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The Autonomous Underwater Glider “Spray”

Jeff Sherman, Russ E. Davis, W. B. Owens, and J. Valdes

Abstract—A small (50-kg, 2-m long) underwater vehicle with eral thousand kilometers at speeds near 25 cm/s. Making clear
operating speeds of 20-30 cm/s and ranges up to 6000 km hasts connection to Stommel’s vision, our autonomous vehicle is

been developed and field tested. The vehicle is essentially an,;meqd “Spray” after the boat Joshua Slocum rebuilt and piloted
autonomous profiling float that uses a buoyancy engine to cycle

vertically and wings to glide horizontally while moving up and around _the_ vvprld. Th'§ smalk2-m length and 50-kg_ mass)
down. Operational control and data relay is provided by GPS Submarine is inexpensive enough$25 000) to be used in large
navigation and two-way communication through ORBCOMM numbers. The Global Positioning System (GPS) permits rapid
low-earth-orbit satellites. Missions are envisioned with profile |ocating when the vehicle surfaces, and efficient two-way OR-

measurements repeated at a station or spaced along a transectg oMM satellite communication supports transfer of several
The initial instrument complement of temperature, conductivity,

and pressure sensors was used to observe internal waves and tideé(IIObyteS of data per day and allows the vehicle’s mission to be

in the Monterey underwater canyon. changed in response to measurements taken.
Index Terms—Autonomous glider, remote sensing, satellite com- Just as the Slocum conce_pt qu mfo_rmed by development
munication, underwater vehicles. of the Autonomous Lagrangian Circulation Explorer [13], so

the Spray development owes more to Stommel than simply the
Slocum concept. As the design and manufacturing problems in
ALACE were being worked on, Stommel and Webb had begun
N 1989, a year before the first autonomous floats wete design and develop the Slocum. They built an operating
placed in service, Henry Stommel published a far-thinkindpermally driven buoyancy engine that Stommel was known
article [11] envisioning a world ocean-observing systeri® demonstrate to guests at his home. They also developed
based on “a fleet of 1000 small neutrally-buoyant float® basic configuration for gliders that we have adopted, most
called Slocums” that “migrate vertically through the oceaimportantly the idea of controlling underwater flight by moving
by changing ballast, and they can be steered horizontally bgllast in the manner of a hang glider. By 1991, preliminary
gliding on wings at about a 35 degrees angle... . During brit#ke tests of a vehicle had been carried out by Webb Research
moments at the surface, they transmit their accumulated dgEt@]. What follows is a description of steps we have taken
and receive instructions... . Their speed is generally about 0¢ implement Stommel’s vision and extend Webb's early
knot.” The name Slocum commemorated Joshua Slocum wideas into what we believe to be a practical and economical

|. STOMMEL'S VISION

first sailed around the world alone. instrument platform.
Today, a decade later, most of what Stommel envisioned
is becoming reality. The Argo program is implementing a Il. DESIGN GOALS AND CONSTRAINTS

3000-float array of temperature and salinity profilers although,

X , , o Spray is meant to fill the need for a relatively long-lived ve-
unlike Stommel's Slocums, the Argo floats’ positions cannagt. : .
. - .. Nicle to observe ocean physics and biology on the scales of
be controlled. Modern satellite technology has simplifie

o . (100 km) and O(30 day) that characterize the energetic oceanic
positioning and made feasible two-way relay of data an . : . . .
mesoscale. In trying to define the general circulation, or cli-

instructions. As part of the ONR-sponsored Autonomous L o S
Ocean Sensing Network (AOSN) program, three groups in tEneate variability like the EI Nifio-Southern Oscillation (ENSO),

U.S. are developing the concept of winged gliders prope”%&esoscale variability is the main source of competing noise. For

bv buovancy endgines to bring to fruition another part o iological communities the mesoscale represents an often-dom-
S)t/ommgl’s v)i/siong Even the Slgcum concent of owefin tHnant perturbation to be observed. The main confusing noises in

N , P powering (?escribing the mesoscale are quasi-diurnal phenomena like the
buoyancy engine from the ocean’s thermal stratification h%IS

been demonstrated in prototype by Stommel's neighbor EHiclijrnal cycle, internal tides, inertial waves, and weather events.
C
|

friend, Doug Webb of the Webb Research Corporation (WR 0 prevent aliasing mesoscale and higher frequency phenomena

Our purpose here is to report the development and initial uséO large-scale, low-frequency descriptions, or to resolve the

of a buovancy-enaine-powered underwater alider desianed esoscale, it is necessary to sample on scales of O(10 km) and
yancy-engine-p S g 9 (10 h). To describe the typical seasonal state, or to define typ-
long-term ¢-year) missions requiring the ability to move sev: . ; o i
ical relations occurring on the mesoscale, it is necessary to ob

serve many mesoscale realizations, which translates to years of
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station requires a vehicle speed adequate to hold position in thén unaccelerated gliding the total drag balances the along-

face of ambient currents and a range sufficient to stay on statiwack component of buoyancy. The total drag is the sum of pres-

for extended periods. Where spatial structures or spatially avetire and skin drags as well as induced drag, a byproduct of gen-

aged quantities are of interest, gliders can autonomously repograting lift, and can be written (cf. [4]) as

sequence of profiles along a transect, again demanding a speed

exceeding ambient currents and a long range. When sophisti- D = Bsinf = 5 pg*(ApCp + KALCE). 1)

cated observations are being made from a research vessel, it is | . .

