Human Power
The technical journal of the
International Human-Powered Vehicle
Association
David Gordon Wilson, editor
21 Winthrop Street
Winchester, MA 01890-2851, USA
Phones: 617-729-2203 (home)
617-253-5121 (MIT)
617-258-6149 (FAX)
Associate editors
Toshio Kataoka, Japan
1-7-2-818 Hiranomiya-Machi
Hirano-ku, Osaka-shi, Japan 547
Theodor Schmidt, Europe
Hoheweg 23
CH-3626 Hunibach
Switzerland
Philip Thiel, watercraft
4720 7th Avenue, NE
Seattle, WA 98105, USA
IHPVA
P.O. Box 51255
Indianapolis, IN 46251, USA
Phone: 317-876-9478
Officers
Marti Daily, president and
executive director
Adam Englund, secretary
Bruce Rosenstiel, treasurer
Paul MacCready, int'l president
Doug Milliken, VP water
Glen Cole, VP land
Chris Roper, VP air
Matteo Martignoni, VP ATV
Theodro Schmidt, VP hybrid power
Boardmembers
Allan Abbott
Marti Daily
Peter Ernst
Dave Kennedy
Chet Kyle
Gardner Martin
Gaylord Hill
Dennis Taves
Bill Gaines
Human Power is published quarterly by
the International Human-Powered Vehicle
Assoc., Inc., a nonprofit organization
devoted to the study and application of
human muscular potential to propel craft
through the air, in and on the water and on
land. Membership information is available
by sending a self-addressed stamped
business-sized envelope to the IHPVA
address above.
Additional copies of Human Power may
be purchased by members for $3.50 each,
and by nonmembers for $5.00.
Material in Human Power is
copyrighted by the IHPVA. Unless
copyrighted also by the author(s),
complete articles or representative excerpts
may be published elsewhere if full credit
to the author(s) and the IHPVA is
prominently given.
We are indebted to the authors and
Marti Daily whose dedicated help made
this issue possible.
Pat Poole
P. 2

Human Power, Fall 93 Vol. 10/4

Letters to the editor
Exotic Wheel Design
I was really "grabbed" by Allan
Klumpp's article on designing exotic
driving wheels for bicycles. I thought
"This all makes total sense!" I immediately
rushed to my PC and designed a variation
on his Figure 6 wheel for my existing rear
rim and old Phil Wood high-low hub.
After obtaining the necessary spokes, I
immediately took my wheels apart, drilled
the rear hub, and built the old pieces into a
new pair. (While I was at it, I decided to
build a radial front wheel, since I could
discern no justification other than inertia of
thought processes for its four-cross
spoking.)
Some comments:
1. While Allan's design techniques are
impressive, I submit that the whole process
is a lot faster and clearer with CAD. For
those who have PCs, but no CAD, I
recommend EasyCAD2,' by Evolution
Computing in Tempe, Arizona. I
purchased mine from a mail-order house
for $109.00, and am mightily impressed by
its speed and power on my old 80286 AT
clone with math co-processor. The
drawings it puts out on a 9-pin dot matrix
printer are of professional quality, though
they do print slowly if complicated.
2. When I printed out my Figure 6
wheel design, I thought "That's ugly!" By
placing the radial left-flange spoke
between the parallel right-flange spokes,
the design became 12 sets of three parallel
spokes, which I think looks great (see
drawing below).
3. It may either be a typo or my
imperfect understanding of Allan's design
techniques, but I figure the wrap angle of
the conventional 36 spoke cross 4 wheel to
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be 90Q rather than the 80Q stated in the
article, since the two opposite spokes are
in diametrically opposite holes. I find it
easier to think in terms of the angle of the
spoke to a radius drawn to the spoke head.
It might be easier still to think in terms of
angular deviation from tangent.
4. I noticed on CAD that I had to be
careful to place the "space" between
adjacent inside- and outside-flange spokes
crossing at 22-1/2Q, to prevent one spoke
from crossing directly over the head of the
other. This is easy to find and correct with
CAD, but a real pain when encountered at
the bench.
5. I had always put the "driving"
spokes on the inside of the right flange,
reasoning that if Joe or Jane Klutz dumped
the chain between the sprocket and the
hub, the "trailing" spokes would sustain
the damage. Not having done this recently
(thanks more to Suntour then to my
shifting expertise), I yielded to Allan's
logic and put the drivers on the outside of
the new wheel. I hope I don't find it too
hard to ride with my fingers crossed!
6. The wheel was easy to build and to
true, as advertised.
7. One caveat. It wasn't until the
wheels were all built and installed that I
recalled that my custom frame is not
symmetrical, but that the rear stays are
offset to the right to permit reduced wheel
dish. I'll ride the wheel first, then consider
re-dishing it.
Thanks to Human Power and to Allan
Klumpp for a really exciting, inexpensive,
practical project. I can hardly wait till
morning to see how it rides!
Don Retierman
2474 Thata Way, lemet, CA 92544
(continuedon page 8)

