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AERODY]IAMICS

The True Hour
RecordHolder...

Is Bracke!

Claude Genzling

Ed;tol's hote: Of coarse, the true ho / rec-
ord hoder is Frøncesco Moser, bat ø liælt de-
bate is u deruø! as to uløhat engineer gor
dthletic tlouess flated the gftater role in Mo-
sel's stt rnirrg victory. Claude Genzling ex-

llores this question b! {sittg tha fu darrrental
eqøtion that relates bictcle sfued to øir drag
bo )er loss, cornbihed t;th a few ury Pløu-
sible, thoøgh ,tot cornlleteb tested, øssumr-
tians. Genzling cakalates th. tlworetical Oer-
lornance of Moser, Eddl Merch, qøur rccor-
dman beforc Moser), Bernard Hina t, and
Ferdirattd Brache (hour recordman in 1967)
on ø oøiety of biqcles øld at borh high awt
lou altitulzs. The resulh are tral! suriisiøg!
Unlortufidtelj, sorne oI the assumtlions
øeeded for this calrulalioh are uhtestable. ifi a
sense. Praetical lechniqucs fol t teasuing
ufuel air d.rag and tire rolling resistørce, for
erafille, are still undel fuuelotnerrt. This
daes not dztroct frorn the tulue of Genzlittg's
stud!, but it does ,oint out the arcas øfure
øore uorh is needed.

Retrinted lron Le Cycle (no. 99), Malch
1984, Pais, Frørce. Tronslation assistarrce
bf lohn S- Allen- Thabks to Eic Hjertberg for
biøging this øtficle to ou.r øtten ion.

In an article published more than four
years ago, "Aerodynamics or Light
Weight"t I estirnated that if Eddy Merckx
had been riding a Renault-Gtane "Profl" bi-
cycle, he could have ridden 51.470 krn in an
hour, instead of 49.431 km, with the same
energy expenditure. My htpothesis, based
on data plovided by the manuhcturer, was
that tlis bicycle would have reduced by 70
watts the energy needed to ovelcome air re-
sistance.

Francesco Moser caried out his record
attempt on a bicycle even more aerodynarnic
than the "Pro6l": a bicycle with its wheels
sheathed in plastic fairings. It is interesting
tllat Moser's record distarce (51.151 km) is
slightly less than the distance I had calcu-
lated for Merclo< on the "Profl" (51.470

km) , It seemed that the question oI the aero-
dynamic bicycle called for further evaluation.
I had aleady collected additional data, nota-
bly on the Gitane "Delta e" bicycle,'?This
new data now permits us to calculate tle im-
portance of reduced air resistance in Mo-
ser's record-breaking ride.

Pdnciple of the Caldations

The power which a cyclist expends m
overcoming air resistance is given by the for-
mula:

p = p. CD.A.(V/3.6),/2

: power (watts) 
^= air density ftg/m')

= &ag coefficient (dimension-
less)

= ftontal area (m)
= sæed (km/hr)

= factor for converting km/hr to
m/s (See footnote 3.)
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'zSu LE Cycle, tu. 95, Noneflbet 1 3.

'E&lot s nol2: Th, orisinal Frefth anicb s )es

all sfue(k in fieteE fur second (nt/s), Oø hansl$"
tion gioes sbeedt ifl h;lomate/s rer lønr (hfi/hr), be-

cause this number telk itlrhediatal! hou lar the rider
uouw bat)el ir, one hour if he fiai toir.s corrsta

sryed.



This equation can be rearranged to solve for
the rider's speed in terms of the power he
expends against at lesistance:

v = 3.6 3\/2flG CDIA)

From this second equatiin, we ian compute
exactly how much the rider's speed OI) will
increase iI either the air density (p) or the
effective frontal area (CD A) are made
smaller.{ It is precisely these two factors
which were crucial in Moser's record-
breaking ride:

-air density, which decreased ftom 1.225
kg/m3 at sea level to 0.961 kg/m3 at the
altitude of about 2,000 meters in Mexico
where Moser achieved the record, assum-
ing equal temperahfe;

-effective frontal area, wluch was !e-

t&ditor's note: The terrn "efrecthe hor.tnl orca"
lelers to the ftoduct ol drag coelfubnt (C hnas
hontal alea (A) . In thh aniale, the ølvas qu.ottd lor
alfectbe l/onbl ana ,ertain b AE corhb;aation of
biclcle 

'tus 
rid.r. Effectil,e funtal area b ,ethols

th" rwst ustul siryb iunn$ lot sPrilying the b ).
clc's aelod} amir qualitbs, h/ hoo reasons.

Fi/st, it accounts lor both the shaw of the bic>ub/
t;dn conbination hmql tt+ CDt rrn) and * six"
(lhtotsh lhz A terrt). Se.ohd, erl?rimfiløÅ .an
Qeti!! fiets n elfecti& hontat arpa uith simpb in-
slru,,,ants, but haae grsal dilfit1/lt, il naatuiflg ei.
tfur drcg coaficbnt ol fmr.tal area selaratab. The
lhls,aal^units ol ellediw funtal alea arp søøn me-
t?ts tt') ifi 1? SI ststeri, and square leet ifi the
English sfsttn .
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Table 1. Bemard Hinault riding at Sea Level'

'Air density p = 1225 kqh3

duced by imFoving the position of the
ride! on the bicycle and by aerodlramic
strean ining of the bicycle and its wheels.
The actual values o{ effective ftonta.l area

(Ce.A) for typical mar/machirc combirta-
tions are well-klown today, thanks to the
work of the Aerotechric Institute of Saint-
Cyr-l'Ecole, directed by Maurice Menard.s
He has provided precise measured data on
this subject. For example, we lnow tllat
Eddy Merckx on a taditional bicycle h the
recotd-seeker's low dding position exhibits
an effective tontal area of 0,39 m2. I have
used this and other test data6 to derive rca-
sonable assumptions about the effective
frontal areas of Fralcesco Moser and Fer-
dinand Bracke (an exceptioMl but often for-
gotten hour-record holder) riding various bi-
cycles.

We are now in a position to calculate the
distance which these three champioos would
have traveled on differert bicycles and at dif-
ferent altitudes, given only that their power
output rvodd be the same in our fctional rec-
ord attempts as it was in their real ones.

Actualy, there's one additional problem
we must fuce in tryirl8 to compare record at-
tempts in Mexico against others in Rome or
Milan: altitude reduces the cyclist's orygen
consrmptio[ and so reduces his maximum
possible povrer output. We wil deå.I with this

physiological question below, after 6rst dis-
cussing the purely mechanical effects of ai!
dmg and altitude.

Hinault as Experimental Baseline

Since 1979, the Aerotechnic Irstitute of
Saint-Cyr-l'Ecole has been testing a yariallt
of the "Pro6l" bicycle intended for a possi-
ble future houl record attempt by Bernard
Himult. This bicycle, with a 600 mm front
wheel and 700 mm rear wheel, is virtually
identical to the one which Francesco Mos€r
used in Meico, except that it lacks failings
on the spokes.T We know that Bernard Hi-
nault would have to develop 550 watts at seå
level to overcome air resistånce at a speed of
50 km/hr on a "Profl" bicycle. We also
know the differences in effective frontal area
between the traditional bicycle, the "Profl"
bicycle, Hinault's "hour record" bicycle
(which later became the "Delta e") and Mo.
ser's bicycle with its faied wheels. Conse-
quently, we can calculate the power con-
sumed by air &ag with Hinault riding each of
these cycles:

P = 1.225(50.000/3.6f(CD.A) i 2
P:1,641(Cp.A)

From this, we have delived Table 1, which
applies to Bernard Hinault ridiry at 50 ktrL/hr
at sea level. The faLed wheels alone achieve
a savings of approximately 18 \r,atts, reduc-
ing by haf the power consumed by "aero"
wheels currently used in track raciag. AI-
though the fgures in Table 1 are ot y ap-
proximations, they can be used as tIe basis
for our further calculations.

TEditor's note: Thb biqtle w;ll be dasigøted fie
"ho1ar /e.o/d" bi0cle throuslout tLb antb.

5&e Ir Cycle, ,',. 52, D.cenbel 1979.
GEditor's note: For lhos, wha work with Englbh

,t tih ittstead of SI units: tha afectit)e fu lnl alea ol
the least st/eofilineil bicwle/idel combination
$otct in rhis anirte (0.3g # lor Mercht on o tlodi-
tional bicrrle) equals 4.20 f in E"gtish ,,its. The
nast stredntlined cortb;iotion fiahtia 2d (Hina lt
on "hour record" btyle oilh /aired wh?elt has an
efrectiae ftoital afta of 0. rr{, which equals 3.23
f . b confu*otL a touist ridi g in the ufiighl
losition høs øn ffictir,v funtdl ana of about 4.5 f ,
uhile ndmbent cyles with lull<otvrage fo;irrgs
(s ch as the Vectol s;nqle) haoe an efrectiLe hor.toL
area ol about 0,5 ff.
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Table 2. Eddy Merckx riding in Mexico'

'Air den§ty - 0.s61 kghs

Table 3. Francesco Moset fidino in Mexico

Extrzpolation to 0ther Raærs

If we know the CD.A of a racer on his bike,
we can calculate his speed from the power
he develops; conversely, we crlr calculate
his power tom his speed.

