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ABSTRACT C34 Geometric center of sall area
Since thelr appearance in the mid- D Diameter of mast cross-section

1970's, free-standing masts and wing-

masts have become avallable on a number Fay Displacement

of production and custom sallbosat designs.

Being made primarily of composite mater=- E Mainsall base

ials, their engineering and development

is complex and subject to much trial and Fon Equivalent force at masthead

error. Yet practically nothing of this

development has been written down out- Fg Shear force in mast

side of what the varlous manufacturers

have recorded for themselves. Fub Equivalent force at wishbone

boom

This paper outlines the basic cri-

teria for free-standing mast and wing- GM lietacentric height

mast engineering and design, discusses

current rig arrangements, materials and I Moment of inertia of the mast

manufacturing methods, andi gives two cs

design examples. Weaknesses in the en-
gineering procesgss are also delineated, I Moment of inertlia of wingmast
and guidelines are given for future re- yes cross=-section about the y-y axls
search which could ellminate those weak-
nesses, I

cross-gection about 1ts centroid

yle Moment of inertla of wingmast
leading edge about the y-y axis
NOMENCLATJRE

Moment of inertia of wingmast

As Sail area yte trailing edge about the y-y axis
Aug Area of mast cross-section Loa Length over all
319 Area of cross-section of wingmast Lwl Length on waterline
leading edge
: Mb Mast bending moment
ﬂte Area of cross-sectlon of wingmast
" trallling edge Mh Heeling moment
a Half wingmast chord length to out- My Righting moment
side surface
M Moment of wingmast section area’
ay Half wingmast chord length to in- y about y-y axis
gide surface
N Number of carbon fiber strips
B Beam
P Mainsail helght
b Half wingmast section wldth to
outside surface R Radius of mast cross-section
b1 Half wingmast section width to in- Rb Reaction force at hase of mast
side surface
Ry Reaction force at deck
c Mast clrcumference, wingmast sec-
tion chord length SMOS Section modulus of mast cross-
section about 1ts centrold
CHA Geometriec center of underwater
profile T Draft
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t Wall thickness of mast cross-sec-
tion

t! Thickness of carbon fiber strip
Speed of apparent wind

aw

Vh Boat hull speed

Viw Speed of true wind

W Width of carbon fiber strip

Eﬁs Distance of centroid of wingmast
cross-section area from y-y axis

Xie Distance of wingmast section cen-
troid of leading edge shape from
Y-y axis

ite Distance of wlngmast section cen-
troid of trailing edge shape from
y-y axis

¢ Heeling angle

a- Design bending stress

Subscripts

aw apparent wind
b bending, base
cs cross-section
d deck

h hull, heeling

i to inside surface
le leading edge
mh masthead

oa overall

r righting

-] sall, shear i
te tralling edge
tw true wind

wb wishbone boom
wl waterline

¥y to y-y axis
BACKGROUND

Free-standing sallboat mests date at
least as far back as the Chinese Jjunk rig,
a design so old there 1s no record of its
initial use (ref, 1). Structural limi-
tations prevented the junk rig's use on
boats larger than about 100 feet long,
but 1t was easily handled on all points
of salling by a small crew.
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Elsewhere in the world, various
types of stayed rigs predominated, reach-
ing a peak of development with the clip-
per ships of the 19th century. Steam
power put an end to saill in commercial
shipping, but recreational sailing came
to 1life, continuing the development of
stayed rigs up to the sophlistication of
present-day ocean racers., In fact, con-
ventional stayed rigs are so well estab-
lished in the yacht racing industry to-
day that free-standing masts and wing-
masts are implicitly prohiblted from
most races by the racing rules.

Reference 2, rule B02,6A states:
"To qualify for measurement under this
rule, a yacht must be fitted with a bona-
fide forestay." BReference 3, rule
07.01.05 states, “All yachts, including
those not having a mast head rig, shall
be equipped with a permanent backstay
extending to the mast head...." Other
features inherent to free-standing masts
and wingmasts are also prohlblted or
penalized, as followst

Wrap-around luffs &
rotating masts

Prohibited by IOR
rule 802

Spars bullt of any-
thing but wood,alum-
inum alloys,steel al-
loys,and glass fibre
reinforced plastics

Penallized by ICR
rule B802.4

Spars built of any-
thing but wood,fiber-~
glass,sluminum alloys,
brass,bronze,or steel
{including stainless
steel alloys)

Prohibited by MHS
rule 03.03.01

Battens exceedlng 4 or Penalized by IOR
5 in number of speci- rules 845.5 & 848
fied lengths

Why are free-standing masts and wing-
masts restricted in this manner? It may
be that the aerodynamlec efficiency and
superiority of these rigs on all points
of sail has to be more widely shown and
accepted than at present. Alsc, 1f the
rules were changed overnight, owners,
designers, boatbullders and equlpment
manufacturers would face an expensive,
chaotic situation trying to take advan-
tage of the new allowance for as yet un-
proven benefits. One thing 1s certaln:
if free-standing masts and wingmasts were
allowed under the racing rules, develop-
ment of these types of rigs would be fas-
ter and more sophisticated than it 1is
todsay.

As 1t is, the restrictlions imposed
by the racing community have forced the
development of free-standing masts and
wingmasts into the cruislng sailboat
market where money and the driving in-
centive of competition are much more
scarce, Nevertheless, there are today




in the United States at least seven manue
facturers building fifteen different pro-
duction sallboats with free-standing mast
and wingmast rigs. A growlng number of
custom designs are also available with
these types of rigs. Where once racing
sallors were the pioneers of sallboat
technology, now cruising sallors can
claim that role, thanks to the racers'
own rules, This situation is very rare
in the history of yachting.

For cruising sailors, safety, sim-
plicity, and ease of handling have been
the primary incentives for bdbuilding boats
with free-standing masts and wingmasts.
Obviously, compared to conventional
stayed rigs, free-standing rigs comprise
much less equipment that requires main-
tenance or can glve trouble at sea.

Aerodynamic effleciency, though it
has played a secondary role, 1s no less
important., References 4, 5, and 6 all
discuss assorted model test programs
which attest to the improved 1ift/drag
characteristics of streamllned sall sec-
tions as found in free-standing mast and
wingmast rigs. Reference 7 dlscusses

similar advantages found during full-
scale testing and racing of C-class cat-
amarans as well as the reasonable cor-
relation of the test results with com-
puterized performance predictions. For
free-standing mast and wingmast rigs to
become more widely accepted, their aero-
dynamic superliority will have to be dis-
played to a greater degree than it 1ls at
present. Jhis can best be done by test
salling identical boats against each oth-
er, each fitted with a different type of
rig, and by greater participation of
boats equipped with free-standlng masts
and wingmasts in the few organlzed races
open to them,

No further discussion is required on
the practicalities of free-standing masts
and wingmasts, or on thelr aerodynamics.
What remains 1s to discuss the masts them-
selvess what are the different types
avallable, what are they made of, how are
they engineered and built, and where is
more research required to improve their
engineering and manufacture?

BOAT DESIGNER|BUILDER | RIG [MAST |MAST | BOOM |SAIL COMMENTS
TYPE [TYPE |MATL |TYPE TYP%
tem = St ol —~ L —
1732253/ 93 £3%
e 3T jgduty 34w |5 'Sr%
Eencitl EEREY
PRODUCTION
F-2\ G. HOYT FERENRT | CAT WM | CF o I-P,FB | FREEDOM YACHTS ORI-
F-25 G. HOYT . " WM | CF c FP, FB | GINALLY HAD 2-PLY SAILS
F-28 K. BLRGESS " CAT-KETCH| FSM CF c I-P,FB | W/ WISHBONE BDOOMS.
F-33 J.PARIS " " FSM | CF c |-P, FB | PRESENT ARRGT WAS
F-39 R. HOLLAND " SLHOONER | FSM CF c I-P, FB | EFFECTIVE 1982
F-40 WHERRESCHOFH CAT-KETCH| FSM | CF c I-P, FB
F-44 G. HOYT " “ FSM | CF c 1-P, FB
F-30 G. HONT " » FSM | CF W 2-P
NONSUCH 26 | M. ELLIS  [H[NTERHOELEE] CAT FSM | AL W 2. W00D-EPOXY MASTS HAVE
NONSUCH 30 | M. ELLIS W u FSM | AL W BEEN MADE FOR NONSLICH30
TANTOM 43 | Y. TANTON | °FfEHQ%® [CAT-KETCH| FSM | CF C 1-p
WINGS 33 |TEEEWINe  [FREEWING | © ESM |[ALCF | W [1P,2P
PEARBON 23C | "ERESS™  [PEARSON | CAT FSM | AL & I-p
WHISTLER 32 [C.PAINE | ABLE  [CAT-KETGH| FSM | CF R) 2-P
AMA 45 RNEWILK | AMA SLO0P [ WM | WE C |-P, FR |PRODULTION TO BEGIN
cCusToMm -
SPONBERG 38 |E.SPONBERG| UNDECIDED [SCHOONER| WM | WE C I-P,FB
A.J. LUCIANTONIO |1 HERRESCHORH CAT-KETCH| WM | WE ¢ |rpEB
ROGUE WAVE JR.NEWICK |GOUGEOM [SLODP WM | WE o3 |-P, FB
LADY PEPPERELY “SASSE | HUNTER |CAT-KEIH FSM | FG c 2:P | MASTS ROTATE

TABLE I: CuRRENT PRODUCTION £ CUSTOM DESIGNS WITH FREE-STANDING MASTS £ WINGMASTS
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FREE-STANDING MAST AND WINGMAST RIG
ARRANGEMENTS

Table I shows most of the current
sallboat designs utilizing various types
of free-standing mast and wingmast rigs.
The Freedom 40 was the first production
boat, built in 1975, to resurrect the
idea of free-standing masts, Since then,
it and the other Freedom yachts have been
front-runners in developing new rig fea-
tures and construction techniques. Free-
dom yacht masts were originally made of
aluminum and were fitted with double-
ply wrap-around sails and spruce wilsh-
bone booms. These masts were eventually
changed to fiberglass, then to a glass/
carbon fiber comblnation, and finally to
all carbon fiber in order to reduce weight
aloft and increase strength and stiffness.

