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FASTER THAN THE WIND
Andrew B. Bauer

Bauer and Associates¥

INTRODUCTION

If one is given a uniform wind traveling over a level surface, is
it possible to construct a man-carrying vehicle which by use of wind
energy alone can accelerate in the wind direction from zero speed up to
a speed larger than the wind speed? For variety, the level surface may
be considered to be either a hard surface or a body of water. The work
described in this paper has been carried out for the purpose of answering
this problem.

Clearly, no ordinary sailboat can perform this task, inasmich as
the relative wind drops to zero as the boat approaches the wind velocity,
whereas the hull drag is constantly increasing. A land vehicle has essen-
tially the same problem because of rolling friction. Therefore, one is
tempted to answer this problem in the negative.

The above problem had its genesis at the University of Michigan
where it was communicated to Mr. D.L. Elder some 20 years ago. The pro-
posed solution involved the use of a propeller geared to the wheels in the
case of a land vehicle or geared to & second propeller in the water for
the boating case. Thus, the usual sail was to be replaced by a propeller
geared to a wheel or second propeller. If sufficient power were available
to drive the first propeller, the vehicle could travel faster than the
wind, but as soon as one suggests that this power be obtained by gearing

the propeller to either the wheels or the water propeller, most individuals
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will associate the idea with perpetual motion and will claim that the
véhicle cannot possibly travel faster than the wind.

The writer has always claimed that such a wvehicle can be built and
operated successfully. The technical part of this paper serves to analyze
the performance of such a vehicle, and performance charts for typical
water and land vehicles are presented. A second part describes the land
vehicle which has been built by the writer and operated at speeds faster

than the wind.

LAND VEHTCIE PERFORMANCE

Because the land vehicle is somewhat simpler than the boating case,
the land vehicle will be discussed first. A schematic diagram is shown
in Figure l. The wind speed is denoted by V,, and the wvehicle velocity
by V.. The airscrew or propeller of radius R 1is geared to the wheels

such that the propeller rotational speed Q 1is given by

Q=== (1)

so that the propeller tip is travelling forward at speed V; and in the
propeller plane at speed GV,. For convenience, wvhen G and V, are
positive the propeller shaft rotation Q as viewed from behind the vehicle
will be taken to be clockwise. The thrust on the propeller is denoted by
Tl 3 the force T, on the vehicle is that part of the wheel reaction with
the roadway as a result of the aerodynamic torque transmitted through the
propeller shaft and gearing. The wvehicle weight is denocted by W, and

WW is the force on the wvehicle equal to

W = W(ul + o, + Llj) (2)

where By is the result of the mechanical rolling friction, B, repre-

sents the aerodynamic friction on the vehicle body, and ujw is the
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apparent force on the vehicle as a result of acceleration a.nd/or slope of
the roadway. With these definitions and sign conventions the equation of
motion in the wind direction is

T, =1, + MW (3)

Hence, the acceleration of the vehicle on a level roadway is given by
pjg, where g 1is the acceleration of gravity. Equivalently, it is con-
venient to refer to p5 as the number of "g's"™ of vehicle acceleration or
simply as the acceleration parameter. In discussing vehicle performance
it is also helpful to refer to u as a vehicle acceleration parameter,
since the parameters B and Wy are often small and can be computed
easily for most practical cases without the controversy that surrounds the
physical problem of computing i, which is the main cbjective in writing
this paper.

The speed ratio VC/VW will be denoted by n. Therefore, in order
to go faster than the wind a vehicle must be designed so that u© and pa

are larger than zero for speeds up to n = 1.

Propeller Theory

The propeller theory needed here for an understanding of the prob-
lem is based on simple momentum concepts, as have been discussed in suf-
ficient detail by Glauert [1] and by Prandtl [2]. Other more complex
theories have been developed; these ideas apply mainly to lightly loaded
propellers and will not be considered here. The present application
involves both light and heavy loadings of the propeller, and momentum con-
cepts are adequate for clarifying the physical principles that apply. The
flow is taken to be inviscid and incompressible.

Figure 2 illustrates the flow through the prc-peller or airscrew

disk for a wide range of wvehicle conditions. For small or negative

116




S

——— V-V, --(—;—j—w—-(vw-vc) —

RING VORTEX FLOW O<n<|

PROPELLER DISK

- 2y Y Vw-vc=0

PROPELLER FLOW IN STILL AIR n=|
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FIGURE 2

DIAGRAMS OF THE FLOW PAST THE AIRSCREW FOR
DIFFERENT CONDITIONS. FLOW SPEEDS ARE MEASURED
WITH RESPECT TO THE PROPELLER PLANE
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vehicle speeds where Vc < Vw, n will be in the range of -« to +1l.