often desirable to place these measurements in a broader sp fl Ihlgh Reynolds number wmgﬁ’ ~ Chord/(w Spar);

context, and gliders could carry out adaptive sampling aroung' planes have long, slender wings t9 minimizewhile for

a ship in rapid response to instructions; here speed is of great@f@y the induced drag of the hull, in effect a very stubby

importance and range/duration is less important, but operatid§@9: is significant. In unaccelerated gliding, lift balances

over O(30 days) are still needed. the grgss—track component of buoyancy, demanding the lift
In addition to sampling on scales of O(10 km) and O(10 tgPefficient

for O(1 year), design goals for Spray are capital and operating

costs low enough to permit proliferation of observations in all

ice-free ocean environments. To avoid the costs of research VESH consequently, setting the total drag coefficient in (1). Sub-

sels, a small glider is needed that is rugged and light enoughyigting (2) into (1) gives a quadratic equation in which profile
be handled without power-assisted equipment from small veg:

e ) M ) ag varies ag” while induced drag increases @s’. Solving
sels, like fishing boats. While not envisioned as disposable, thes 1elates speed to the glide angle and the performance factor

glider’s capital cost needs to be low enough, and the data relgy
complete enough, that an occasional loss can be afforded. This

Cr, = Bcos 9/AL%pq2 (2

significant design choice makes the glider suitable only for in- F =(u/Up)?

expensive sensors. For valuable sensors, a different optimum in 1

the tradeoff between cost and redundancy would result in a dif- = cos” § [% sinf + \/Z sin® § — A cos? 9] )
ferent design.

Cost and ease of handling are mainly affected by vehicle sizfe negative square root in (3) corresponds to inefficient, high
and construction. Operating speed and range are linked to avgﬂg|e of attack, “behind the power curve,” operation where in-
able energy through hydrodynamic drag; higher drag requirggced drag is dominant. For the desired positive root, decreasing
higher buoyant forcing to maintain a given speed and thereRyajways decreases drag and incredgghis is most important
uses energy faster. A simple model of unaccelerated gliding efi-shallow glide angle®, and slow speeds. Range is limited by
cidates the design features that affect performance. Define g stored energy, since the energg(B/pg)Prax must be

following variables: supplied every time the glider reaches its maximum pressure
p  fluid density; Pyax and must increase its volume to change the buoyancy
V. vehicle volume; forcing from —B to +B in order to go up. Since pressure is
M vehicle mass; closely hydrostatic, the average rate of energy supplgis
B buoyant force= g(pV — M), The dimensionless range= w ¢ per unit of energyBw &t is
Ap area of wings; then
Ap cross sectional area of hull; LA O F
q  vehicle speed; R=(2/X,) = 2020~ 0% , 4)
uw  horizontal velocity; Buw tan 6
w vertical velocity; Fig. 1 presents the dimensionless velocity,and rangeR,
0 glide angle (horizontak 0); versus glide angle. Maximum velocity is achieved at a glide
x vehicle range from energk; angle steeper than maximizes range. Range is substantially more
L lift force—normal to vehicle track. sensitive toA than is speed. The figure does not include the
D  drag force—anti-parallel to motion; range of small\ typical of aircraft because the hull drag of neu-
Cr  ILift coefficient L = 1/2pACr¢?%; trally buoyant vehicles makes this impractical to achieve. Con-
Cp drag coefficientD = 1/2pApCpq. sequently, the optimal glide angles are steeper than for aircraft.
K induced drag coefficient. Equations (3) and (4) and the results in Fig. 1 are well known
A performance factoe KApCp/Ar; in aeronautics and the soaring community has used them [7],
U, reference velocity= [B/(1/2pApCp)]|*/?; [8], [9] to devise strategies for extending gliding range and du-
Xy reference range Ey/(1/2pApCpu?). ration driven by vertical motion in the face of winds of differing

Lift and drag include hydrodynamic forces on wing, hull, andtrengths. For the purpose of ocean glider design we need only
control surfacesA is the key measure of induced drag andome simple observations. First, the drag atea’p, as repre-
gliding performancel/y and X, are measures of performancesented in the characteristic spdégland rangeXy, is the most

in the absence of glidind/, is the speed of a nonlifting vehicle important performance determinant. At fixadboth range and
propelled by the thrusB. X, is the range the vehicle could ob-the square of vehicle speed increaseld ,Cp. Hull drag

tain with energyF, used to power horizontal motion at speed dominates for ocean gliders, so that, having selected vehicle size
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Glide angle, degrees

Fig. 1. Theoretical performance of a gliding vehicle as a function of glide

angled for different performance factors. Dashed lines are horizontal velocity _ . .
u normalized by the characteristic veloctyy = (2B/pApCp)/2. Solid ~ Fig- 2. Cross sections of the four models used for drag tests and schematic of

lines are range: normalized byX, = Eo/(1/2pApCpu?). Numbers are mechanism used to measure drag. The shapes are, from top to bottom, what we

the inverse performance factoy A. See the text for variables and dynamicscall the fat ellipsoid, the slender ellipsoid, the WRC prototype and the UW/APL
considered. glider. Horizontal lines inside each figure show the volume-based lefgth

V1/3, The technique of drag measurement is described in the Appendix.