L

24 SPOKES ON R
81 DEG. WRAP
1' SPOIES O L!
OUASI -RADIAI

·- IrV H1E IRIGHT
FL,',NEPHIL OOD
HIGH-LOW HUB

RIGHT SPOKES- 301F
LI FT SPI)KES - 295r

pi-AIILA 1,
au

Letters to the Editor (from page 2)
In the spring/summer HP, Allan
Klumpp had an interesting article,
"Designing Exotic Bicycle Wheels for
Superior Strength". There are a couple of
other ways spoke breakage could be
reduced without much difficulty or adding
weight.
I am wondering, why not bend both
chainstays so that both rear dropouts are
moved about lcm. (3/8") to the right, then
build the back wheel without dish?
Bending the chainstays compensates for
the lack of dish, so the tire stays on the
bicycle centerline. Jim Leis of Santana
says this would make a "strange-looking
frame that would appear bent:, but this is
less of a problem for people who spend
more time riding their bikes than looking
at them. The real disadvantage I see with
this plan is that back wheels would no
longer interchange with other bikes.
Which brings us to plan #2: Why not
simply use stronger spokes on the right
side of the wheel, and save the weight on
the left side spokes? I've started building
my back wheels this way with good
results. Since the left-side spokes see about
half the stress of right-side spokes, they
would apparently need only half the
sectional area; or in other words, assuming
that all spokes are using the same strength
materials, the spokes on the left side would
appear to need only be 70% the diameter
and half the weight of the right-side
spokes.
The ultimate in aerodynamics and
weight for a back wheel should be a
tensioned disk wheel. The sides, made of a
very thin material, made thinner toward
the rim, would be glued precisely in
position to the rim and hub, then put in
tension by some way of spreading the hub
flanges apart. It should be possible to make
the rim and wheel sides/spokes lighter with
the same strength.
In the same issue, Bruce Henry's
"Letter to the Editor" calls the
environmental problems of automobiles
"over-emphasized". I disagree. In urban
areas, where people live, up to 85% of the
air pollution is due to motor vehicles. A lot
of restrictions have been placed on
smoking in the past couple of years,
because the EPA announced it estimates
about 3,000 americans a year die from the
effects of second hand smoke. The same
agency estimates that about 30,000
americans a year die from air pollution.
Motorists have no right to poison my air.
In the article on the "Cheetah", it is
claimed that the bike's Reynold's numbers
are in the 4 million range, and that drag
would be kept to a minimum by keeping
P. 8
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the thickness-to-chord ratio under 15%. In
the earlier days of the IHPVA, the
Reynold's number of a record-setting HPV
was figured to be around 10 million, and
the fineness ratio for lowest air drag for a
given internal volume was believed to be
about 3-1/2 - 4:1, for a thickness/chord
ratio of 25-29%. Would someone smarter
than me please explain the discrepancy?
CharlesBrown
534 N. Main #1, Ann Arbor, MI 48104
(313) 663-8107
PS-David Gordon Wilson has pointed out
that building a dishless back wheel by
moving the hub and freewheel to the right
could cause chainline problems. I build
rear-drive semi-supine recumbents, where
the distance between cranks and rear axle
is so great that this effect on chain angle is
negligible. However, this is of more
concern to people with old-fashioned
upright bikes. Perhaps use a bottom
bracket spindle for a triple with a double
crankset? Use spacers? I have solved
chainline problems on my own bikes by
bending spider arms in or out with a big
pair of vice-grips (not recommended) ...
Charles Brown

Rim Temperatures
David Wilson's interesting study (Vol.
10, No. 3) to calculate rim temperatures
due to braking leads him to warn Moulton
users to be "especially careful" (on long
descents).
When I presumed to launch back in
the 1960's on the cycling world the radical
departure from the conventional "Starley",
I was fearful of all aspects of my use of
small wheels for adult cycling for the first
time in large volume production.
I was conscious of the interaction
between heat input and dissipation as with
speed, but was put off by the complexity
of the exposed "fan effect" to attempt to
calculate. In any case, I prefer the reality
of structured experimental approach in
innovation, especially in something as
"transparent" as a bicycle. We used
temperature sensitive paints on the rims of
a Moulton and conventional 27" wheel
lightweight, and did side-by-side braked
descents on local hills, (Winsley and
Widcombe in Bath). The conclusion was
that while the small wheel heated up
quicker - as it restores friction quicker on
wet braking - the steady-state temperatures were of the same order within the
limitations of our local hills.
One thing we did find was that tubular
tyres were specially liable to bursting for
whatever reason; and I never specified
them since.

I remember asking early test riders
touring in the Alps to take particular note
of any troubles from braking. I do not
recall any report of problems from that day
to this on the millions of rider-miles
experienced on Moultons.
But having read Dave's article I asked
John Talbot a hard riding "Moultoneer" for
30 years, what his experience has been. As
he frequently rides on his unfaired AM.7
with a friend who persists due to "image
consciousness" in using a "conventional"
lightweight road bike: the comparison is
relevant. John says that he always outdrops his companion, and often observes
50 mph in normally seated crouch. Using
the not-to-be recommended full crouch
with his stomach on the saddle he has seen
a terminal velocity of 56 mph on a 1 in 5
descent approximate in North Wales.
Raising the head and trunk act as a
powerful air brake at high speeds,
available only on the normal riding
position bikes when unfaired. Neither
riders have had tire problems from
overheating, and have not thought fit to
compare rim temperatures.
My own view on normal riding
position bikes either conventional or
Moulton (unfaired) is that the issue is not a
pressing one. Certainly we do use
substantial rim tapes and one normally
carries a spare tube, it being so small,
rather than patching. But it is a thought to
pursue fairing the rim section and using
bladed spokes to lessen separation and to
improve heat rejection.
It is on machines with high ballistic
coefficients such as tandems and
recumbents that the issue is real. I would
certainly tend towards separating the
braking from the rim, and what about an
air brake or chute!
Alex Moulton
Bradford on Avon
Wiltshire BA151AII England
0225 805895
I hope my ideas of a rim that will be
cooler after long periods of hard braking
will be of some uses to the bicycle
industry.
I am proposing rims with twice the
height on the sides. This moves the brake
pad inside the tire bead and the metal has
an area on both sides of the pad to
dissipate the heat. The only thing that
seems to limit the height of the flange area
inside the bead is the need for access to the
spoke nuts.
Milton Turner,
6770 CarondeletDrive #127,
Tucson, AZ 85710 USA