The wishbone booms were changed to alum-
jnum for lighter welght and easler manu-

facture,

In 1982, the wishbone booms

and double-ply salls were changed to con=-
ventional booms with fully-battened sin-

gle-ply salls for easier handling.

This

arrangement seems to be becoming more

popular.

The Freedom 21 and 25 are the only
production sallbeats offering a wingmast

rig as standard equlpment,

When produc-

tion begins on the 45' trimaran from
Ama Inc., 1t will come with a wingmast
as standard equipment.

In the eight years since the first
Freedom 40, many other production designs
heve been developed providing a fairly
wide selection of boat size and rig type.
If the buyer's ideal combination of hull
and rig design cannot be found, a custonm

boat can be designed and built.
MATERIALS

It was not until the mid-1970's with
the advent of advanced composite mater-
ials and manufacturing methods, that free-
standing masts could be made stronger,
gstiffer, lighter, and more aerodynamical-
1y efficient than conventional stayed
rigs. These composite materials are
E-glass, S-2 glass, Kevlar 49, and carbon
fiber in conjunction with polyester, vi-
nylester and epoxy resins. Wood-epoxy ls
also used. The reader 1s assumed to be
familiar with the basic physical and me-
chanical properties of the individual
materials; discussion here is restricted
primarily to cured laminate properties.

Table II lists the mechanical pro-
perties of unidirectional laminates made
with the above-mentioned fibers based on
a 60-65% fiber content by volume. Fig-
ureg 1, 2, and 3 show specific strength
plotted against specific modulus for ten-
sion, compression, and flexure for each
leminate. For comparison, the properties
of 6061-Té aluminum are also shown.

Practically all published data for
composites 1s for laminates made with
epoxy resin. The data come primarily
from the alreraft and aerospace indus-
tries where epoxy resin is used almost
exclusively. In the boatbuilding indus-
try, epoxy laminates are much less coli-
mon because of thelr expense, health ha-
zards, and difficult workability in hand-
layup operations. Mechanical propertles
of laminates using vinylester or polyes-
ter resin will be somewhat less than

L1
MAT L E-GLASS | S-2 GLASS | KEVLAR 49 | CARBOM ALUMINUM

PROP FIBER 60bl-TG
TEMSILE STRENGTH 180 2488 220 220 AS

x 102 PSI
YIELD STREMGTH —_ — —_ — A0

x 10% Ps|
TEMSILE MODULUS 6.0 %.5 12.5 20.0 0.0

x |0° PSI
COMP. STREMGTH 0% 18a 4.3 %%

x 10% PS\
COMP. MODULUS 7.0 EX] 2.0 200

x |0° PSI
FLEX. STREMGTH 218 9% % 287

x 102 Ps\
FLEX. MODULUS .t 7.0 2.0 19.3

X 10¢ PS5\
DENSITY 0.072 0.0619 0.050 0.05% 0.098

LBs/in?

TABLE IL: MECHAMICAL PROPERTIES OF UNIDIRECTIONAL EPOXY LAMINATES
C0-65% FIBER CONTEMT BY UOLUME
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eps Xy laminates, but the relative stan-
ding between all laminates using these
other resins will remailn the same,

Figures 1, 2, and 3, complled from
the data in Table II, show very clearly
the relative standing of each laminate.
For example, S-2 glass in tension is
nearly twice as strong for a similar
stiffness and weilght as E-glass, but the
two are nearly the same ln compresslon
and flexure, Kevlar 49 1s as strong as
S-2 glass in tension, but weaker than
both S-2 glass and E-glass in compres-
sion and flexure, In all cases, however,
Kevlar 49 is about twice as stiff as
E-glass and S-2 glass, being directly be-
tween glass and carbon flber., It 1s
readily apparent why carbon fiber 1is
ideally sulted for free-standing masts
and wingmasts. For its welght, 1t 1is
the strongeat and stiffest material
available, Aluminum, as shown, 1s the
least strong and stiff for its welght.

The resin for the laminate plays an
important role, not so much in strength
and stiffness, but for general laminate
quality and ease in manufacturing. Gen-
erally, the better grade resins should
be used with the better grade fibers to
maintain uniformity of mechanical pro-
perties., In free-standine mast construc-
tion, polyester resin generally is not
a good cholce, Due to 1ts high styrene
content, polyester shrinks considerably
on cure and this can cause cracking with-
in the laminate, 8Such cracking diminish-
es the strength of the structure consld-
erably,

Vinylester resin also has a high
styrene content, but lts curing reaction
is quite different and the laminate
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shrinks very little on cure. Internal

cracking, therefore, 1s not a problem,
In addition, vinylester reslin has much
better adhesion to the fiber which 1ln-
creases the interlaminar shear strength
and makes a much more solid laminate,

Vinylester resin utilizes the same
curing agents as polyester resin (methyl
ethyl ketone peroxide (MEKP) and cobalt
naphthenate (conap) or benzoyl peroxide
(BPO) and dimethylaniline (DMA)) so that
purchasing and handling materlials is as
easy and famlliar as with polyester. The



AT [ S 7 CHSS e s e
EE‘Q\LEE-LE%.E $1.50- 1.80 [$6.90- 50 |$10.50-11.10 |$12.30-15.30/$30.30-33.30
VINYLESTER 14170-2.05 [$%10-7.75 bI0.70-11.35 $12.50- 15.55 430.50-33.55
Eﬁg"_‘;’_oo s |$240-3.50 [$780-4.20 bi1.40-12.80[413.20- %00 ‘#31.2,0-35.00

TABLE IIL: cosT PER POUMD OF UMIDIRECTIONAL LAMINATES AT &0%
FIBER CONTENT BY WEIGHT

vinylester curing reaction itself, how-
ever, is much more sensltive than the
polyester curing reaction, so curing
agent mixtures and amblent conditions
must be watched carefully.

Epoxy resin systems make the stron-
gest laminates, but they are difficult
to work with. In ailrcraft and aerospace
applications, the resin cure is assisted
by heat, pressure and automated fabrica-
ting machinery. For room temperature
cures, the cure times are much longer
than for polyester and vinylester resins,
and the plece under construction must
lie flat or be rotated constanly toc keep
the resin from draining out of the laml-
nate, Epoxy laminating equipment, then,
is failrly expensive and usually beyond
the means of mast and boat manufacturers,
Epoxy resins are also toxlec materials
which pose a health hazard when in pro-
longed contact with the skin.

These factors make epoxy resin un-
sultable for free-standing mast and wing-
mast construction with today's manufac-
turing techniques, Should the situation
change and sophisticated fabricating
machinery become avallable at a more
reasonable cost, epoxy resin would be
the appropriate choice for mast manufac-
turing.

A word should be said about material
cost. Generally, the better the physical
and mechanicel properties, the more ex-
pensive the material, This applles to
both fibers and resins. Table III shows
the relative cost of the various fibers
and resins as well as the varilous lam-
inate combinations at 60% fiber content
by weight,

MANUFACTURING METHODS (ref. 8)

Basically, there are three general
methods of manufacturing masts with com-
posite materilals, The first lnvolves
hend-layup of materlal over a male man-
drel. The inner layer of hoop material
1s wound on, then the axial material is
lald on, and then the outer layer of
hoop is wound on. Resin wet-out can be
by hand, but a better method is by auto-
matic impregnation which applies a mea-
sured amount of resin to the material as
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it is wound or laid onto the mandrel,
Automatic impregnation assures a uni-
form fiber/resin ratic and, in gener-
al, a much better quality laminate.
Curing can be at room temperature or by
heat.

A second method of mast manufactur-
ing 18 filament winding. It utillzes a
rotating male mandrel in combination
with a traversing fiber dellvery head.
A variation of this is a traversing, ro-
tating male mandrel and a stationary fi-
ber dellivery head. All the fiber is auto-
matically impregnated and wet-wound onto
the mandrel. Various fibers can be used
at various orientations from near 0° to
90" to the mast axis. Agaln, curing can
be at room temperature, but 1t 1s more
commonly done by heat. This is the most
sophisticated method of manufacture, a
clean process, done entirely by machine,
and one that lends itself easily to com-
puter control.

The third method of mast manufacture
is also a hand-layup operation utilizing
a female mold and an inflatable bladder.
The wet-out material (again, preferably
done by automatic impregnator) is laid
into the two halves of a female mold. A
deflated bladder is laid lnto the mold
on top of the laminate and the mold is
closed, The bladder is inflated which
gqueezes the resin through the fiber while
it cures at room temperature., A major
drawback of thils method over the other
two 1s that Af anything should go wrong
during cure, e.g. a bladder leak or
pinched fibers between the flanges of the
mold, nothing can be done about it until
after the laminate 1s cured. An entlre
mast can be lost this way; the whole pro-
cess 1s much more risky.

