates that the CB isvery closeto the CG and dightly above and forward of the CG. The smal
magnitude of the valuesindicatesthat it will be sengtive to any errorsin the measurement of thetie-point
locations. From the valuesfor the CB location, it would be expected that the body would try to reach an
equilibrium angle (when fully submerged) of:

tan™ (.17/-.90) = -11° (i.e. approximately upright and leaning back)

I Right-angled configuration:

The equilibrium pitch angles which were achieved are shown in figure B-3. The section of the time
history data where effective equilibrium was achieved is a so shown for the four locations.

CB Measurement: 90 deg Configuration
Equilibrium Pitch Angles
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Figure B-3. Time history of pitch angles during CB measurement of right-angled configuration.



The four locations, relative to the CG, at which the SWIM wastied for this configuration were:

1. at head: X =-7.9in
z=-27.0 in
0 =65°

2. a shoulder: x;=-2.2in
z=-11.8 in
0 =59°

3. at knee: X =4+12.6in
z=+10.8 in
0="74°

4, a ankle: X =+25.3in
z=+7.8 in
0=85°

Using the regression fit for equation (2), the CB location was found to be:

Xp=-.38in

Z,=154in
Thisindicatesthat the CB is close to the CG and dightly behind and below the CG. Asfor the straight
configuration, any errors in measuring tie-point location would be trandated to errorsin the CB location.
From the valuesfor the CB locetion, it would be expected that the body would try to reach an equilibrium
angle (when fully submerged) of:

tan™ (-.38/1.54) = 166° (i.e. the body is rotated forward and the head is pointing down).
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APPENDIX C
BOTTOM RELEASE TESTING

The following provide the summary of the comparisons from the bottom release tests.

i. Threemeter; normal ballast; vertical orientation

The vertical, bottom release test from three meter with normal ballast was used as the base test for
identifying the principal hydrodynamic coefficientsin this configuration. Experimentd datafor the center
of gravity and center of buoyancy were gathered specifically for this configuration (and for the right-
angled configuration).

The pressure transducer and pitch time-histories were checked to determine the actual depth and pitch
angle from which the dummy was released. The right and left lower pressure transducers agreed well,
indicating that there waslittleinitia roll or yaw.

Severd runsfor this configuration were compared to examine the degree of variation expected from the
tests. The plotsfrom three tests of the output of the pressure transducers (converted to depth) are
showninfigure C-1. The plotsfrom the same threetests of the output of the pitch sensor are shownin

figure C-2.



3m Bottom Release: Depth Variation
Normal ballast; Vertical (bram31ns)
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Figure C-1. Variation in-depth time history for three repeated runs (3 m bottom release with
normal ballast and vertical orientation).

3m Bottom Release: Pitch Variation
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Figure C-2. Variation in pitch for three repeated runs (3 m bottom release with normal ballast
and verticd orientation).



It is seen that there is good repeatability (within 2 percent) for the rise profile and for the initia heave
oscillations. Thereis some variation in the peak magnitude of the pitch that is attained, up to about 15
percent. But the shape of the pitch time history is quite smilar between runs.

Run #3 was used as the specific test run for comparison. The initial conditions from the pressure and

pitch sensors from this run provided the following initia conditions:

Depth (from avg. of right and left pressure transducers): 100 inches (2.54 m)
Pitch (from pitch sensor - channdl 4): 20°

The position of the lower torso CG based on the preceding depth was taken to be 104 inches. For the

initial smulation the following values for the coefficients were used:

drag coefficient: Co=06 (from drag test)

lift coefficient: C.=02

added mass: Ai=05 (for dl directions, from dlipsoid smulations)
wave damping: a, & =0.0,00

Thetime histories for the depths are shown in figure C-3 and for the pitch anglesin figure C-4.
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Figure C-3. Comparison of depth from test and smulation: Bottom release at 3 m with normal
ballast and vertical orientation (origina coeff).
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Figure C-4. Comparison of pitch angle from test and smulation: Bottom release at 3 m with
normal ballast and vertical orientation (original coeff).



It is seen that there is some discrepancy in the initia rise profile, and the smulation predicts that the
dummy rises somewhat dower than actudly inthetest. The pitch time history has about same shape as
in the test, but the change in pitch as the dummy moves upwardsis less in the simulation and the final

equilibrium angleisaso less.

To improve the agreement, the following modifications were made to the drag coefficient and added mass
coefficient.

drag coefficient: Co=05
added mass: Ai=03 (for dl directions)

The new comparisons are shown below in figure C-5.

Comparison: Z position (depth)
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Figure C-5. Comparison of depth from test and simulation: Bottom release at 3 m with normal
ballast and vertical orientation (modified coeff).