for handling, only the hull shape can be adjusted to improve per-
formance. Second, all other vehicle performance is determined [ll. M ECHANICAL DESIGN
by A = KApCp/Ar. Neglecting induced drag of the hull,
A= ApCp/(r Spar?r) so that maximum wingspan is favored, The paramount importance of drag to performance makes
within practical limits, so long as the wing area is sufficient thull shape critical. Initially we were collaborating with Doug
avoid stall (separation of flow over the wing). Becausearies Webb of WRC and collectively decided that, in the interests of
asApCp the importance of drag is even greater than indicatesimplicity and low cost, we would restrict consideration to hulls
by the scaling in/, and X. that were also the vehicle pressure case. Eriksen [1] describes
A true performance optimum cannot be achieved for oceélte University of Washington Applied Physics Laboratory
gliders because the range of ocean currents, from a few centifiéW/APL) laminar-flow shape that involves a free-flooding
ters per second in the deep ocean to a few meters per secony@rodynamic shroud around the pressure case. This design
boundary currents and shallow tidal environments, means titergence gives the AOSN program the opportunity to assess
gliding range is critical in some circumstances while speed oth approaches. We also set the size of the vehicle to approxi-
key when adverse currents are strong. Operationally the buoyaately 2 m long with 50-kg mass. This size is about the largest
force B for gliding up or down can be increased to add speetfiat can be handled at sea without special power-assisted
but it is now impractical to achieve both megameter ranges a@duipment and leads to reasonable operating cost factors
m/s speeds with the same small nearly neutrally buoyant vehigech as battery replacement. Assuming that the stored energy
While induced drag strongly affects range, it has a relativekjo and buoyancyB scale as vehicle volume, scaling up the
small effect on maximum speed. Since increasing wingspeghicle size increases the operating speed approximately as
to extend still-water range increasds Cp and decreases theV' /¢ while holding range fixed (neglecting Reynolds Number
speed, any choice of wing parameters must be a compromfigendences); at fixed speed, range increasds!&s This
between optimizing range and speed. Ultimately, Spray’s wingerformance gain was not deemed worth the operational
were selected to be as long as was structurally desirable and viagmalty of increased size.
a chord sufficient to prevent stalling at the highest buoyancy As part of this project, in 1995, Webb [2] carried out pool tests
driving and lowest speeds we envisioned. With this choice maad,a glider hull designed by WRC. These tests were intended
obtaining the lowest drag-area for a given payload and wing confirm performance calculations such as those above, but
geometry became the primary design goal. the results were not consistent enough to define the hull drag to
In the discussion above, vehicle buoyargywas treated as better than about 50%. When Spray design began in May 1997,
a constant. In practice, differences in the compressibility of vihe first step was to measure the drag of the hull shapes depicted
hicle and seawater, and ambient density stratification, will ledd Fig. 2 using the simple procedure outlined in the Appendix.
to pV, and hencés, varying with depth. Spray is less compressAll the shapes were slender cylinders with fore and aft tapering
ible than seawater so, for example, if its volume is increased bfvarious degrees of fineness. One had the shape of the WRC
6V at Pyiax the buoyancy will be less thary 6V at lower pres- prototype tested in 1995; another was the UW/APL laminar flow
sures. Increasing vehicle compressibility can reduce this effesthape. Eriksen graciously made available to us drawings and
but we have chosen to keep costs down and forego this. drag measurements for the full-scale UW/APL.
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1°F Small bubbles in the hydraulic fluid were a stubborn cause of
: ZC?;E""’ failures in the original ALACE hydraulic system. Despite im-
i o Slender proved manufacturing and preparation procedures, the system
| + UW/APL was marginal and even a small bubble ingested into ALACE’s
x| v v v v v v ¥ reciprocating-piston hydraulic pump caused it to “lose prime”
) and stop pumping. This results from the pump’s relatively low

compression ratio. Small bubbles make the hydraulic oil a com-
pressible fluid and, because of a limited compression ratio, the
L piston cannot increase the fluid’'s pressure to the ambient ex-
haust pressure and pumping ceases. Spray’s pump is of a dif-
ferent SIO design with a compression ratio greater than 3:1
made possible by use of pop-off valves and the absence of ports
or hydraulic galleys. Laboratory tests indicate this pump can
10-2 . . . o move relatively dense bubble slurries at high pressure because
of both a high compression ratio and the way that entrained bub-
bles are efficiently directed to the exhaust valve rather than be-
Fig. 3. Measured drag coefficients, based on the useful-volume-based cgming trapp_ed. S_el_ection of elqstomeric materials als.o reduces
L2,. for the four half-scale models described in Table | and Fig. 2. The absci rate atwhich air is absorbed into the Spray hydraulic system.
Reynolds number is the traditional one based on vehicle length. Also shown as /0 reduce manufacturing costs and avoid post-welding heat
?Ol:id linle is tf:je Idraglf:kurvéh'phv = 5|5R62dl/ |2 mﬁaﬂed bly UW//AP'-fOF tgelir treatment, the pressure case is built in three segments sealed
fulsclemodel ke a e scale madls, e fllscale UWIAPL model 'ty O-rings. This permits the nose section, which is ciitca
to low drag, to be machined relatively straightforwardly by a
CNC lathe with a 1.25 m bed. The segments are machined from
Drag results are plotted in Fig. 3 and model dimensions a§@61 T6 aluminum bar and tubing. The hull shape is modeled on
given in Table I. TheZpy- drag coefficients in Fig. 3 are basedhe slender ellipsoidal cylinder tested for drag with minor mod-
on the ared’;>’* so that models with the san@&»y- and useful  ifications to simplify machining. The pressure case has a max-
volume have the same drag. For the WRC, UW/APL, anghum design depth of 1670 m and has been successfully tested
slender ellipsoid (Spray’s shape) the useful fraction of volume 1500 m. The general hull thickness of 6.4 mm is thin enough
is taken from the dimensions of the full-scale vehicles; for th@at it would fail from buckling [12] if not stiffened by the hoops
fat ellipsoid it was taken equal to the WRC prototype. that are machined into the hull shape. The hydraulic system is
All the shapes have approximately constant drag coefficiensilt into the rear pressure-case segment. The main hydraulic
except the laminar-flow form. The slender ellipsoid has theomponents are a flexible internal oil bladder, filter, high-pres-
smallest of the constant drag coefficients, withy ~ 0.075 sure pump, and the latching hydraulic valve controlling flow
(Cpr based on frontal cross section is 0.26). The WRC shapgoil from the external bladder back into the interior reservoir.
is higher by 50% and the fat ellipsoid higher by 500%. Thghis arrangement limits vehicle control because buoyancy can
drag coefficient for the UW/APL shape decreasesl?.agl/2 be reduced only while at the surface. Subsequent models will
and has approximately the same drag as the slender ellipsoitiate a three-way valve allowing oil to flow back into the in-
Rer, = 6 x 10°, which for full size vehicles corresponds to aernal reservoir either directly (at low pressure) or through a
speed near 30 cm/s. Our tests are not accurate enough to deifiydraulic constriction under high pressure. Aside from the hy-
the drag crossover between these models to better than a fadtaulics system, most internal components are mounted to the
of 1.5. The main conclusions drawn from the drag tests anell’s axial column.
that: a) improvements can be made on the WRC shape and b) i€ontrol of vehicle pitch and roll is accomplished by moving
the range of projected operating speeds the penalty, compdavattery packs, which represent the main internal weight. The
to the laminar-flow shape, for a simpler, more conventionatentral pack occupies an approximately 1&&gment of the
hydrodynamic shape is small. hull cross section and is rotated (full 3§Caround the axial
After a shape was selected from drag considerations, Sppjumn to control roll. The rear pack is moved up to 10 cm longi-
was designed. At that time (early 1997) we had available fardinally along the central column to change vehicle pitch (this
inspection an inoperative prototype of the ALACE Glider demoves the CG 17 mm). DC motors driving simple rack-and-
signed and built by WRC and adopted some elements fromptnion actuators, with potentiometers to sense position, move
The most important was the use of battery packs supported dinase packs. Separating the control of pitch from roll simpli-
central axial column to control gliding. Fig. 4 is a schematic dfes the actuators and allows efficient battery packaging. Battery
the design and Table Il gives dimensions. The hydraulic systepacks consist of lithium DD cells but testing was done with al-
taken from ALACE, uses a high-pressure pump to move flukhline D cells. The center of lift on the wings is approximately
from an internal hydraulic reservoir into an external bladder ttO cm behind the centers of vehicle mass and buoyancy, far
increase buoyancy. To reduce buoyancy, a latching hydrawicough to ensure stable response to pitch and speed perturba-
valve is opened, allowing oil to flow back into the internal resetions but close enough that vehicle pitch is mainly determined
voir. While the engineering is not unusual, a few elements dey the buoyancy/weight couple and is, therefore, not overly sen-
serve comment. sitive to vehicle speed.