Wood-epoxy 1s being used successful-
1y to build wingmasts, However, not much
data are avallable for engineering in wood
beyond reference 9, and that source re-
stricts itself to wood only and does not
include wood-epoxy. Some limited wood-
epoxy data 1s avallable in reference 10.
The strength and stiffness of wood depends,
of course, on the specles, the molsture




content, the locetion of the wood within
the tree, and a host of other environmen-
tal factors. When engineering in wood-
epoxy, therefore, material strength and
stiffness tests must be conducted to ver-
ify the design parameters.

Wood-epoxy does have a few very at-
tractive advantages. It can be easlly
molded into the shapes required for wing-
mast construction. OQOnce built, the mast
can be worked easlily with common wood-
working tools, whereas glass, Kevlar 49
and carbon fiber are particularly herd
on tools., Also, wood-epoxy accepts fas-
tenings very well so that attachments to
the mast can be installed easlly. Fiber
composites do not take fastenings well,
and in the case of carbon flber the fas-
tenings must be insulated from it to pre-
vent galvanic corrosion, particularly in
a marine environment, Also, the tooling
for a wood-epoxy mast can be made much
more easlly and cheaply than tooling for
a fiber composlte mast.

The disadvantages of wood-epoxy are
that it mekes a relatively heavy struc-
ture for a highly stressed mast. Also,
fabrication must be done with epoxy resin
which, as pointed out earlier, is a haz-
ardous material and must be handled care-
ful ly-

ENGINEERING AND DESIGN OF FREE-STANDING
MASTS

The engineering calculations requi=-
red for designing a free-standing mast
entall, basically, standard cantilever
beam theory. The difficult part is to
match the requlred strength of the mast
to the capabilities of the materlal used.
The standard cantllever beam equatlons
as found in reference 11 will apply com-
pletely only if the material of the mast
is homogenious and lsotroplc, like metal,
In addition, if we talk about a particu-
lar alloy of aluminum, for example, its
physical and mechanlical propertigs are
essentlally constant regardless of where
it 1s manufactured since the alloy must
comply with various published manufactur-
ing standards. For free-standing masts
made of aluminum, therefore, the engineer-
ing 1s fairly simple.

Composite meterlals pose an infinlte-
1y more complex problem. By thelr na-
ture, composites are non-isotrople, Their
physical and mechanical properties depend
on the choice of fiber, the type and qual-
ity of the fabric, the orlentation of the
fabric in relatlon to the loading, the
cholce and quality of the resin, the
weight ratio of resin to the fiber, the
curing agents used, the method of fabri-
cation, and whether the cure was at room
temperature or under conditions of heat,
pressure, or both,

Moreover, the quallity and strength
of the various materimls making up the
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composite vary from suppller to supplier.
A polyester resin from one manufacturer
may be significantly different from an-
other manufacturer; resins with a varlety
of properties are availlable. 4 10 oz./
8q.yd. flberglass cloth from one weaver
may have significant advantages over those
from another if he has taken the effort
to keep the glass strands straight and
flat and the weave uniform. Even from a
single suprllier there can be variences.
One carbon fiber manufacturer, for ex-
aemple, has been consclentious enough in
lmproving his manufacturing process that
the tensile strength of his carbon fiber
has increased over 36% in about 2% years.
This, of course, can work in reverse if

a manufacturer fails to maintain the
quality of hils product.

As a result, englineering composite
masts is more difficult because standard
cantilever beam theory does not apply
completely. Many of the design decislons
must be based on test results rather than
on empirical equations, Testlng of a
full-scale mast to destruction 1s not
usually done hecause of the expense in-
volved, but other non-destructive methods
using strain gauges and laboratory test
equipment are avallable and need to be
employed if the strength and stiffness
of the structure are to be determined.

The engineer must also have a thore
ough understanding and respect for the
manufacturing process being considered
and make decisions regarding materlal
types and quantities, layup schedules,
and safety factors accordingly. He must
also be aware of the type of loading the
structure will carry; flexure, tension,
compression, shear, impact, and fatlgue
are all treated differently when develcp-
ing a composlite structure,

In the United States today only a
handful of manufacturers are producing
composite free-standing masts and wing-
masts., They are using some semi- and
fully-automated machinery in order to
maintain quality, produce in quantity,
and still keep costs down. They have
also taken some effort to conduct tests
on their products and to continually
improve them, All of this represents
a conslderable investment in materials,
labor, time and money for which they
have earned respected places 1n the mar-
ket, Their englneering and menufacturing
techniques are not common knowledge, and
they would prefer to keep that technol-
ogy to themselves, at least for the time
beling.

This paper does not intend to Jeo-
pardize this understanding. It is up to
the manufacturers themselves to dissemi-
nate their technology as and when they
choose, The examples worked out in ap-
pendices A and B do not dwell on the
speclfics of any one manufacturer. Con-
sequently, the basis for some of the




decisions therein must be taken somewhat
on faith, either because the data re-
guired for technical backup is propri-
etary information or because 1t simply
i1s not avalilable in any other tangible
form,

Appendix A is an example of how a
carbon fiber free-standing mast 1s en-
gineered from the information made avall-
able from the naval architeet, the mater-
ial suppliers, and the mast manufacturer.
Refer to appendix A for the following
discussion of the process.

Table A=1 and figure A-1 give the
boat and mast particulars. Table A-2
shows the carbon fiber and resin proper=-
ties which are usually of secondary im-
portance until manufacturing and testing
take place, Table A-3 shows the cured
laminate properties which are of prime
importance at the deslfn stage as the
data are used directly in the design
process.

The wind loading on the sails 1s de-
termined by the simplified wind pressure
method of reference 12, and then the re-
sulting heeling moment is balanced agalnst
the boat's righting moment, The boat's
maximum righting moment becomes the max-
imum design bending moment of the masts.

In a way, designing the mast by how
the boat will ride in the water, by 1its
righting moment, 1s a little backward.

The classlc approach 1s to derive the

1ift and drag characteristics of the sail
plan directly, work them into actual loads
on the masts, and from those loads draw
the shear and bending moment diagrams for
the masts. There are several reasons why
this cannot be done (at least, not today).

First, no one has done a sufficlently
thorough analysis of free-standing masts
with various sail combinations and sall/
mast attachments to give 1ift and drag
coefficients useful to a general mast
design process, References 4, 5, 6, and
7 are about the only studles closely di-
rected at the problem, but they contain
1little information that can be practical-
ly applied to mast engineering.

Second, most aerodynamic studies
that do give useful 1lift/drag data almost
always correlate it to the yacht's speed
made good to windward. Little considera-
tion is given to how the wlnd loads are
carried by the saileloth onto the masts
and then into the boat to make the boat
move,

Third, sall fabrics, like composites,
are non-1lsotropiec structures, They seem
to act like rigid cambered plates creating
1ift in moving alir, but the loads must be
carried by the individual strands in the
fabric to polnts of support on the sall,
namely the head, luff, tack, foot and
clew., Additionallly, the wind loading on
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the salils varles according to height a-
bove the water (the wind gradient), lead-
ing edge shape, sall shape, and a number
of other factors. How are all these var-
iables to be calculated into loads on the
mast and how are the loads distributed?

The sum of this knowledge 1s not
avallable at this time, Therefore, the
expedlent way to design free-standing ..
masts 1s to look at the response of the
yacht in the seaway. How much does it
heel and what are the corresponding heel-
ing and righting moments? These are the
values to which the mast 1s deslgned.

The heeling moment at the design
condition 1s considered to be the maxi-
munm working load for the masts, and it
should be equal to 1/3 or 1/4 of the boat's
maximum righting moment. There are two
reasons for this: 1) it gives a safety
factor of 3 or 4 against unknown loads
that could occur at sea or because of
inadequate boat handling, and 2) per-
manent loss of strength in composites
generally occurs after loading has
reached about 50% of the structures ulti-
mate strength.

To explain reason 2 further, irrep-
arable damage is done to a laminate as
soon as it is loaded, no matter how small
the load. The initial damage 1s minute
cracking within the cured-resin, but this
cracking generally does not reduce the
structure's ultimate strength. As the
load increases, additional cracking oc-
curs at the resin/fiber interface. At
high enough loads, these cracks begln to
diminish the structure's strength. Near
the ultimate lcad, actual fibers begin
to break and advanced structural fallure
begins. Acoustlic emlission testing can
be used to determine fairly closely the
polnt where permanent loss of strength
occurs for any particular laminate and
structure. More complete discussion of
thils phenomenon 1s beyond the scope of
this paper, but it should be sufficlent
to point out that the permanent loss of
strength does occur at about 50% loading,
and the maximum workling load should be
kept well below this level.

Once the bending moment curve lis
determined, the corresponding reactions
and shear loads can be calculated, as
shown.

With the loading known, the total
required amount of carbon fiber can be
calculated for every point along the mast.
Equations (3) through (11) show how this
is derived based on the principal equa=~
tions

section modulus = bending moment
deslgn stress

The bending moment 1s known for ev-
ery polnt along the mast, and the deri-
vation of the design stress i1s alsoc shown.