A HUMAN-POWERED SUBMARINE DESIGN PROCESS
by
Bradley DeRoos, Foster Stulen, Tom Ramsey, Dave Carey, and Michael Neal

Abstract
The International Human Powered
Submarine Races are held biennially to
foster the advancement of underwater
vehicle and subsystem technologies. The
basic rules of the race are that the vehicle
must contain two people (one pilot and one
propulsor), the vehicles must be freeflooding, and all vehicles must adhere to a
stringent set of safety rules both prior to and
during the race. Many of the design
considerations for human powered
submarines also apply to other types of
underwater vehicles. A remotely operated
vehicle (ROV) and an autonomous undersea
vehicle (AUV) can each benefit from the
research and development efforts that occur
as a result of these races. Optimization of
the power transfer efficiency from the power
source to the surrounding fluid is a key
design consideration for underwater
vehicles. For AUVs, which carry their
power source on board in the form of
batteries or fuel cells, increased efficiency
can result in longer traverse distances,
longer mission duration, or decreased
vehicle size due to the ability to incorporate
smaller power sources. For maximizing a
human powered submarine's speed, the
optimization of human power generation
and transmission is vital. There are many
factors that affect power transfer
optimization including human factors,
propeller design, and drive train design.
The methods used in evaluating, integrating,
and testing these factors are presented in
this report.

Introduction
Battelle designed and built the Human
Powered Submarine (HPS) Spirit of
Columbus for the 1991 Human Powered
Submarine Race competition. The Spirit
of Columbus was propelled by an
innovative high drag/low drag propulsion
system which mimicked the swimming
techniques of the duck or frog which
present a high drag profile during the
power portion of a stroke, and low drag
profile during the return portion of a
stroke.
The Battelle team decided to convert
from this non-conventional propulsion
system to a more conventional propeller
drive in order to be more speed
competitive. The composite hull of the
Spirit of Columbus which had relatively
small frontal and wetted surface areas and

a hydrodynamically shaped profile was
used for the 1993 effort. Other systems
were to be revamped as the system design
progressed. The vessel was rechristened
as the Subjugator. The system design
specifications are listed in Table 1.

Length

10.5 ft (3.20 meters)

Outer Dameter

28 inches (0.71 meters)
2

2

Wetted Surface Area

72 ft (6.69 m)

Air Capacily

180 scf (5.09 m

Hull

Form 58

3)

Table 1. System Specifications
Technical Approach
The following tasks were laid out and
subsequently performed as part of the
design process:

* Dynamic analysis of the propulsion
system was performed using the
CADSI's DADSTM dynamic
modeling program. Review of raw
video footage from the 1991 race
showed that instantaneous angular
propeller velocities for the two
submarines in the finals fluctuated
by over 30 percent from their
average. Fluctuations in angular
velocity can significantly affect a
propeller's overall efficiency,
therefore one prime objective of this
development effort was to explore
means to smooth the power transfer
between the propulsor and the
propeller.
* Performance testing was conducted
to validate the output of the
computer model and ready the
submarine
for
the
Third
International Race event.
Figure 1 illustrates the basic steps
performed during development effort. The
ergometer test results were used to refine
the operating configuration up to one week
before the time trials occurred.

* Drag testing was performed to
obtain an experimental drag
coefficient for the vehicle. Although
theoretical values of the drag
coefficient are available for this hull
form (Form 58) based on either the
frontal area or wetted surface area,
design features such as control
surfaces, tie-down points, a tow-line
for the surface buoy (required for
safety), and other small appendages
degrade the accuracy of these
values. Both the drag coefficient
and shaft horsepower (power
delivered to the propeller) were
required for comparison to the
propeller design code.
* Ergometer testing was performed to
measure the propulsor's power
generation ability as a function of
time. The races consist of 100
meter time trials followed by 400
meter eliminations. The final
elimination race to determine the
overall winner is 800 meters in
length. The values of sustainable
power levels by the propulsor for
the expected duration of the races
were required for propeller design
and optimization.
* Propeller design was performed
utilizing a computer code based on
propeller lifting line theory. This
code was developed by Dr. Lee of
The Ohio State University and
requires boat velocity and propeller
rpm as inputs.