10

108 Re, 108
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Fig. 4. Schematic of Spray (for dimensions see Table Il). The hull is broken into three sections with the hydraulic system in the rear sectiog.hStfsni
machined into the hull prevent buckling failure under pressure. Movable batteries are suspended from the axial column, as are the compasraheatmriios.
Bulkhead connectors provide access to sensors in the flooded rear section. GPS and ORBCOMM antennas are built into a wing that is rolled véréical when t

vehicle is on the surface.

0.0m

20m

TABLE |
DIMENSIONS OF FOUR HALF-SCALE MODELS WHOSE DRAG WAS MEASURED. USEFUL VOLUME, Vi, IS THE VOLUME OF THE PRESSURECASE HULL. THE
CHARACTERISTICAREA L? = Vf,/g IS USED TO DEFINE DRAG COEFFICIENTSC py

Hull Shape | Length  Diameter  Exterior Useful Area Vol-Based
cm cm Volume c¢  Volume Wetted L
‘ cc sq ecm cm
UW/APL 914 152 8410 5200 2838 17.32
WRC 89.7 104 6800 5860 2731 18.03
Fat Ellipse 523 14.4 6800 5860 2061 18.03
Slender 101.1 11.0 7090 5850 2906 18.02

The aft end of the pressure case is rounded to retain a higheter, radio beacon for emergency recovery, and an acoustic
strength-to-weight ratio and is penetrated by a hydraulic linnger for underwater tracking, as described below.
to the external bladders and by bulkhead underwater electrical
connectors. A solid polypropylene fairing covers the aft pres- IV. ELECTRICAL DESIGN AND SENSORS
sure case, extending Spray’s ellipsoidal shape, and is hollowedrhe controller and associated electronic subsystems deal with
out to house the external displacement-changing bladders am¢tude and buoyancy control, interrogation and command of
to provide room for various operational and scientific sensoggientific sensors, processing and storing data, navigation and
(see below). It also supports the vertical stabilizer to which &atellite communication, and a fail-safe watchdog system. Ex-
antenna for a secondary radio beacon has been mountededpt for the latter, these functions are under control of one pro-
shaping the interior of the solid aft section, care was taken ¢essor (Onset TT8) with auxiliary boards supporting the neces-
preclude air from being trapped inside and possibly preventisgry drivers and analog sections.
the surfaced vehicle from submerging. For early field trials, the In-flight glide control is based on measured pitch, roll,
flooded aft section housed a safety drop weight, acoustic akading, pressure, and altitude above the bottom used in the
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TABLE I
MEASURES ANDDIMENSIONS OF SPRAY. WING AND VERTICAL STABILIZER
LENGTHS ARE OF THELIFTING SURFACES EXCLUDING INTERVENING
WIDTHS OF HULL AND TAIL CONE. THE EXTERNAL VOLUME INCLUDES
THE FLOODED VOLUME IN THE TAIL CONE. THICKNESS OFWING AND
STABILIZER ARE 4 AND 3.2 mm, RESPECTIVELY

Hull Length

Hull Diameter

Volume, external and pressure hull
‘Wing, Half-Length and average chord
Vertical Stabilizer, Length and chord
Total Mass

Pressure Case

Hydraulic System
Max Volume Change
Energy Efficiency

Batteries
Energy

Science Payload

Life Time:

GPS Navigation
ORBCOMM Satellite Link

200 cm

20.3 cm

52000 cc, 43000 cc

49 cm, 10.2

46 cm, 7 cm

50.2kg

6061 T6 Aluminum, 19.7 kg

34kg
900 cc
50% @ 1000 dbar

52 DD Li CSC cells, 12 kg
13MJ

33kg
1000 cycles to 1500 m pumping 300 cc
+100 m

Two-way. 25 bytes per minute average.
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fouled, apparently as the result of encounters with biological ag-
gregates for which Monterey Bay is well known. The Cand T
sensors are physically located on top of the flooded tail section,
40 cm forward of the stern. The pressure port is at the aft end
of the pressure case, with the sensor itself thermally isolated by
10 cm section of 3 mm tubing.