-~ Then, if the propeller is used as a windmill, the stream tube which
encloses the propeller tips is illustrated at the top of Figure 2. As
with each sketch in Figure 2, the stream tube is drawn in the frame of
reference of the propeller disk, and the velocities are taken with respect
to the disk. The flow passes through the propeller from left to right
with a speed loss v at the propeller disk and a loss of 2v far to the
right of the disk, as related by momentum theory. Therefore, the mass

flow through the disk is

=]
u

py (V + v)Ay (1)
where

V=vc—vw (5)

where Py is the air density, Al is the disk area, and m is under-
stood to be positive for flow passing from right to left through the disk,
and vice versa.

The above sign convention is chosen so that m will be positive
for the case of the airscrew acting as a propeller, and negative when
acting as a windmill. The airscrew or propeller, as illustrated in Fig-
ure 1, is mounted on the vehicle and the "forward" direction, V, 6 > 0, is
taeken to be toward the right in both Figures 1 and 2. The velocity v
induced at the prbpeller plane is defined as positive when fhe air is
accelerated to the left, which results in a positive thrust T]. for
positive values of v. In general, the thrust is

T, = QSplhlv(V + v) (6)

where & 1is either +1 or -1 depending on whether the airscrew is
acting as a propeller or windmill, respectively. For the windmill case
2y can never be larger than (Vw -V c) , since then the stream tube

shown in Flgure 2 does not make physical sense.
118




Equations (4) and (6) use the momentum concept of a uniform flow
through the airscrew disk. In actual practice such uniformity is not
attained although it may be more closely approximated by increasing the
number of airscrew blades. For the ideal condition of a uniform v and

no other losses, the power required to drive the airscrew is

P =T.(V+v) (7
Ligear 't
and the ideal efficiency is
\J
1 = g (8)

ideal V + v
In an actual propeller the efficiency is about 85 percent of the ideal
efficiency under ordinary working conditions [1]. Hence, the actual
power required to drive the airscrew is

Tl(v + v)
P, = —————

=2 (9)

where T is the result of the above-mentioned nonuniformity, kinetic
energy lost to rotation of the slipstream, and energy lost because of

blade frictional drag [1]. Equation (9) applies to either the windmill

or the propeller case; for the former M, will be about 1/0.85, as Py

is then negative and more than the idesal E&. In either case Tl will
be positive, but both P, and (V + v) will be negative in the windmill

1

case and positive in the propeller case.

The propeller case is illustrated at the bottom of Figure 2. Here
V& > Yﬁ and n > 1. The figure illustrates the stream tube paessing over
the propeller tips.

A special case is that of VE = Yﬁ and n =1 so that the vehicle
is travelling exactly at the wind speed. Then the airscrew can act only
as a propeller, and the stream tube formed by the propeller wake is shown

in the third sketch of Figure 2.
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The second sketch in Fipure 2 is used to illustra.té the so-called
"yring vortex" flow. This has been described by Glauert in References 1
and 3. This case is of interest when VC is positive but smaller than
V, sothat 0<n<1, andwhen m is positive. Because m is posi-
tive, the mass flux through the airscrew disk is in a direction opposite
to the free-stream direction illustrated by VW - Vc in the sketch. In
the ideal inviscid case ™ would form a stream tube running to the left
of the propeller. _ In the actual case viscous forces would tend to des-
troy such a stream tube, and the result might be the ring vortex sketch
given by Glauert and as shown in Figure 2. The sketch shows a ring vor-
tex surrounding the propeller disk. A stream tube passing around the
vortex is also shown.

The author has taken the ring vortex experimental data given by
Reference 3 and has compared the values of Tlexp derived from this data
to the T, which would be predicted by momentum theory (Equation (6)) as

1
a function of the ratic [(V+ v)/V]. The ratio e =T T
( /V 1exp/ 1mom. theory
was found to vary from 0.8 to 1.0 to 1.4 as [(V + v)/V] varied from
-2.9 to -1.0 to -0.5, respectively. Since this experimental data was
rather meager, and since no corresponding data on Pl was aveilable, and

since e was found to be near 1.0 for cases of interest, the author

elected to use the momentum theory in the calculations which follow.

Calculation of the Vehicle Acceleration

The power Pl used to drive the airscrew is delivered from the

wheels by means of gearing or a transmission. When Pl is positive this
results in a positive value of '.1‘2 which acts to decrease \Tc as shown
on Figure 1. In general

P, =TV (10)




if the wvalue of 'r]l given above is adjusted to account for any friction
losses in the transmission. From (9) and (10) we obtain
‘.[‘]_('\lr + v)
T, = A (11)

and by using (3) to eliminate T,

W = T [l - %%cll] (12)

and by using (6)

(h=1+2)
] oy ]s?\l(n ~1+N)Q (13)

where
v
M=y (14)
w
and

2p. AV
o - LA (15)

The Mechanics of Accelerating to the Wind Speed and Faster

Equation (13) shows that the acceleration p is a function only
of the dimensionless coefficients n, )\1, T and Q‘l For any given
speed n the efficiency nl will be kept as large as prfa.ctica.l so that
only 7\1 and Q,J_ may be arbitrarily adjusted in order to increase the
vehicle acceleration.