Equation (11) shows that the required sec-
tion modulus is dependent only on the mast
bending moment, the mast dlameter, and the
number of strips of carbon flber, N, the
only unknown, ‘JThe determination of N 1s
shown in figure A-6, and figure A-7 shows
how the laminate schedule is made,

In calculating the amount of carbon
fiber required, we have not yet consid-
ered mast deflection. Deflection could
be calculated at every polnt along the
mest by twice integrating the working
losd bending moment curve., The result,
however, would be a masthead deflection
far in excess of what actually occurs at
sea, Thls 1s because the actual bending
moment is much less than the working load
bending moment, following a curve similar
to that shown by the broken line in figure
A-3. As pointed out previously, the act-
ual bending moment distribution is unknown
because the actual sail loading is unknown,

Generally, when the masts are bullt
to the above design, thelr stiffness will
be more than adequate, hardly bending at
all. Saills are cut to the mast curve by
trial and error until they conform satlis-
factorily to the shape of the mast bend
under a variety of sailing conditlons,.
Being able to accurately predict mast
loading and mast bend in the design pro-
cess would save the sallmaker a lot of
works thls 1s another reason for conduct-
ing research to determine actual mast
loading.

In addition to determining the amount
of carbon fiber, the 1lnside and outside
layers of hoop material must also be cal-
culated, In this design example, the sails
are assumed to have a wrap-around luff so
no torque is applied to the mast. There-
fore, the hoop material should be oriented
at nearly 90° to the mast axis, that 1is,
in the circumferential direction., If the
sail were mounted on a sall track, and
thereby tended to twist the mast as well
as bend 1t, the layers of hoop material
should be oriented at +45° to the mast
axls. The material should always be bal-
anced 1in both directions within each
layer of hoop so that torsional strength
is balanced within each layer of hoop.

In the design example, we have as-
sumed we are designing with a commonly
avallable carbon fiber unidirectlonal
tape, The method of construction depends
on the bullder. Thls laminate schedule
cculd be used for female mold technigues
and male mandrel techniques. For a
filament winding process, a unidirection-
al tape would not be used but a similar
derivation of the laminate schedule could
be done., Instead of N representing the
number of strips of carbon fiber tape, N
would be the number of passes the flla-
ment winding delivery head makes over the
mandrel.
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SPECIAL REQUIREMENTS OF WINGMASTS

A wingmast 1s a speclal type of free-
standing mast. We will consider the
small-section type used 1n econjunction
with a sall, not the whole-wlng type as
found on some C-class catamarans and oth-
er research craft., The wingmast has a
symmetrical alirfoll section shape and it
rotates., The advantages of this type of
mast are:

® The smallest amount of frontal area 1ls
always presented to the wind, result-
in lower form drag.

e The airfoil section shape allows the
alrflow to remain attached to the sail.

e The mast can always be trimmed 1lnto the
wind at the optimum angle of attack
which will give the best 1lift/drag
characteristics,

Two types of wingmasts are currently
being bullt in this country, keel-stepped
and deck-stepped. The deck-stepped mast
is not really free-standing as 1t has a
pin support at the base and 1t requlres
stays to hold it up. It is used primar-
1ly on multihulls where the additional
weight of a keel-stepped mast 1s undesir-
able in what is a very lightwelght beat.
Belng stayed, a deck-stepped wingmast is
a more complex structure to analyze be-
cause 1t undergoes compression simultan-
eously with bending. Deck-stepped wlng-
masts, therefore, are beyond the scope of
this paper. We will confine ourselves to
keel-stepped wingmasts which are unstayed.

The engineering to determine the lan-
inate for a wingmast is exactly the same
as for a round mast, in principle., The
calculations of moment of inertia =nd
section modulus are more complex due to
the shape of the section, HRefer to ap=-
pendix B for the following dlscusslon,

A wingmast rig for the same boat as
in appendix A is shown in figure B-1,
Note that the boom arrangement 1s conven-
tional (not a wishbone type). Because
of this, the maximum bending moment 1s
assumed to occur between the deck and the
gooseneck, The bending moment diagram is
shown in figure B-2,

The first step is to calculate the
section modulus for an alrfoil section
which 1s equlvalent to the round section
at the deck. A few polnts must be con-
sidered when selecting an alrfoll section,

First, it is desirable toc have the
chord length as short as possible to keep
the welght of the mast down and to have
the smallest amount of area exposed to the
wind when the boat 1s moored. Wingmasts
alone will drive the boat, and this effect
needs to be minimized when the boat 1s




moored. A short chord length also will
make the transition from the airfoll sec-
tion to the round section through the
deck as gentle as possible, Too sharp

an angle at point A4 in figure B-1 will
create a hard spot. As it bends, the
mast tends to buckle the circular section
at this point., (An alternative is to in-
erease the diameter of the mast at the
deck to be the same as the chord length,
thereby eliminating the hard spot.)

Second, the latest designs indlcate
that the section width should be 1/2 to
1/3 the chord length, and the maximum
section width should be located at about
0.5 C. Thinner mast sections would prob-
ably have better 1ift/drag characteris-
tics, but they would also be more sen=
sitive to angle of attack and therefore
require constant trimming to prevent
stalling.

Third, the leading edge should be
elliptical as this gives a desirable
aerodynamic shape, and, almost as lmpor=-
tant, 1t makes calculation of the sectlion
modulus relatively easy. The after end
of the section can be a gentle curve ter-
minating in a tralling edge no thicker
than an appropriate saill track.

Fourth, every section along the mast
should be geometrically similar to the
bagse section, not only for aerodynamics,
but, again, for ease 1n calculating sec-
tion modulus. The top sectlon chord
length should be no less than 75% of the
bottom section chord length., Any shorter,
though perhaps aerodynamically desirable
renders the mast too flexlible and some-
times too difficult to build, particular-
ly on small boats.

Figures B-3 through B-6 show a prob-
able sectlion shape drawn within the
guidelines above, We have chosen a 211
airfoll section for better athwartships
stiffness characteristics., The calcula-
tions for moment of lnertis and section
modulus are shown for the general case
as well as the 211 case.

When building a wingmast we are not
restricted to an existing male mandrel,
as with round masts. Wingmasts are most
eagily built in female molds, and we are
free to choose whatever basic parameters
seem appropriate,

Figure B-7 is similar to figure A-6
in appendix A& where N, the number of
strips of carbon fiber, 1s calculated 1in
the same manner by equation (32). Fig-
ure B-8 shows_the laminate schedule. Al-
though it would be a difficult process,
wingmasts could be fllament wound, and N
in such a case could again represent the
number of passes of the flber dellvery
head, The hoop material is designed 1n
the same manner as for round masts.

The laminate for the transverse web

80

is determined next. 4 web 1s requlred
because the hollow alrfoil section it-
self is not very stiff in the athwart-
ship direction, yet wingmasts do have a
tendency to bend sideways. This is be-
cause the sail usually has some twlst 1in
it and does not always pull in line with
the airfoll section's major axis, Some
recent masts buillt without a web have
proven to beé too flexible, The builders
have rectified this by installing spread-
ers and diamond wires on the mast to stif-
fen it (which seems to defeat the purpose
of a clean, no-wire mast), or they have
experimented with other ways to make the
laminate stiffer with limited success.

The easlest way to malntain section
shape is to add a web at the neutral axis;
this holds the sides of the mast in place.
This web can also be made of carbon fiber
and need not be very thick as the loads
in it are low, A thickness the same as
the carbon fiber skins ls recommended.

The layup for the web in the design ex-
ample is shown 1n figure B-9.

The final section of appendix B 1s
the welght calculation. Hardware would
be extra. Note that the round mast and
the wingmast are about the same welght,
The wingmast will actaully be somewhat
heavier as the web must be tsbbed into
place with extra glass. This extra
welght aloft should be offset by the
improved aerodynamics of the-wingmast,
but mo one knows for sure if this is
true because few tests have been done
to verify the performance of these types
of rigs. It is important, however, to
keep welght aloft to a minimum, consis-
tent with strength, stiffness and safety.

SECTION SHAPE BUCKLING

In appendices A and B it was assumed
that the laminates had carbon fiber run-
ning in the axial directlion and E-zlass
running in the hoop direction., Thls ar-
rangement reflects current bullding prac-
tice. It was also polnted out that lack
of hoop stiffness and strength contribute
to mast fallures because the section
shape buckles or collapses. Section
shape buckling is related to bending, so
a stiff material is required to maintaln
section shape. E-glass and even S5-2 glass
are probably not the materials to use)
they are not stiff enough.

Carbon fiber would appear to be the
best cholce for hoop material, but there
are some practlical considerations which
prevent this, Carbon fiber 1s conductive,
If a carbon fiber laminate 1s sanded or
machined, carbon fiber dust can short out
nearby electrical equipment.and cause
expensive maintenance problems. Also, if
exposed to other materials, particularly
metals, carbon fiber can cause galvanic
corrosion problems because 1t 1s very
low on the electromotive potential scale
as shown in Table IV,




POTENTIAL
VOLTS
+2.%

MATERIAL

MAGMESIUM

MAGNESIUM ALLOYS

BERYLLIUM

ZINC

ALLLM. 1100, GALY. STEEL

CADMIUM

ALUMINUM 2024-T4

STEEL o~ 1ROM

CAST IROM

CHROMIUM IRON (ACTIVE)

NI - RESIST

304 STAINLESS (ACTIVE)

316 STAINLESS (ACTIVE)

HASTELLOY "C"

LEAD TIN S5DLDERS

LEAD, TIM

MICKEL (ACTIVE)

INCOMEL

HASTELLDY "B"

BRASSES, COPPER., BRONZES

COPPER-MICKEL ALLOYS

MOMEL

SILVER SDLDER

NICKEL (PASSIVE)

INCOMEL (PASSIVE)

CHROMIUM IROM (PASSIVE)

204 STAIILESS (PASSIVE)

316 STAINLESS (PASSIVE) \}

SILVER

TITANIUM

GRAPHITE, (GOLD

PLATINUM, CARBOM
COMPOSITES

ANODE,
LEAST NOBLE,
CORRODED

Lt METAL

+ 0.44

+0.25

+0.13

-0.34

CUREEMT FLOW

-08

CATHODE,
MOST NOBLE,
PROTECTED
METAL

-3

TABLE TV

THE GALVANIC SERIES, REF. 13

Therefore, a hoop material other
than glass or carbon fiber is needed to
protect the axlal carbon fiber from the
elements, beth during manufacture and
in the finlished preoduct. A viable al-
ternative might be Kevlar 49, which is
both lighter and stiffer than glass and
which has very good impact and abrasion-
resistant gqualities, 4An even better al-
ternative might be a Kevlar/carbon hy-
brid i1f the materials could be arranged
in the laminate such that the Kevlar
masked and protected the carbon.

