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cation of human muscular potential to
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We are indebted to the authors, to
Marti Daily and to Maggie Beucler,
whose dedicated help made this issue
possible. Dave Wilson

Letters to the editor

Corrections from Herb Treat

Thanks for the copies of HP 10/1
with my article [on wind-noise reducers
for helmets]. It has already produced
one phone call, from someone in NYC
who is about to market a similar device.

There was an omission in equation
(2), which should read:

u[il(RMS) = { (u[il - I) 2/N} 12 (2)

And references 3, 4 & 5 were omitted:
3. Lighthill, M.J. (1961) On sound
generated aerodynamically (Bakerian
lecture). Proc. Roy. Soc. vol. 267 pp
147-182, London, UK.
4. Parker, J.D., J. H. Boggs and E.F.
Blick (1969). Introduction to fluid me-
chanics and heat transfer. Addison-
Wesley, Reading, MA
5. Interested readers can experience the
effect of these devices in the following
manner. Place your head a few inches in
front of an ordinary household fan. Fac-
ing into the wind, position your head so
that the wind-noise, as distinguished
from the fan noise, is audible. Then
place your extended index fingers
against the sides of your head immedi-
ately in front of your ears. The level of
wind-noise will drop appreciably.

Please note my new address - I am
now professor emeritus.
C H. Treat, 6310 Mallabo i)rive
San Antonio, TX 78218-4318:
phone: (210() 655-0030

Help requested from China

I am pleased to send you some pho-
tographs and two documents about my
land-skates. I should be most obliged if
you would give me any information
about land-skates in the USA.

I have to work for my living, so that
I have little time for my land-skates.

With very good wishes for a happy
Christmas and a bright new year.
Yanben Guo, 4/F 10 LingXiaoLi, Yuehua
Road, Guanzhou P.R. 510030, China

(Yanben Gaio sent some photos, dia-
grams and a patentfor two- and three-
wheel "land-skates" incorporating steer-
ing. I sent some bike-store-(catalog
pages of'roller-blades. Anv readels that
can help by sending more if/brmation
woull be appreciated - I)GW)

Philip Thiel in Japan

(Phil Thiel, our associate editorJ br
waterc tft, has been teaching at the
Sappolo School of the Arts. ie has also
sent delightfil occasional essaJys. liere
are a /tl short extract.s from one recent-
lv received).

Sapporo, Japan's third-largest city
(in area) and fifth-largest (in population)
is located on the western plains of Hok-
kaido, the northernost island of Japan.
. .The Sapporo School of the Arts..
opened in early 1991 with its first intake
of 80 students. .. The director of the
school is Kiyoshi Seike, one of Japan's
architects most noted for his undoctri-
naire approach to design and his gentle
humanism. His of my age, and we have
known each other for 40 years, over
which period of time we have taught in
each other's schools, and exchanged
children. .. I have been participating in
and rehearsing for three ceremonies:
welcoming the new students; the open-
ing of the new year; and the opening of
the recently-completed library. These
are programmed on a moment-by-
moment schedule, and all participants
are carefully drilled in their parts, step-
by-step, not without a good amount of
humor and joking. As the token gaijin
or foreigner, I am somewhat prominent,
and sit on the right hand of the director
(literally, in the case of the inevitable
group photograph)... At the end of the
first week the faculty held a party for the
new members in a basement restaurant
near the city center. About 30 people
filled the low-ceilinged space, which,
after several "compais", seemed almost
solid with smoke, jokes, impromptu
speeches, and roars of laughter...."
(Phil also sent some news of human-
powered developments, but in Britain:
ntwo chaps in Lancashire who converted
a 7-n cabin cruiser to pedal drive using
a built-up paddle wheel. 17Tev reported
that it wasn 't f/aist - about I m1/s - but it
didn't erode the canal banlcs).