Overdl, it is seen that thereis now good agreement in risetime and the initial heave oscillation amplitude
and frequency. The pitch angle aso follows the shape seen in the test, but there isarelative discrepancy
that is maintained and the basic pitch frequency figure C-6, is higher inthe smulation. Over time, the
differencein amplitude and frequency begin to increase. The most likely reason for the discrepancy in

the pitch angle and the variation in the heave response at later timesisin the exact amount of buoyancy
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Comparison: Pitch Angle
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Figure C-6. Comparison of pitch angle from test and smulation: Bottom release a 3 m with
normal ballast and vertical orientation (modified coeff).

and the location of the CB. Since the CB is very close to the CG, small differences in its predicted
location would lead to some significant differencesin thefind equilibrium angle and hence the effective
drag felt by the body over time.

ii. Three meter; no ballast; vertical orientation

The tests from BR3AMLS2A (runs 4, 5, and 7) were used for evauating the simulation. The pressure
transducer and pitch time-histories were checked to determine the actua depth and pitch angle from which
the dummy was released. Theright and left lower pressure transducers agreed well, indicating that there

waslittleinitia roll or yaw.

Three runs for this configuration were compared to examine the degree of variation expected from the
tests. The plotsfrom three tests of the output of the pressure transducers (converted to depth) are shown
in figure C-7. The plots from the same three tests of the output of the pitch sensor are shown in figure C-8.



3m Bottom Release: Depth Variation
No ballast; Vertical (br3mlh2a)
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Figure C-7. Variation in-depth time history for three repested runs (3 m bottom release with no
ballast and straight orientation).

3m Bottom Release: Pitch Variation
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Figure C-8. Variation in pitch for three repeated runs (3 m bottom release with no ballast and
vertical orientation).



It is seen that there is about aone sec. range in the rise times from the runs, but otherwise the runs agree

well. Thereisgood match in the maximum pitch achieved during the runs.

Run #5 was used as the specific test run for comparison. Theinitia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (from avg. of right and left pressure transducers): 103 inches (2.61 m)
Pitch (from pitch sensor - channel 4): 10 deg.

The position of the lower torso CG based on the preceding depth was taken to be 107 inches. For the

initial smulation the following values for the coefficients were used:

drag coefficient: Cpb=09 (avg. of horizontal and vertical drag coefficients)
added mass: Ai=05
wave damping: a, & =0.0,00
NOTE: The average of the drag coefficients for horizontal and vertical motions was used, sSince

the body rotates from avertical to ahorizonta configuration at the end.

The time histories for the depths are shown in figure C-9 and for the pitch anglesin figure C-10.
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Figure C-9. Comparison of depth from test and simulation: Bottom release at 3 m with no
ballast and vertical orientation (origina coeff).
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Figure C-10. Comparison of pitch angle from test and smulation: Bottom release at 3 m with no
ballast and vertical orientation (origina coeff).



It is seen that thereis some discrepancy in theinitid rise profile, and the smulation predicts therisetime
to be alittle longer than in the test. The pitch time history has the same shape, in this case correctly
predicting that the dummy will rotate from the vertical to ahorizontal configuration. But the change takes
place dower inthe simulation. The pitch sensor cut off at the end, so it was hot possible to compare the

fina equilibrium angles.

To improve the agreement, the following modifications were made to the drag coefficient and added mass
coefficient.

drag coefficient: Cpo=08
added mass: Ai=03 (for dl directions)

The new comparisons are shown below in figure C-11 and figure C-12.
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Figure C-11. Comparison of depth from test and smulation: Bottom release at 3 m with no
ballast and vertical orientation (modified coeff).
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Comparison: Pitch Angle
3m Bottom Release; No ballst; Vert
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Figure C-12. Comparison of pitch angle from test and smulation: Bottom release at 3 m with
no ballast and vertical orientation (modified coeff).

Overdl, it is seen that thereis better agreement inrisetime. The pitch angle aso changes alittle faster
than before though il trailing the test motion. There are ocillationsin the pitch in the Smulation, which
cannot be compared since the pitch sensor locked at about 95 deg.

iii. Threemeter; normal ballast; horizontal orientation

The tests from BR3NH32 (runs 2, 3, and 4) were used for evaluating the smulation. The pressure
transducer and pitch time-histories were checked to determine the actud depth and pitch angle from which
the dummy was rel eased.

Three runsfor this configuration were compared to examine the degree of variation expected from the
tests. The plotsfrom three tests of the output of the pressure transducers (converted to depth) are shown
infigure C-13. The plots from the samethree tests of the output of the pitch sensor are shown in figure
C-14.
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3m Bottom Release: Depth Variation
Normal ballast; Horiz (br3amnh32)
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Figure C-13. Variation in-depth time history for three repesat runs (3 m bottom release with
normal ballast and horizontal orientation).