Another factor contributing to sec=
tion shape buckling is wall thickness,
which relates more to the geometry of the
section than to material stiffness., Be-
cause free-~standing masts are bullt with
such high-strength materlals, little ma«
terial is required to carry the loads.
The mast section becomes a thin-walled
tube, and, as such, suffers from local
buckling effects. 1In appendices A& and B
this was accounted for by reducing the
design stress to one half of the compres~
sive strength of-the material. This
meant using twlce the amount of material
in the section as was really needed, at
twice the welght and twlce the cost.
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Section shape buckllng in composite
thin-walled tubes has not been studied
very extensively, so it is not known 1f
hoop strength and wall thlckness are at
all related or if they are independent
of each other. Certainly well thlckness
is added every time a layer of hoop ma=
terisl is added, but is the advantage
gained proportional to the increased
welght? If it 1s not, some other way
of increasing wall thickness without
increasing the amount of the axlal fiber
or the hoop flber must be found. One
possibility 1s the use of core materials
in the wall of the mast to build up wall
thickness to prevent sectlon shape bucke
linge.

The core materials available to do
this are balsa, Klege-cell, Airex, Nomex,
and Coremat., It is not known which of
these cores i1s the most desirable but
nearly all of them are available as thin
as 3/16", Coremat is available as thin
as 1 mm and might be the most ideally
suited if very thin layers can be dis-
tributed throughout the laminate. A4l1ll of
this 1s an area of research yet to be
explored.

FUTURE RESEARCH

Table V shows the general cycle of
design for free-standing masts, together
with lnput on where more research is re-
quired to reflne the engineering. New
free-standing mast designs are usually
bullt by trial and error without full data
and research to back up some of the design
cholces., Examples of thls have already
been noted.

Much of the needed research can be
derived from parametric studies 1n a
wind tunnel, collected lnto a volume of
design parameters wlth the corresponding
aerodynamic effects. This would provide
useable data for practical maest and rig
deslign. or instance, for a given hull
shape under certaln salling conditions,
would a cat-keteh rig or a schooner rig
be better? Or, what would be the best
leading edge shape, trailing edge shape,
chord length, and section width for any
particular mast deslgn? DMore definition
and guldelines are required in these
areas.,

Some of the research on strength
and stiffness of materlals, material
gselection, fiber orientation, and mast
sectlion shape could be done with models.
Some of the materlals used in advanced
composites are very expensive, and de-
structive testing of full-scale
masts is cost-prohibltive. PMorecver,
the test equlipment has to be fairly mas-
give and strong to carry out testing to
the full-scale design loads. By scaling
down the material welghts and laminate.
thicknesses, models of mast sectlons can
be tested falrly easily and give meaning-
ful results.




DESIGN CYCLE [ RESEARCH REQUIRED

i) DETERMINE SAILING CONDITION — ) OPTIMIZE SAIL PLANS: SLOOPS, CATS, CAT-KETLES,

2) " BOAT, MAST, SAIL PLAN YAWLS, SCHODNERS. DETERMINE EFFECLTS OF
HEADSAILS; HOW BlG NEED THEY BE7? |5 ROALH
EFFECTIVE; HOW MULW 18 NECESSARVY?

3) DETERMINE WIND LOADS ON SAMLS Z) HOW ARE AERODYMIC FORCES CAPTURED BY
" SAIL LOADS ON MASTS / SAIL FABRIL? HOW DO TYPE OF FIBER, WEAVE,
5) " MAST LOADS ON HWULL FABRIC ORIENTATION, & SAIL CONSTRUCTION
&) DRAW LOAD, .SHEML,a'-: BEMDIMG AFFECLT DISTRIBUTION OF LOADS IN SAILY
MOMEMT DIAGRAMS HOW ARE SAIL LOARS DISTRIBUTED ON
MAST? WHAT ARE LOADS ON MAST: BENDING,
¥) DETERMINE MATERIAL PROPERTIES TORQUE, COMPRE&SION, SHEAR, ETL.?

) DETERMINE MAST SECTION SWAPE, 3) OPTIMIZE WINGMAST SECTION SHAPES
DIMENSIONS, T, £ &M }""'—_—_ FOR IMPROVED AERODYNAMICS. DETERMINE
BEST LEADING & TRAILING EDGE SHAPES,
CHORD LENGTHS ; SECTION THICKNERSES, &
MAST TAPER.

‘ﬂ DETERMINE MATERIAL LAYDUT }__‘_____..‘ﬁ \MPROVE COWNSTRUCTION TO OBTAIM MORE

10) " METHOD OF CONSTRUCTION STRENGTH FROM THE MATERIALS. INVESTIGATE
HOOP STRENGTH £ STIFFNESS £ OTHER
POssiBLE HOOP MATERIALS. DETERMIME
OPTIMUM RATIO OF HOOP FIBEER To AXIAL
FIRER.. INVNESTIGATE USE OF CORE
MATERIALS TO STIFFEM MAST WALL
AGALINST BUCKLING.,

1) DESIGN ATTACHMENTS FOR R\GGING, 5) IMPROVE METHODS OF ATTACHING GEAR
AND SAIL; MAST, ¢ BOOM 4 Tb COMPOSITE MASTS. IMPROVE METHODS

CONTROL OF WINGMAST ARTICULATION CONTROL .

IMPROVE BEARIMG ARRAMGEMENTS , IM—-
PROVE BOOM £ GOOSENECK ARRANGEMENTS,
12) CALLULATE WEIGHTS & COSTS IMPROVE REEFING ARRANGEMENMTS. :

TABLE XL : FuTuRE RESEARCH REQUIRED TO REFINE EMGINEERIMG & DESIGM

A few areas of research are done compiled easily or quickly, but perhaps
test at full scale., A boat could be the above provides some direction fer the
rigged with straln gauges in the sail ongoing research., It will then be neces-
fabric and on the masts to gather data ' sary to collect all the data and informe-
on how the rig responds to the sailing tion into a central library and reduce it
conditions. This would determine the to a form suitable for practical mast
loads in the sails, the load distribu- engineering and design,
tion along the masts, and the overall
strength and stiffness of the masts. REFERENCES -

The ultimate goal is a computer 1, PFarrar, A., “A Brief History of Sail
program lnto which one could feed all and a Thought to the Future“, The
of the boat design parameters, rig de- Naval Architect, Journal of the RINA,
slgn and layout, etc., together with the March 19?5. No. 2 pp. 56-58
wind and sailing conditions, and have it
return the mast laminate schedule, Other 2, International Offshore Hule I,0,R,
factors relating to mast performance Mark III, amended to 1980, the Off-
could also be worked into the program. shore Racing Council, London, England
For example, suppose 1t was desirable
to have the upper half of the mast bend 3. USYRU Measurement Handicap System
to leeward 5° in a 22 MPH wind. Such a {provisional 1978), the United States
condition would be a designh variable, Yacht Hacing Union, Newport, RI.
and the program would alter the laminate
gchedule accordingly. 4, Marchaj, C.A., Sailing Theory and

Practice, Dodd, Mead, & Co., New

Some of the above research is prob- York, NY
ably already underway by prlvate com-
panies and institutions. It will not be 5. Milgram, J.H., "Effects of Masts on
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APPENDIX &

ENGINEERING AND DESIGN OF A TAPERED,

ROUND-SECTION CARBON FIBER FREE-STANDING
MAST

11
Il
[
|

JJ_

FIG. A-|

Calculate the loads on the masts for
a 440" cat-ketch, Draw the corresponding
bending moment dlagram. Determine the
laminate schedule.

First, determine the true wind speed
and the wind pressure loading on the
salls, Hull speed 1s attained at 22 MPH

apparent wind.
=1, 3&“33'0'
= 8.26\knots = 13,94 ft/sec

Vg = 22 MPH = 32,27 ft/sec € 60°
to boat's course

Triangle solution, flgure A-2, shows

that
Vig = 28,0 ft/sec = 19,1 MPH
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BOAT DESIGN PARAMETERS

BOAT PARTILULARS

Loa 44'-p0"
Lwi 3a'- 00"
B 1'=- po"
T 5'-o0"
a 23,000 LBS
Ag 810 FT2

My @ 1° HEEL L350 FT-LBS

MAST | E. RIG PARTICULARS

CAT-K_E.TC.H RIG; BOTH MASTS HAVE THE

SAME DIMENSIONS
MAST LENGTH

55'-po"
MAST BASE LD, 1o"
MAST TOP L.D. 5"

MAST SECTION DIAMETER COMSTAMNT
@ \0" FOR. BOTTOM 15',THENM
TAPER @ /a/FT FOR 40°.

