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CETUS: Design of a Production AUV

Design Objective: Streamline Development, Manufacturing Steps
Towards Task-Specific Vehicles; Approach Seeks to Minimize
Design Time, Cost per Unit

By Juseph A, Curcie
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w:':lr the @rowing inferess
automomons underwter vehicle
(ALY apphcations  worldwide,
designers and users incrissdnaly mus
chose hetween plistlorms that e spe-
cific W w given lask-and those tha
noegmmodie @ ViITIElY ol mssions.
The former 1s cerlmmly the most com-
maon strateoy ol present,  dsoluled
ohjectives such s video survey or
wialter codumn sempling, for examply,
evolve spocidised equipmoent, and o
vehicle capable. of adapting 10 the
many variations would be eomple
el expensive W crmiy

Lewkhiged Corp, requested a Matlish-
sliapre autesmormons, undervwier veldole
for  mine  eommermoasures.  In
respirse. the CETUS wvehizle way
dhezigoed andd built wi MIT Sea Grant's
Aulomomous  Underwater Velicles
Lab, W' relicd on our expeniences
with other Sea Cirant vehickes, inelud-
img  Cklyssey Hh i8ea Techmlogy,
ecember 19951 0 produecs 3 vehicle
that was nal enly inespensive (o man-
tilmeture but also doroble amd eusy o
service, The typical tppeoach involv-
ing eshuustve fernive hull fesing
il compsonent development wis ndol
pussible doc w limited fioee and bud-
et Instesd, we wore competled o
rely on theoreticn] dwis from exisins
viehickes, in-howse expertize. and our
finile resounces. The resulling desipn
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met or exceedid the original perfor-
mithce  Criterme and owas within the
upportioned budger. Chae Nl desizn
hins @ single-peece HDPE (high densiey
polvethyleney bull, formed using

TRt ioaal imlding  process.  We
cmploy two propulsive thrssters: wml
ireg  hovenng  thmsters, with oo
molive contenl ."\.III'|IIH,'\!N.

In this paper we will demonateate
s O the wpproaches empeoved thal
illeswed Gor a raped vehicle design and
development project. Our  design
process exploited our exestng (aoml-
writy with AN desizn o develop

Laft; CETUS production AL

Below: Rotationally motded fin with
integral siainfess sieed fubing. The
fube provides siraching, ailows for fin
adprstmant, and acts se an alacirical
condun for thrister mofor power and
corrral wiring. Plastie shiinkage duwr-
g fne modding aid Coolithg process
provides subsfantiad tovsional and
awinl dgldity,

Lerwer left: CETUS vehicle and iis
three werfical and fwo hovizontal
thresters, Note the paplosd bay, shiich
Accivnmdadiieg Ihe fain pressore
vasmel, up to four battory housings,
motor contraflars, and wsergovided
payloads, 4 simpde single-fayer halch
made frovn Trd-imeh=tiick polpethyians
covirs the bay and provides Byadrody-
e @treamliming,

tcchmiques allowing s 1o guickly
arnve at o fimol desion thai  mer
Lockheeds nécds. The st slep
this [wocess was an unolysis of ihe
impoked comstraing sl careful con-
silevinon of the desired  peclon-



mumce objectives, Omco these wire
understond, an initial huoll shape was
proposed, drwen o, eritigued. and
restersted. This desten spienl process
wi dccelerated considerably wsing
sthemanical ansbvars ks angd sobids
|1||u_|u|i||:_: solTwire.

The mujority of the limittions
[s1pch s powEr rEqUire s as related
i Dl st wml shape) were addnessed
in this curly soliware-hased design
stape. In this: monner, we minimieed
cosly while waorking wwards s suitoble
solution. Chice the prelimdsary ol
shiupe wax  determined,  thrusiers
sebectod, and payload - speace. allocwicd,
i ohe-Tilth-seale model was buill and
Igsted an the MIT towing tank. Initial
Bl drage coelficienes weve determincd
and wsed to “close the loop™ on the
poser requiiements and  propalsion
LOmIPOnETLs,

Mexe, a Tullsscale [iheralass model
s bl andd tested inoorder tooarmive
at the stutic stahility solution ad o
verihy hall drag culealations. Fiaally a
sef o miclds were consimiered wnd the
prosfoction gquality holls fabocaed,
detatted, axsembled. and delivered e
Lockheed. This enlire process was
compleied from concept o delivery n
iz mesnths.