3m Bottom Release: Pitch Variation
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Figure C-14. Variation in pitch for three repeat runs (3 m bottom release with normal ballast and
horizontal orientation).
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It is seen that there is some discrepancy in the maximum height the dummy achieves (as measured by the
lower pressure transducer). Two runs match each other well, but the third differs by about 25 cm (or
around 10 percent). Thereisalso about one sec. difference in the rise times between theruns. The pitch

time histories match well, with about a5 percent discrepancy.

Run #3 was used as the specific test run for comparison. The initia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (from avg. of right and left pressure transducers): 128 inches (3.25 m)
Pitch (from pitch sensor - channel 15): 85 deg.

The position of the lower torso CG based on the preceding depth was taken to be 131 inches. For the
initial smulation the following values for the coefficients were used:

drag coefficient: Ch=12 (from test)
added mass: Ai=05
wave damping: a,a=00,00

Thetime histories for the depths are shown in figure C-15 and for the pitch anglesin figure C-16.
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Comparison: Z position (depth)
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Figure C-15. Comparison of depth from test and smulation: Bottom release at 3 m with normal
ballast and horizontal orientation (original coeff).

Comparison: Pitch Angle
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Figure C-16. Comparison of pitch angle from test and smulation: Bottom release at 3 m with
normal ballast and horizontal orientation (original coeff).
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It isseen that thereis discrepancy in theinitia rise profile of about two sec., with the sSmulation reaching
maximum height earlier than in thetest. The pitch time history has the same shape, and correctly predicts
that the dummy will rotate from the horizonta to the vertical configuration. But the change takes place

faster inthe simulation. The auxiliary pitch sensor on channel 15 was used for thistest.

To improve the agreement, the following modifications were made to the drag coefficient and added mass
coefficient.

drag coefficient: Coh=15
added mass: Ai=10 (for al directions)

The new comparisons are shown below in figure C-17 and figure C-18.
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Figure C-17. Comparison of depth from test and simulation: Bottom release at 3 m with normal
ballast and horizontal orientation (modified coeff).
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Comparison: Pitch Angle
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Figure C-18. Comparison of pitch angle from test and smulation: Bottom release at 3 m with
normal ballast and horizontal orientation (modified coeff).

It isseen that thereis better agreement in rise time, though there till adiscrepancy in therise shape. There

was no significant change in the pitch response

iv. Threemeter; no ballast; horizontal orientation

The tests from BR3LH2A (runs 1, 2, and 3) were used for evaluating the smulation. The pressure
transducer and pitch time-histories were checked to determine the actua depth and pitch angle from which

the dummy wasreleased. The variations gppeared to be smilar to that seen for the previous tests.

Run #2 was used as the specific test run for comparison. The initia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (from avg. of right and left pressure transducers): 126 inches (3.20 m)
Pitch (from pitch sensor - channel 15): 105 deg.

The position of the lower torso CG based on the preceding depth was taken to be 131 inches. For the
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initial smulation the following values for the coefficients were used:

drag coefficient: Ch=12 (from test)
added mass: Ai=05
wave damping: &, a=0.0,00

Thetime histories for the depths are shown in figure C-19 and for the pitch anglesin figure C-20.
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Figure C-19. Comparison of depth from test and smulation: Bottom release a 3 m with no ballast
and horizontal orientation (origina coeff).
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Comparison: Pitch Angle
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Figure C-20. Comparison of pitch angle from test and smulation: Bottom release a 3 m with no
ballast and horizontal orientation (origina coeff).

It isseen that thereisdiscrepancy intheinitia rise profile, of about two sec., with the smulation reaching
maximum height earlier than inthetest. The pitch time history shape follows the test, but the smulation
predicts alarger maximum angle change (35 deg. for smulation; 27 deg. for test). The pitch oscillations

are more pronounced than in the test.

To improve the agreement, the modifications made to the drag coefficient and added mass coefficient for
the normal ballast case were used:

drag coefficient: Ch=15
added mass: Ai=10 (for al directions)

The new comparisons are shown in figure C-21 and figure C-22.

C-18



Comparison: Z position (depth)
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Figure C-21. Comparison of depth from test and smulation: Bottom release a 3 m with no ballast and
horizonta orientation (modified coeff).
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Figure C-22. Comparison of pitch angle from test and smulation: Bottom release a 3 m with no
ballast and horizontal orientation (modified coeff).
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It is seen that there is now a better agreement in rise profile, though the smulation predicts that the

dummy will rise alittle higher than in thetest. There was no significant change in the pitch response.

v. Threemeter; normal ballagt; right-angled orientation

The tests from BR3MNR32 (runs 2, 3, and 5) were used for evaluating the smulation. The pressure
transducer and pitch time-histories were checked to determine the actua depth and pitch angle from which
the dummy was released. The variations gppeared to be Smilar to that seen for the previous tests.