Figure 1. Development Flowpath
Drag Testing
Drag testing of the Form 58 hull was
performed in a 25-yard (22.86 m) long
swimming pool having a maximum depth
of 10 feet (3.05 m). For these tests, an
underwater puller was built. The puller
was fabricated using a variable speed 2
horsepower (1492 watts) air-driven motor
attached to an 18-inch (0.46 m) diameter
drum (both located above the waterline).
The towline was wrapped around the drum
and passed down through a sheave located
5 feet (1.52 m) below the waterline. The
towline was attached through a fairlead in
Human Power, Fall 93 Vol. 10/4
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propeller design code. The relationships
between efficiency, thrust, drag torque,
hull speed, and propeller speed are defined
by the equation given below:
2 5
Propeller Torque = Kq(J)pn d

(2)

2 4

Thrust = K,(J)pn d

J

K,(J)
(4)

2i Kq(J)

Advance ratio, J = -

nd

where:

V,
p
n
d
7p

(3)

(5)

= submarine speed
= density of water
= propeller speed
= propeller diameter
= propeller efficiency

Figure 7 is a sample plot of Kt, Kq,
and propeller efficiency versus advance
ratio at a blade angle of 32' (measured at a
point 10.5 inches (0.27 m) from the axis of
rotation). This was the design point of the
propeller at 0.5 hp (373 watts) and 120
rpm. Of particular importance to note on
this graph are the + 22 percent efficiencies
marked. The + 22 percent points relate to
the maximum fluctuation in the advance
ratio (J) predicted by the computer model
as a result of time-varying input torque.
The efficiencies associated with minimum
and maximum advance ratios at + 22
percent rpm fluctuation are 81 percent and
82 percent, respectively (with an average
efficiency of approximately 85 percent
over that range of advance ratios). If the
rpm fluctuation varies by + 33 percent as
seen in previous race tape videos, the
average efficiency drops to less than 80
percent.

pedaling. One concept was a "loose"
rotary spring between the crank and the
prop in order to deliver a constant
propeller torque, using the spring to
alternately release and store cyclic
variations in the propulsor's pedaling.
Although the spring does effectively
reduce the torque variations, it was
realized that in addition to providing a
constant torque to the propeller, the spring
also presents a constant load torque to the
propulsor. Relative to the nominal design
(drive shaft rigidly connected to the
propeller) the propulsor would experience
less resistance in parts of the stroke where
he can deliver maximum torque, and more
resistance at top and bottom dead center,
where the propulsor's torque capability is
at a minimum. The overall result would be
a very unnatural pedaling feel and the
possibility of being "backdriven" by spring
wind-up at top and bottom dead center
crank positions. Another concept was a
flywheel attached to the crank. Although
the simulation showed good results, this
solution was deemed impractical because
of the large size of the flywheel necessary
(assuming special gearing was not used to
increase the flywheel spin rate) and the
limited space available inside the hull for
the addition of flotation that would have
been required to counteract the weight of
the flywheel mechanism.
Dynamic simulation runs were made
at 0.5 and 0.35 hp (373 and 261 watts)
with both time varying torques and
constant torques being used as inputs to
the model. Figure 8 shows speed versus
time for the 0.5 and 0.35 hp (373 and 261
watts) computer simulations. The 100
meter lines indicate the times that the
submarine would cross the finish line for
each case. The effect on speed of having a
time-varying torque is a reduction in
steady-state speed of approximately 0.15
knots (0.08 m/sec) for the 0.5 hp (373
watts) input case.
System Performance Testing

AdvM= Ratio, J

Figure 7 Propeller Characteristic Curves

The computer simulation described
above was used to evaluate several
concepts to reduce the effects of unsteady

Performance testing was performed at
The Ohio State University's 50 meter
swimming pool. This facility was used for
three test and evaluation periods prior to
open water testing. During a pool test
period, data was collected to check the
validity of the computer model that was
developed. Figure 9 is a speed versus time
plot that shows the model prediction at 0.5
hp and the actual results from two of the

speed runs. This figure shows that the
submarine accelerates faster than the
model predicts, with the terminal velocity
being very close to model prediction. The
higher acceleration is likely due to higher
power levels being delivered by the
propulsor during the start-up period. The
propulsors were attempting to maintain 80
rpm during the whole run, which requires
greater power when the submarine is at a
standstill than when the submarine is
travelling at terminal velocity. Subsequent
testing in a 100 meter facility showed a
maximum sustainable velocity of 3.8 knots
(m/sec) for that duration event.

3
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Figure 8. 0.5 hp and 0.35 hp Time versus Speed
Computer Simulations
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Figure 9. Time versus Speed Plots for Two
Propulsors During Pool Testing

Figure 10 shows a plot of propeller
angular velocity as a function of time for
one of the test runs. Propeller rpm
information was derived from an
underwater video recording. The curve
was generated by frame stepping through
several complete propeller cycles (1/30
second between each frame), and
calculating the angular velocity for each
time step. The curves represent the best fit
through the data points collected. This
analysis showed that Battelle's design goal
of minimizing propeller angular velocity
fluctuation was met. The rpm fluctuation
is +/- 18 percent as compared to the
computer simulation prediction of +/- 22
percent. The instantaneous efficiency
Human Power, Fall 93 Vol. 10/4
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Figure 3. Linear Drive Unit

submarine was built and was used as a test
platform for control system design.
Various control surface sizes and
placements were tested to optimize both
the control of the submarine and drag
reduction. The VICTORY control system
consists of two mobile horizontal bow
planes, two stationary stem planes and two
vertical rudders. The bow planes main
function is depth keeping. There was some
vertical motion allowed, but only to
counteract any errors in ballasting, The sub
was trimmed and ballasted to be neutral
before every run therefore not have the
tendency to rise and sink. There was no
active ballast system. The stationary
planes were added after a stability problem
was encountered during the testing stages.
The top and bottom rudders serve to turn
the sub in a turning radius necessary to
navigate the race course. The pilot
operated the sub via a C-section control
yoke attached to the bow planes and a
lever connected to the rudder by a flexible
shaft.
The life support system relied on two