Trdtiaal Dregign Lsswes

The CETUS ]'lli|1r1|r|'|l wa level-
opesd o order o allew the U8, Navy
Ly Uprmde exising mine coumermea-
sure assely. Corenily, msing ROV
expuippped with phissed-0rmay somnir sys-
tems, Lhe Mavy i cupabla of perlonn-
ing neur-shiore mine detection surveys
fdcrr:h r.,'||_i|',|g ol i|_]‘:||'_||'¢5|.'ll1'|;jL¢|].l 2(K)
mieters ). Cover cupabilily 15 Compro-
miigedd when using ROV technology,
hovweover due to the Timils vposed by
a tether and requircrments for nesrky
sueliee vessels. The deployment of &
similardly cyquipped AUY (CETUS)
stgmificantly enhances  operntiomst
capababity by eliomimsting both of dese
inherenl Tmiclions.

The lollowing specilic constraints,
provided by Lockhesd-Martin, drove
the wveliche desigan:

& Single-piece. bull o ke (Tl amd
aekable

= Towal vehicle bength less than 2000
CenTimelers

= Mo msovable control surfaces.

* Payload is one 90 x 25-centime-
er-chiameter pressure bottle, ong 12- %
| F-centimeter-dinmeter  doppler eur-
il paodiles, and one 20- x 20 x 80-
centimeten os-shoped sonar packap
in the nose
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= Oiporational  speed off 15
miciersfsecomd, with-a msximuom verli-
Gl s e of 0.5 metersfsecoond,
fior u ane-haovr Buriton

* Hower cupatwility

* Loy vihicle umil cast

* Durable sirocture, casily hamdled
and transporied

= Al thruster motars and contgolies
identical.

These requirements - have several
implications. Farst, & flal vehicle hay
increased pitch instability. moking 11
stesceprilsle o surfuce-wive  distur-
bunces, In the dbsence of movable
fimg, vertical thrusters are necded for
clepth comteol, alifwrgl i is nol ohyi-
ons whether these same throsters
hould, of eoulil, be uged o stabdlize
pitch moties, 10 naon, then possive
acredynamic sinbility s crucial duning
forward Dight, this can be sehicved
with lorze fixed fios ofl, Ineither case,
the vertical thrasters and their oriices
add 1o the vehicle's Torward drag, as
does e square bow implied by the
somar packsee, Too awhieve lowe-cos
runufaciuring, we decided very early
in the design prociss o Gbncae the
Pl wsimg ratatiomaslly miclded HDPE
Polyethvlene is g very durable thermo-
plostic that oflers seousue mpedanee
near that of seawater, low cost, ond
bzl budwinsy.

Dresdgn andl A nalysls

AUV techoology 5 nelunvely new
wnid thuy lmited Titerature is available
on the subsject-of geneeal ALY design
With AUVS, mission reguircmenls
iranslate into specific gaomairy, siwe,
and enerry budgeting, which must b
cirefully Palameed i solodion is e be
olstined. Ax one simple example, a
fength puexirum wsd a paylosd mini-
i way categonoully prechsde the
st streamlined bl shapes.

In the epriest stages of the project,

Top vige of papfosd o, Siee and
wesight of the forwand-facing phased
array sanar, the murin pressure vesse,
and e doppler veloeily log wera
impoged conslrainia. Thrusler zize
(diameter and fengthl was designed fo
mae! performance objeotives while
simuifansously imposing drag and per-
formance penalties.

w pricned the consirdinis o give
s overall shape o the vehicle. An
initial anwlysiy then assisted in con-
fimmng the basic hydeodynamie si-
hility propoenics. We addrossed the
wany pssases associmed with packag-
ing internal components. thresiers,
and supprlemental cyuipment: this step
i parbicular reguired aooumber of iter-
ations and often o repssessment of e
hydeodymmie effects. Increasing the
working dumiter of o el ihrusier,
o cammple, may cause the vehicle
profife o expaml, thereby incresing
vehicle drag and compelling mare
powerful Torizontal propulsors,

T speed the desaen cycle, we wsed
MATI AR soltware to simulancosly
defime hall, fine wd propeller geome-
try;  make  hydroadynamic and
weightibalanee caleulasons: and wrile
compuier pided desizn (CAD) macres,
Within this remework, oll of the
seommelry was mathematically depen-
dent o a fow parnmeters; we obtained
[nstonit hydrodyoamie predictions wd
CAD [iles as we explored different
conligurations,  For  visualization,
inferferenee  checks, ool dreswings,
and rpid-protolyping clesienic [iles,
wiz emnploved the [Deas CAD package.