Run #3 was used as the specific test run for comparison. The initial conditions from the pressure and

pitch sensors from this run provided the following initia conditions:

Depth (from avg. of right and left pressure transducers): 125 inches (3.17 m)
Pitch (from pitch sensor - channel 15): 10 deg.

The position of the lower torso CG based on the preceding depth was taken to be 131 inches. For the

initial smulation the following vaues for the coefficients were used:

drag coefficient: Cpo =085 (from test)
added mass: Ai=05
wave damping: a,a=0.0,0.0

Thetime histories for the depths are shown in figure C-23 and for the pitch anglesin figure C-24.
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Comparison: Z position (depth)
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Figure C-23. Comparison of depth from test and simulation: Bottom release at 3 m with normal
ballast and right-angled orientation (origina coeff).
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Figure C-24. Comparison of pitch angle from test and simulation: Bottom release a 3 m with normal
ballast and right-angled orientation (origina coeff).
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It is seen that there is significant discrepancy in the rise time of about five sec., with the smulation
reaching maximum height earlier than inthetest. Thelow amplitude heave oscillations are reproduced,
though the simulation shows higher frequency. The pitch time history shape follows the test up to the
point when the pitch sensor locks up (the auxiliary pitch sensor data were not available for thistest), so

it is not possible to compare this response beyond the maximum pitch.

To improve the agreement, the modifications made to the drag coefficient and added mass coefficient for

the normal ballast case were used:

drag coefficient: Co=15
added mass: Ai=10 (for dl directions)

These are the same val ues used for the horizontd tests. The new comparisons are shown below in figure
C-25 and figure C-26.
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Figure C-25. Comparison of depth from test and simulation: Bottom release at 3 m with normal
ballast and right-angled orientation (modified coeff).
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Comparison: Pitch Angle
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Figure C-26. Comparison of pitch angle from test and smulation: Bottom release at 3 m with
normal ballast and right-angled orientation (modified coeff).

There is now a better agreement in rise profile, with good agreement in the rise time, though the
smulation predicts that the dummy will rise alittle higher than in the test. There was no significant

change in the pitch response.

Vi. Threemeter; no ballast; right-angled orientation

Thetestsfrom BR3MLR32 (run 1) and BR3MLR2A (run 2) were used for evauating the smulation. The
pressure transducer and pitch time-histories were checked to determine the actua depth and pitch angle
from which the dummy was rel eased.

Two runsfor this configuration were compared to examine the degree of variation expected from the tests.

The plots from two tests of the output of the pressure transducers (converted to depth) are shown in figure
C-27. The plotsfrom the same two tests of the output of the pitch sensor are shown in figure C-28.
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3m Bottom Release: Depth Variation
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Figure C-27. Variation in depth time history for two repesat runs (3 m bottom release with no
ballast and right-angled orientation).

3m Bottom Release: Pitch Variation
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FigureC-28. Variation in pitch for two repest runs (3 m bottom release with no ballast and
right-angled orientation).
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It is seen that there is good repeatability in the rise profiles, with maximum differences around 10 cm.
The pitch cannot be compared well, since the sensor cut off around 60 deg. (and the auxiliary pitch sensor
datawere not available), but does show a difference of about 5 deg. in the range where the sensor was

working.

Run #1 from Test BR3MLR32 was used as the specific test run for comparison. Theinitial conditions

from the pressure and pitch sensors from this run provided the following initial conditions:

Depth (from avg. of right and left pressure transducers): 124 inches (3.15 m)
Pitch (from pitch sensor - channel 4): 50 deg.

The position of the lower torso CG based on the preceding depth was taken to be 128 inches. For the

initial smulation the following values for the coefficients were used:

drag coefficient: Cp =085 (from test)
added mass: Ai=05
wave damping: a, & =0.0,00

Thetime histories for the depths are shown in figure C-29 and for the pitch anglesin figure C-30.
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Comparison: Z position (depth)
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Figure C-29. Comparison of depth from test and smulation: Bottom release at 3 m with no ballast
and right-angled orientation (original coeff).
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Figure C-30. Comparison of pitch angle from test and simulation: Bottom release a 3 m with
no ballast and right-angled orientation (original coeff).
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It isseen that thereis discrepancy in theinitia rise profile of about one sec., with the smulation reaching
maximum height earlier thaninthetest. The smulation indicates the dummy to be adightly higher level
thaninthetest. The pitch time history shows asgnificant difference between smulation and test. Prior
to the cut-off in the test data, the rotation appears to be in opposite direction. It isnot clear what is the
reason for thisabnormal smulation. Only the final equilibrium angle appearsto be smilar, though one
will haveto rely on the video information to confirm. One possibility for the large discrepancy isthat a
reliable CG and CB for the no ballast caseis not available, and the estimate made by the program, based

on theavailable dataisin error.

