5. MODEL BOAT TRIALS

The writer has built and sailed the model windmill
boat shown in Figure B. The boat has a displace-
ment of one pound, a windmill blade area of 66

aquare inches, and a windmill diameter of 22

inches. The propeller is driven by a flexible shaft
from the windmill. Five different peopellers of
various shapes with diameters ranging from 5 to7
inches were used; all were supplied by a model

airplane supply dealer. The boat was sailed

successfully in a breeze of up to about 7 knots
using each of the propellers. As expected, faster
windward progress was made with the propellers
of larger pitch, ﬁp+ ozp. In no case was the effetc‘-

tive B+ o, larger than about 30 degrees, as this

wag the largest blade angle that could be purchased. '

The windmill £, - &, was 40 degrees. Since the
windmill was at the stern and the propeller ahead
of the bow, the boat turned paturally windward.
Thus, it performed much like the earlier windmill-

powered model boat by Phillips. (3}

6. CONCLUDING REMARKS

The windmill-powered ship requires much less
sail" or windmill area than a conventional ship
when sailing at headings of near zerc and 180 de-
grees; with only half the avea of the conventional
ship, the windmill-powered ship is much faster.
However, for heading angles near 190 degrees the
tables are turned, and the windmill ship may not
keep up with the conventional one even if the wind-

mill area is equal to the sail area.

Since it is obvious that sail area might be much
easler to design into a ship than the same amount
of windmill area, one should not compare the two
one a one-to-one basis. Therefore, the actual per-
formance of a windmill ship will depend on the
ability of the naval architect to put a sizeable
amount of windmill area into a well-configured

design.

APPENDIX

WINDMILL AND PROPELLER THRUST
AND TORQUE RELATIONS
FOR GOING TO WINDWARD
A pumber of useful relations are derived here for
the purpose of predicting the performance of wind-
mill-powered boats. The windmill ie used to

drive an underwater propeller. In general, the

‘windmill and propeller are geared with a ratio G

defined as

S LG = (A1)

where Wy, is the rotational speed of the windmill

shaft and W, is the same for the propeller shaft.

Before proceéding further, two assumptions are
made which will greatly simplify the results at
some expense in accuracy for the sake of a
greatly increased clarity in understanding the

physical mechanisms involved. First, the mech-
anical friction of the windmill-propeller shafting

and gearing is taken to be zero. This may be

. justified to a certain extent byassuming the hydro-

dynamic drag of the propeller and windmill-blade
elements to be a little larger than is met in prac-
tice. Secondly, the windmill and propeller blade
forces are agsumed to act ata single point on each
blade. The blade element at 70 percent of the blade
tip radius is assumed to be typical of that of the
entire blade,and the forces of the bladeasagsumed
to act through that blade element. Thus, the usual
practice of integrating forces over the é’ﬁtire blade
is greatly simplified. This simplification is justi-
fied iﬁ. part because the great complexity of l:he‘
flow problem over a typical blade is such that the
forces cannot be accurately predicted to begin
with. Without these simplifications, the physical
relationships between the air, the windmill, the

propeller, and the water might notj’be clear.

Figure 1 illustrates the forces az‘;.d ‘velocity vec-
torsactingon a typical windmill blade element for
the case of the ship going directly to windward so
that ¥ = 0°. Here Ry is the radius of the blade
element, and wwa ig the blade speed in the
plane of the windmill, which is perpendicular to

the ship speed Vg. The apparent wind vector is




Vaw 2nd the blade lift is Ly, with drag ]:.’W'
Since the angle between w R, and Vp, is

defined as B there exists the relation
tan §_ = —e—— (A.-2)

The propelier, acting in the water, has a related

set of velocity and force vectors as showa in

Fipure 2. Since the propeller flow is not influ-

enced by the wind speed, v/e have the relation
Vs

tan B, = R ©{A-3)

where V’i‘ does not appear as in the windmill
cases. Another difference from the windmill
cage is the angle of attack ¢op of the prbpeller
blade. In Figure 2 the blade element is designed
s0 23 to provide a component of the lift Ly in the
Vg direction. This is the propulsive force on the
ship whereas all other forces retard the ship's
forward motion, including a component of the
windmill lift L.