When record-seekers used bicycles with
very similar coeffcients of air resistance, the
record belonged to whomever was stroo-
gest, given only tllat his position on the bicy-
cle was sufEciently aerodynamic. But today,
this is no longer so, because the new desi8n
of competition bicycles is capable of reducing
power demands on the rider by as much as
15 percent at the same speed of 50 km/hr.

Il we accurately estimate the CD A of
Eddy Merclo., Fraacesco Moser, and Fer-
dinand Bracke, we can calculate the power
which they had to put out to achieve their
records, whether in Mexico or, as in
Bracke's case, in Rome. For Eddy
Mercl§(-who is, apparently, interested il
the question himself-this is very easy, be-
cause he himself has given us his value of
Co.A.0.39 m'. For Francesco Moser, who

is talter than Bernard Hinault and who doubt-
less has a more aerodynamic riding position
than Eddy Merclo<, we will hlaothesize a

C6.A oI0.38 with a traditional bicycle. Given
that sma.ll differences in bicycle frame size

have very little effect, we can use the CD A
of Bernard Hinault on his highest-
perfolmance bicycle to estimate that of
Francesco Moser on his strange machi[e:
0.30 for Hinault, and so 0.32 for Moser; the
difierence between the two extreme values
is preserved. Fina.lly, we will hypothesize a

CD.A of 0.37 for Ferdinand Bmcke, since,
like Eddy Merclo<, he used a traditional bicy-
cle and was of intermediate size, betwee[
Moser and Hinault.

If we rcglect rolling ftiction, we can easily
compare the performances of Francesco
Moser and Eddy Merclo<, since these both
took place in Mexico. But is it legitimate to
neglect rolling ftiction? We think so, if we are
simply trying to calculate tlle distance Moser
would have ridden on Merckx's bicycle, or
vice versa. The power necessary to over-
come rolling ftiction-approximately 40
watts in the case of Eddy Merckx-varies no
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more than 8 percent as speed fises from
48.6 kmik ro 52.2 km/hr. The difference is
about 3 watts, negligible in cornpadson with
the effects of changing C','4.

Compuison of Moser with Merdor

The average power Eddy Merckx re-
quiled to overcome air resistance on his
record-breaking dde in Mexico at 49.431
km/hr is given by:

P = 0.961 '0.39'(49.431/3.6)3
P = 485 watts

We can also calculate the speed which the
Belgian champion would have reached had he
fidden any of the tlEee other bicycles which
we discussed eadier. We assurne the sarne
powe! 485 watts, as in his actual record per-
formarce, The results given in Table 2 show
that King Eddy, given the preparation he had
in 1972, would have become tJrc holder of a
52 km hour record if he had idden Fran-
cesco Moser's bicycle. It is likely that
Mercl« would have pushed the record even
fultåer if, in addition, he had had Moser's
three months' training program and medical
assistance, We do not hesitate to a6rm that
Eddy Merclor wotrld have exceeded 52 km,
since our air resistance calculations have
not accounted for two hctors which consid-
erably augmented Ftancesco Moser's per-
formance, namely:

-plastic coating of the tack, which saved
him approxirnately 15 watts-half the net
rolling resistance of Moser's u.ltra-narrow
17 mm tubula§;

-weighting of the rear rrheel, giving it a
flynheel effect to help with pedaling
through the "dead center" positions, tius
permitting a higher gear ratio.
We remember that Eddy Merclo( started

as iI in a kilometer race, quickly putthg him-
self into oxygen debt, and he struggled ener-
getically for the remainder of the hour-
while Fhncesco Moser modulated his
efforts according to a computerized pla[, es-
pecially in his fust attempt. It would not be a
bad bet tåat Eddy Merckx, given these same
conditions of medical assistance, wou.ld have

exceeded . . . 53 kml On his traditional bicy-
cle, Eddy Merclar rode the last lap at 52 kn/
hr, putting out a power of 565 watts to over-
come air resistance. With Moser's bike, this
woutd have &iven him to 54.750 krn/hr. To
6nish in a sprint after an hour of effort in a

ståte of muscnla! asphl.iation says a lot
about the deep resources of the exceptional
champion who was Eddy Merckx.

Conversely, we have computed the dis-
tarce that Francesco Moser would have cov-
ered with Eddy Merclo('s bicycle, and with
the assistarce of his own medical team: that
is to say, all other things being equal, Fran-
cesco Moser would have barely exceeded 48
km, as shown in Tabte 3. Are we too harsh h
assigning the CD'A of 0.38? The Cp'A of



Bernard Hinault on a traditional bicycle,
0.36, is certainly lower than that of Moser
on the same bicycle; but if we use it anyway
to avoid "bias," we frld that "Cesco"
wou.ld baye only flirted with Merclo<'s rec-
ord, give or take a few meters.

The Role of Altitude

and Ferdinand Bracke

We will now attempt to compensate
Merckx's and Moser's recolds for the alti-
tude of Milan, approximately 2,000 metels
lower. In addition to accounting for the
changes in drag force due to changes in air
density, we \,rill also consider that Merclot's
and Moser's liding power was diminished by
the 2,000 meter altitude, by an amoullt that
depends on the length of their period of accli-
matøation.

Eddy Merckx made his recold attempt

only a few days after his arrival in Mexico.
Under these conditions, his power output
vas reduced by 7 percent, according to Doc-
tor Jean-Pierre de Mondenard, in an article
n la CyøÅ . Merckx's totål power output in
Mexico can be estimated at 525 watts (485
watts air drag plus 40 watts rolling resis-
tance). It would have been 7 percent hiSher
in Milan or Rome, or about 565 watts, of
which 525 wans would be consumed by air
resistarce. (In the November 1979 issue of
Le Cycle, we estimated Merckx's total
pof,,er as 570 watts, very nearly the same.)
With 565 watts o{ muscle output, Eddy
Merckx would certainly have lidden farther
than 46.800 km in an hour.3

This is indeed a suprise, since it falls in

3 Attlhor's ,nto: For a fiole llecise cahuk tbr,, u)ø
uoul.l eed to hiau uhat Merckr's actual loll; g
/.sisla æwas in M ico, cornlaredto uhat it uotø
haæ bczn in Milan or Rone.

between the records of Roger Riviere, who
rode 46.98 km in 1957 and 47.347 km in
1958! The explanation is that Eddy Merckx
would have paid very dearly at sea level for
his too-mpid stårt and his struggle to beat
the clock; in fact, in Mexico, he was sayed
by the altitude.

Suddenly, h this light, the performance of
Ferdinand Bracke, who covered 48.093 km
in Rome in 1967, stands out in bold relief.
How would Bracke have done in Medco? A
quick calculation establishes his total ponrer
output in Rome at 580 watts, including 540
watts against air resistance, with a CD.A of
0.37. Wit.hout accltnatization, in Mexico, he
would have ddder 50.800 to 51.000 km in an
hour on his tnditional bike, and ftom 53.300
to 53.600 on Moser's bike. Was Louis Caput
dght, then. wher he stated that. in his opin-
ion, the true holder of the hour record was
Feldinand Bracke?

And how would Moser have done in Milan?
If we grarf him the same 7 percent power
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Spoke Drag

Glen Brown

Editor's flote: Biclcle uheel air drag has
suddenlt become a hot to?ic. Biclcle ai/ d.rag,
øs o,Nsed to lidzl drug, has traditiotal$ been
uøaed o/f as miror. Brt ht lanuary, Fran-
cesco Mosel øoaed otheruise. Moser dpmol-
ishzd Edd! Merchr's hour recolil ofi a røalical
loohing biAcle built lor minimum øind rsis-
tance. Far and owø! the most imlortønt
wind-cheating featørø oø this bihe øøs its solid.
dhh )heels, Ma f Peolle beliøoø that uithai
those whzels, Moser uouø not haoe b/okefi
the record.

Wile the dzbate aboøt hou ,nach tha equii-
ment nølly did helf Moser uill fmbøbl1 neler
be seftled, the etidence for mininizing bicycle
uheel uil drøg is mounting, Møøy Olytttfu
t?arns till come to Los Angeles trcpored to
?4u;t the;l biclcles with solid d,ish whøeh. If
disk uheek are nat allowed, the teams uill use
traditiahal spohed ufuels built lt)ith as feu
srohes øs fussible. ltrhzel øir d/ag is sudlenb
big stuff in the ele of sorr,e of th. world's lead-
ing bi.lcl e e rrgin e e /s.