Overall Layond. Some cnticil rela-
tmships Between: vehicle - siabilily,
Gotrol, and poser requirements wens
mvestizated and the results drove the
cvenid] vehicle design, Monk momment
cileunlations indicaed it any allow-
mhle verticel thmsters would be lurge-
Iy ineffective in stabilizing the- piwch
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mascls of the propoyed hall, Large
thrusters would inly morease the hull
wiilth, exacerbating the pitch stabilitg
profbem amd cosating o locger feootal
orcie Another consideration s (he
thrust eeversal elfeel (Bevendge,
149753, which con be minimized by
using small, Tast jers, Even n Jow doty
gycle lor water jets, however, presents
4 significunt power drain, and thrusmee
unel diwmeters vemch o practicul s
limitatiom due o required  shalting.
malor bodics, huks; and sooan,

Wi decided o place ne stabilizaiion
pecguirements on veical thresters but
wtead G rely on Nixed horgzonul fins
aft, which excrt a stong serodynamic
wsnent an the vehicke durmg forward
motion, This fcaves the  vertical
thrusters responsille only for low-
speetd maneavermg sl 1o schieve sta-
tic pitch (“pointing”) doring forsard
mation. o this Giker ase, the dulTer-
eatinl thrust between twa  verlical
thrusiers in the bow and one in the
siern s offse by the suiic O -0
{rravity-buoyimey ) separtion wd not
@ dlestabilizng piich manment, 11 the
C,-Ch separution were browght close
Lo i, the vehicle would of comrss be
abbe to renians stable while pomting
sy arientation, however, af the proba-

ble cosr of rollfpichiyvaw cospling,

Hull and Fin Geomerry. The hull
shape 35 a modified fonm of Genler's
Series 54 polynomial body with very
attractive pressure profike aml drag
coctlicicnt. ln cascice, we sfaricd with
a4 body of roratton and insered o
windee o the mose o provide the
Mattened bow with o peaniad stem,
This wedse 1apers ioo k. point when
viewed Froim above bl wd line when
viewed fromt dhe side, Jeaving mane
spaice aft and adding vaw stabality.

The hull devisies Tom ihe Smesiih
Gentler form o =everal jmpocianl
ways, First, the additien of a flal nose
s perban 10 cigse 1 drug penally s is
the presence of three cross-hody
thruster openings. The hull also his
locidvasd, simoethed protrusions. One
in Bociied i othe Torward theasiers
outer eurve, regquired o allow plastic
(o in thid arew, Another bulge j=
livcatesd al the Sk 70F percenl :,|I||¢'|J_L
the vehicle's long wers. vzain tHowing
plustic tov flow in the snea where the
battery tubes awe newrost b ouger
=kin,

The fins extend 50 centimeters from
vehicle centerline by tip and have an
ospect ratio ol {kE. The twpér rafm s
0.7 and the ceosg-zecton Follows o

v Gompact Modular-Design

chosounder

Shallowto Dg_!_:ep Water Survey
SingleliDual Frr::q.uerl-.':;-,'. 315it0,250 kHz
Interface - GRS, Heave, Dataloggerss

Horm
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MACA 15 prolile. T the peotogyps
veligle, thess [ms ane [ised o loca-
Lear.  Howewver, in some applications,
El]lrllll:,'ill_g e i |I||n--;:;||'|||;; coatline]
sirfeces would lewd 1w estremely
effective pitch control, Thus, Our
design bedves apen the appartanily lor
driving the Fs O taodem or dhilferei-
tigdly b through motors seithin the hull,

Putting 1t Al Together

Hotutional molding provides for the
ability 1o creme comples multivell
peometry ot of o varicey of thenms-
plosties. Tno the mobiioaal  molding
process, a fernole mold is Glsd with o
precise. wmwum of powdered  plisic
and s notated wathin i larme oven
Throwgh wniform and tightly <on-
iridled Deeatiog ol the o, the pose-
der nsrde becomes o viscous Fgud
and flows freely wecording o the
masticnns ol the mold The plastic ideal-
Iy #orms & sheel of uniform thickness
oy lb surfices in the mald; the fem-
periure i redooed slow y and cvenlo-
ally the mokl s opencd 1o dlloew Tor
final cooling, This process allows for
thet corporaiion o strociural ele-
ments and fistencis o be cast in place;
thereby reducing post-casting minehine
operations and resolting in g meore edTi-
cient design

One of the most crugial elements of
the paper design s ensuring the uni-
form Mow of plastse heough the heat-
el mold. Firit, the plaitic will shrink
during the post mold cosling siage by
apprasimalely 35 percesd, naking
neceasary o aversize Lhe mold by this
amoanl, The shnnking ted occurs
during soohing gy wol be unilenm
due to peoimelry dnd variations in plas-
He wolame ar différem stations. I i
common W employ o cording fxiune
thidd clurmips dhe part 1o plece once i is
rermoved from the mold, This fixture s
wsed Gov reduce waping wnd disiorion
causced by internal stresses thal gy
develop duriing the cooling stige, -
ond, ds the viscons plastic merind s
flowing throughow the mold, ade-
guite clerumee botween mold wall
surfaces i required b allow full cov-
erdge of all meld surfaces. Thix
assures generntion of the minimum
witll thickness specilicd.