We can now see the forces and torgques acting on
the ship. Of primary interest and the only case

considered here is that of steady motion so that

Vg and w,, are constant in time. Then the forque

penerated by the windmill is balanced by the

gearing system and propeller torque. That is,

uwa(Lw sin 8, -D_ cos 8_)
(A-4)

= wap (LP sin ﬁp + DP cos ‘Bp)

The excess thrust Tg available to overcome the

hull drag and/or inertia is

T. =L i
- P sin ﬁp

cos ﬁp - Dp

{A-5)

- Ly, cos B -Dy, sin £,

Since we are interested here only in windward
travel, it turns out that we will have suificient
generality by limiting our attention to cases

where L, Ly, 2nd 2ll the sine and cosine terms

between 0 and 90 degrees. Then it is clear that
Lp must be sufficiently large to render T, posi-
tive in order to propel the ship. Also, it is
necessary to have G or ww/wP positive, as may

be understood when equations (A -1) through (A.-3)}

are combined to eliminate W, and w_. Then we

1%
have VS . Bp .
= A -
Vg +Vr ~ GBtan g, (A-6)
where Ry, »
B = p— (A-7)
p

Since Vg must be positive, and since V‘I‘ and B

are positive by definition, all terms in equation

{A-6) are positive. Equation (A-0) shows clearly
how the angles ﬁp and £ are related to the wind-
ward speed ratio Vg/{Vg + V).

The torque balance equation, (A-4) may be

written in non-dimensional form as

L .
2 - MciB3a (A-8)
L
where
i +C
_ CLLS’-“ Bp D,, ¢0s ﬂp (4-9)
P 2
. cos BP
Cr, sin B -Cp._ cos
Ly = w ‘2’" Dy i (A-10)
cos ﬂw ‘
AW
A = (A-11)
“p
P
M= —= - {A-12)
Pp

and the force coefficients are defined in terms, of

the apparent wind speeds

&Ry
vAw v Bw (A-13)
w_R
VAP = =5 ﬁp ~_(A-14)
so that 2L
W
CL = — {A.-].S)
w 2
pWVAWAw

a4

are positive, that is, cases where £, and ﬁp are’
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2Dg

— {(A-16)
pwvAwAw

ZLE

(A-17)
p il
PpVaphp

Q
|
i

PpVaphp

Cpy (A-18)

and A, and Ap are the blade areas of the wind-.

mill and propeller.

Hence, the RHS of {A.-8) contains only fluid and
geometric constants, whereas, the LHS contains
only force coefficients and trigonometric functions
of 8, and ‘Bp'

The

sionalized as follows:

thrust equation wmay also be non-dimen-

2 T tan? B N

¢ = —= P o P MGZB2A . (A-19)
Ny, PpVshy w
where
Cy_cos B ~Cp_sin g
N, = B P p___°P {A-20)
cosé ,BP
Ci,., cos 8 + Cp,, sin B
N, = —= 2 hid w (A-21)
cos” B .

w

The above equations may be used to describe

some general physical features of the windmill-
propeller action as follows. Suppose that the ship
is standing still with wind Vi acting on the wind-
. The wind-
This is,

is kept small enough, CLP will also be zero

mill but with the windmill not turning.
mill will then turn from the wind action.
if op
and Cp

small; Lp and D_ will be correspond-

P
ingly small, The torque equations (A -4} and (A-8)

will be out of balance so that the windmill lift in
terms of Cp  or Ly can quickly increase the

Wy and &, until the equations are in balance.

P
Here we assume that the propeller pitch, as

represented by the angle o + Bp’ is variable

B
over a wide range. Then if oy is increased CLP
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and Lp

into the wind. So long as IVS is small compared

will increase to drive the ship forward

to Vp it is easy to balance the torque eguations
or Lp. This is

because *Bp is small, by equation {A-6), when-

even with large values of Cjy,
ever Vg is small. Then it is also easy to obfain
a positive value of excess thrust, Te, 2s given by
equation (A-19)., T, is used to increase Vg up to

the equilibrium épéed where T, becomes equal
to the hull drag Dg.

mill blade angle B, - &y was fixed. .In actual
practice it would be almost mandatery that B, -
o be varied and controlled so that the windmill
speed mmight be controlled or stopped as needed.
Changing’ (',8"Jv
stop the windmill action so that the windmill
blade or sail area might be reefed for high wind
Also, if 'Bw - o
propeller pitch o

conditions. is variable, the

w

p-+- Bp could. be fixed at some

intermediate value. This would simplify the
propeller design at some expense in the ship

overall performance.
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Force and Velocity Vectors
on a Windmill Blade Element
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Figure 2

Force and Velocity Vectors
on a Propeller Blade Element
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Figure 3

Force and Velocity Vectors
on a Sail Close-Hauled

Figure 4

Force and Velocity Vectors -~ Dy
on a Hull and Keel
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Figure 6 .

© Windmill and Propeller Area Required
to Propel the Ship Versus Ship Speed
for ¥ = 90 Degrees
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Model Windmill Boat
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