The P, C,and T signals are sampled every 5sby a 16 bita/d and
the data stored. One channel is available for expansion. For each
dive-cycle, all data are stored in RAM, processed for satellite
telemetry, and then RAM is reset for the next dive. As a back-up
measure, and to allow storage of more data than are telemetered,
a Persistor Instruments CF1 with 96 Mbyte flash memory stores
a serial stream from the TT8. For the Monterey operation this
allowed post-analysis of the complete 5 s interval data set.

Position on the surface is measured with an Ashtech G8 GPS
unit with a 25-dB-gain preamplifier. In the Monterey trial, fixes
were acquired, on average, 70 s after powering on the unit. Lo-
cation is obtained at the time of initial surfacing, and again at
the start of the next dive cycle. A simple navigation algorithm
computes distance and heading from the GPS fix to the desired
waypoint assuming a constant pitch, heading, and attack angle,
and neglecting currents. This heading is taken unless the way-
point is close, in which case Spray glides up and down with a

flight control algorithms. A Precision Navigation compas§onstantrollin &-50-m circle. _
(TCM2, located in the nose as shown in Fig. 4) supplies pitch, Communications with ORBCOMM and reception of GPS

roll and heading. Pressure is measured for glide-control agignals uses a dual element antenna embedded in one of the
scientific purposes with a Paines 211-38 pressure gaugeWmgs that is rolled vertical when the Spray surfaces. One an-
Tritech PA-200 acoustic altimeter gives distance to the bottoighna element is a quarter-wave ORBCOMM antenna using the
(up to its 80-m range). Pitch and roll are adjusted every 40hsll as a counterpoise. The second element is a half-wave GPS
based on the measured pitch and heading errors. The pi¢tienna in the tip of the wing to provide best water clearance.
control algorithm is a straight proportional loop, with lowThe antennas and an aluminum header are potted in urethane
gain to produce an over-damped response toward the desié&g a mold that also defines the wing shape. The wings used
pitch angle. The set-point for heading control includes a teritfi Monterey were of uniform 4 mm thickness. Subsequently a
proportional to a fading-memory integral of heading errothicker airfoil shape has been adopted to simplify construction,
This serves to minimize the error of the average heading fraprovide greater wing stiffness to protect electrical integrity of
the desired value. During the Monterey underwater canydte enclosed antennas, and perhaps to even decrease hydrody-
operation described below, the standard deviations from thamic drag.
desired pitch and heading averaged®@Bd 3, respectively. Data and new mission instructions are telemetered using the
To end a downward glide, buoyancy is increased either up@RBCOMM communications system. The spaceborne portion
reaching a pre-programmed depth, after a set time, or in pr@{-the ORBCOMM system is a constellation of low-earth-orbit
imity to the bottom. When the hydraulic pump is started, ballasatellites, 24 satellites at the time of the Monterey field trials
is moved to produce shallower pitch and glide angles in orderegentually expanding to 44. Data flows to these satellites, then to
minimize overshooting the set depth. When the Spray beginsGateway Earth Stations (GES) that forward it to Gateway Con-
ascend, a pitch angle is assumed to optimize the upward glittel Centers that provide access to the users via email. Com-
Typical turn-around requires 4 m in depth between where thgands for Spray follow this path reversed.
pump is started and ascent begins. Pump current and voltage ai®pray uses a Panasonics KX-G7100 Subscriber Communi-
monitored for undervoltage or overcurrent faults, which causecator (SC, a transceiver) to communicate with ORBCOMM
mission abort. satellites. The SC transmits or receives data after it has been
Scientific sensors presently include the pressure gauge upetled by a satellite. In Monterey this happened about every
for glide control, a Sea-Bird Electronics 70 ms response theninute. The SC transmits data to the satellite at 2400 baud
mistor probe, and a Precision Measurement Engineering caising the 148-150-MHz band and receives data at 4800 baud
ductivity sensor. The conductivity sensor, ax15 x 25 mm in the 137-138-MHz band. When the SC and a GES are both
ceramic substrate with a four-electrode cell at its tip has goedthin the footprint of a satellite, then messages up to a practical
flushing, low drag, and a small sampling volume (fast respons#init of 3 to 8 Kbytes can be sent from the SC back to the GES
The cellis, however, easily affected by particles in the water aivd“bent-pipe” mode. A GES in Arizona provided “bent pipe”
during the Monterey trial, several times it became temporarigoverage during more than 90% of the Monterey operation.
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When only the SC is in the footprint of the satellite, message i y P — T
(Globalgrams) are limited in length to 229 bytes that are store
in the satellite and forwarded when the satellite sees GES. F | +BPS Localkes e
the Monterey test, only a few messages were Globalgrams. ggaf == -

Each time Spray surfaced 30 min were allocated for trans ,"' _“
mitting 1 kB in 9 messages. These messages included glid | p o 'Ee,_'_ / .
position, engineering data, and pressure, temperature, and ¢~ = 'I. ‘7}‘;' =~
ductivity for profiles. For three of the 98 profiles, the satellite ' N 2 wwkm |
coverage was at low angles and precluded complete data tra a7} __..f" ¥, 2 f
mission in 30 min. Commands were sent to Spray using shc | - f 2
emails that ORBCOMM relayed to Spray. During the Montere) J '
trial the sampling rate was changed. Other commands cou |
change the waypoint for Spray or modify other parameters ¢ 1000

[ Drift path .~ . |

b, -
o~ H"‘-u\.!:'m |._|-_
o,

-

the mission. At the end of the sustained deployment, a comma ¥4+ |1/ [ - 1
to abort the mission was relayed to Spray to schedule recove ‘e T S e T

during daylight and good weather.