To improve the agreement, the following modifications were made to the drag coefficient and added mass
coefficient.

drag coefficient: Coh=15
added mass: Ai=10 (for dl directions)

These values are the same for the other horizontal and right-angled cases. The new comparisons are

shown below in figure C-31 and figure C-32.
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Comparison: Z position (depth)
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Figure C-31. Comparison of depth from test and simulation: Bottom release at 3 m with no ballast
and right-angled orientation (modified coeff).
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Figure C-32. Comparison of pitch angle from test and smulation: Bottom releaseat 3 m
with no ballast and right-angled orientation (modified coeff).
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It is seen that there is better agreement in rise time, and this time the s mulation shows that the dummy
reaches maximum height dightly later than thetest. There was no significant changein the pitch response

and the anomal ous response seen with the previous coefficientsis still seen.

vii.  Four meter; no ballast; vertical orientation

The tests from BRAM3ILLS (runs 2, 3, and 4) were used for evauating the smulation. The pressure
transducer and pitch time-histories were checked to determine the actuad depth and pitch angle from which

the dummy wasreleased. The variations gppeared to be Smilar to that seen for the previous tests.

Run #3 was used as the specific test run for comparison. The initial conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (from avg. of right and left pressure transducers): 131 inches (3.32 m)
Pitch (from pitch sensor - channel 4): 25 deg.

The position of the lower torso CG based on the preceding depth was taken to be 135 inches. For this
tests, the modified coefficients used for the corresponding 3 m bottom release were used without any
further modification. The objective wasto determine how well the modd predicted for adifferent release

depth. The coefficients used were:

drag coefficient: Cpo=08
added mass: Ai=03 (for &l directions)

The results are shown below in figure C-33 and figure C-34:
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Figure C-33. Comparison of depth from test and simulation: Bottom release at 4 m with no
ballast and vertical orientation (3 m coeff).
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Figure C-34. Comparison of pitch angle from test and smulation: Bottom release at 4 m with
no ballast and vertical orientation (3 m coeff).
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Thereis areasonable agreement in the rise time, though once again, the s mulation shows the dummy to
be a a higher level than the test. The pitch time history does not match well, with the simulation
predicting that it would take much longer to reach the pesk pitch angle. 1t gppearsthat the maximum pitch
angle achieved isclose. Complete data were not available for the pitch sensor sinceit cut off around 90

deg.
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APPENDIX D
WHOLE BODY INWAVE TESTS

Thetestsin waveswere of great interest with regard to the WAFAC modd, since thiswasthefirst time
the software was tested against this condition. The previous dlipsoid tests were al done in calm water.
The WAFAC modd actualy inputs the wave condition using the wavelength, and the standard
correspondence between frequency and wavelength for gravity waves was used to calculate the

wavelength. Thisrelation was.

_ 9 where: A= wavelength
A= 2mf? g=  acceleration dueto gravity (9.8 m/s” or 386 |
f= frequency

Thus the corresponding wavelengths were: 17.3 m (682 in), 6.2 m (246 in), and 3.2 m (126 in).

One problem in the wave tests was to determine an appropriate initial condition. For awave test, a30-
second dice was taken astheinterva for comparison, during which the motion was periodic, i.e. dl initia
ingtabilities were removed well before the wave train was stopped. Inthe WAFAC modd, there will also
be aninitia period in which the motion isinitiated which isignored during the comparison, though it is
presented in the plots.

An additiond initial condition that had to be dealt with was the correspondence of the phase of the
periodic motion seen in the smulation and thetest. The smple procedure wasto shift the time of the test
or thesmulation such that the first maximum of the test matched the maximum from the smuletion. Any
departure in frequency after this point would be seen as a difference in the times a which subsequent
peaks are reached.

In comparing the data from the smulation and the test, we were till relying on the information from the
pressure transducers. The problem with this technique, in the case of wave motion, isthat it givesthe
depth relative to the surface of the water which isaways changing in time. Thesmulation, inits current
form, outputs the motion relative to the average water surface. It should be possible to modify the
program to output it relative to the actua depth below the actual wave shape.