MAST O.R. AS APPROPRIATE FOR.
LAMINATE

LUFF LEMNGTH

45'-p00"
BURY LENGTH a- 00"
SAIL AREA/MAST 405 FT?
P 45'- pp"
E 18- 00"

WISHBOME BOOMSE 22'-0" LolG
AND MAKE ANGLE WITH THE
MAST OF F0°, I&-0" ABOVE
THE MAST BASE

SAILING COMDITION

THE BOAT SAILY AT HULL SPEED UP TO

2.2 MPH APPARENT WIMD SPEED AT AN
APPAREMT WIMD AMGLE OF (0°. AT HIGHER

WIND SPEEDS THE SAILS ARE REEFED,

TABLE A-\

FIG. A-2




RAW MATERIAL PROPERTIES

CARBOM FIBER PROPERTIES
TEMSILE STREMGTH

420,000 PSI|
TEMSILE MODULUS 33,000,000 PS|
ELOMNGATION 10 %
DEMSITY

0.063 LAY/}
12" wioe ¥ 0.006" THiex ®
0.05 LBS/LIN. FT.

UNIDIRECTIOMAL TAPE

E \ ERTIES
UMCURED
RESIN/STVRENE RATIO 53 /4%
VISCOSITY 500 CPS @ F*°F
SP. GR. .04
WEIGHT PER GALLOM 8.70 LBS.
Ya" THICK, CURED CASTIMGS
TEMN&ILE STREMGTH i1, 600 Psi
TENSILE MODULUS 430,000 PS5\
TEMSILE ELONGATION 5.00 %
FLEXURAL STREMGTH 19,400 PS|
FLEXURAL MODULUS ASD, 000 PSI
BARCOL HARDMNESS 38
&P, GR. 1.1z
From ref. 12 pg. 297,
wind pressure = 1,5 lbs/ft2
Sail loading:
main = 405 £t2 x 1.5 1bs/ft2 = 607.5 1bs
fore = 405 ft5 x 1.5 lbs/ft% = 607.5 1bs
total 810 ft 1,215.0 1bs
My, = heeling moment
M, = sall loeding x heeling arm (1)

For each mast

M, = 607.5 1bg x 26 ft = 15,795 ft=-
1bs
or total
Mp = 1,215 1bs x 26 ft = 31,590 ft-
1lbs

The righting moment 1s

M. = Ax GM x Sind = 1,750 ft-1bs (2)

@ 1° heel
Solve for GM

" 1,750 = 4,36 ft
'“““23.0_"'25'00 x 0.01745

If the righting moment equals the heel-
ing moment at 31,590 ft-lbs, the angle
of heel will be approximately

51n+ = 1,590 = 0,3150
23,000 x §.36

GM =
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CURED LAMIMATE PROPERTIES
THE CARBOMN FIBER UUIDIRECTIONAL TAPE 18
IMPREGMATED AUTOMATICALLY é.. UM IFORMLY
WITH VINVLESTER. RESIN TO A FIBER/RESIM
WEIGHT RATIO OF &0/40.
TEMSILE STREMGTH 240,000 P5|
TEMSILE MoOULUS 21,000,000 PS|
TEMSILE ELOMGATIDN (10 %
COMPRESSIVE STREMNGTH \%+0,000 Ps|
COMPRESSIVE MODULUS 14, 500,000 Ps|
COMPRESSIVE ELOMGATION .00 %
FLEXURAL STREMGTH 285,000 PS|
FLEXURAL MODULUS 149, 000,000 PS!
SHORT BEAM SHEAR.
STREMGT H (INTERLAMINAR) {2,000 Psl
TRAMSVERSE:
TEMSILE. STRENGTH 8,200 PS5I
TEMAILE MOOULUS 1,300,000 PS5\
TEMSILE ELOMGATION 030 %

TABLE A-3

4 = 18,4°, or say about 15-20°

The maximum righting moment will prob-
ably occur at about 30° heel, when the
lee rail starts to subzerge.

K, at 30° = 23,000 x 4.36 x 0.500
My = 50,140 ft-1lbs

The heeling moment of 15,795 ft-1bs
per mast should be considered the maximum
working load for the mast. The ultimate
load per mast should be 3 or 4 tlmes this
value and in the nelghborhood of the boat's
maximum righting moment.

3 x 15,795 = 47,385 ft-1bs
b x 15,795 = 63,180 ft-1bs
sum 110,565 ft-1bs

ave My = 55,283 ft-1lbs
say 55,000 ft-1bs

The desigh bending moment for each mast,
therefore, is to be 55,000 ft-1bs which
compares favorably with the boat's max-
imum righting moment of 50,140 ft-1bs,

The maximum working load will occur
either at the wishbone boom attachment
or at the deck, depending on sall set,
wind conditions, etc. Therefore, the
design bending moment should extend along
the mast between the deck partners and
the wishhbone boom attachment, and taper
to zero at the ends. The bendlng moment
diagram 1s shown in filgure A-73.

The reactions and shear loads are
calculated as follows:
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loments at WB: Reactlions:
Fow = 55.033 gg-lbs = 1486,5 1bs R, - By + wa - Fph = 0
BRp = BTS5. ) - |486.5 + 1486.5
Moments at D:
Ry = 6875.1 1bs
=Fyp X 10 £t + Fun X 47 £t = 55,000
ft-1bs Next, calculate the required moments
of inertias and section modull at one-foot
Fyp = 1486.5 x 47 — 55,000 increments along the mast. They can be
10 calculated in terms of the number of strips
3 of unidirectionsl material (carbon flber
Fyp = 486.5 1bs tape). Because carbon fiber is such a
strong material, not much thickness will
Moments at Bi be required; therefore, the mast can be
assumed to be a thin-walled tube.
Bg x 8 ft - F x 18 £t 4 Fyn
up I, =fr3t = Dt (3)
x 55 ft =0 8
By = 1486.5 x 55 - 14860.5 x 18 8Ky, = Los = #RIt = €D%t (4)
8 R R
Rg = HHF5.! 1bs For any given section, the area of the
ARb Ra l Rub 1 kal
l - |
B D wWa MH
FlG. A-4 REACTION LOAD DIAGRAM
Fe=GBY5.\ LBS
-#% _
B D w8 | IMK
~Fy F=-1486.5 LBS
FIG. A-5 SHEAR LOAD DIAGRAM
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sectlon will be

A, = Ct =flot (5)
Also, if the cross-section 1s comprised
of N strips of carbon fiber, 12" wide by
0.006" thick, the cross-sectlional area
can also be written

Nwt* (6)

feog

A = Nx 12" x 0.006" = 0,072N

cs

These two areas are always equal
W'Dt = Nwt® = 0.072N (7)

Split the expression for I,g to obtaln
aTDt expression

_m 2
I.g ='WDt x g

Substitute (7) for WDt

I Nwt! x D2

cs

¥

2

- 2 =
68 0.052 ND*® = 0.009ND (8)

Do the same for SMH.g4

I

Skicg =MDt x 11%

Therefore, I

- and SMGE are dependent only

on N, the number of strips of unidirection-
al material (carbon fiber tapql. and D,

the diameter of the section. N and t

fall out of the equations.

It should be noted that eguatlons
(8) and (9) are true only for the uni-
directional tape selected. Similar ex-
pressions must be worked out for other
types of fabriec.

Current technology has shown that a
composite clrcular-section beam under a
bending load will almost always fall on
the compression side. Therefore, the
compression strength of the unidirection-
al material becomes the llmiting stress,
in this case, 170,000 PSI. Further, past
experience has also indicated that fallure
usually involves section shape instability
due to the fact that the laminate is non-
isotrople and of very thin wall. Strength
and stiffness in the hoop direction (1.e.
circumferential), which maintains section
shape, 1s very much lower than that in the
axial direction. To account for this
weakness, a reasonable figure for design
stress has been shown to be about half the
compression strength, or 85,000 PSI in
this case.

For a beam under load,

section modulus = (10)
Sling = 0.072 ND = 0.018ND (9)
o8 "“%‘““ bending moment ft-lbs_ x 12in/ft
stress 1bs/in
55,000

My '

34,375
o i :
B0 5' n 0!

| l |

L I ]

io" 10" 10" o™ q.3%x5" 8. ¥x" aias" 7.50" 6.835" 6.258" 525" 5.0"

D= DIAMETER, [MCHES |

SOLVE FOR M = My

l ‘ 12%.5 D I

0 23.0 43 43.\ A3% 40.0 ass 3.1 254 18.F 10.4 0

N = M0. OF §TRIPS OF CARBOM FIBER TAPE

FIG. A-G

DETERMIMNING M. UALUES SHOWM ARE AT 5 INCREMENTS FOR {.‘.LKR\TYj

ACTUAL CALCULATION TO BE DOME AT I' (MCREMEMTS.




Setting equations (9) and (10) equal to
each other glves

SMog = 0.018ND = Mp x 12 (11)
&1
Solving for N
N=_Mpx 12 = ¥Mp x 12
o-x 0.018D 85,000 x 0.018D
N=_Mp
127.5 D

N, the number of strips of carbon fiber
required, is calculated by substituting
values for Mp and D at one-foot lncrements
along the entire length of the mast., See
figure A-6,

Obviously, the wall thickness can-
not be zero at the ends of the mast. The
ends must have sufficlent thickness to
withstand the shear loads inherent in
bending., The shear loads have been cal-
culated (figure A-5), but shear strength
of carbon fiber perpendicular to the fi-
ber axls 1s not a readily available fig-
ure, Little, if any,testing has been
done to verify it; most research has been

AcTuAL *n”

confined to the strength of laminates
parallel to the direction of the fiber.
To get around this problem without dolng
extensive testing, general practice i=_
to make the wall thickness at the ends of
the mast the same as at the point of
highest fiber loading, in this case, at
18' above the base of the mast where N
equals 44,8, say 45,

At that point
Nwt® =T'Dt

t = Nwt' = 45 x 12 x 0,006
T D 1M x 9.625

t = 0.107 inches thick

Substituting this value for t into the
same equatlion for the ends of the mast,
solve for N.