Because Spray is an unproven instrument, a robust em@g: 5. The setting of operations in the Monterey underwater canyon. Black
gency back-up system is implemented. A drop weight allowiges show track of Spray starting 10 km west of the programmed station
the alider t f . fhvd lics fail AnRF b Jao ation; a cross marks each surfacing position. Blue line is a progressive vector

.e gliderto surtace in case ot hy ra_u ICS Tal _Ulre' n €aCHfigram of the vertically averaged current inferred from the difference between
with a separate antenna on the vertical stabilizer allows surfa@ad reckoning and actual positions over each profiling cycle. This shows

p
locating in the event ORBCOMM communication is not su idal motion and a westward 3 cm/s drift. Green lines show low-resolution

L . dBathymetry with 100 m contour interval and thick lines at 500 and 1000 m.

cessful. An acoustic pinger (Datasonics ALP-365) allows sub-
surface tracking from onboard ship. Lastly, a separate processor
(Parallax Stamp module) is used as a watchdog for the TT8nleasurements of its pitch angleand vertical velocityyw, in-
the TT8 supplies no heartbeat (set at a 10-min duty cycle), thered from pressure measurements. The along-track force bal-
watchdog activates the drop weight, turns on the RF beacon, ainde is

resets the TT8, which goes into an abort/recovery mode.

Bsiné
1 w?
V. FIELD TRAILS = - pAcrossCror —
2 sin“ 6
In mid-August 1999 the Autonomous Ocean Sensing Net- 1 )
work (AOSN) program mounted an experiment in the Mon- =§P(ACROSSCDF + AskinCskiN + K ArprCrper)
terey underwater canyon that was meant to involve all the pro- w2
gram’s autonomous vehicles, including its newly developed au-  * 4 2 ()

tonomous gliders. The scientific goal of this experiment was to
explore how the internal tide evolves as it propagates from rekhere the first term on the right side represents pressure and
atively deep water into the canyon to form strong tidal boresin drag on the hull@pr is based on the hull cross section),
as the canyon becomes shallow. High operating speeds (3ke second term represents skin drag on the wings and vertical
eral knots) were needed to explore the strong-current partstébilizer, and the third term represents the induced drag on both
this phenomenon, so the autonomous gliders were schedulethtowings and the hull. The term/sin ¢ is the speed;. The
maintain time series stations in deeper parts of the canyon wherieldle expression simply definé€$ror as the total drag coef-
tidal velocities were not large. Since this was the first extendéidient based on the cross-sectional area.
mission for Spray, the simple operational plan of maintaining The cross-track force balance relates buoyancy to the up-
station was a good opportunity to explore both the capabilitiasards component of lift and determines the angle of attack
of this new kind of instrument and to prove the performance @hetween the relative flow and the hull axis) to produce the
our particular implementation. needed lift. From the lift line of the wings and hull from Ho-
Spray’s nominal measuring location was a site in the Momrner and Borst [3], we estimate for the Monterey Canyon
terey underwater canyon (see Fig. 5) with a relatively flat bottotrials as 3.4, which is consistent with attempts in earlier field
at 380 m depth and steep canyon walls located about 1.5 kasts to measure the angle of attack directly with a mechanical
away. On August 26, 1999, the prototype Spray was deployeahe. Measured pitch and estimated angle of attack determine
10 km west of its planned site, found her way to that locatiothe glide anglé and allows speed to be computed from ver-
and began profiling and station keeping. Eleven days later Sptaal velocity w measured through pressure. With this, buoy-
was recovered without intervening attendance after collectingacy (known to about 10 g) defines the total drag éig)r.
time series of 182 temperature and conductivity profiles. Empirical results in Hoerner [4] allow the skin friction and in-
How well did we achieve the goal of low drag? Spray’s draduced drag to be estimated and the hull drag estimated by sub-
performance was estimated from its known buoyancy and franaction. Velocity and pitch were averaged over the first ten
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TABLE I
DRAG PERFORMANCE IN THEMONTEREY CANYON FIELD TRIAL. FIRST 3
COLUMNS ARE BUOYANCY IN GRAMS, PITCH ¢, AND VERTICAL VELOCITY w,
ALL OF WHICH WERE MEASURED. COLUMNS 4—6ARE GLIDE ANGLE ¢, TOTAL
DRAG COEFFICIENT AND HORIZONTAL VELOCITY u, ALL OF WHICH DEPEND
ON ESTIMATES OF THEANGLE OF ATTACK. COLUMN 5 IS THE INFERREDHULL
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TABLE IV
PREDICTED PERFORMANCE FORSPRAY BASED ON DRAG MEASURED IN
MONTEREY UNDERWATER CANYON AND A 13 MJ ENERGY SUPPLY. THE GLIDE
ANGLE 36.0° MAXIMIZES HORIZONTAL VELOCITY u FOR FIXED B
WHILE 18.3° MAXIMIZES RANGE. THE LISTED RANGE ASSUMES25%
OF ENERGY IS NOTUSED FORPROPULSION

DRAG COEFFICIENT, C'5 =, BASED ON FRONTAL AREA. THE LAST COLUMNS

ARE THE FRACTIONS OFDRAG ASCRIBED TOSKIN FRICTION ON THE WINGS Buoyancy, B/g 100 gm 300 gm
AND VERTICAL STABILIZER, AND TO INDUCED DRAG ON THE HULL AND Glide Angle, 0 (deg) 133 | 250 [ 360 133 | 250 [ %0
WINGS. THESELAST 3 COLUMNS DEPEND ONMODEL ESTIMATES OFVARIOUS
DRAG COEFFICIENTS OF THEVEHICLE. THESERESULTS AREFROM THE FIRST Horizontal, u (cm/s) 20.0 22.8 244 346 39.5 423
10 Dive CyCLES BUT 10-CyCLE AVERAGESDIFFER BY ONLY 5% __
Life in cycles 1016 1102 1171 660 677 695
B/g ] w 6 Cror u Cpr Skin | Induced Range, x (km) 6144 4726 3223 3993 2897 1911
gm deg cm/s deg cm/s
- - o, 0, . . . .
1031165 | 77 | 199 | 040 | 213 | 029 |21% | 9%  iancyisacomplex function &f calculation of range cannot be
160 | 167 | 97 | 201 | 040 | 265 | 028 | 21% | 9%  reduced toasimple formula. Based on the hydrodynamic perfor-