Our oun Olynfic teorn oill haoe a set of
dish wheels in reseme, theb merit bolstercd bt
lh? wind tuhfiel testing of uhtel aerodynamics
cond.ucted by research scientish lih. Chester
l$le, Data frorfl this testing arc carentfu hcld

unle/ tight s?r1lriu urals, but it is clear that
uheel stokLs øre restonsible for a major por-
tion of wheel drag. We hope to ilesatt this
Olq|ic data in future issues of Bihe Tuh,
but for nou ue'll høoe to uhøt lour øWite
uith øn iiteresting "bach of the ekaelope" col-
culaiion done b1 aemdynarrricist Glen BrourN
on the ,nag itide of slohe drøg.

There is plenty of concern these days
about spoke drag, Fewer spokes, flat
spokes, and wheel disks are becoming the
trend on special competition bicycles, Fran-
cesco Moser stired up geat controversy
when he rode a bicycle equipæd with solid
disk wheels during this successirl attempt at
the hour record earlier this year. Even
sport-touring bicycles are appearing with
only 32 spokes. But how signifcant is spoke
drag? Is spoke drag a large enough propor-
tion of the total bike/ der drag that all
performance-minded cyclists should con-
sider methods of reducing it, o! does it com-
prise only a minor percent or two that need
concern only top kilo rideIs? This article
presents a mathematical estimation of spoke
drag tllat will put its contribution to totål drag
in perspective.

Wind tunnel testing is the best way to de-
rive numbers for the magnitude of spoke
dmg. But wheels are tricky to test because
they rotate as well as uanslate through air.
(Readers of Biåe ftc, will recall the special
test jig built ro measure the aerodylamic
performance of the Roval wheels in the De-
cember 1983 issue.) Rotating wheel drag is
especially difficult to measure directly; even
in a wind turmel a special rig is required to
measure the direct drag on the wheel sepa-
Etely from the torque required to keep it
spmflry.

But spoke drag is straightforward to calcu-
late if you ignore interfererce effects. That

is, you must ignore the disruption of the flow
passing the spoke caused by the othe! com-
ponents of tle bicycle such as the tire, rim,
and fork blades. It turns out that these ef-
fects are smaller than you'd tiink, The rela-
tive wind is greatest when the spoke is verti
cal above the hub, but here interference
from the rim is the least. zum interference is
greatest in the forward horizontal spoke po-
sition, but at this point, the spoke preselts
virtually no frontal pro6le so only its rota-
tioflal velocity componeflt is a source of drag.
The rotational velocity component is unaf-
fected by rim interference.

The air flow past the spoke ranges from
approximately zero velocity to twice vehicle
speed and varies cyclically tlEough each rev-
olution. Luckily, spoke diameter is small
enough that, even at twice vehicle speed,
the spoke never approaches a transition
Reynolds number.r In short, the drag on
each sma.ller element of spoke is propor-

1A Reynoas nuribel is a aalrr2 assighed to ah object
of azlodyarnb ilt rest. It is cahulated ffitu the ru-
lio ol one dinansin l ol tha object (e.g., the diahater
ol a clihder) and the rclatiLv lelaci» belueen it arrd
the Jluid, k the dscosiU oJ the lluid.

Withit a Janilr ol tommon shabes , lihe cJlinden,
Welent di&rnetels arrd./or relatiue uelocitizs lesult in
fiofurnionolly difre/efit RryøAs ntamlels a d ibøg
wlues. Thb flofurtioMliry delendt tce is calløt the
scale etrect- S.r/i4g å uital i$ a2rodyarni bilh
becaus. it allnus the measuftd dragfot one cflindar
at sona rellttioe lehcit! tn be $aled ul or iharl to

Yedict the drag oJ t other ctlindar under dilfercnt

As long as the Rernold\ nunb?r of a Olinder I
beh ) a critical Øl z, scal;ng uoll's. But oaer lhis
ual e, tho lklt ctutucteristirs of tha lhid atu rrd tha
qLi der change drdstically and dlag ca fiot be be-
dicted by scaling. In thz case of sfuhes sli nitg on a
wheel thlough oir, lh.ir Reynods ,turnbers aft oell
uilhin thz saJe runge.



loss in Mexico-biasing the results in his di-
rection since the acclimatization after three
weeks considerably reduces the povrer
loss-he wou.ld have ridden no more than
about 48 km even given the luxury of his ad-
vanced machine.e He would have ridden
about 45,5000 km on Fausto Coppi's bicycle;
Coppi might have held onto his earlier rec-
ord!

The Pioneering Itrlians

Our evaluations are only approximate,
since we have neglected certain factors, and
we do not know the exact measured perfor-
mance of the racers we have studied.

eAuthor's ,tole: Lack of a ,tastit cooting on he
tratk in Milan o, Rome ,vuw h e tut Mos2r at a
ltlfihal disadoan@. Nota that Moset amt altmi-
,nateb 46.400 kn/hr dli"t hb trainins in Milat.

However, the errors should hardly exceed
400 meters, preserving the relative posi-
tions. We have undertakel several recalcula-
tions, and Maurice Menard has conirmed
the approxirnate accuracy of our 6gures. Ac-
cording to him, the cumulative advaltages of
rhe aerodynamic bicycle and of the altitude in
Mexico account for a gain of approximately 5
km in the hour record. Since it's very un-
likely that anyone would have exceeded 53
km in Mexico, Bracke's record of more than
48 km in Rome is really the "true" record.
Bravo Louis Caput!

Our analysis in rc way detracts tom Fran-
cesco Moset's accomplishment in overtur+
iry the world houl record trDice within four
days. He did this in keeping with the ancient
ideal of heroism, unilyiag intelligence, cour-
age, and athletic prowess: an open mind is
necessaly to lend trust to a team of scien-
tists who desi$ equipment and shategy;
much courage is necessary to keep going in
the face of wind drag and fatigue; and athletic

talent as well as physical preparation is nec-
essaly to ride at high speed regardless of
any dif6culty.

ln France, we have reason to legret tlBt
Renault-Gitane has done nothing to help
Bermrd Hinault overturn Eddy Merclo('s
fust record. In 1979, Renault-Gitane set off
the trend h aerodynamic innovations, 'r,ith
the "Profil" bicycle. In 1980, plans for the
"hour record" bicycle, which was to suF
plant this earlier model, were ready, But ir
1984, it is the ltalians who are using tlis
technology in a pioneering way. This depar-
ture represents a new possibility for tle ltal-
ian bicycle indusfty.

And that's nothing for a Frenchman like
me to crow about.

Author's note: The purfose of lhis aniclc is
to ttotrrish thought and incrcase awøreness,
but theæ is ,to irrtenlion lo estøblish qx aiifi-
ciol hierarcht of letomrarøes or rctcels.

tional to the square of the normal component
of tte element's relative velocity,

(The relative velocity of a small elemelt of
spoke is composed of tnro palts: one part
due to forward bike yelocity and one palt due
to wheel rotation. This can be expressed as:
v : V cos e + Vr/R, where e is tlle spoke
angle (vertical=zero), r is the distance from
the wheel center, R is the spoke length, and
V is the bike speed.)

Total spoke drag is proportional to the
square of the relative velocity averaged over
tlle lelgth of the spoke and around one wheel
revolution. This is expressed as the double
integral:

area owing to the bicycle. Spoke drag there-
fore appears to be over half of tlle drag of the
bicycle!

I find this result incredible. While this cal-
culation is simplifed and does tend to over-
estimate, the numbers are just too large to
ignore tlEir significance. Those little bug-
gers really churn up the airl

An interesting result of lhe integration is
that 60 percelt of the spoke drag comes
from forward velocity and 40 percent from
rotation. The two effects are mathematically
separable because tle vector cross-product
of the two velocities drops out of the iotegla-
tion. Therefore, in a wind tumel test, eve[ if
the wheels aie spun for the test, the torque
to rotate the wheels has to be measured (a

real pain) and added to the drag, or else
spoke drag will be underestimated by 40 per-
cent.

How much did the wheel covers help Mo-
ser in his recent hour record? Not only was
there IIo spoke drag (except perhaps for
some internal pumping) but tire/rim drag
was also reduced. I 6gure his aerod],namic
advantage was perhaps 15 percent. That's
15 percent of the total drag! If wheel covers
are now allowed in competition, I predict
many records will fall quickly.

Another interesting implication is that
small-wheeled bicycles should have a 6ve to
seven percent advantage just because oI
thet shorter/few$ spokes. This aerody-
namic power savi[gs easily offsets the
slightly higher rolling resistarce of small
wheels.

It's evident that any performance-oriented
cyclist should strive to reduce spoke drag;
its contribution to total drag is appareotly
second only to the rider's own drag. Wheel
covers should give the largest reduction in
drag, although their sensitivity to crosswinds
may make them an unwise choice for normal

road use. More modest savings are possible
by using conventionally spoked wheels with
fewer spokes. Or, following the lead of the
Roval wheels, drag can be reduced not only
by using fewer spokes, but also by using
ones that are flat in cross section and laced
radially.