At the base

N="x 10 x 0.107 = 46,7 strips
12 x 0.006

At the masthead

=Mx 5 x 0.107 =
12 x 0.006

23.3 strips

]
BO E D I5'  _WB 20 14

S5,MR
| I ! I T ] T T T T - |
! {E_ N=8@55' = 440 |
: P LAYERS OF "M" STRIPS OF CARBOM FIBER N=g8@55 = 440 1
F ( N=8@55'= 440" i
— Jn=2@45' = ad
- {u=6c @4a0'= 240
l {M= 4@ 35'= 140!

b {M= 4@ 30" = 120
- - {M= 4 @ 25' =100
F {u=3 @ 20'= O

TOTAL AMOUMT OF CARBOM FIBER REQUIRED =

_2,0F0 FT,

ALSO, ADD IMMER Er OUTER LAYERS DOF HOOP MATERIAWL

FIG. A-¥F

LAMINATE SCHEDULE
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With N calculated and known every-
where along the mast, a laminate sched-
nle can be drawn in which the strips of
carbon fiber are grouped 1nto lncrements
of five feet instead of every foot,.
Working in five-foot increments during
actual buillding is much easler to con-
trol than 1t would be with one-foot in-
crements. This i1s where production
considerations begin to play a part in
the design process. See figure A-7.

The sbove calculations refer only
to the axial carbon fiber laminate.
Material in the hoop direction is also
required, The hoop material is usually
a layer of E-glass cloth or unidirec-
tionsl tepe, one on the inside of the
laninate and one on the outside, This
hoop material sandwiches the carbon fi-
ber layer, keepling all the carbon fiber
aligned when under load as well as glv-
ing hoop strength to the mast. During
hoop winding, the pressure of the hoop
on the wet carbon fiber helps to squeeze
the resin uniformly through the laminate,
The outslde layer also provides abrasion
and impact resistance to the mast as well
as a sound base on which to apply finish
coats like pigmented resin or paint.

For hoop material, general practice
is to use the equivalent of 24 oz/yd< of
unidirectional E-glass in each layer.
The actual number of plies per layer de-
pends, of course, on the avallable ma-~
terial. For example, if 12 oz/yd? uni-
directional Eape is used, two plies (to=-
tal 24 oz/yd<) must be used in both the
lnner and outer layers of hoop. For
areas where extra chafe 1s expected, for
instance where the wishbone boom rldes or
at the mgststep or partners, an extra
24 oz/yd“ layer can be applied,

The laminate 1is complete and the
corresponding weights of all the material
can be calculated,

Carbon:

Total linear feet

of carhon fiber tape ft

2070 1in.

n

Welght at 0.05 1bs/ft 103.5 1bs

carbon fiber
Glass:

Inside area of mast

Mx 10" x 15° = 39.3 ft2
12"/

1M x 10%+5" x 40' = 78,5 ftl
2 x ?2"7-

Total = 117.8 £t

Outslde area of mast

0.D. € base

wouon

10.214%

10" + 0,107" + 0.107%

89

O.D. € masthead =
5% 4+ 0,107" + 0,107" = 5,214*
T x 10.214" x 15° = 40,1 £t2
12W /7
M x 10.214%45.214% x 40' = _80.8 rt?
2 x 12"
Total 120.9 ft2
Total area of glass
(not including any 2
chafe strips) = 238.7 It
= 26.5 yds
Weight of glass
26.5 ydsz x 24 oz/yd? = 636.0 oz
= 39,8 1lbs
glass

Total fiber weight:

103.5 1bs carbon fiber
39.8 1bs glass

143,.3 1bs fiber

Total laminate weilght at 60% fiber con-
tent by weights

143,3 1bs fiber =
0.6

238,8 1bs

D ——

Resin welight:
238.8 - 143,3 = 95,5 1bs resin

Therefore, the laminate for each mast
will weigh just under 240 1bs, This
figure incresses after finishing coats
of plgmented resin and palnt are applled
and the hardware is installed,

2




APPENDIX B

ENGINEERING AND DESIGN OF AN AIRFOIL-
SECTION WINGMAST FOR THE SAME BOAT AS
IN APPENDIX A

All design perameters are the sanme.
The sail plan is the same except for the
details shown in figure B-1, Note that
the masts rotate and therefore are
round at deck level and below and are of
the same diameter as the masts 1ln appen-
dix A, Also note that the boomsz are of
conventional deslign, not wishbone.type.

The maximum bending moment for these
masts will occur at the deck where the
mast is round, as shown in figure B-2,.
The laminate here can be calculated ex-
actly the same as shown in appendix A.
The section chosen is shown in figure
B-3 and is a 2:1 shape, meanlng the sec-
tion is twice as long as it is wide.
However, the chord length C is as yet
undetermined. Again, the laminate 1is
very thin but made of high strength
material, The gectlon can again be conh-
sidered a thin-walled tube,

Looking first at the elliptical
leading edge in figure B-4,

Ayg = cross-sectional area for a
tubular half ellipse

'ﬁzt(mb) (12)

Ale

Iyle = moment of inertia for a tu-

For the tralling edge, figure B-5,

bular half ellipse about 1its Apo = 2at - (14)
base 2
4 5005 Iyte = Eta3+at(g‘):|x 2
Tote _Bt(3a btal) (13) 12, 2
I,pe =287t (15)
3
l ] 55,000 FT-LBS DESIGN BEMDING MOMEMT
15,748 FT-LBS [\AJDKR'.IUE- BEMDING MOMEMT
BASE DECKy /GODSENECK MASTHEAD
L [l . |

-~

. @ da ]

> T
und 4
ROUMD Gamumeu égl

AIRFOL L-5

FIG. B-2 BEMDING MOMEMT DIAGRAM
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X
Y b | LEADING EDGE IS A HALF ELLIPSE
— « b J &=L, b=g
S | | Res Alzobr o)
' 31 (o+b)
- 0(_ + .
xle_.?. lo a.
. d 91
/ '@' dl ¢ for b= o
- 2'
— Yle.
O.50 C
< 'ﬂ + T j
_ljl )]( 1
FIG. B~-3 PROPOSED SECTION SHAPE FIG. B~4 LEADING EDGE SHAPE
Sum equations (12) with {14) and (13)
with ?15) to get the total area and
moment of inertia about the line y-y.
I X I
Total area = A =1%t(a+b) + 2at (16) y_u ¢ i i -y
TRAILIMG EDGE
Total moment of inertia = ] 1S ASSUMED
STRAVGHT SIRED
I,0s =Tt(3a%0+ad) +Zadt (17) I o)
" 3 | & a= &
We have specified that this i3 a H d X o
2:1 shape, so b = a. Substituting this H te =2
2

into the equations (16) and (17),

N ¢ .
Acs =l%t(a+%) + 2at g —'H‘*T_
A.. = at(3h+2) = 4.35at _ (18)
*R ? FIG. B-5 TrRAILING EDGE SHAPE
and
= 2a00D 3
chs -%t(ja %+a ) +32_a t

S d ey P
s =8 t(lﬂg +é' = -lLbsat (19)

The moment of inertia must be re- |l e
lated to the neutral axis. First find
the centroid of the section along its
major axis., From figure B-4, the cen- o

troid of the leading edge 1s 1 ::::
= CENTROID €

2
X = 4(2ab+a (20)
le _(7_-)‘)'3“ ath d[N’ MEUTRAL AXIS MAXIMUM STRESS
! ‘g OM THIS SIDE 1

o o

Xie = l6a for b = a = & —
9T 2 COMPRESSIOM
and the centroid for the tralling edge 1is
Xpe = -2 (21)
2
[+
Sum moments abont the line y-y ;L

el % | Y‘._s = 0.54C
M, = A x X + A x X

¥ le le te te
FIG. B-G CEMNTROID OF SECTION
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ey
M., = &llat x 16a + 2at x
y el

(9

o1
M, = a’t for b = a (22)
y 3 5
Dividing by the area gives the centroid
X = aztgi
Sk . 35at
Xog = __8 for b =a (23)
13,05 2

Converting the moment of inertla about
the line y-y to the moment of inertia
about the neutral axis

o
Ios = Iyes = Agg X Xgg

Iog = 2.15a3t - 4.35at x( a 5)2
13.0

I = 2.12akt (24)

cs

From figure B-6 we can write A.
and I,g in terms of the chord length Cs
a = C,

Ayg = b 35at = 4.35%t
A,g = 2.18Ct (25)
I =2.12a% = 2.12¢%t
cs 'g
I = 0.2707t (26)

cs

Xog+ When refered to the surface
farthest away from the neutral axis
(in this case the trailling edge under-
going compression), becomes

X = 1,077a = 1.077C

cs 2
Xog = 0.54C (27).

and the section modulus becomes

SM. =1 = 0,27¢3t

cs = t8 Ef?&ﬁ"

c8

Slyq =0.37C%t (28)

It 18 known from the example of
appendix A that the required moment of
inertia and section modulus were

Iog = 42,30 1n¥

SMgg = 8.46 1nd

By maintaining the same wall thickness
as the circular section for the bottom
girfoll section so as not to create any
thinner areas where local buckling
could occur, the chord length can be

92

determined

I = 0.27¢3t = 42,30 1%

cs

where t = 0,107"