Letters continued on p. 5
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Letters continued fiom p. 2
Effects of crank-arm length
on physiological response in
arm ergometry (HP
1011191119)

(This is a comment on the paper by
Brent Gravelle and Richard Powell).)
Good work - but why the constant-rpm
restriction? Of course cranking hand
speed is higher for longer cranks at con-
stant rpm. What if you chose constant
hand speed instead? Higher rpm with a
shorter crank or lower rpm with a long
crank may be the ticket. This opens a
new can of worms but you don't have to
make new cranks; you appear to have
the facilities to do good work; and those
who may benefit from your work may
greatly appreciate it. Please continue it.

Mark Knaebe, 4026 Euclid Avenue,
Madison, WI 53711, USA

What is and what is not a
HPV?..

The debates as to what is a HPV in
HP 10/1 were interesting, but they
employed a sort of semantic logic, look-
ing to the authority of dictionaries, or an
attempt to establish new definitions for a
set of words, that will not likely resolve
important issues about HP
transportation.

I see three main sets of issues.
There is the ecological and sustained-
economy interest in having more-
practical transportation take place by HP
devices on land and water. Bicycles,
tricycles and hand carts meet the needs
of billions of people throughout the
world. Some of us are interested in see-
ing such vehicles, that save petroleum,
reduce pollution, and provide good exer-
cise, replace what we see as the over-use
of automobiles in modern society. This
area of interest involves both technology
and politics.

Then there is the technical fascina-
tion with vehicles that do a given job
better or make what was impossible in
the past possible in the future. Perhaps
this is the main focus of "a superb engi-
neer and author" such as Rob Price.
Others, such as Peter A. Sharp, who op-
posed the Price definition of an HPV,
seem very much interested in the techni-
cal aspects of HPVs that may be used by
both ordinary people, such as those Chi-
nese who use bicycles, and superior ath-

letes who may go higher, faster, and
longer with the help of new technology.

A third group seems most interested
in the establishment of records that
combine both athletic training and
technology such as that required for HP
flight or for the fastest way to cover a
given course. In this group may be
some of those who would like to see ma-
jor bicycle races include an open class
with aerodynamic and recumbent ve-
hicles included.

It seems to me that one association
and journal such as the IHPVA can ac-
commodate these three areas of con-
centration, and many others.
David Dibble, 2806 Bellaire Place, Oak-
land, CA 94601-2010

Response to Letter by Peter
Sharp: "It's Time to Change
the Rules", Human Power,
Spring-Summer 1992

I am very proud to be a member of
the IHPVA as I see it as a group that
does indeed encourage innovation
through a minimum of rules and regu-
lations for the sponsored competitions. I
have been involved with many competi-
tions and organizations ranging from
professional auto racing to high-fuel-
economy events to regular UCI meets,
and I feel very comfortable with the lev-
el and content of regulations that the
IHPVA has in place.

It was in this context that I read Peter
Sharp's letter in the last Human Power
regarding the rules of the IHPVA. I felt
it was necessary to respond to some of
his comments and arguments since they
tended toward the absurd.

He is correct that a vehicle fairing
can act as a "powered aerodynamic de-
vice"; any device or shape that is basi-
cally an airfoil (or even a circle!) in plan
view can act as a "sail". Before we can
condemn fairings, though, we have to
look at what is gained and lost by the
use of a fairing. Through past experience
in high-fuel-economy competitions with
"Super Mileage Vehicles" (SMVs), I
have done a great deal of work with the
use of body aerodynamics for drag re-
duction at low speeds. SMV competi-
tions are run at an average speed of 25
kmh where the effects of ambient winds
are much more pronounced than in HPV
events. Through several generations of
design, a body was designed for one

vehicle that featured negative drag (net
thrust) at a yaw angle of 12 degrees. At
any wind speeds great enough to cause
the yaw angle to increase beyond that
point, the vehicle body acted as a very
good sail!

The key point here is net thrust. At
any point up to negative drag, or a Cd of
0.00 (in this one case at 12-degrees
yaw), there is no net thrust or power
from the wind; there is only a reduction
in drag! In one specific competition
where this vehicle was entered (and a

_ world record for fuel economy at 5691
m.p.g. was set), the cross-wind effect

reduced the apparent Cd of the vehicle
from 0.15 to 0.02 as averaged over the
total course length. While a benefit was
gained from the ambient wind condi-
tions, it was not a net benefit or gain
over the total losses due to aerodynamic
drag.