-s' )

v

Standard Design from Race Conestants Manual

VICTORY CalameranDesign

Figure 4. Catamaran Towed Buoy Design
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80 cubic foot dive tanks manifolded
together to provide the necessary air for
the race. Past experience on TURTLE and
TURTLE II showed that this was an
adequate air supply provided the crew had
enough training time at depth in the
vehicle. Two SHERWOOD first stage
regulators were attached to the manifold.
Three second stage regulators were
attached to the first stage regulators. Two
second stage regulators(primary and
emergency) were used for the pilot as a
safety feature due to his extreme
confinement. In addition to the life support
system, each crew member had to wear a
Spare Air pony bottle, Mae West style
buoyancy compensator, and weight belt.
The safety devices for the sub include
two bicycle brake lever deadman switches
which were connected to a brake caliper.
The brake caliper released a tethered safety
buoy to the surface in an event an
emergencies. The team designed a tethered
catamaran towed buoy that tracks the
submarine. This design significantly
reduced the drag over the standard design
used in previous races (See Figure 4). The
hinged crew hatch latch consisted of a
sliding bar that engaged the hatch in two
locations. The bar could be operated
internally and externally of the submarine
To allow the crew to navigate, an
acrylic hemisphere was installed in the
bow of the hull. This provide 180'of
visibility. There were also two port holes
on the sides to allow the propulsor to see
out. The hatch view port was installed to
allow the safety divers to see the crew.
The VICTORY's race performance
was disappointing. Although it passed both
the on-land and in-water safety
inspections, it did not perform well on the
actual race course. Given two speed trials
to qualify, VICTORY failed to leave the
starting gate. The first attempt resulted in a
broken propeller shaft coupling which
transferred power to the propeller. The
second attempt was aborted because of a
premature release of the safety buoy. The
team did win the Judges Award for there
efforts. Subsequent time trials were held at
the Naval Surface Warfare Center,
Carderock Division(formerly David Taylor
Research Center) in a testing tank. A 60m
(200 ft) straight line course was set up and
VICTORY recorded a speed of 1.95 m/s
(3.86 kts) for a running start. The sub was
not equipped with the towed buoy for this
trial and this time was not officially

witnessed by any IHPVA officials. This
proved to our team that VICTORY was a
viable sub and definite future contender.
The team currently plans to enter
the next race with a modified VICTORY
submarine. These plans include modifying
the power unit for more strength,
modifying the deadman switches for more
reliability, and fairing the hull for more
drag reduction. A new propeller will be
designed and built based on VICTORY's
hull. There will also be an effort to find
and train an alumni(at least eighteen years
old) of the school to be the propulsor/pilot
for the next race.
The team consisted of:
DTRC Sub Club

Students

Ed Leibolt(propulsor)
Dan Dozier(pilot)
Mary Leibolt
Mike Dozier
John Ware
Cheryl Ware
Steve Mays
Bruce Crock
Kent Brady

Andrew Binstock
Judd Borakove
Mike Chang
Jared Farber
Nathaniel Frink
Peter Liu
Anita Milman
Raymond Scholl
Emery Shen
Todd Sheridan

Teachers

David Weitzberg
Brian Wolfman

Ed Dennis
John McGoldrick

ed- The "VICTORY" was one ofa
growing number of high school
entries in the sub races.
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and could be significant for future study on
air consumption efficiency.
Our second objective was to figure out
the maximum horsepower capability of our
midshipmen divers. Early designs were
based on the assumption that 375 watts
(0.5 hp) could be obtained. Since well
over one horsepower can be produced by
humans on land it was a reasonable
assumption. Further testing on the
ergometer revealed that 375 watts (0.5 hp)
was possible but only for very short
durations. Figure 4 illustrates the power
production capabilities of the midshipmen
divers compared to bicyclists. It became

0.4
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Figure 3. Power vs Cadence