¢? = L2,
0.27(0.107)

C = 11,4 inches

_ 2 O 3
SMgg = 0.5C%t = 8.46 in
c2 = 8.46

O.SEO.lO?j
C = 12,6 inches

Average the two values for C and
round it off to the nearest whole inch,
say 12 inches for the bottom chord. The

top chord should be 75% of the bottom chord,

therefore 9 inches. The taper from bot-
tom to top 1s uniformly linear. Knowing
the chord length for every section along
the mast, N, the number of strips of car=-
bon fiber, can then be calculated,

Equating the areas as was done in
appendix A,
A

= 2.18Ct = Nwt'

(29)

cs

t = Nwt'
2.18¢

Substituting for t in equation (28)

0.5C%Nwt '

SM__ =
vt 2.18C

(30)

Recalling that w = 12" and t* =
for the carbon fiber tape

0.006"

0.5C°N(12)(0.006)

Sk =
o 2,180

Sk,g = 0.0165CN
Also recall that

SMgg = Mpl2
o
Therefore

Mpyl2 = 0,0165CN
o

Solving for N

(31)

N = Mbl2 =

T 0.0165C

Mbl2
85,000(0.0165)C

(32)

=
i

My
86.4-C

Flgure B-7 shows the calculation
for N at five=-foot increments all along
the mast by substituting values for Mp
and C into equation (32). Figure B=-8
shows the laminate schedule. On the
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circular mast the material at the thicka- At this point the laminate welight

est part of the mast was carried stralght can be calculated.
down to the base; the same is done here.
Also, the top of the mast must be some Carbon fiber:

finite thickness, as shown,
Total linear feet

For the hOOB material, the equiva- in the skins = 1,550 1lin.ft
lent of 24 oz/yd* of unidirectionsl ma-
terial can be used as it was in the cir- Welght € 0.05 1bs/ft = 77.5 lbs
cular-section mast. Because of the twist- carbon fiber
ing action of the sall, the hoop mater-
tal should be laid in at = 45° giving the Total area of the
mast torsional strength and stiffness. web

Note that the transverse web that ((4.5%+6%) x 45' + 10"x10')ft =
appeared in figure B-4 has been omitted 2 12"
from the calculations for section modu-
lus. This is because it has little to do 28,02 ft2
with the bending strength of the mast in
the direction we are considering, being Welght for 18 ply mt
situated almost on the neutral axis. The 0.05 1bs/ft? (tape 1s
web, however, holds the sides of the mast 12" wide)
in place to prevent them from collapsing
or buckling, 28.02 x 18 x 0.05 = 25.2 1bs

carbon fiber
The laminate for the web should be
about the same thickness as the sides of
the mast and divided into six layers. Glassi
The two innermost layers should be fiber
running at + 45° for shear strength be- The surface area of
tween the tension and compression loads the msst
in the sides of the mast., Either side
of this core should be two layers of car- (2.18(12%+9") x 45¢ +Thio*x10)ft =
bon fiber running longitudinally for ax- 2 12
ial strength and stiffness. Then the
outermost layers should run transversely, 112,02 frt?
across the width of the airfoll section,
to give the web buckling strength as the = 12.45 yds?
sides of the mast tend to compress it.
See figure B-G, Welght of glass for
2 layers at 24 oz/yd?

12,4 2 x 24 = 37.4 1bs
186 0z/10 glass
Total fiber welght:

77.5 1lbs carbon fiber skins

25.2 lbs carbon fiber web
37.4 1bs glass in the skins
140,1 1bs total fiber

Total laminate welght at 60% fiber con-
tent by weilght:

140.1 lgs fiber = 233.5 1lbs
0' e

TRkMSUEE&ELXﬂ—:h

LOMGITUDINALLY
+45°

5 —45°

LOMGITUDLNALLY —1,~;h\- Therefore, the laminate for each mast

TRAMSVERSELY ,a-ﬂzbhh\~ will weigh just under 235 1lbs. Again,
this figure increases after finishing

Fl(': B_q coats of resin and paint are spplled
1 WEB LAYUP and the hardware 1s installed,

Resin welght:s

233.5 1bs - 140.1 1bs = 93.4 1lbs
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ADDENDUM TO
“DESIGN AND ENGINEERING ASPECTS OF FREE-STANDING MASTSAND WINGMASTS’
6" CHESAPEAKE SAILING YACHT SYMPOSIUM, MARCH 1983

AUTHOR'SNOTE:

The following inquiry came to me from a student of naval architecture in England requesting design and engineering
information regarding free-standing masts. Asfar as| know, this paper isthe only one that describes the really
practical design and engineering aspects of such masts. The paper was not without errors, and some time ago, |
prepared a clean and corrected copy that could be photocopied and mailed to any interested parties. Now in this day
of computer files and the Internet, | have scanned the paper into this .pdf file and am attaching this note. In my
response to the student in England, | prepared the following remarks describing my thoughts on this science. | have
deleted any personal references to the student, and offer these remarksto all othersthat may be interested.

Eric W. Sponberg
Naval Architect,
St. Augustine, FL
2 February 2011

Sent: Tuesday, February 01, 2011 10:10 AM
Subject: RE: Incoming message from website--D&E of Free-standing Masts & Wingmasts

Thank you for your interest in free-standing masts. | wrote probably the only definitive
paper ever on free-standing masts, for the 6™ Chesapeake Sailing Yacht Symposium in
1983. There were a few errors in it as it was printed, so | created a corrected copy and
have scanned it into a PDF file. This is attached. There are some other things that you
should note about this paper for consideration when designing free-standing masts:

1. The mechanical properties of composite laminates shown in Table Il on page 74 are
very “ideal”. You don’t get properties like that in real life boatbuilding. I'd cut those
numbers at least in half.

2. On page 80, on section shape buckling, | discuss the need to find a way to determine
the necessary thickness required to prevent section shape buckling. In my subsequent
research, | have determined that for unidirectional laminates such as cantilevered
masts, whose laminate is not more than 80% unidirectional fiber, nor less than 50%
unidirectional, then the minimum wall thickness of a solid (non-cored) laminate required
to prevent buckling is 3% of inside diameter. That is, the minimum t/ID ratio =

0.03. This applies to the mast wall thickness at any height, any diameter. | use the
inside diameter because practically all my designs start with the controlled surface as
the inside surface of the mast (that is, the masts are laid up over male mandrels).

3. Related to #1, on page 85, Table A-3, | show carbon fiber laminate properties which
were typical of my engineering at the time. However, | have found these to be overly
optimistic, and | typically use properties that are about half these amounts.


mailto:ewsponberg@comcast.net]

4. On pages 86 and 87 in Appendix A, | show how the boat’'s maximum righting moment
is used as the definitive load for the mast. Although I go through a calculation on page
85 to determine wind loads in the sails, it really is the righting moment load of the hull
that is the definitive load for the mast. All you need to do is determine this maximum
righting moment of the boat, spread that as a constant between the partners and the
gooseneck, and then taper that moment load in a straight line down to each end. You
will still need a factor of safety; | typically use a factor of safety of 3.0, either by
multiplying the max. righting moment load by the FoS and using the full strength
capabilities of the laminate, or use the max. righting moment load and divide the full
strength properties by 3.0 reducing them to allowable stresses. That is how | still do it.

5. In Appendix B, | show similar calculations for a wingmast. In determining the section
shape properties (I and SM) of a wing shape, | approximate the trailing edge as straight
sided (Fig. B-5, page 91). Nowadays, it is relatively easy to calculate the actual section
shape properties (by spreadsheet, or by AutoCad “mass properties” command), SO
there is no need for shape approximations anymore.

6. | do not show in this paper how to do deflection calculations. That is a process that |
developed later, after this paper was written. Typically, a free-standing mast is tapered,
both in section shape and wall thickness. Therefore, section area, | and SM vary all
along the mast. If you follow regular cantilever beam engineering and calculus
principles, you can do a double integration of M/(ExI) all along the mast to determine the
tip deflection. | will leave it up to you and your professors to figure out how that is
done. Be sure that you “normalize” the calculation to take into account that the mast
heel and the deck partners do not move—they are stationary. | do this on a
spreadsheet. By the way, the amount of deflection that you are looking for live-load
sailing conditions, not max. righting moment conditions. So you have to change the
moment load down from the maximum righting moment load to a regular sailing load,
say and Force 4 or Force 5 wind speed.

7. | offer this paper to you AND your school. Please make a copy of this paper, and this
email which contains these guidelines, and give it to your engineering library for all
future student use.

Good luck on your design.

Best regards,

Eric

Eric W. Sponberg

Naval Architect

President
Sponberg Yacht Design Inc.



Sent: Sunday, January 30, 2011 3:00 PM
To: ewsponberg@sponbergyachtdesign.com
Subject: Incoming message from website

Name: ----------------------

Company: Southampton Solent University
Telephone:

Email:

Address:

Address2:

City:

State:

Zip:

Country:

Comments:

Dear Mr. Sponberg, | am a second year Y acht Design student at Southampton Solent University.
| am currently designing a 25ft sloop for amateur construction using strip planking techniques.
During some lectures about mast analysis, as part of a structural analysis unit at university, | was
surprised by the amount of compression produced by conventional rigsin the mast. Thisiswhy |
started researching about free standing masts, and apparently you are one of the main supporter
and experts of thistype of rigging. | am starting to consider this as a possible solution for my
project, so | would like to estimate |oads and required sections for a free standing wing mast.
Where can | find some good engineering information about free standing rig design? Most of the
books | have skimmed trough do not consider this option, can you suggest me something? Best