In HPV competitions, the speeds are
typically much greater and as a result
any ambient winds would have to be
very high to give a net benefit or "sail"
effect. At a speed of 100 kmh, a similar-
ly designed HPV would need a cross-
wind condition of 26 kmh to realize
negative drag or net thrust; this wind
speed is both against current IHPVA
rules and tends towards being suicidal!

I believe that the optimization of
body shape to use the wind to reduce
drag is acceptable but the line must be
drawn when you generate net thrust, at
which point, in my mind, you become a
land sailer. This was attempted with the
next-generation SMV where "crab steer-
ing" was adopted on all three wheels to
permit the vehicle to generate essentially
its own yaw angles (I think that the sail-
ing equivalent would be tacking into the
wind). The vehicle had superb perform-
ance (on one test it went over 5 km on a
circular track with no engine burns!) but
it was ruled illegal for going "against the
spirit of the competition" and rightly so!

We must learn to live with the wind
as there is no way we can avoid it short
of holding all events indoors with any
ventilation turned off. The rules set a
maximum wind speed for records (as do
most other sporting events) that mini-
mizes its effect. The basic vehicle dy-
namics of most HPVs prevent trans-
gressions of the rules, with a crash being
the penalty for trying.

The use of the HPV itself as an
energy-storage device to a certain extent
cannot be avoided. Until the basic laws
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The Triton and Deep Putple (figure 1
and 2 respectively) are entries into the
"1993 3rd International Human-

Powered-Submarine Competition".
The Triton (named after a mythical

half-man half-fish) is being designed and
built in the Seattle area by an indepen-
dent team. Deep Purple is being de-
signed and built by students in the
University of Washington's Mechanical
Engineering Department (its name was
selected in part because the University's
school colors are purple and gold).

The information that follows will
compare the two designs and detail why
certain design choices were made.
However, in the interest of competition,
some detailed information is left out. In
fact, many design details of the Triton
are not known by the Deep Purple team,
and vice versa.

Race basics and history
The competition is organized by the

H.A. Perry Foundation and Florida At-
lantic University's Department of Ocean
Engineering. It is open to colleges, cor-
porations, small businesses, and indi-
viduals. There will be entries from
Britain, Germany, Canada, the United
States, and possibly even Russia at this
years competition.

The present world records are 4.71
knots (2.45 m/s) (unofficial) for a
propeller-driven vehicle and 2.9 knots
(1.5 m/s) for a non-propeller vehicle
(official). The records are for two-
person vehicles with one person provid-
ing the power. The speed is an average
over 100 meters, with the vehicle start-
ing from a dead stop.

The races have grown from 19 en-
tries in 1989 to more than 50 entries for
the 1993 competition. This year's com-
petition will be in Ft. Lauderdale, Flori-
da from the 16th through the 27th of
June, 1993.

The vehicles are seeded by their
speed on a 100-meter straight course.
They then race head-to-head, based on
seeding, twice around a 400-meter oval
for an 800-meter overall course length.
This year's course will be run in the
ocean at a depth of 6 - 7.5 m. The races

are run in a single-elimination tourna-
ment format with the victor continuing
to the next round.

Each vehicle is required to have two
occupants, but only one occupant may
provide the power input that contributes
to the forward momentum of the vehicle
(the other is the navigator). The ve-
hicles are fully flooded, and both occu-
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Hull Design and Occupant
Positioning

To design a competitive human-
powered submersible one must work
through a series of iterative loops. The
main loop is shown in figure 3. Both the
Triton and Deep Purple teams started
the iterative process by striving to mini-
mize the displaced volume. The teams
used three-dimensional computer graph-
ics software to loft different low-drag
hull shapes over computer renderings of
their crew. The problem arose in decid-
ing how to weigh the importance of a
person's power output relative to the hull
size and drag.

The Triton team stated early that,
barring major volume reductions, they
would limit the positioning of their pro-
pulsor to the prone or fully recumbent
positions. These positions were chosen
because they were determined (in an un-
published naval study) to be the two
positions that provide the maximum
power output with minimal air
consumption.