I must add a cautionary note about leduc-
ing wheel &ag by reducmg the number of
spokes in your wheels. A well-built 36-spoke
,rheel is a shrrdy structure; reducing the
number of spokes without compelsatory
changes in other parts of the wheel-like the
rim-will jeopardize the wheel's strength.
You may invite wheel collapse h pursuit of
improved aerodynamics,

Edc Hjertberg feels that both 3? aIId 28-

spoke wheels are acceptable for road ncing,
but that 28-spoke wheels should be used
only by light iders or by riders in hil climb-
ing aad time trialing events. He asserts that
the two most important variables that deter-
mine wheel strength are how well the wheel
is built and what rim is used. A rim shonld be
chosen with rider weight and road colditions
in mind. Healry riders and rough roads re-
quire stlonger, more rigid rims that wi[ nec-
essarily be heavier, have a deep€r qoss sec-
tion, ard/or be made of a higher strengii
aluminum alloy.

And how about z-spoke wheels? Hjert-
berg says that or y expert riders need apply.
Great discretion is needed when using these
wheels on tie road; their duability will be
limited no matter who the rider is or what
the road conditions are. Many rims are
ddlled for 24 holes, but Hjertberg suggests
that you ask ar:ound about which rims are re-
liable before buying. Don't, he concluded,
short-circuit the inteotions of the rim de-
signer by lacing up a 36-hole lim with oriy 18

spokes. All you'll end up with is a very dan-
gerous wheel.

*$.-*
Since the spoke extends from the center of
the wheel to the edge of the tire, the integra-
tion can be simplifred, which yields the inter-
esting result that,

i'z = slø Y2.

This means tlat the drag of the spokes on a
rotating wheel is s/o ol the drag of the same
spokes when the wheel is held broadside to a

wind of the same speed.
A bicycle with 72 spokes of 0.075 inches

diameter, each 11 inches long. will have an
effective frontal area (using Cd ': 1 . 2; an ac-
curate drag coefficient for cylindrical spokes)
of 0.50 square feet.

To put this value in perspective, consider
tiat a mounted, fully crouched rider has a

drag area of approximately 3.2 square feet,
Of tlat total, at least 75 percent is due to the
rider, leaving around 0.8 square feet of &ag



MATERIATS

Paintins

With Imrin
Put II

Les Lunas

Imron@ paht is a polwrethane enamel de-
veloped and marketed by DuPort for ildus-
trial applications in which a glossy, easily
cleaned, and long-lasting coating is needed.
Im!o[ carr be applied with conventional
spray-painting equipment but the non-
industrial use of Imron is not offcially en-
dorsed by DuPont because, during pouring,
mixiag, and spraying, Imron releases isocya-
nate vapors which are very harmf:l if inhaled
in any quantity. Only rigorous attention to air
filtering and ventilation will gualantee a
pahter's health. (See Harvey Sachs's side-
bar folowing this article on the risks, and
plecautions necessary, when working with
Imron paint,) Its physical properties-
toughness, high gloss, good adhesior, and
lesistance to weathering, fading, and com-
mon solvents-can exceed those of the bigh-
quality, but more equipment-intensive,
baked-on enamels. Since these desirable
qualities can be achieved without a baking
oven, Imron has become a very popular
paint among custom framebuilders and auto-
motive paint shops, h spite of its health haz-
ards.

Cost

Imro[ is an expeNive paint, costing the
hamebuilder an avemge of $27 a quart, De-
perding or the method of application and the
particular color used, a ftame painter can
pairt anwhere tom three to five frames per
qualt of Imror. (Met llic colors don't stretch
as ør as solid colors. Also, only about two
ounces of paint eyer make it onto a ftame;
the balance ends up in the spay booth.) Lr-
cluding the primer paint, the clear top coat,
and other expendable items like sandpaper
and respiratory mask flters, a complete
ftame paint job costs the painter/builder
about $30 in materials.

Imron is currently ayailable in over 3,000
colors but, because of its intended use, many
of the colors are industrial hues of blue,
green, and yellow. Flamboyant colorc, such
as candy-apple red and pearlescents, are rlot
available. Herce, some foame painters use
other bralds of enamel pairt with only a
clear top coat of Imron.

Polyur*hane

Imron paint is classifed as a two-part cata-
lyzed' polyurethane enamel. Polwrethanes
are a group of chemical compoulds that haye
exceptional toughness and reasonably good
strength; they are widely used in compo-
[ents that must resist heaw-duty abuse.
Skateboald wheels, hockey pucks, and
bumpers on tugboats, autos, and airplanes
are made of polFrethales, For paints, poly-
urethafles represent a major improvement
over earlier paint formulations, which tend
to be brittle and are likely to crack under im-
pact.

The toughness of polyurethane pahts can
be explained by looking at their molecular
structure. On a microscopic level, polyure-
tlune molecules resemble a ta[gled rnass of
lory, tighUy coiled springs. When subject to
an impact load, these molecules simply flex
and t.hen spring back inlo their original posi-
tio[. The taryles between adiacent mole-
cules are actually chemical bonds called
cross-links, which provide stlength to the
paint film alld prevent it from tearing. These
cross-links in the paint are not formed until
the two separate liquid components are
mixed together.

Inron is not the only catalyzed polwle-
thane paint on the market. I have foud four
other paints tlat have about the same impact
resistance as Imrofi. "fhey are:. Sunfire 421,
made by Sherwin-Williams Co. of Cleveland,
Ohto; Nitrøm, made by Martin-Senour Co.,
also of Cleveland, and sold by NAPA automo.
tiye distlibutors; D?ktar pamtwnh Deltttane
catalyst, made by Ditzler Automotive Fin-
ishes Division of PPG Industries, of Troy,
Michigur; utd, Mirølon, made by Acme Au-
tomotive Finishes Co. You must add reducet
(solyent) n'hen mixing these paints fo! spray
application, whereas Imron's instructions
specit that no reducer is to be used. Your
6nal choice between these paints shou.ld be
governed by cost, color choice, and availabil-
itv.

Curmg

The curing reaction of Imron paht begins
as soon as the catalyst is mixed with the
binder. Most ot]rcr paints cure in a different
mamer, by processes of ofdation, baking,
or reaction with moisture, and do not begin
to cure until the paint has actually been ap.
plied to the surface. The "pot life" of knron
is usually about eight houls, but can be a bit
longer in cold 'Å,eather. Toward the end of its

1A cotaw is a chzntbal substønce thal initiatca a
chcmical naction and driow it ta comlletit , it tib/
conditions in whith thz reactiot uo A ot fiorfiallt
occllf. Tt?iø|ly, raltltsls on usel lo nohe rcadions
ocdar fion qri.hl! and at lo&v terrøeratures than
LeuA othetwise be fuss;blz.

pot life, the batch of Imron will quickly gel
into a thick mass.

On the bicycle frame, Imron takes a long
time to cure completely, Although the
painted surface will feel dry to the touch
three to four hours after sprayhg, you
should not handle the hame or attach compo-
nents for at least seveo to eight days, as the
paint's mechanical properties are slow to de-
velop.

You can shorten the curing time of Imron
by heatiry the paint in a warm-air oven at
180' -2000 F lor about 11/z hours. Altiough
heating is no longer offcially recornmended
by DuPont, my expeience is that heating
can cut the overall curing time of Imron in
half. with no loss in physical properties.
(Note that traditional alkyd enamels are
"baked" at higher temperatures than I use
for heating Imron.) After heating, the ftame
should be allowed to cool fo! at least twelve
hours before being handled. Infuared "heat
lanps" should defnitely not be used to
speed the curing process, since they can
cause hot spots alld discoloration.

Clean Surfaces

As we saw in Part I of this article, proper
preparation oI a ftame for painting begins
witl the bare steel. The steel must be ftee
of all !ust, grease, aDd other surhce pollu-
tants. Steel frames are usua.lly cleaned by ei-
ther particle blasting or acid pickling. Both
methods are effective in removing all surhce
contaminants as well as providing a suff-
ciently rough surface for mechanical bond-
ing, but as Mario Emiliani pohted out in his
series of articles oII foame surface finishes,
care must be exercised when using either
plocess, It is easy to pit or damage the steel
surface by using a coarse particle gdt, a too-
high particle velocity, or leaving the frame in
the pickling tank too long. (See the Decem-
ber 1983 and February 19& issues of 8råø
Tech).

Phosphate Coat

In Part I, we also saw that the best initial
coat to apply is a phosphate coat, either iron
or zinc phosphate. A phosphate coathg plo-
vides tlle first hyer of corrosion protection,
adds a buffer layer between the inflexible
steel and the relatively flexible primer coat,
and also provides a good "tooth," a sufE-
ciertly rough surface to which the primet
coat czr mechånically bond. This tooth de-
velops as jagged iron or zinc phosphate c!ys-
tals grow oflto the steel surface as the phos-
phate coating dries (see Figure 1). Iron
phosphate is most commonly used for bicy-
cle ftames, because it can be applied at room
temperature, while zinc phosphate requires
a carefully controlled hot bath solution. The
zinc formulas, however, are somewhat more
protective. Precautions should be taken in
handling the frame after phosphatinS to pre-
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Figure 1: Eflects ol såndblastino and
phosphatlng 0n micr0scopic melal su ace.

vent coltamination by grease, oils, or salts
(&om sweat). The tlpical phosphate layer is
attacked by moisture in the air, ard so must
be prime-coated with paint within 2 hours.