W pmed volitiemal diding Tor (he
hull, tor a scparate box mounting the
DL, snd for the horeontl Tins. The
bl weas Tormed with ten embedded
threwded inseris and o nomber of
Fhisied 2" loeatkims where inner dind
omer plastic sorfsces  bomd  wgether
orver o s ancal on the floeor of the



main bay (e strength, Each fin was
rolded with an intrinsic stainless steel
b amd o cvlindrsd cavity fora hor-
izl thruster mwotor. The fwbe is the
wain strector]  conmection  betwieen
the hull snd the Tin and carres wiring
Wi the oo The Tid wos fabrcaied
||:<'rr3i_3 feamullimeier dnominal 14 inchi
HDPE sheet stock, empleying a vacs-
um frming process, Lids s molded
wrre onversioed and pequired posl pro-
cessing in order 1o secure e the bull,
K|||.'r.::i|| e Wi Eaken in the selection
wl both the w plastic powder swock
witerial and the sheet stock malianiel
in ewder g provide Lockhoed with the
reguested color malch and swefice in-
ik desired.

Maogers, The motors il housings
were developed by colleagues ol
Weoaxds Hole COccanographic  Instifu-
tiom, ldentical windings 1o the ABE
Cateamanios benthic axplorert vehicle
e useal, bot the housing 15 somewhal
sealier, menserng T4 centimeters in
dimeter. These motoes have | 55w
peak shall vaiput, at @ sominal 43 DC
voltage. The main hormzonial throsiers
st 550 reduction gearbox, while
the through=body heesters: are direct-
drive, Al of the mator housings are
|- fillexd el pressure-compensited,

The wverdical throsters are held in
place within the funnels by an klu-
animem colkar with spcer-like legs than
Bl chirecily to the hall, Two eleciical
conpectors depart Trom- the side of
these three mors, oecupying the
sprice Tnside voe ol the logs. and. 5o
N'\G.'\ii.lIF mwila the hull. The horizontil
thrusters i inesade '|'|r|,:-|||r|'|'n'-:| Wb i
e al fiss D ehis case, the connectors
depart the meator wma s (oraged circu-
lar Mo, pass throogh the manm sbiic-
pwad pssd sl thee B, aned indo the main
bl Esch of the Teve motors connects
chectmcilly to 4 muched  conirolles
curd, which has bece packaged inoa
igged plistic box {abso otl-0Olled o
prossurg-compensuted), These con-
trollers are moomled variously fosile
the bl ), ccempleting connectinns 1o the
povwer b ol thruster control system.

FPrapellers.  For the  wertical
thrasters, we seltled go | 5-centimetes-
dmicter propellers in tunncls. We
usged propellers designed  Toe mnde]
wirplanes having dwcts s assures
thitt replissements will be casily found,
Imitial tests suppes) that the vehicle
eveligs 30 mewions ol [ome per unit
when installed.

Siee the horizental throsters con-
sume by faromost ol e elecirical
pewcr on s vehacke, we desizncd

right-  amd leli=hawlcid  propeliers
mdehed e the motor and  gearbos
The propellers operste withool ducts
and e based onod blade element
appeoach that allows the chord (o fol-
fow a third-rwder polyromial with
radiws, These propellers are 35 con-
trmeters i duairieres and wee therelore
prime condidales for spd-protosyp-
g technigues. The blade peanetry,
along with perfiemance und strengih
characteristics, wis computod wsing
MATLAR, which auignticelly sen-
crated a scopl (e for the [IDeas CAL

software. Within [Deas, we simply
imerged the bide with an existing huh
desizn. When the design wis com-
plete, we generaled ASCID files for
xl_q_',n_'-u-||ll|-:1gr4|phi;_' |’c~r:|'|i|15 anil elee-
tromically maiked them tr contraciors,

From e STL generded put, we
produced Female BTV molds (Faihful
for sbowt 20 casts) of right- inad [ef-
bzl [Hops il canl pobvorethome
filled with 10 percent chopped gl
The casting process s carmed oul
within w vacuum chamber in order w
minimize pan porosity
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