Minimum volume and low drag,
rather than stoker position, were given
as the starting point for the design of the
Deep Purple hull. The race rules require
the submarines to carry sufficient air for
20 minutes of racing plus warm-up and
cool-down periods. Competitive partici-
pants will probably need to complete the
course in less than ten minutes so air-
consumption rate due to stoker position
was not given a high priority by the
Deep Purple team.

Optimum vehicle shapes for several
combinations of stoker and pilot posi-
tions, and linear and rotary drive sys-

tems, were developed and evaluated.
Several asymmetric shapes were consid-
ered; however, when manufacturing
time and cost were added as a design
constraint, further work on these shapes
was abandoned. The Deep Purple lay-
out has the stoker in a semi-recumbent
position with his back overlapping the
legs of the pilot (the pilot is in the prone
position). This configuration allowed
for the smallest cross-section and the
least displaced volume compared to oth-
er layouts.

Both teams made a calculated trade-
off. The resulting vehicles have nearly
identical wetted-surface area and dis-
placed volume. They both displace less
than 0.85 cu.m.

Frame and skin
The Triton team chose pre-

impregnated graphite epoxy as the mate-
rial for the hull. This results in a sturdy
vehicle with no internal framework and
a wall thickness of less than 1.5 mm.
The result is an extremely strong and
lightweight hull. The thin walls also
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Triton vs. Deep Purple
by Cory R. Brandt and

Doug R. Ackerman

Figure 1: The Tiiton. The riton is 3.5m long, 584mm wide, and 813rm tall.
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help minimize the frontal and surface
area of the craft.

The Deep Purple hull will be made
from a wet lay-up of fiberglass and
epoxy resin reinforced in high-stress
areas with Nomex honeycomb and car-
bon fiber. The hull must be thicker to
achieve the same structural strength and
rigidity, but the cost of construction will
be less than using a more advanced com-
posite for the entire hull.

Power conversion
The next big design decision was

how to transfer the power from the pro-
pulsor to the water. The entries are not
limited to propellers, but it is difficult to
match a propeller's efficiency; hence,
both the Triton and Deep Purple are us-
ing propellers. Both teams are using
two-bladed propellers operating near
200 RPM and mounted on the aft end of
the vehicle.

When choosing a propeller one must
establish the type (counter-rotating,
ducted, shrouded, etc.) and whether to
put it on the front or back of the vehicle
or somewhere in-between. Other deci-
sions must be made as to the propeller's
size and RPM. Typically ducting or us-
ing counter-rotating propellers can in-
crease propeller efficiency; however,
the benefits diminish in low-horsepower
vehicles when the drag and mechanical
complications are considered. Also,
since we can use large-diameter propel-
lers the tip losses are already low; hence
the payoffs of ducting or using counter-
rotating propellers are reduced.

Another part of the power conver-
sion is the drive system. The majority of

the vehicles use rotary drive systems
(i.e. a bicycle crank). The Triton and
Deep Purple will be using linear drive
systems.

There are two main types of linear
drives: those that use a single pivot
point, and the ones that have the pedals
run on slides. The single-pivot-point
design is simpler because the bearings
are located in one central location (the
pivot point). On this type of system the

feet actually sweep out an arc. The slid-
er systems are typically more compli-
cated mechanically, but take up less
room since they don't require a large
swept-out area for the pivot arm and
propulsor's feet.

Due to the importance of space both
the Triton and Deep Purple will be using
the slider system. However linear drive
systems have many disadvantages when
compared with rotary systems. They are
more complicated, more costly, heavier,
replacement parts are harder to find, the
optimum stroke length is longer, and
there is a momentum loss since the pro-
pulsor's legs come to a complete stop
between strokes. Another disadvantage
of a linear drive system is that cyclists
are less accustomed to operating the sys-
tem, so training time is involved. How-
ever training time should be
incorporated anyway since few cyclists
are accustomed to competing while
underwater.