Primer Coat

The prime! coat is designed to do vadous
tasks, First, it provides the next layer of cor-
rosion protection: second, it provides a uni-
form color base for the top coat; tåi!d, its
heary pigments will 6ll in small surface irreg-
ularities to smooth out the surface for tle
top coat; fourth, the primer has a porous

surface that provides the necessary "tooth"

for the top coat to glab onto; fifth, it should
be elastic; lastly, the primer may help to seal
h small amounts of chemical contaminants
ard oils that might have been picked up at an
earlier step. The top coat will not hide any
imperfections in the previous layers, and so
the prime coat is sometimes given a light
sandinS to remove any roughness or spatter
marks. With a smooth, clean primer coat,
the top coat will go on smootl y and will ad-
here well.

It is important to use compatible plimer
and top coats. The two paints must be chem-
ically compatible for best adhesion. AIso,
they must have similar elasticity, i.e., the
coats must flex the same amount or else
they will separate under impact and the ad-
hesive bond between them will break (see

Figure 2). When tiis occurs, the top coat
sepaiates from the primer, a small bliste!
forms, and eventually the top coat chips
away, exposing the primer.

DuPont's Colrøl two-part epoxy plimer,
approxirnately $35 a gallon, is probably the
best match for use with lmron. I have also
used DuPont's Multi-Putqose Pimer/
Su,føcer 1008,,$hbhDuPont claims is com-
patible with Imron, but I've fould that Imron
adheres much better to Co ar primer. Com-
patibility is also important if you plan to use
lmron as a clear 6na.l coat on top of a non-
Irnron color coat. Make sure that your color
coat is physically and chemically compatible
with Imron; otherwise, you might fnd that
the 6nish is less chip-resistant than you'd
like.

Painting with Imron is not especially diff-
cult, but it is different h some important
ways from painting with traditional alkyd
enamel paints. If you take the time to do it
right, you'll be very pleased with the glossy,
durable finish that comes with an Irnron paint
job.

Figure 2: Effecl 0t psbble inpacllng 0n

mismatched p msr and top coals.

Flexibls Top Coat

lnllexiblo Primer Coal

Using Imron Safely

Harvey Sachs, Ph.D.

Imron is a polyulethane enamel tiat has
become famous for its wet look, duability,
and resistance to damage. However, getting
6rst class results without doing damage to
yourself requires a lot more than deft use of
the spray gun. You have to read the 6ne print
on the paint can.

The Imron activator (catålyst) contains
polyisocyanates $,hich in large quantities can
hll you and in small qua[tities carl cause local
skifl and mucous memblane irritation, per-
manent eye damage, and other serious
health effects including asthma-like symp-
toms and permanent sensitization. That's
why the label on the can reads:

DANGER!
VAPOR AND SPRAY MIST

HARMFUt.
MAY CAUSE IUNG IRRIIAT]OI{

A]{D ALTERGIG
RESPIRAIORY REACTIOI{.

USE OilLY WIIH ADEOUATE
UENTILATION.

But how much exposure to isocyanate va-
por is too much? What coNtitutes adequate
ventilation?

Federal regu.lations limit peak exposure to
isocyanate yapor to 0.02 parts per mill.ion-
this is the equivalent of one-inch distance in

800 miles! Basically, once you smell the va-
por, you are getting too much. Vapors will be
given off when you pour, mix, and spray the
stuff, so don't.even open the activator caII
!,'ithout weaing an approved mask and hav-
iIIg adequate ventilation. Remembet some
people are more sensitive to these vapors
than otheG, and you can't predict your o$,n
reactions irl advance. If you know that you
are chemically sensitive or asthmatic,
do['t do any spray painting.

Minimum Standuds

I strongly recommend that anyone \r,anting
to paint with Imron adopt the following mini-
mum standards:

1. Always ventilate with enough ftesh ak.
This means having a pairt booth equipped
with a fan capable of supplying an ak flow of
at least 100 feet/minute across the work
area and exhausti[g this at to the outside.
Included in tlris ventilation system are paint
arestors, which are filters in the exhaust
duct that trap over-spmy paint particles.

For a work area with a four-foot by six-
foot paht arrestor area, minimum ventilation
requires an air flow rate of 4ft X 6ft X 100ft/

BIKE TECH



min = 2100 cubic feet per minute. I recom-
mend doubling that rate to 5000 ctn. The fan
moto! must be out of the air stream to avoid
igriting the volatile vapors. (Typical bath-
loom and kitchen øIlS supply only 50-150
cfrn and sit right in the air stream; they are
much too small and very dangerous.)

2. Use an approved respirator or mask.
For occupational use, a supplied air
(SCUBA-§?e) system which brings a steady
flow of fresh air to the worker's face is best.
The approved utits of this Wpe are classed
as NIOSH/MSHA TC-19C air-line units.

Many workers use negative pressure res-
pirators (dust masks) that 6lter air with acti-
vated carbon, but thele are important re-
stlictions to these masks:

-Use onl! the approved NIOSH/IVISHA
TC-23 vapor and particulate masks that the
manufacturer states are designed for use
around ftee isocyanates, 3M Compaly rec-
ommends their #8711 disposable mask iI
there is enough ventilation to keep vapor
concentlations ilr the air to less than 0,2
parts per million. Be careful; ma[y other
manufacturers of TC-23 masks do not rec-
ommerd their products for painting with iso-
cyanates, so lead the directions carefrrlly.

-The mask must 6t x,ell so that air comes
tlrough the mask rather than around it. This
is diffcult for people with small hces and im-
possible fo! people with beads, Facial hair
between the mask and skin absolutely pre-
vents a 8ood seal. If you have a beard, your
choice is simple: either shave the beard, use
a supplied air system, or do['t work with Im-
lon or other hazaldous products.

-Keep spare masks at hand, and change
masks at the fust whiff of paint odor. If you
can smell it, then the activated carbon flter
is saturated and is no longer effective. With
crre and adequate ventilation, my 3M mask
lasts for about 40 hours. I seal my mask h a

clean glass jar between uses.
You can work safely with tmrono and simi-

lar products, but you can't do it without
some conscientious investment in EotectinS
your health. Building a flrly rated spray
booth is very expensive, but I have devel-
oped some low-cost altertBtives for hobby
use. For instance, the 6re code can be met
by building the booth out of fre-rated gytr.
sum boald rather tha.n more expen§ve sheet
metal, And a low-cost exhaust fan can be
cobbled together out of an old V3 to r/, hp
washing machine motor driving an aluminum
fan blade. The blade rcedn't be aluminum,
but it must be made out of a non-ferrous ma-
terial so it won't spark.

For a copy of my sketches and specifca-
tions fo! a low-cost spray booth, send a
check for 6ve dollars to coyer handling costs
to the address below:

Harvey Sachs
æ South Main St.

Cranbury, NJ 08512

Edito/'s Note: Hame, Saths is ø sttriot
cottstlbnt to th. Natianal I daor Ent ilon rønlal
I^*i&ata. He co tultt on o ui& løge of ;ndoot
øtution tnties.

DESIGN CRITERIA

An Analvsis

of Front Fork
Flexibilify

Raymond Pipkin

Editor's Note: As a lormer Jramebuiøo, I
am happ! to so! that almost all oJ the conclu-
sions reoched b! Mt. Piøhin are conJilmed not
onl! b! my own exberience, but also that ol
other builders. Eoaeue\ the changes in Jorh
lløcibilit! shoun in Flgurc 6 should octuall!
conewnd to diferences in comfolt that
ride$ uould easil! notice. Expience always
seems to undefscofe a difetence in the com-

fott leuel oJ rocing and touing rtames,
Readers' commmts uouu be welcome.

Lightness buffs, tahe note! A careful reading
uill once again delineste the Jundamental
trade-olf betueen weight and flexibiw-ot
leost for steel Jrames. A choice betueen the
filo should be made on the basis of your own
needs, not those oJ fashion.

Jim Redcay

Like most cyclists, I have been cufious
about the relative inlluence upor fork flexibil-
ity of such factors as head angle, fork rake,
fork radius, aod tube shape and thickness.
Racing cycles tend to ride harshly, but is
their steep head tube aflgle and minima.l fork
rake the reason for this harshness? On the
other hand, touring bicycles use more fork
rake and a shallower head angle to reduce
road shock - but by how much?

I have also been curious about the magni-
tude of forces ill a fork. For instance, how
are the stresses of vertical road loads dis-
tributed h a fork? What is the maximum
stress in a fork under normal riding condi-
tions and how much of the total yield
stlength does it represent? What stesses
are involved under braking?

Decreasing Head Angle

This article uses engineering ana.lysis to
answer these questions. And tlle results are
satisfyingly complete. For example, we can
determine the percentage increase in fork

flexibili§ iI the head angle is decreased ftom
75 to 71 degrees, while the fork rake is si-
multaneously ircreased so as to maintain
consta[t hail.