The accelerometer data would normdly be the data that would be used for retrieving displacement
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information relative to an inertial coordinate system. But in these tests, asindicated in aprevious section,
the accelerometer response did not have enough resolution to be used accurately. The data tended to
overestimate the velocity and displacement changes. Thus only a qualitative comparison can be given
between the smulation and the test results. The pitch angle response, where available could be compared,
though it was found that for some tests, where the angles exceeded the range of the sensor, the datawould
be cut off.

The basic information we ended up comparing was the frequency and shape of the periodic depth and
pitch response. The amplitude of the pitch response could also be compared since direct measurement

was available from the test (except for afew tests where the data was not available).

The following provides a summary of the results from the wave smulations.

I 0.3 Hz Waves, Normal ballast; Straight Configuration

Thetestsfrom WANSL4 (runs 3 and 4) were used for evaluating the smulation. The pressure transducer
and pitch time-histories were checked to determine the depth and pitch angle to be used for the initial

condition in the smulation.

Run #4 was used as the specific test run for comparison. Theinitia conditions from the pressure and

pitch sensors from this run provided the following initia conditions:

Depth (mean depth from avg. of right and left pressure transducers): 30 inches (0.76 m)
Pitch (mean pitch from sensor - channel 4): 40 deg.

The position of the lower torso CG based on the preceding depth was taken to be 32 inches. The
wavel ength was 682 inches. (17.3 m) and the wave amplitude was 10 inches (0.25 m).

For thistest, a number of valuesfor the hydrodynamic coefficients were used, since there was no prior
experiencein handling smulations of objectsin waves with the WAFAC mode. The objective during
this phase was not to arrive at the best match of smulation with test, but to achieve areasonable leve of
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agreement. The vaues of the coefficients that were finaly used were:

drag coefficient: Ch=20
added mass: Ai=05 (for al directions)
wave damping: a, a4 =01,025

These vaueswerein the range used during the single dlipsoid smulations earlier. Theresults are shown
below in figure D-1 and figure D-2:

Comparison: Z position (depth)
Waves, Freq=.3Hz; Norm ballst; Strght
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Figure D-1. Comparison of depth from test and smulation: In waves; freg. = 0.3 Hz; normal
ballast and straight configuration.



Comparison: Pitch Angle
Waves,; Freq=.3Hz; Norm ballst; Strght
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Figure D-2. Comparison of pitch angle from test and smulation: In waves; freg. = 0.3 Hz;
normal ballast and straight configuration.

There are acouple of characteristics that are evident in the plot for the depth time histories. The periods
generated in both the depth and pitch time histories match those from the tests, indicating that the forces
from the externa waves are being modeled correctly and combine properly from the reaction forces
generated by the drag and wave damping components. On the other hand, the amplitude of the
oscillations for depth are significantly higher than in the test. In the discussion earlier in this section, it
was pointed out that the pressure transducer was providing depth information relative to the wave surface
while the DYNAMAN smulation was providing it relative to a fixed coordinate system. Thus there
would be periods in which the discrepancy between the test and s mulation would be expected to be on
the order of awave amplitude or 25 cm. Since the body will usudly ride the crest asthe wave passes by,
the actua motion rdative to a constant surface would be greater than recorded by the pressure transducers.

This should make the agreement between smulation and test closer.

The pitch data dso agree with regard to period. The average pitch seenin the simulation is about 20 deg.
lower than in the test. As pointed out previoudy, this characteristic is probably related to the exact
location of the CB relative to the CG. As shown in table 11, there was some discrepancy in the CB
location found in the simulation when compared to that found from testing.



I 0.5Hz Waves, Normal ballast; Straight Configuration

Thetestsfrom WANSL4 (runs 8 and 9) were used for evaluating the smulation. The pressure transducer
and pitch time-histories were checked to determine the depth and pitch angle to be used for the initial

condition in the smulation.

Run #9 was used as the specific test run for comparison. Theinitia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 30 inches (0.76 m)
Pitch (mean pitch from sensor - channd 4) 40 deg.

(These wereidentical to theinitial conditions for the 0.3 Hz waves.)

The position of the lower torso CG based on the preceding depth was taken to be 32 inches. During the
tests, it was seen that the head went under the water at every other wave. That is, there was higher
amplitude motion at haf the wave frequency. An attempt was made to find a set of hydrodynamic
coefficients which would generate thiskind of dual period. The valuesthat were used were:

drag coefficient: Co=05
added mass: Ai=04 (for &l directions)
wave damping: a,a=0204

The results are shown below in figure D-3 and figure D-4.



Comparison: Z position (depth)
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Figure D-3. Comparison of depth from test and smulation: In waves; freg. = 0.5 Hz; normal
ballast and straight configuration.