mance deduced in Monterey, and taking into account the other
energy uses, including surfacing and transmitting every other
dive cycles from the 150- and 325-m depth range, over whiclgcle and providing 90 mW for control and sensors, Table IV
Spray appeared to be in steady motion. Buoyancy was egtiesents projected performance for some reasonable operating
mated from profiles of temperature and salinity, measuremeitsnditions.
of Spray’s compressibility, ballasting measurements with the
bladder empty, and (for the buoyancy during ascent) the mea- VI. INTERNAL VARIABILITY IN MONTEREY CANYON
sured pumping energy and known pump efficiency. Table 1lI

shows the results. vestigated by analyzing the vertical displacement of isotherms,

While the inferredw, which should be a relative velocity, is . .
; ] . ity in the Displacements were calculated with respect to a mean tem-
subjectto errors from internal waves, the main uncertainty in thé ) . . )
L oo . e erature profile calculated over the 11-day time series (Fig. 6).
total drag coefficient is uncertainty in the wing lift coefficien

which determines the inferred angle of attackand hence the f-an isotherm went deeper than the profile, its depth was held

glide angleg; we estimate the uncertainty @iror to be 15% constant at its last valid value, resulting in the horizontal lines
' or ' in Fig. 7. This biases variance estimates low for the deepest

Th ti t of drag into hull drag, skin d indd :
© apporiionmen of crag Into hut crag, skin drag on wmd gherms where data gaps are most frequent. The depth region

and stabilizer, and induced drag depends on the empirical rez@@ ) lored. wh h isala f
from which these forces were modeled and we do not kng tween 50-350 m s explored, where the Vaisala frequency,
|8rpearly constant.

their errors. We note, however, that the drag coefficient based )
Frequency spectra (Fig. 8) were computed for three depth

frontal areaCpr, from the Monterey trial is only 15% higher A ;
than the tow-tank, half-scale measurement. bands: 50-150 m (shallow), 150-250 m (|ntermed|ate), and
The results from Monterey can be used to determine tRg0-3°0 M (deep). These spectra suffer from high-frequency

lumped drag and lift coefficients in the drag law (1). Based d§iasing because of the 3-hour interval between profiles.
Spray’s frontal cross section ofp = 324 cn? and wing area However, a strong bottom intensified tidal signature is quite
A; = 980 cni, the results in Table 1l translate ©p = 0.37, apparent. The shallow range has no discernible peaks in the
K = 0.09, andA near 1/90. To convert these dynamical paranfid@l frequency band. The intermediate depth range shows
eters into a predicted operating range it is necessary to knBwtrong peak at the diurnal frequency (0.042 cph) but little
the stored energy, the mechanical conversion efficiency (botr8R€rgy at the semi-diurnal tide (0.081 cph). The deep region
Table 11), and the drains on stored energy other than buoyarigythe only one that has a strong M2 spectral peak. Plotting
generation. At the surface the pump is run to provide extf@e rmsn for frequencies>0.03 cph as a function of depth
buoyancy to keep the antenna exposed:; this takes about 2.4fg. 6) shows strong bottom intensification. According to
per cycle. Transmission of T and S profiles from up and dowhe customary WKB scalingy should scale asv—'/2. The
profiles consumes about 1 kJ per cycle while GPS locating ugearret-Munk model (cf. [5]) gives an rmgof 7. m for N = 3
less than 100 J per fix. The present sensors and data collecgplj for the open ocean. The observed deep values approach
have not been optimized for power consumption. Control, setiwee times the expected GM level.
sors, and data management now consume about 150 mW builthough the above analysis clearly shows that the tidal signal
we believe this can easily be reduced to 90 mW. Additionallig bottom trapped, Fig. 7 also suggests that there is strong vari-
in order to compensate for the difference in compressibiligbility in the amplitude of the tidal signals over the 11-day de-
of Spray and seawater, it is necessary to pump approximatplgyment. For the first 7 days of the record, the vertical temper-
100 cc more than the theoretical volu@B/gp. Even with this ature structure appears to be constant. During the last 3—4 days,
penalty, in operating to 1000-m depth, slightly less than hatie vertical structure changes. The stratification becomes more
the stored energy is used for high-pressure pumping. bottom intensified and the isotherms that were near 100 m depth
Because some of the uses of stored energy are on a per-caetedisplaced downward by O(100 m). The cause of this change
basis while others scale as time, and because hydrodynamic éffinot apparent, but may be due to the propagation of an eddy

The effect of canyon bathymetry on the internal tide was in-
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ig. 8. Frequency spectra gfcomputed over 100 m depth bands. Three-hour
mple interval results in Nyquist-aliasing of high-frequency internal waves.
e 50-150 m average spectrum shows little tidal energy. The intermediate
th (150-250 m) shows a strong diurnal component and little semi-diurnal
rgy, while the near-bottom region (250-350 m) has large semi-diurnal peak
d diurnal peaks.

Fig. 6. Eleven-day mean temperature profile at Spray’s Monterey Cany§
site (left). The mean Vaisala frequency (center) is computed from profiles
temperature and salinity. On the right, the solid line is rms vertical displacem%
after high-pass filtering above 0.03 cph and the dashed line is the displace
predicted by the Garret-Munk. The amplitude is bottom-intensified ne::rg;\
three times over that predicted.