Moreover, the analysis enables me to give
a rough estimate of the flexibility of the fork
tip, explessed h units of, say, millimeters of
fork tip deflection per kilogram of force ap-
plied at the dropout.I Deflection and stress
at various points along the fork blade can also
be calculated, giving additional ircight into
the maSnitude of bending stresses withstood
by the fork, and on the surprisingly minimal
effect of the popular fork stiffeners so often
found underneath the crown.

Tube Geometry

There are too many fork tubes in the
wo d for me to run calculations on them a]l,
so I selected four popular ones which have
dissimilar cross-sectional shapes and thick-
nesses. I referenced DeLow's Guide lo Bi-
cycles and Bicyclirg, for the gauges and ex-
ternal dimensioas listed below2:

-Reynolds 531, standard section oval:
18/21 Sauge (1.2/0.8 mm), 29 X 16 mm;

-Reynolds 531, round: 17l2O gadge
(1.4/0.9 mm), 22 mm lound;

-Reynolds 531 SL, wide-section oval:
l9l gatge (1.0/0.5 mm). 28 X 19 mm;

-Columbus SL: 20 gauge (0.9 rnm), 2a X
19 mm oval.

Figure 1 defnes the geometry of these
fork tubes, and Table 1 lists the actual tube
dimensions used in this analysis.

All these fork tubes taper to 12 rnrn O.D.
round at the tip. The tubing gauges listed
here refer to the thickrcss of the cylhdrical
fork tubes prior to the tapering operation.
Roling the rubes into a conical shape in-
creases their thickness at the tip - a Iåctor
which I took into account.

The overall geometry of the front fork is
specifed in Figure 2.

Fork Design

My methodology, which will be of interest
to mathematically inclined readers, is in-

tEditol's note: Verti.al lleribili9 is dtfina/t Gt tha
Lwtbal dittan e (nrn) uhbh t]ø lolh t;l ,no es let
uttit oertbal force (Kg) aølied to the drcfuuL Afi-
other tem lor flet;bilit! is "dellectbn rate."
Roughlr sleahing, "riøi\" and "stifrness" mean
the ortosite ol "neribilitl," uithi?t thz contert ofthis
aulJsis.

2Blrie Tech ch.ched the Reyol ond Columb s
cataloguc., and discoæred. that thz infiinal dibterr-
sbns ol R€tnokl, 531 and æ1 SL oudl tubihg ale
sligw! diterent than sho&rt il Table 1. Relnold,
æcords the olvl dinerrsions as 28,5 X 16.5,n i fo/
the 531, ønd 27.5 X 20 rlr4lor th. 531 SL. Wile
these Wereht efielfial dirfiensinns o;U slightlf alt2l
the loth tubes' fiofienls of ;rrenia and. ø11 sulse-
qu4 l cah Mions, thcJ da fiat signifuarnl! chafige
the sti/it ol concl sions of this atølysis.

I



Figure 1: Fo* Tube Geomelry. Linear hper and olliptical cross sec{ion is assumed.
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Table '1. Fork Tube Dimensions (mm)

0ohro Tapedng Athr TaDorlng

Forl Tubss D Gau06 T, I" abd t, l
Reynolds 53'1,

Section oval
Reynolds 53'l

Section 0val
Beynolds 531,

Columbus SL

Standard

Round

WideSL,

22 18121 1.22 0.81

24 19t24 1.V2 0.56
22 17/20 't.42 0.91

24 20 0.S1 0.91

29 16 12 1.22 '1.5

28 19 12 1.02 1.1

22 22 12 1.42 1.7
28 19 12 0.91 1.8

cluded in the accompanying sidebar. The
results produced by tiis methodology are
given in Figures 3-10. One observation
worth noting is that regardless of the §?e of
tubing used, the magnitude of the vertical
fork deflection is pretty srnall. An average
value for a t)?ical frame design is 0.065 mm
per kg, which translates approximately to
0.7 mm of deflection for a pair of fork blades
loaded vertically with a force of 50 pounds.

Figures 3 6 show how changes in the head
angle, fork rake, and fork radius will affect
the fork's vertical flexibility. In Figure 3,
only the head angle is varied; in Figue 4,
only the rake; in Figure 5, only the radius of
curvature used to produce the rake; in Fig-
ure 6, the trail is held constant while rahe
and head angle are varied.

Figures 3 and 4 are of mostly academic in-
terest, since they represent conditions that
most ftamebuilders would try to avoid (wide
variations in trail). Sti[, they isolate the influ-
ence of fork rake and head angle on vertical
flexibility.

Flgurs 2: Fronl Fort Geometly.

F : loll rake
0 : wiool diamot6r
H : hsad anglg
M - drcpout-to-crown dislance, arbitrarily

sel to 360 mm lor ttis analysiE
r : lork radius ol curualure
L - ttail

This analysis divides the forl into lour
di6tincl sogmentE:

- L0: Fork dropout, assumed perloslly
rlgid. L0[glh L0 set t0 2 cm l0r all casEs,

-L'l: Lowcr slraight segment. Longth Ll
arbilrarily sot l0 5, 4, and 3 cm l0r fork
radii 0l 12, '16, and 20 cm respectively,

- L2: Central curved segment. Lenglh
L2 : 1.e
-13: lJpper skaight sogmsnt. Le[gth L3
chosen lo 0blaln dssirsd dr0pout-to-cr0wn
distalce M.
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Shæk Absorption

Figure 5, however, explodes an old m)'th.
Framebuitders have traditionally raked tour-
ing fodG with small radii of cl.rvature for
mole shock absorption, and racing forks with
greater radii for less shock absorption. My
calculations show that varying this radius af-
fects fork flexibility so little that it's hardty
worth the trouble. The tiny differences visi-
ble in the graph would not be discernible on
the road, particularly with pneumatic tires!

Figure 6 gets to the heart of fork desigu it
shows that variations in steeriry geometry
that hll $,ithin colventional limits produce
approximately a two,to-one change in fork
flexibili§. The fork in a ftame with a 71-
degree head angle will deflect a bit less than
twice as much as a fork in an otherwise-

idedical ftame with a 7s-degree head angle
(holding trail constant).

Braking Load

Figure 7 gives some indication oI how
much a fork flexes under a braking load. If
we assure that tlle brakiry deceleration is
about 0.5 G (which is about as quickly as you
can stop without i[vitiry pitchover), atd that
the entile retarditlg force is applied though
the front wheel, then a 150 lb. rider/bicycte
generates a learward folce of 75 lb. (34 kg)
shared ever y by both fork tubes. Using an
average def,ection rate of 0.21 mm/kg from
Figure 7, the total deflection of the two fork
blades under this extreme braking condition
is between 3 and 4 mm.

Vertiøl Displacement

Figue 8 displays the contribution of each
irclemental eleme[t of the fork tube to the
total vertical displacement of the folk tip (for
the mathematically inclined, it is a graph of
x'(s) / E'(s) versus s). Using the Reynolds
531 oval tube as an example, we see that a
one millimeter segment of the tube located
at a distance of 15 cm ftom the fork tip as it
bends under a vertical load of one kilogram,
conhibutes 0,00195 mm of vertical fork tip
moYement.

Al interesting application of the inJorma-
tion in Figure 8 is gauging the effect of rein-
forcing the fork at the cro$n. Most high-
quality ftames have stiffening tangs at the
fork tube/crown junction, but Figure 8

Btr(E TECII
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shows that these tangs have only minimal ef-
fect orl stifiening the fork in the vertical
plane. For example, if the last 6ve cm of the
fork tube were made perfectly rigid, the yer-
tical deflection rate would be reduced by an
amoult equa.l to the area under the culves
lyiag between s = 30 and s = 35 cm (the
apEoximate length of the tube). In the case
of tie Reynolds 531 oval atd the Columbus
SL tubes, the vertical 0exibili§ would de-
crease by about 16 and 19 percent, respec-
tively. But lemember that this assumes a

Pr/edl, ti dee\e wraDD,ed, around the top
fve cedimeters of the fork tube. A slim, ta-
pered tång down one side of the tube can
increase rigidity in tlrc vertical plane only
moderately. In defense of their value, I sur-
mise that the tangs may help distribute the
stresses at the fork tube/crown jurrction, and
may improve lateral rigidity.

Bending Stesses

Figures 9 and 10 give an indication of the
magritude oI stlesses in a fork under actual
riding conditions. These two graphs display
the maximum bending stresses at each loca-
tion of tlle fork tube whe[ subjected to unit
vertical and horizontal forces acting at the
dropout (again, for the mathematically in-
clined, Figures 9 and 10 represent the func-
tions V?arI ard t/2åyll respectively, where
a denotes the tube's major diameter at loca-
tion s alolg the tube's length). As an exam-
ple, Figure I irdicates that at a distance of
15 cm ftom the fork tip, the Reynolds 531 SL
tube experiences a maximum beflding stless
of 0.48 kg/mm'when the applied vertical
force is one kilogram. Or, looking at the right

hand scale, we see that a one pound vertical
force induces a sEess of 310 lb/in'z at the
same poirt. So a 50 lb. vertical load on tJte
ftont wheel causes a compressive skess of
almost 8000 lb/in'z 15 cm from the tip.