So why even consider a linear drive
system'? When operating a linear system
the propulsor's legs sweep out about
30% less area than on a comparable
rotary system. Underwater this reduc-
tion combined with the lower optimum

cadence results in a 50% reduction in the
power expended shifting water inside the
vehicle. Also the biggest drawback of
linear drive systems for land vehicles is
their weight. In wet submersibles
weight is not an issue because the vol-
ume the vehicle displaces establishes the
mass it must accelerate.

A well-designed linear system
should have a varying gear ratio through
the stroke (similar to an elliptical
sprocket on a rotary system). It will also
allow the propulsor to vary his stroke
length at will, and permit power input on
the up and down strokes.

Further details of both drive systems
and propeller designs are still
competition-sensitive and are not
included.

Vehicle control
The next issue is how to control the

vehicles. There are almost an infinite
number of choices. When induced drag
created by the fins is considered critical
the number of choices is drastically re-
duced. Placing the fins on the front
creates some instability. This instability
can easily be overcome by manual ad-
justments; however, each adjustment is
a drag increment. Although both teams
considered locating the fins on the front
of the vehicle, they decided that the drag
penalty was too high.

The Triton team is placing the con-
trol surfaces in front of the propeller.
This is less complicated mechanically
and creates less drag than having the fins
behind the propeller. However, placing
the fins behind the propeller will in-
crease the induced efficiency of the pro-
peller (since less energy is wasted
swirling the water) so that it also results
in an increase in vehicle control at low
speeds.

The Deep Purple team decided to
locate the control surfaces behind the
propeller. This arrangement allows for
smaller control surfaces, producing less
drag, for two reasons: 1) the fm surface
area required for stability is inversely
proportional to the distance from the
center of gravity, and 2) the fins experi-
ence a higher water velocity. Also, ef-
fective directional control is available at
lower speeds and the flow into the pro-
peller is not disturbed. The price for all
these hydrodynamic benefits are the me-
chanical difficulties of supporting the
control surfaces behind the propeller.

p.12 Human Power, fall-winter 1992-93, vol. 10/2
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Deep Purple is 4. lm long, 635mm wide, and 686mm tallFigure 2: Deep Purple.
Drawn by Bruce Baker
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Charles Brown

After years of building and riding
long-wheelbase recumbents, I made sev-
eral attempts to build a short-wheelbase
bike I would enjoy riding as much as my
favorite long-wheelbase bike. I've re-
cently given up the attempt and want to
share what was learned with other
HPVers. My friend Jon Stinson, one of
Michigan's most knowledgeable HPV
builders, has also built both types and he
prefers the short wheelbase, so I asked
him to add some commentary.

Short wheelbase

Let's imagine you are designing a
semi-supine bicycle. Suppose you want
the bottom bracket a little higher than
the seat to reduce the air drag, and you
raise the rider up enough to see and be
seen in traffic. Aha! An area opens up
under the knees where you can stick a
little front wheel. The resulting bicycle
is light, compact, and maneuverable.
The main drawback is the ride, which, in
the worst designs, is downright punish-
ing. The short wheelbase and relatively
high rider position aren't helping, and
the main problem is too much weight on
too small a front wheel. If you intend to
build anything more than a toy, the front
wheel must be positioned as far forward
as possible.

Some years ago, David Gordon Wil-
son thought of placing the front wheel
far enough forward that the rider's heels
pass on each side of it. This requires
that you move your foot out of the way
on tight, low-speed turns, which you
quickly get used to, and improves the
balance of the vehicle so much that we
heartily recommend it.

Even with this done, if you use nar-
row, high-pressure tires, the ride will
still be quite rough. Jon Stinson uses a
wide low-pressure tire on the front to
soak up vibrations. You might think this
would raise the rolling resistance undu-
ly, but anyone who has raced against Jon
can attest that this doesn't slow him
down much. Charles has tried shrinking

the diameter of the back wheel to some-
thing approximating its proportional
load. This significantly improved the
bike's competence on corners, but with
narrow, high-pressure tires, the ride still
was not as smooth as desired. One inter-
esting discovery on bikes with two iden-
tical wheels was that the ride was best
with only about 40-45% of the weight on
the front wheel. Motorcycles and auto-
mobiles usually steer best with about
49-52% of the weight on the front
wheel(s).