Comparison: Pitch Angle
Waves; Freg=.5Hz; Norm ballst; Strght
60
J/\ A A A
20 NN A\ AW A YA
—a0 1\ fA \ f [ 4 \ ) Fh
S VAT UA T WA T YA WA IV T A
S VA VAL WAL VA WL WS WY
% ‘\\ "}/ \‘f - \\\ff’ ; \\\\JI \H ’ “ \VJ -
10 Uf
0
0 5 10 15 20 25 30
Time (sec)
— Test —— Simulation

Figure D-4. Comparison of pitch angle from test and smulation: In waves; freg. = 0.5 Hz;
normal ballast and straight configuration.



For thisinitia setup, the dua period character could be reproduced. Once again, the discrepancy in the
amplitude of the Z- motion is probably due to the difference in how the depth is caculated in the
simulation and in the test and should be smaller when referred to the same system. For this frequency,
there appeared to be good reproduction of the behavior of the pitch response, though in the test the dual
frequency was not as pronounced. It was encouraging to note that by suitable definition of the

hydrodynamic coefficients, afairly complex response could be simulated.

iii. 0.7 Hz Waves, Normal ballagst; Straight Configuration

The tests from WANSL4 (runs 11 and 12) were used for evaluating the smulation. The pressure
transducer and pitch time-histories were checked to determine the depth and pitch angle to be used for the

initial condition in the smulation.

Run #11 was used as the specific test run for comparison. Theinitia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 30 inches (0.76 m)
Pitch (mean pitch from sensor - channel 4) 40 deg.

(These wereidentica to theinitial conditionsfor the 0.3 Hz waves.)

The position of the lower torso CG based on the preceding depth was taken to be 32 inches. The

coefficient values used in this smulation were:

drag coefficient: Co=05
added mass: Ai=05 (for dl directions)
wave damping: a, &4 =03,05

These values were a small modification from the 0.5 Hz case.

The results are shown below in figure D-5 and figure D-6.
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Comparison: Z position (depth)
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Figure D-5. Comparison of depth from test and simulation: In waves; freq. = 0.7 Hz; normal
ballast and straight configuration.

Comparison: Pitch Angle
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Figure D-6. Comparison of pitch angle from test and smulation: In waves, freq. = 0.7 Hz; normal
ballast and straight configuration.



The agreement in this case was not as good as the previoustest. Theimposed frequency was reproduced
well, but there were discrepancies in both the mean depth and the change in depth seen in the smulation
as compared to the test. Part of thisis again attributable to the difference in measurement schemes as
described previoudy. But the overdl discrepancy islarge enough to suggest that the coefficients may be
to some extent frequency dependent. The pitch response showed better agreement, though the amplitude

was significantly higher in the ssimulation.

iv. 0.5Hz Waves, No ballast; Straight Configuration

The tests from WBLJLS3 (runs 1, 2, and 3) were used for evaluating the smulation. The pressure
transducer and pitch time-histories were checked to determine the depth and pitch angle to be used for the

initial condition in the smulation.

Run #2 was used as the specific test run for comparison. The initia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 10 inches (0.25 m)
Pitch (estimated) 90 deg

None of the pitch sensors were operationa for thistest. Theinitial angle was estimated based on the
approximate equilibrium position seen previoudy with the unballasted dummy.

The position of the lower torso CG based on the preceding depth was taken to be 10 inches. The

coefficient values used in this smulation were:

drag coefficient: Cp =20
added mass: A;=0.5 (for dl directions)
wave damping: &, & =0.25,0.5

These values were similar to those used for the 0.3 Hz case.



The results are shown in figure D-7 and figure D-8.

Comparison: Z position (depth)
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Figure D-7. Comparison of depth from test and simulation: In waves; freg. = 0.5 Hz; no
ballast and straight configuration.

Comparison: Pitch Angle
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Figure D-8. Comparison of pitch angle from test and smulation: In waves; freg. = 0.5 Hz; no
ballast and straight configuration.



Once again the frequency characteristics were reproduced and the mean depth and amplitude differed
significantly. It is probable that with appropriate modification of the coefficients and with a congstent
reference system, the agreement for the depth measurement would be closer. The response for the

pitch cannot be compared in the absence of pitch data from the test. The simulation shows a peculiar
structure to the pitch response, probably due to insufficient damping, which would tend to smooth out the

bumps.

V. 0.5 Hz Waves, Normal ballagt; Right-angle Configuration

Thetestsfrom WBNLR4 (runs 1 and 2) were used for evauating the smulation. The pressure transducer
and pitch time-histories were checked to determine the depth and pitch angle to be used for the initial

condition in the ssimulation.

Run #2 was used as the specific test run for comparison. The initia conditions from the pressure and

pitch sensors from this run provided the following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 12 inches (0.30 m)
Pitch (estimated) -95 deg.