Combined Stesses

Similarly, Figure 10 shows that a one-
pound horizontal force at the fork tip pro-
duces a maximum bending stress o{ 450 lb/
iIF at the point 15 cm from the tip. So, for the
0.5 G deceleration rate tiat we coNidered
earlier, the 75 lb. rearward force at the ftont
wheel creates a tensile stless of about
17,000 psi otr the tont of the lork blade, at
the point 15 cm trom the tip.

What is the net effect if these two stresses
act simultaneously? It is importart to rea.lize

11
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that these two stresses are of opposite
mathematical sign (tensile stresses are con-
sidered positive; compressive stresses ne8-
ative), so the resultant stress would be the
difference between 17,000 and 8,000 psi, or
or y 9,000 psi. With a typical yield strength
of about 100,000 psi, a fork blade is only op-
elating at about nine percent of yield. That's
a comfortable margin. It is curious to note
that, for those forks made with "taper
gauge" tubing, the maximum stresses gen-
erated by vertical loading do not occur at the
tube/crown junction, but peak at a point
10 cm from the tip,

More to Consider

Unfortunately, Figues I and 10 do not tell
the whole story about the amount of stress

in a fork blade. For instznce, they do not
take into accourt the stress corcentratioN
at the clown due to the sudden change in
cross section at the tube/crown junction.
Nor do tiey consider the residual locked-in
stresses from brazing. These additional
stess concentrations wodd be particularly
important to gauge when investigating fa-
tigue failure.

I believe tlEt the foregoing analysis fairly
acqrrately describes the relative influence of
head angle, fork rake, and fork radius upon
fork flexibility, short of performing actual
load/deflection tests. I do rct know the
amount of variation in Young's modulus
among the brards of tubing (I doubt that it
varies by more thar ten percent), but if this
information becomes available trom the man-
ufacturers, the cuves could be shifted verti-
cally to incorporate the new values.

MathematicalModelof a

Fork Tube

I assumed that the cross section of tlrc
tubes could be modeled as two concentric el-
lipses whose dimensions vary li[early along
the length of the fork (see Figure 1). The
resulting sJight variation i[ thickness aroud
the pelimeter of the tube was considered
negligible. These two assumptions allowed
me to compute the area moment of inertia
I(§) about the minor axis of the tube's closs
section as a function of the distance s along
the tube.

This analysis assumes that the neutral axis

12
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coincides witi the center line of the tube's
cross section. This is not strictly true for
curved beams, as the neutral axis is strifted
toward the center of curvature and the maxi-
mum stress on the irmer edge of a curved
symmetric beam becomes greater than the
rnaximum stress on the outside of the curve.
However, in this case it can be shotr'n that
tlle displacement of the neutlal axis trom tåe
area center line is less than one millimeter
and that the excess stress is less than tt[ee
percent.

I next developed a set of parametric equa-
tions' expressing tlrc positional coordinates

l For those ftadals intzrestzd it thz ewatiant be-
hind dtis analrsis, se d an SASE tn Frarrt Fo*
Aøbeis c/o Bihz Tech, iEl E. Minar St,, Efifiaus,
PA 1&49.

x(s) and y(s) of any location s along tlrc fork
with respect to an x-y coordinate system
whose o gin coincides with the fork dropout
(see Figure 2). The y-axis is directed velti-
cally; the x-axis is directed horøortally rear-
ward. The firnctions x(s) and y(s) deænd
upon the va.lues chosen for head angle, fork
rake, and fork radius.

Finally, I assumed that the fo* could b€
modeled as a cantilever beam rigidly sup
ported at tie fork crown. To calculate the
graphs for Figures 34, I substituted tlrc ex-
pressions for I(s) and x(s) into the cantilever
beam formula to obtain an expression for the
vertcal flexibility:

Dyr,/Fy = J t* (s)/E.(s)l ds

$here Dyy denotes the vertical deflection oI
the fork tip due to a vertical force F, acting
on the dropout. (A concomitznt forward de-

flection was not computed.) The integrals
were eva.luated numerically over the length
of the fork using the trapezoidal rule.
Young's modulus of elasticity E was assumed
to equal 21,000 kslmm'z (about 30 X lou lb/
i#) for a.[ tubes.

The totål fork tip deflection ir response to
a horizontal lorce was calculated for the
graph of Figure 7 in the main article. the
total deflection consists of a horizontal rear-
ward component,

o* = F- ' , tl (s)/E'I(§)] ds

and a vertical downward compone ,

D. = F,J [x(s)'v(s)/E'I(s) ] tls
where F, denotes the horizontal force. The
total deflection equals the squate loot of the
sum of,the squares of these magnitudes.

Rø1 PiPhin
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SHOP TAIK

A MusicalTe$
for Conect

Spoke Tension

John S. Allen

As described h lobst BEndt's book ?rø
Biqcle llheel, the optimum spoke tension
must be high enough so that the cyclical
stesses otr the spoke during riding do not
slacken the spoke completely, but not so

high that the spoke or lim is sEessed beyond
its yield point. Spokes tensioned between
these two extremes have the longest fatigue
life and provide the geatest resistance to
rim damage from accidental impacts.

Long-time experience is usually necessary
to build durable wheels cottsistently because

it's not easy to tell by eye just when spokes
are tensioned properly, ln practice, most
wheelbuilders adjust spoke tension at first by
guess, and with more experience, by feel.
Pulli[g on the spokes, howevet is not an ac-

curate tension-measuring technique. The
hands are not very sensitrve measuring in-
skuments, and the appropdate spoke ten-
sion varies depending on the gauge of spoke.
Tools that measure spoke tension are avail-
able, but tlrcy are not in wide use, nor are
they Darticularly easy or fast to use.

Measurement Without Gauges

However, sfroke tension can be gauged ac-
cuately enough-to witlfu a few percelt-
by its musical pitch when it is plucked. The
only tool you need is a pitch pipe, available at
any music store. Obviously, you can't Eue
your wheels with a pitch pipe-the vagaries
of rim and spoke dimercions prevent this-
but you can easily use musical pitch to deter-
mine whetler your spokes are within the
corect runge of tension, Surpdsingly, the
musical pitch corresponding to optimum
spoke tension is the same regardless of the
spoke gauge. This is so because the same
musical pitch results ftom the same level of
tension per cross-sectional area-the sørfl.e

stress ofi the iteel ofifu s2oie-whether the
spoke is thick or thin. A typical spoke stress
of 50,000 psi (3.5 X loe dyn/cm')-
approximately one-third the yield strength
value of tle steel used in bicycle spokes-
results in a specifc musical pitch, or fte-
quency of vibration, in a plucked spoke that
can be calculated by an equatioo found in any

elementary text on the physics of waves.

The fundamental ftequency of vibration for
lateral motion of a plucked string or wire
(|ike a guitar string or bicycle spoke) under
tension is described by tlle formula:

where L is the lengt-h of the string, T is the
tension, and k is the mass per unit of length.
Notice that, for two different strings of equa.l

length, one thick and another thin, the furda-
mental tequency of vibration is the same if
the tension per unit of cros s-sectional area is
the same. If we use a thicker string, the
mass k and the tension T increase in the
same proportiofl to give a constanl. fre-
quency oI vibration.

A simple way to Iook at this is to consider
two strings Iying side by side, of equal thick-
ness, and under equal tension. Both of these
strings, when plucked, will vibrate identically
at the same ftequency. Now let's imagine
the two strings merged together; the two
strings will now vibrate as one, but there is

no difference in the hequency of vibration
because, while the mass of the new string
has doubled, so has the tension. In the same
marmer, we can "merge" any number of
strings together, and the ftequency would al-
ways stay the same.

This vastly simplifes the measuring of
spoke tension. ln order to determine
whether a spoke is optimally tensioned, we
don't have to measue the thickness or,
what is more diffcult, the tension. Checking
tie musical pitch is enough; it translates di-
rectly to the tension per unit of cross-
sectional area. lf we waflt to determine the
actual tension of the spoke, we need only
multiply by the cross-sectional area. We can

easily determine this using a misometer cal-
iper.

Calculated Frequency

Let's plug some numbers into our equa-
tior and derive a typical value for spoke
pitch. For a s(eel spoke, of density 7.87
cm/cm', length 30 cm, under a tension of
3.5 x 10e dyn/cm'z, we arrive at a ftequency
of 354 Hz (cycles per second), musically an F
above middle C. The ftee vibrating length of
the spoke is sornewhat shorter, as tJre spoke
is essentially rigid where it is inside the nip-
ple and where it ove aps the hub flalge. The
larger-diameter ends of a double-butted
spoke also decrease the effective lenSth
somewhat, though not to their full exte[t.
Also, the spoke's resistance to bending
tlroughout its length raises its frequency a
Iew percent. This bending stiihess can be
modeled quite accuately as a shortening of
effective length.