obvious to us that we had extremely
limited power capabilities, less than
originally hoped.
To try to maximize the power
capabilities, a great deal of effort was
placed in the design of an optimum
propeller. This was an area were we
believed significant innovation was
possible. As a guide to developing an
efficient propeller we looked at humanpowered aircraft designs. Here emphasis
was placed on large, slow turning
propellers. As our propeller design began
to unfold, we too discovered that relatively
large blades would be best. Specific
propeller design took three distinct paths.
The first propeller, designed by
midshipmen was a high efficiency variable
pitch propeller, approximately 0.9 (3 ft)
from tip to tip designed to spin at 120 rpm.
Though this was perhaps the best design,
and was specifically tailored for our hull,a
it proved to be too difficult to fabricate,
requiring a three-axis NC milling machine.
Secondly, a large, 1.2 m (4 ft) propeller
was designed specifically for a 50-rpm
cadence. The design effort here was
greatly simplified. Although not as
efficient a design, it had a major
advantage, it could be built by hand at the
Naval Academy. Thirdly, an off the shelf
P. 18
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ultra-light aircraft propeller was
purchased. These propellers had the
general characteristic that we were looking
for and most importantly could be obtained
immediately. In the interest of time, we
began in-water testing with the ultra-light
propeller while the other propeller designs
continued. Although only providing a 12
degree pitch, this propeller performed
remarkably well, pushing our submarine to
speeds of 1.26 m/s (2.5 kt). Faster speeds
may have been obtainable, however the
confined space of the tow tank, where we
held our trial runs, prohibited this.
Nevertheless, this propeller performed
well enough to allow us to perfect our
ballasting
and
maneuverability.
Ultimately, the hand crafted propeller
replaced the ultra-light propeller as it
produced considerably more thrust.
The hub used to hold the two propeller
blades was designed so that we could
change blades at will. This was done so
we could try out different blade designs
with a minimum of effort. Also, initially
we considered using two different sets of
blades, one for the 100 meter sprint and
one for the 400 meter course run. In the
end we determined that one blade design
would work well for both events. Most
important, this hub would allow us to
replace a broken propeller blade at the race
sight if necessary. This conformed with
our reliability objective.
Two types of drive train systems were
considered, a linear system and a bicycle
crank system. Linear drive systems have
potential advantages in requiring less
space, producing more thrust and requiring
less leg motion by the propulsor. Several
ideas were designed, but all of them were
fairly complex and did not show a
significance savings in space or an
increase in thrust. These ideas were
abandoned as not justifying their
complexity and questionable reliability.
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A bicycle driven chain system was
used for SQUID and proved very effective.
Broken or derailed chains had caused
problems for other competitors however
and so a direct drive system was decided
upon as the simplest and most reliable
system. Since our propeller needed to spin
at only 50 rpm, our direct drive system did
not require any special gear reductions.
Two miter gears connected the drive shaft
to the bicycle crank. Using only two gears
kept mechanical losses to a minimum.
This system also had the appeal of
simplicity and reliability. Trial runs
proved the system to be effective. At the
competition however, when the propulsor
gave his maximum effort, the torque
produced by our large blades caused our
whole drive train assembly to twist. This
destroyed the gear alignment causing the
two miter gears to strip each other. A
postmortem on the submarine revealed that
the torque was so excessive that it even
twisted our 12.3mm (0.5 in) stainless steel
drive shaft about 10 degrees.
Because of its modular construction
we could quickly remove and replace the
entire drive train assembly. In this respect
the simplicity of the system paid off.
Because repairs were swift, we avoided
being disqualified. Unfortunately the gear
problems persisted, limiting our speed to
two knots, which eventually got us
eliminated from the race.
Although we didn't win the
competition, we were pleased that most
systems worked well, including the surface
buoy and launch and recovery vehicle.
Since an inadequate surface buoy
eliminated SQUID from the previous
competition, we were very interested in
designing a buoy that would not be pulled
underwater easily.
Several shapes were considered for
the surface buoy in an effort to
compromise between maximizing
buoyancy and minimizing drag. Tow tank
experiments indicated that our earlier
surface buoy had a nose that was too blunt
providing a large frontal area which waves
could easily push underwater. Our
improved design was shaped more like a
ship's bow allowing the buoy to cut
through the waves. This stream line shape
added only four pounds of drag to the
submarine when towed at speeds of five
knots. At the race site the waves were very
choppy but the buoy sliced through the
water as designed.
Another system we were very pleased

H-P SUBMARINES: DESIGN PARAMETERS
by
P. K. Poole
It has been about five years since we
first started our design efforts for the
Naval Academy's entry (SQUID) in the
First Human-Powered Submarine Race.
Looking back on that experience, I recall
not knowing specific values for a number
of very fundamental parameters from
which to begin the design process. Now,
three races and nearly one-hundred entries
later, I am amazed to hear contestants
asking the same questions. Knowing, or at
least accurately estimating your critical
design points is essential to a successful
design. Lack of such ability, in my
opinion, is the primary reason for poor
performance by a large number of
contestants in the first three races. For this
reason I offer the following views. The
reader is cautioned that these are
subjective comments based on my limited
experience and personal observations.
SPEED: We might as well tackle this one
right off since it is the probably the most
often exaggerated. Every race I hear the
same talk of predicted speeds in the 3.3,
3.8, and even 4.4 m/s (6,7 and 8 knots)
range. For the life of me I cannot
understand how these numbers were
calculated. Given that the anticipated
speed of the sub is the most significant
parameter of interest, an accurate
assessment of it is critical. There are
numerous design values which contribute
to the predicted speed, some having more
influence than others. I hold the following
to be the most significant:
(1) the POWER generated by the
propulsor.
(2) the PHYSICAL SIZE of the sub.
(3) the EFFICIENCY of the
propulsion device.
I'm sure all the hydrodynamicists out
there are screaming to include the drag
coefficient, Cd, which of course does have
an effect on the speed, but I don't place it
in the big three. My reasoning for this
omission is that unless your design
resembles a refrigerator box or you have
gross hull-fluid separation, I can just about
guarantee that your overall effective Cd
(based on wetted surface area) is in the
0.010-0.012 range, putting everybody on
P. 24
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the same plane. I've heard the arguments
for "laminar flow" bodies and their
incredibly low theoretical Cd, but I do not
believe that one can be built and operated
in the real environment and get the same
results obtained in the lab. I don't dispute
the theory or experimentally measured
data. If a body can be made with no
discontinuity effects in the viscous layer
and operated in a laboratory like
environment I may reassess my position.
This of course would mean no heat
distortion of the plastic nose dome, perfect
interface between the dome and body, no
hatches, no appendages, smooth, nonaccelerating motions by the crew, and that
ever popular well behaved ocean. Get
real.
If, after you have sketched out a design
which incorporates the expectation of a
reasonably well designed propeller, the
following will give you a conservative first
estimate (for 3< L/D <8) of your predicted
speed:
V=i