None of the pitch sensors were operationa for thistest. Theinitial angle was estimated based on the
approximate equilibrium position seen previoudy with the ballasted dummy in this configuration.

The position of the lower torso CG based on the preceding depth was taken to be 12 inches. The

coefficient values used in this smulation were:

drag coefficient: Co=15
added mass: Ai=05 (for &l directions)
wave damping: a,a=025,05

These values were smilar to those used for the previous case with the unballasted dummy. The results

are shown below in figure D-9 and figure D-10.
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Figure D-9. Comparison of depth from test and smulation: In waves; freq = 0.5 Hz; normal
ballast and right-angle configuration.

Comparison: Pitch Angle
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Figure D-10. Comparison of pitch angle from test and smulation: In waves,
freq = 0.5 Hz; normal ballast and right-angle configuration.



The frequency characteristics are generally reproduced, but the smulation does take a while to settle
down. A dightly deformed wave shape, smilar to that described in section i, is seen for the smulation.
The test data do not seem to indicate such aresponse. Since the right-angle configuration appeared to
have the largest error in the determination of the CB and CG, theimprecision in their location may have
contributed to the response seen. The pitch response could not compared because of lack of available test
data.

Vi. 0.5Hz Waves, Normal ballast; Straight Configuration; Unlocked Joints

One series of tests were done with some of the principa joints unlocked. Theright and left hip and the
right and | eft shoulder joints were unlocked to alow movement in both forward/backward and side/side
directions.

From the visua ingpection and sensor readings, there were significant motions generated, even when the
wave amplitude wasincreased to 30 cm. It isnot certain if the skin/skin interactions when the dummy
is in water made the joints stiffer than norma. In air, it appeared to be relatively easy to move the
segments about the joints. Onetest from WBNJU (run 3) was used for evaluating the smulation. The
pressure transducer and pitch time-histories were checked to determine the depth and pitch angle to be
used for theinitial condition in the smulation. Theinitia conditionsfrom the pressure and pitch sensors

from thisrun provided the following initial conditions:

Depth (mean depth from avg. of right and left pressure transducers): 30 inches (0.76 m)
Pitch (estimated) 30 deg.

None of the pitch sensors appeared to be operationa for thistest. The sensor connect to channel 4 did
have variable output but the magnitude was very high for this configuration. The initid angle was
estimated based on the gpproximate equilibrium position seen previoudy with the balasted dummy at this

frequency.



The position of the lower torso CG based on the above depth was taken to be 32 inches. The coefficient

values used in thissmulation were:

drag coefficient: Ch=10
added mass: Ai=05 (for al directions)
wave damping: a, &4 =03,05

In this case, the output of the hip and shoulder rotary potentiometers were also compared with the

corresponding data from the smulations. The results are shown below in figure D-11 and figure D-12.
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Figure D-11. Comparison of depth from test and simulation: In waves, freg. = 0.5 Hz; normd
ballast; straight configuration; unlocked joints at hip and shoulder.



Comparison: Pitch Angle
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Figure D-12. Comparison of pitch angle from test and ssmulation: In waves, freg. = 0.5 Hz;
normal ballast; straight configuration; unlocked joints at hip and shoulder.

The depth time histories are smilar to has been observed for the other wave tests: namely that the
frequency iswdl duplicated but the amplitude is much higher in the smulation. The pitch sensor appears
to run with an offset and shows a cut off at angles above 100 deg. The mean pitch angle seen in the

simulation appears to agree with previous experimental datafor asimilar wave form.

In order to compare the maotion of the joints, the output of the right hip and right shoulder were compared
in the forward/back directions. These are shown in figure D-13 and figure D-14.



Comparison: Rt Hip Pitch
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Figure D-13. Comparison of right hip rotation from test and smulation: In waves,
freq. = 0.5 Hz; norma ballast; straight configuration; unlocked joints at hip
and shoulder.

Comparison: Rt Shoulder Pitch
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Figure D-14. Comparison of right shoulder rotation from test and smulation: In waves,
freq. = 0.5 Hz; norma balagt; straight configuration; unlocked joints at hip and
shoulder.



Itisseen that thereis very little motion observed in thetest data. The simulation shows somewhat higher
motions and are il limited to relative rotation in the range of + 5 deg for the hip and £ 3 deg for the
shoulder. The hip and shoulder motions are controlled by the rotational stiffness at these joints, and their
vaueswerein the original data set supplied by Coast Guard. During initia testing, the program showed
some unusua numerical variations. In order to control them, the original values were modified and
changed to alower value. Despite softening the joints, there till did not appear to be any significant

relative motion at thejoints.