Long and mid wheelbase

Long-wheelbase bikes excel where
short-wheelbase (SWB) bikes have a
problem: in ride, at the cost of greater
size and weight. Some designers com-
promise between the two types of bi-
cycles by jacking the bottom bracket
way up over the front wheel. It is harder
to get started uphill with your pedals
high above the ground.

Some advantages of the short-
over the long- wheelbase bike

I More compact, about 3/4 the length,
which makes a difference. It fits in
shipping containers, in vehicles and on
car racks much more easily,

I Lighter, in Charles' experience, about
10% lighter when made of the same ma-
terials. Most of the weight savings is in
the steering system, some in the frame.

. If you prefer having the handlebars in
front of the chest, a simple direct steer-
ing system provides a desirable high
steering angle.

a Easier to fit a full or other frame-
mounted fairing.

a/ More maneuverable in really tight
areas.

J Brakes and handlebar-mounted shift
levers work better because of shorter
cable runs.

Some advantages of long-
wheelbase bicycles:

/ Really smooth ride for a bicycle.

¢ Steering is easier to control on bumpy
roads; whole bike has a more solid feel-
ing, especially on rough surfaces.

/ Steering is not as quick and twitchy,
although, of course, some people like
quick steering.

4 Pedals can be close to the ground if
desired.

/ Easier to fit a partial, handlebar-
mounted fairing.

I commute by bicycle, so mine must
be able to make it through snow and
gravel roads. On moderately rough or
worse roads, the long-wheelbase bike is
definitely better, so this is my own pref-
erence. I also recommend it for tourists.

Charles Brown, 534 N. Main #1
ANN ARBOR, MI 48104, USA

Jon Stinson

As far as I am concerned, trying to
decide which is best, a long- or short-
wheelbase recumbent, is not really the
issue. The issue is, what's best for you,
the end user. As Charles has pointed
out, there are advantages and disadvan-
tages to both the long and short versions,
and, of course, there is a third version
called the "Highboy", that should also be
considered. I have personally built
variations of all three and liked them all.
However, I ended up with the short-
wheelbase, simply because it was best
for me.

My first motivation for building a
recumbent was that it was different from
the bikes that everyone else was riding,
much like riding a "highwheeler" or a
"cruiser". Second, once I found the re-
cumbent fun to ride and at least as fast
as a standard bike, the move was on to
go faster. Herein lies the real reasons
for the short wheelbase. My long-
wheelbase, with 700c tires front and
rear, turned out to be fast. Naturally, the
rolling resistance was low due to the
high-quality wheels and tires, and the
long, flexible frame provided a great
ride as far as comfort was concerned.
The next logical step was to move the
crank higher to reduce frontal area and
enclose this whole contraption in some
sort of body that would improve aerody-
namics and also provide cold-weather

p.14 Human Power, fall-winter 1992-93, vol. 10/2
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protection. This emerging vehicle
would have to be practical since it would
be mainly ridden on the road along with
cars, trucks and all those types of haz-
ards. There would be no one to push me
off and catch me at the end of a ride.
What we are talking about here is a
practical vehicle. So how does all this
get us to a short wheelbase? It's easy!
Keep reading.

One, handlebars had to go inside the
body to keep the frontal area down and
to keep the hands and arms out of the
wind. Also, handlebars in front of the
rider is the most natural transition from a
standard bike and allows the fairing to
be only as wide as the rider's shoulders.
Two, the 700c front wheel dictated a
large rounded front-body section with a
large opening in the bottom for the front
wheel to stick through - bad for aero and
crosswind stability. Three, I found it
almost impossible to achieve balance
starting out with the long-wheelbase
tight-body configuration. The short-
wheelbase with a small front wheel fixed
both of these problems.

These motivations thus led me to the
short-wheelbase direct-steering configu-
ration that I now have. Once these basic
design considerations were set, it's easy
to justify the layout with adjectives de-
scribing its benefits. Again, the bike
works for me and does what I designed
it to do.