K,P/D2
P
'

where

C=51+0.1|DL]
V = Speed (m/s)
L = Boat Length (m)
D = Max Diameter (m)
P = Shaft Power (watts)
K,= 0.01

(kts)
(ft)
(ft)
(hp)
(Kl= 600)

(Note: see Rule No. 1, below)
As an example, a sleek 3.4 meter (10 ft)
long, 60 cm (2 ft) diameter hull with a 300
watt (0.4 hp) propulsor could get in the 2
m/s (3.6 kt) range. For the same boat to hit
that magical speed of 2.73 m/s (5 kt) a
propulsor power of roughly 750 watts (1
hp) is required. This assumes we know, or
can make a reasonable estimate of, the
propulsor power.
POWER: Making an accurate estimate of
the power output of the propulsor can be
very difficult. The human-engine is a
peculiar entity, especially when operating
underwater in an extremely small
enclosure. The difficulty lies in the rather
large number of models available and the

lack of an accurate analytical model from
which to work. Short of measuring the
design power by testing the individual on
an ergometer, in the water, in a similar
position to that anticipated in the sub, your
best bet is to rely on measurements taken
from others or test in air and adjust the
results to account for the underwater
effects. Prior to the first race in 1989
everyone was using a number in or around
185-225 watts (0.25-0.30 hp) based on a
study done by the Navy Experimental
Diving Unit in Panama City, Florida'. The
problem with this was that the Navy study
identified the power level for endurance
pedaling, not for the rather short time
period anticipated in the Sub Races
(approximately 2 minute sprint and 10
minutes head-to-head, MAX). Generally,
the 200 watt (0.25 hp) level is well below
what most physically fit males can achieve
AFTER a short time practicing in the
actual environment. I'd like to give some
numbers on female propulsors but none
were involved in my test program. From
my experience and the measurements of
midshipmen at the Naval Academy, power
levels of 300 watts (0.4 hp) are readily
achievable for most propulsors with
practice, and 375-450 watts (0.5-0.6 hp)
for the exceptional. The key parameter is
the FREQUENCY at which the humanengine operates.
The Navy study
suggested a cadence rate at 40-45 RPM,
which seems appropriate for the endurance
effort at 225 watts (0.3 hp). I found this to
be significantly low when trying to achieve
higher power level.. This may be an
individual trait but for the majority of
those tested I found that by pushing the
propulsor RPM to the 75-85 range THEN
incrementally increasing the torque to the
maximum possible while sustaining a ten
minute test period, average power levels
just below 375 watts (0.5 hp) could be
routinely achieved with practice from
nearly all those tested. Keep in mind my
test duration requirement was ten minutes.
For short (one minute or less) test periods,
450-550 watts (0.60-0.75 HP) are possible.
If you are looking to do the 100 meters in
record time your power design point would
be significantly higher than that for the
longer head-to-head racing.
The maximum pedaling cadence does
appear to have a limit at about 95 RPM.
Above this the power level begins to
decrease (i.e. the maximum sustainable
torque decreases faster than the RPM

increases) and the air consumption rate
increases rapidly. This later effect was
evident even when the torque on the
propulsor was reduced. I attribute this to
the increased work required getting the air
in and out of the lungs and the limitations
of a demand regulator. The measured air
consumption rate of the propulsor was in
the 70-100 ALPM (Actual liters per
minute) (2.5-3.5 Actual Cubic Feet per
Minute) range. I have had great difficulty
finding a simple correlation for the
measured data from the 15 subjects (all
midshipmen) tested over a two year period.
The closest I have come are the below
relationships, a human-engine Specific
Speed, Ns, and Thermal Efficiency, Ne,
based on metabolic energy conversion. All
values refer to the propulsor.

Ns=

'2

-

RPM

a

0.05 - 0.06

75

(TIM,)0.

K P
Ne= 3BR

0.2- 0.3

RPM = Cadence
BR = Breathing Rate (1/min)
T
= Torque (N-m)
= Body Mass (Kg)
Mb
P
= Power (watts)
3
= 7X10
K2
= 0.07
K3

(ft3/min)
(ft-lbf)
(bm)
(hp)
(K2=l.6x10 4 )
(K3=1.9)

It would appear that increasing the
crank arm would directly raise the power
levels assuming the pedaling cadence can
be maintained. I found that the crank arm
could be increased to at least 20 cm (8 in)
without causing a reduction in cadence for
all subjects tested.
In discussions relating to the pedaling
action in the underwater environment the
effects of viscous drag and added mass due
to leg motion always comes up. These
effects are real and do effect performance
but are generally difficult to minimize.
The following is my estimate of the power
lost to these effects:

P,,,, = K4 RPM 3
P_ = (watts)
K4 = 1.32x10 4

(HP)
(K1= 1.75x10 7 )

At a pedaling cadence of 80 RPM an
estimated 70 watts (0.09 HP) is lost. This
effect is unavoidable and secondary to the
effects of minimal inertia, regulator
performance, and high leg-force demands.
Figure 1 gives a set of curves used to
estimate your propulsor's underwater
power levels from measured values in air.
The in-air power values are corrected for
the losses due to leg motion and SCUBA
demand regulator limitations. Leg force
curves are cross-plotted to help optimize
your individual propulsors power design
point. For the uninitiated (anyone who
hasn't had the pleasure of pedaling a sub)
the experience is difficult to describe.
Imagine pedaling a bike (with Kate Smith
sitting on the handlebars) up a steep hill
while breathing through a hose and your
body in a zero gravity environment.
Everything is in the legs, no body inertia,
no body weight. All designers should
experience this feeling to enhance their
appreciation for the propulsor's task and to
encourage optimum design.
Here's my propulsor power ranking
scale:
Power

Description

75-185 watts
(0.1-0.25 hp)

Look for a replacement.