The outcome of these corrections for ef-
fective lengti is to male the pitch somewhat
higher, as shown in the accompanying table.
The correctioN can be worked out theoreti-

1
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cally using some very complicated formulas,
but to avoid sedous number crunching, I de-
termined the corections empi cally by
clamping some actual spokes at different
pohts along their lelgths and measuriag tie
excess ircrease in pitch beyond what is cal-
culated with the formula. For common
spokes, the tension should be within a few
percent of that given in Table 1.

Tensior of a spoke that is not at any of the
pitches in the table can also be calculated.
For each musical octave (12 steps or semi-
tones) of increasing pitch, the tension ap-
proximately quadruples: for each six semi-
tones, it approdmately doubles; for each

semitone it increases about 12.25 percent,
Typically, spokes in the left side of a rear
wheel will have a musical pitch 6ve semi-
tones lower, corresponding to a tension
hardly more than hau that of the right-side
spokes. The musical calculation of tie ten-
sion Iatio between tlle sides of a rear rvheel
agrees very well with a calculation based on
the bracing angles.

Checking Spoke Pitch

It is easiest to hear the musical pitch of
spokes in a wheel with radial or ur aced

spokes which vibrate independently of orc
a[other. In a vheel with laced spokes the
two spokes of each laced pair will vibrate to-
gether. Pluck tlem where they doss; if the
tensio[ of both spokes is nearly equal-as it
will be in a rryell-built wheel-they will vibrate
as a unit. If the tension of one spoke is much
different from that of the other, they may vi-
brate separately, and you may not hear a

clear musical pitch, You can confrm this ten-
sioo difference by pulling tie two spokes to-
ward each other with your hand to see
whether one is slacker, or by lifting one
clear, then plucking the other,

No spokes are perfectly uniform, and no
rim approaches perfect rouldness without
some coaxing from the spokes. Therefore,
when you check spoke tension, do to, try to
get the tension or the musical pitch of all of
the spokes perfectly equal. Ratier, you kue
the wheel as usual, to eliminate hop and
nobble. You use musical pitch to check the
general level of tension.

ln a well-built wheel with a good dm, you
will 6nd that the musical pitch of the sPokes
will not lrary by more than two or three
semitones (musical steps), corresponding to
a tension variation of 25-35 percent. If a
wider range of pitch is necessary to true the
wheel. then the rim is wamed and should be
bent back ioto shape or discarded. Avoid
raising any spoke more than one step above
the pitches in the table. If necessary, lower
the overa.ll pitch of the wheel a step or two,
but recognøe that this will weaken the $,heel
somewhat.

On a dished rear wheel, you only can bring
the right-side spokes up to the tension indi-
cated in the table. Do not raise the ten§ion of
the right-side spokes higher in an attempt to



Heavy spokes under high tonsion in a lighl
rim lead t0 trouiles like lhose shown hore.
(Rsar whssl, DT 2 mm spokss, 13 mm alu-
minum rim, tBnsionsd somswhat ab0v0 0pti-
mal.) Ths rim Dulled up around ths sp0kc
holes, and tho whosl wsnl oul 0l lrus. EvBn-
tually, lhe rim crackod along a lin€ betueen
lho spoko holos. Tho aulior is awarG ol lwo
idcnlical wheels that have lailed lhis way.
one bel0ngs to a 215.pound rider, lhs othol
l0 a 110-p0und rider, so the lailure wæ nol
clearly attributable l0 excess loading ot the
wheel.

Steps (Semitones)

ol Musical Pitch
lor 3.5 x 10'g dyn/cm'l

G above middle C

G#
A
A#
B
c
c,#
D

D#
E

F

F#
G

G#
A
A#

Table 1: Muslcal pllches 0l pmperly ten-
sioned spokes. The pitches listed in this la-
ble are lor double-huttsd spolGs; uss a pitch
two semiton0s lower l0r plain gaugc spokes.
Don't be put 0ll il you can'l lind your Gract
spolG l8ngth in this table. tlotice that lhe
gap in length betwoen spokss ol 292 and
308 mm (lhs range ln which you'll lind mosl
spokes lor 27 inch and 700C wteels buill
wilh large and small llange hubs laced
closs.thlee) coresponds t0 0nly one musi.
cal semilone. Even il your earc can discem
lhis pilch dillerenco, you can't buy a pitch
pipe that plays this "in-belween" note. Be
satisfied lhal il your spokcs "play" between
G# and A, they will be in lhe corccl range ol
lension.

Spoke
Lenglh
(MM)

326
308
292
276
262
248
236
n4
212
201
191

18't
172
163
'156

147
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"compromise" between the sides of the
wheel: the right-side spokes will simply be
too tight, and they will either break or cause
damage to the rim. Ur ess special measues
are taken-like lighter or fewer spokes on
the left side*the left-side spokes must be at
a lower pitch because of their larger bracing
a[gle,

Choosing Spoke Gauge

One major issue about spoke tension is left
unanswered by the musical test: whether
the spokes are the correct gauge for the
wheel.

The strongest wheel results when the

spokes are as healT as possible without
ovestressing the rim in normal use at opti-
mum spoke tension. Heavier spokes camot
be raised to optimum tension without risking
damage to the rim when lateral loads in-
crease spoke tension during use. Lighter
spokes can be raised to thei! optimum ten-
sion, but some of the rim's strength is
wasted on them. There is no serious prob-
lem with tlis-most wheels are built this
way. Generally, any medium- or heavy-
weight rim can handle straight l4-S,JJ8e (2
mm) spokes, the heaviest ones in common
use.

With light rims or heavier spokes, experi-
mentatjon is necessary. The experiment is.
as Jobst Brandt suggests, to raise tåe spoke

tension urtil the rim will not hold its true
when spokes are pulled toward each otlrcr to
stress-relieve them. The usual way a rim
fails is to pucker out around the spoke holes,
Unfortuately, once this has happercd you
have, in my opinion, sacrifced the rim, since
you have overctessed and work hardened
the aluminum around the spoke holes. Per-
form the experiment on a rear wheel. in
which the uneven spoke tension places
geater demands oII the rim.

If the wheel warps when you stress it after
raisiflg it to the musical pitch given in my ta-
ble, you must use lighter spokes with this
model of rim, Failure to heed this warning
ca[ lead to tie t}?e of ftilure shown in t]rc
photographs .

IDEAS & OPINIONS

Practical Vehicle Considerations

Glen Brown's piece on HPV aerodynamics
in the February issue ol Bihe Tech was very
good, In the future, I would like to see some-
one expand on it and address the issue of
vehicle stability as it relates to the shape of
the vehicle.

I gather from articles I have read about car
design that for stability h cross winds, the
center of wind pressure (the point at which
all the air pressues acting on the body are
considered concentmted) should always be
behind tie car's center of gavity. This ar-
rangement may not be too critical for HPVS
intended only for 200 meter time trials, but it
is an important consideration for machines

intended for road racing or for machines that
are built with the intention of being practical
commuting HPVS.

John Riley
Iorva City, Iowa

of is not experimental, but is similar to a

standard delivery bicycle, available, for ex-
ample, from Worksman Cycles. These bicy-
cles tlpically have a 26-inch rear wheel and a
2o-inch froflt wheel, with a box mouded to
the frame over tte tont wheel. These bikes
are not lightweight, but neither are they de-
signed for touring. The point is that this de-
sign is well tested, and tlrc bikes are stable
when loaded.

-Even a very lightweight frame can pack
40 to 50 pounds simply by not attaching the
load to the frame. Instead, use a bike trailer,
like the Carmondale Bugger, These trailers
do present some problems with stability dur-
ing braking. but they barely affect steering
and don't increase Irame whip.

Eric Schweitzer, Head Mechanic
Larry and Jeff's Bicycles Plus
New York, New York

Touring Bike Insights

In response to "New Design Needed" in
the February 19&1 issæ oI Bihe Tech,lhave
three comments:

-Many manufacturers make bicycles de-
signed for packed touring. Take for example,
the Specialized Expedition. In general, the
frames of these bicycles are made with
heavy gauge tubing, are shod with 27 x 13/s

or 700 X 38 tires, and have their forks
drilled for mounting "low riders."

-The design that Patrick Warfeld wites

Let Us Hear Subscribe Now to BIKE TECH...
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ADDRESS
Send me one year
(6 issues) of BIKE TECH,
and bill me
for iust $14.97 .

BrK*E"LE"SH",* ztP _
Canadian orders add 13.00. Other foreign add 16.00
for sea meil. $10.00 for air mail.

We'd like 8,åe Tech to serve as an inlor-
mation exchalge - a specific place where
bicycle investiSato6 can follow each other's
discoveries, We think an active letwork
served by a focused newsletter cafl stimulate
the field of bicycle science considerably.

To serve this function we need to hear
aom people who've discovered things. We
know some of you already; in fact some oI
you wrote articles in this issue. But there's
always room for more - if you have done
research, or plan to do some, that you want
to share with the bicycle technical commu-
nity, please get in touch.
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