VII. CONCLUSION

The Spray is a successful implementation of Henry
ol | Stommel’s vision of small, long-lived underwater gliders.
Based on the drag measured in the Monterey trial and conven-
100k | tional estimates of the induced drag it is possible to predict
Spray’s performance on long-term missions. Table IV gives
150 { some combinations of buoyancy forcing, glide angle, horizontal
E velocity and range that Spray can achieve. Spray’s low max-
%200- 1 imum speed will limit the missions, but the overall capabilities
o will allow a wide range of long-term sampling missions,
250r 1 including time-series stations and autonomous transects. While
300l | it is difficult to project from a prototype, construction cost
should be near $25000. The ability to deploy and recover
3501 | simply should make the cost of a mission a fraction of the
construction cost.
400 240 YE: i 45 545 The Monterey tests of Spray demonstrate that vehicle perfor-

Year-Day mance will make possible extended long-term and long-range
missions. These tests also demonstrate satellite relay of kilo-
Fig. 7. lIsotherms depths computed from descending profiles only. orfytes of data per hour, robust two-way communications, and
isotherms separated by approximately 20 m are shown. Note the lack of figgpid positioning on demand. While data throughput may
tidal signature above 50 m compared to the tide’s strong presence at depth.degrade when data relay is not in bent-pipe mode, the same
configuration and software used in Monterey can be used
into the region or a meander in the offshore California Currergnywhere, making feasible global operation of Spray and
At the same time, the amplitude of the deep tidal signal appeagtated autonomous vehicles, such as profiling floats.
to increase. Analyses of the data obtained from Spray are consistent
Previously, Petrunciet al. [6] observed strong tidal boreswith previous time series taken in the vicinity of the Monterey
further inshore along the axis of the canyon. Although the bor€anyon. Spray’s profile data have shown a strong baroclinic
appeared at the same phase in the tidal cycle, they did not appgbamal signal at a latitude where the Coriolis frequency is
to be correlated with the astronomical variations in the tide. Tiégher than diurnal { = 0.05 cph), suggesting that there is
Spray time series suggests that offshore influences on the \eetocal source. This is consistent with measurements further
tical stratification may play a significant role in determining theffshore where increased mixing suggests that the barotropic
strength of the bottom intensified M2 tidal signal and, thereforéde is interacting with steep topography to generate increased
the appearance of the tidal bore. internal wave energy.
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APPENDIX [3] S.F.HoernerandH. V. BorgEJuid-Dynamic Lift: Practical Information
LABORATORY DRAG MEASUREMENTS on Aerodynamic and Hydrodynamic LiftBrick Town, NJ: Hoerner,
1975.

In the process of selecting a hull shape for Spray, the drag§4] S. F. HoernerFluid-Dynamic Drag; Practical Information on Aerody-

of roughly half-scale (1 m Iong) cylinders of the shapes shown namic Drag and Hydrodynamic ResistanceBrick Town, NJ: Hoerner,
1965.

in Fig. 2 were measured. The procedure used an accurately cons] w. Munk, Evolution of Physical Oceanograph. A. Warren and C.
trolled tow cart that operated over quiescent water in a 1.5-m . éVugsgh,tEdS; CLar}Tgbgdge, l;/lﬁi: MITdPJreBs, Pl9§1, pp-ég4—29% 623.f
. . I. Petruncio, L. K. Rosenteld, an . D. Paduan, “ servations o

square cross section tow tank. The cart towed models throug}[1 the internal tide in Monterey CanyonJ. Phys. Oceanogol. 28, pp.
the tank at speeds between 10 and 100 cm/s. The models were 1873-1903, 1998.
ballasted to be slightly negatively buoyant and were suspendedf] P. B. MacCready, “Understanding speed-to-fly and the speed ring,”
from a vertical pylon extending down from the tow cart by a thin Soaring vol. 47, no. 5, pp. 42-47, 1982,

. _py . 9 y ' [8] S. A. Jenkins and J. Wasyl, “Optimization of glides for constant wind
nominally horizontal, line to the model nose, and from a nom- " fields and course headingsy’ Aircraft, vol. 27, no. 7, pp. 632638,
inally vertical line to the model tail (see schematic in Fig. 2). 1990.

Tensions were measured in both lines with load cells, as was” ';bB'lgf‘;lcrleggX' Optimum airspeed select@garing vol. 18, no. 2,

the angle of the aft line. These data were used to calculate th€o] p. Simonetti, “SLOCUM Glider Design,” Webb Research Corp., Fal-
drag force by averaging results over periods of steady motion. _ mouth, MA, Rep. Webb Research Corp., 1992.

Two imperfections in this procedure limited its accuracy.™% gé_sztgmlrggg The Slocum MissionOceanographyvol. 2, no. 1, pp.

Some models at high speed had a tendency to swerve (“figh2] J. F. HarveyTheory and Design of Pressure Vesselslew York: Van
tail”) around a straight course. The associated lateral forces3] gogf%nd Reghglw%rgpfnz, F1{98_5, p. 6§?>J- ouf The aut

. . . E.Davis, D. C.WeDDn, L. A. rRegier, an . Dufour, “The autonomous
and.the induced drag contaminate measurements of hull draB. Lagrangian circulation explorer (ALACE)J. Atm. Oceanic Techvol,
Tuning the model buoyancy and the length and angle of the 9, no. 3, pp. 264-285, 1992.
aft line reduced this contamination. Also, the pulley and lower
end of the forward pylon disturbed the water through which
the model then moved' This contaminated d_rag measureme.r]]éﬁ’Shermanreceived the B.A. degree in applied mechanics from the Univer-
and perhaps most seriously affected the laminar-flow UW/APdiy of California at San Diego (UCSD), La Jolla, in 1981 and the Ph.D. degree
design, but hopefully affected all models similarly and therefomeapplied ocean sciences from Scripps Institution of Oceanography, UCSD, in

; ; ; 1989.
did not upset the relative drags of different shapes. He has continued on at Scripps, presently as a specialist in the Physical
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