185-260 watts
(0.25-0.35 hp)

In the field.

260-335 watts
(0.35-0.45 hp)

Serious contestant.

335410 watts
(0.45-0.55 hp)

A contender.

410-485 watts
(0.55-0.65 hp)

Marry, kidnap, adopt ...

PHYSICAL SIZE: There isn't much to
say here, except small is better only when
it can be achieved without detracting from
power. It is this fact that has driven many
designers to consider the push-pull
mechanism over the bicycle crank-arm.
The large diameter requirement of the
crank-arm type, which is usually located
near the stem where most designers would
like to be tapering off their offsets for good
propeller flow, generally tends to increase
the maximum hull diameter. The design
space required for a pedal-crank
mechanism, including the heal and toe

H
P

RPM

Figure 1. U/W Power and Leg Force Curves

clearances, is a circular arc of
approximately 60 cm (24 in) in diameter
whose center is shifted toward the heal half
the difference between pedal-toe and
pedal-heal lengths. On a men's size 9-10
shoe this distance is about four centimeters
(1.5 in). The push-pull system, void of this
large diameter requirement, lends itself to
a fair hull geometry and normal crew
orientation. I noticed in the last race an
increased number of such systems. It is
important for push-pull system designers
to remember that the propulsor power
design points of cadence and leg-force
discussed for the crank-arm remain critical
elements of their system's design.
Speaking of size, a significant number
of designer tend to over-size their control
planes. For many of the entries I have seen
the drag on the control planes, even at zero
angle of attack, would nearly match the
hull drag. I guess its the "if you like a
little, you'll love a lot" design theory.
Designers tend to build large planes and, if
time permits, cut them back from the outer
extremities. The drag reduction resulting
from the decrease in surface area may be
offset by the increase in aspect ratio. My
recommendation is to use a small, high
aspect ratio plane, with a thickness to
chord ratio of approximately 10%, placed
at the greatest distance to the center of
gravity and rely on high angle of attack
maneuvers. Here is my greatly simplified
equation for estimating the CHORD and
SPAN of control planes (both rudder and
dive) with aspect ratios (span/mean-chord)
of three.
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Florida Atlantic University

F.A.U-Boat

RANK

secs.

SUB SPEED
kts.

45.58

4.26

1

2

TIME 100M

SUB NAME

SUB NO. TEAM NAME

seca.

SPEED 400M
kla.

3:53.86

3.32

TIME 400M

Mass. Institute of Tech.

Sea Beaver 11

48.75

3.99

Tennessee Tech University

Tech Torpedo 1

54.55

3.56

3

4:57.12

2.62

Team Borborygmi

Pelagic Cruiser

n

57.84

3.36

4

4:57.38

2.61

6

Battelle Institute

Subjugator

60.65

3.20

5

4:28.59

2.89

34

Sub-Human Group

SubHuman

61.29

3.17

6

Benthos, Inc.

Subasaurus

63.34

3.07

4:24.65

2.94

39

Cape Fear Community College Cape Fear

65.00

2.99

8

6:02.39

2.14

18

Gary Straughan

C-Scan 11

65.21

2.98

9

5:26.89

2.38

9

Fla. Institute of Technology

SeaFIT

66.18

2.94

10

6:13.81

2.08

38

U of Calif/Santa Barbara

Love Missile

69.32

2.80

11

17

Am Society of Mech Engineers Project Neptune

69.50

2.80

12

12

University of New Hampshire

Spuds 3

74.13

2.62

13

24

German Sub Team

Borti

nI

76.88

2.53

14

5:56.61

2.18

3

Epcot Center

Submousible

79.37

2.45

15

4:44.56

2.73

10

University of South Florida

Sea Bullet

80.51

2.41

16

42

Marine Institute/Newfoundland

Terror Nova

81.87

2.37

17

5:47.48

2.24

40

ETS Sub/Ecole de Technologie Omer

90.45

2.15

18

16

U of British Columbia

Killer Instinct

93.99

2.07

19

21

University of Washington

Deep Purple

96.58

2.01

20

I

U.S. Naval Academy

Spirit of Annapolis

97.73

1.99

21

27

University of Southampton
England

Submission
Impossible

103.89

1.87

22

30

California State Poly

Impatience

123.12

1.58

23

Hoagie I

130.16

1.49

24

7:15.55

1.78

33
31
15

22

Millersville University

n
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Scheduled for
March 22 - 31, 1994
Offshore Model Basin,
Escondido, San Diego County,
California
For further information, please contact:
of Oceanography, 4438 Mt. Henry Ave., San Diego, CA 92117
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* Kevin Hardy, UCSD/Scripps
INTERNET: KHARDY @UCSD.EDU
CompuServe 76060,2622
FAX (619) 534-6354
* Jim Richardson, 328 Kingsly Lane, American Canyon, CA 94359
CompuServe 71233,2475
FAX (707) 646-2418
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