One other item that I would like to
comment on is impact harshness.
Charles is saying that the long-
wheelbase configuration provides a soft-
er ride. That may be true, but it is all
tied into how much of the bump the
tire/wheel combination absorbs and how
much of that impact is transferred
through the bike's frame to the rider.
This is related to frame flex here, I
think. With proper frame design, assum-
ing the same-size wheels and tires, I
contend that the two can be made to ride
comparably.

Jonathan D. Stinson, 1201 Carol,
PLYMOUTH, MI 48170, USA

(Charles Brown is an independent devel-
oper; Jon Stinson is an engineer in the
automotive industry with, I believe, Ford
- ed)

My interest in the rolling drag
of small bicycle wheels was piqued
when some calculations suggested that
smaller wheels would be better for a
land-speed-record vehicle, like Kingsbu-
ry's "Bean", and the new "Gold Rush Le
Tour". Most recumbents have small
front wheels, so this test is useful for
practical vehicles as well.

The test was quite simple. I built a
small ramp, and coasted the test bike
across a concrete floor. I had the use of
a large building to eliminate the effect of
winds, but I imagine you could do it out-
side. I went both ways to reduce any
effects from the floor not being perfectly
level. My bike had almost all of its
weight on the test wheel, and I took care
to keep the weight distribution constant
for all wheels tested. The effect of the
non-tested wheel was then removed
mathematically. Coasting speeds were
kept low, under 3 mph (1.3 m/s)
(walking speed), so that air drag would
be negligible. I kept my path as straight
as possible to minimize tire scrubbing.

You may be curious about the rolling
drag of some tire not listed in the table
on the next page. For example, the
August-October '91 issue of "The Re-
cumbent Cyclist" mentions a 60 psi 16"
x 1-3/8" tire made by Michelin. Regret-
tably, I was not able to get one for test-
ing. However, this test is easy to do:
you can check things yourself without
too much trouble.

A problem with this test method is
that it does not directly give a coeffi-
cient of rolling resistance (Crr). To get
a standard of reference, I coasted four
different 27" x 1-1/8" Japanese tires
through the course and got almost identi-
cal results for each, so I gave the aver-
age of these tires a value of 1.00, and
used this relative rolling resistance as
my basis. For example, a drag rating of
1.50 would mean 50% more rolling re-
sistance than the 27" tire. For Chester
Kyle's published testing, my baseline
tires probably had Crr's of about 0.003 to
0.0035, so multiplying this by the
rolling-drag rating would give a good
idea of the Crr.

As expected, smaller wheel diame-
ters, lower inflation pressures, higher
tread weight, and knobby tires on paved
roads all increase rolling resistance.
What surprised me was that wider tires
did not have noticeably higher drag, at
least in this rather imprecise test. Curi-
ously, the narrow, knobby Silver Star
tire had slightly high rolling resistance
at the test pressure than at lower
pressures.

The 16" and 18" Panaracer wheel-
chair tires were fast and amazingly light-
weight. I've seen them used on racing
HPVs, but they're very fragile. The
Moulton and 20" IRC tires were sturdier,
and still had low rolling drag, good for
both everyday use and for racing. The
IRC is a thin performance tire which
Cyclo-Pedia sells (in '91) for only
$12.50. I've had one on the front of my
Tour-Easy-like bike for about a thousand
miles now. It seems to get about an av-
erage number of flats. The Moulton tire
is expensive, but very tough - I've gotten
about 5000 km on one. If you want a
cushier ride or a wider tire, the HUDYN
and ACS 20-inch tires are good choices.
I really wish there were a high-quality
16" tire around for short-wheelbase
bikes, such as a 16" x 1-3/8" Moulton, so
that more commonly available parts
would fit.

I would like to thank people who lent
me tires and wheels for this test.

Cyclo-Pedia lent me most of the 16"
and 20" wheels, including the IRC, RL
Edge ACS. C-P also sells the Moulton
and carries a selection of oddball HPV
parts; its address is: P.O. Box 884,
Adrian, MI 49221-0884, (517)
263-5803.

George Lindemann of K & M De-
signs was so trusting he lent me $500
worth of the wheelchair wheels he sells.
He can also do custom tube bending.
His address is: 10030 Whitewood Road,
Pinkney, MI 48169, (313) 878-0777.

Tom McGriff of HUDYN Vehicles
gave me one of his 20" HPV tires. His
address is: P.O. Box 22444, Indianapo-
lis, IN 46222, (317) 241-6246

Charles Brown, 534 N. Main, #1
ANN ARBOR, MI 48104
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AERODYNAMIC GAINS FROM CROSS-
WIND CONDITIONS

by Tim Leier
Human-powered vehicles (HPVs)

gain their speed advantages other con-
ventional bicycles by virtue of their
reduced frontal area and reduced drag

coefficients (Cd).
The IHPVA has encouraged HPV

design by sponsoring a number of con-
tests and competitions with top speed as
the main objective. Most competitors
optimize their vehicles to have the best
aerodynamics (i.e. lowest Cd or drag)
under calm or tailwind conditions. Un-
der IHPVA rules, there can be an ambi-
ent wind of up to 6 kmh or 1.67 m/s
before any record attempt is invalidated
as "wind-assisted". In the past, competi-
tors have attempted to make record at-
tempts with essentially no wind or with
a wind at their backs for supposed maxi-
mum assist.

This article will document that with
proper HPV and fairing design a greater
benefit can be realized with the ambient
wind being at 90 ° to the vehicle rather
than parallel to the direction of travel.

Most fairing designs that are airfoil
in shape in the plan view will act as a
"sail" in appropriate wind conditions. In
most cases, though, no benefit is felt at
safe or IHPVA-legal wind speeds.
Through optimized fairing design, it
possible to build a low-drag high-lift air-
foil fairing that will display decreased Cd
values in crosswind conditions. Anytime
a vehicle is moving in a wind condition,
the forward velocity of the vehicle and
the wind velocity combine to form a re-
sultant vector at a yaw angle of 13 (figure
1). The length and angle of the resultant
vector will vary according to vehicle and
wind speed and direction with a maxi-
mum 13 when the wind is blowing at 90
to the HPV path.

Most current road vehicles display an
increased drag when subjected to in-
creased yaw angles. This is why you
slow down and use more fuel if driving
your car in a strong sidewind. However,
if a vehicle is designed to properly uti-
lize existing ambient winds by having a
plan airfoil shape, its aerodynamic drag
will reduce to the point that in strong

Wind vector

Yaw Ang

e vector

Figure 1 Generation oqfvaw angle fi
.br plan airJbil shape

-enough wind it will become negative
and begin to act as a sail by generating
thrust (figure 2). The bottom curve in
this figure is for a high-fuel-economy
vehicle "Canadian Challenge" (world

record at 5691 m.p.g.) developed at the
University of Saskatchewan; what is
noteworthy here is that the Cd of the ve-
hicle goes negative (i.e. net thrust is be-
ing generated) at the very low yaw angle
3 of 12 degrees.

This effect can have a definite bear-
ing on HPV performance at high speeds.
This is best shown by analyzing a hypo-
thetical HPV under three conditions:
1) no wind
2) maximum legal wind from the rear,
and
3) maximum legal wind at 90 degrees to
vehicle travel.

We shall assume a fully faired HPV
with a zero-yaw Cd of 0.15 and a frontal
area of 4 ft2 or 0.37 m2; these figures
are most likely typical of the top com-
petition vehicle today. The calculations
will be done for a vehicle speed of 100
kmh (62 mph or 27.78 mIs). At this
speed, rolling resistance will typically be
about 5% of the aerodynamic drag so the
rolling drag will not be included in these
calculations.

At 100 kmh in calm conditions, this
vehicle will require the following power
to maintain a constant speed:
Fd = 0.5.p.(CdAM.V 2

where p - density of air = 1.202 kg/m '

A - frontal area in m3

V-- speed of vehicle in m/s
= 0.5*1.202*0.15*0.37*(27.78)2

F,( = 25.74 N (drag firce)

The drag power, P = Fd*V

0.4

0.2

Cd C

-0,2

-0.4

(pical Road Vehicle

Yaw Angle (0)

Figure 2 C, vs. aw angle f for vehicles
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