For each n there exists a unique value of 7\1 for which p is
maximum. Consider the special and idealized case of n =1 and N = 1.
Then p = (1 —'7\1)7\in and p is maximum for ?\l = 2{'5. Ir ?\l were
only 1/2, the mass passing through the propeller plane would be reduced
in speed from its 6riginal speed Vw to zero speed with respect to the
ground. (Refer to the third sketch in Figure 2.) Therefore, the vehicle

acceleration is obtained by the process of slowing down the wind so that

121




the kinetic energy per unit mass of the affected air is reduced to zero.
In the case of 7\1 = 2/5 the affected air ends up going to the left at

a speed of wai .so that its final kinetic energy is then more than zero;
¢ 1is larger in this case because the propeller handles a larger mass of

air than when 7\1 = 1/2. If A, were increased to 1, the affected air

1
is sent to the left at a speed Vw so that the process removed zero
kinetic energy from the air; themn p is 0. These special cases are
instructive as to the physical mechanism of propulsion at the wind speed

or n= 1,

In more practical cases where nl ?‘ 1 +the magnitude of p may be

increased by increasing the ratio Ql or Alfw for a given wind condition.

This shows the desirability of having as large a propeller disk area as
possgible for any given vehicle weight.

A practical case of vehicle operation may be illustrated by taking
T to be 0.80, )L‘L = Q.h, Q.I. = 1.0. Then at n = 1.0, p will be 0.08.
Since |.11 can be made as small as 0.035, and since By = 0O at n=1, we
have u3 = 0.05. Therefore, the wvehicle will have a forward acceleration
of about 1.6 fthecz. The case Q = 1.0 corresponds to a 300-pound
vehicle operating with an airscrew disk area of 200 f‘l‘.2 at sea-level condi-
tions in a wind speed of 17.8 ft/sec or about 12 miles per hour, which
corresponds to a rather easily-constructed vehicle. If the wind speed
were to drop to T.% mph, then M3 would be zero.

The above case for a wind speed of 12 mph results in Tl = 48 1b,
T, = 24 1b, v = T.1 £t/sec, P = 426 ft-1b/sec or 0.T8 horsepower,
and m = 3.38 slugs/sec or 108 1b-mass/sec. The reason that the vehicle
ig accelerating is simply that the propeller is accelerating the air from
zero speed with respect to itself to a speed of T.l ft/sec with respect
to itself éo that the ideal work required is 7.1(48) or 340 ft-1b/sec.
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This divided by nm, is Pj. But Py =T,V and V_ is 17.8 ft/sec

so that T2 is 2k 1b., Since T2 is less than Tl

(ul + [.te)ii' gives a retarding force of only 9 1b, 15 1b remains as the

by 24 1b and since

apparent force on the vehicle due to its forward acceleration of
1.6 ft/sec.

Notice that if the wind were suddenly stopped and Vc were to
momentarily remain at the 17.8 ft/sec, then the propeller in order to
develop the same 48 1b of thrust would require that the speed through the
propeller plane be increased from 7.1 to 20.3 ft/sec and that m be
increased to a total of 9.63 slugs/sec. Then P, becomes 1215 ft-1b/sec

and T, is 68 1b.

2
Hence, the vehicle would rapidly decelerate because of wind stop-
page. From this we see that the wind plays the key role in reducing the
power required to drive the propeller to such a level that '1‘2 is less
than Tl.

The question of how the energy expended in driving the vehicle
really comes from the wind now needs to be answered. Since the wind or
air is pushing against the propeller with a push of 48 1b at a speed of
17.8 ft/sec, the rate at which wind energy is fed into the vehicle is
48 (17.8) or 850 ft-1b/sec. The propeller returns to the wind an ideal
power of 340 ft-1b/sec so that the net energy taken from the wind through
the propeller is only 510 ft-lb/sec. This is exactly the same as the
kinetic energy per unit time lost by the wind in decelerating from 17.8
ft/sec to [17.8 —2(7.1)] = 3.6 ft/sec an m of 3.38 slugs/sec. That
is,

510 = 2..2.& [(17.8) — (3.6)%1
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For other vehicle speeds in the neighborhood of n =1 the

parameters are much the same. TFor example, at n = 1.5 and for ll = 0.k
then p = 0.09.

At smaller speeds with n positive but quite a bit less than 1,
the airscrew can be operated as a windmill so that Tl is positive but
Té is negative. Since Hy is also negative, the only retarding force
is the rolling friction ulﬂl Tn this situation acceleration is not
difficult. At higher speeds T2 becomes zero and then positive as the

airscrew becomes a propeller. Typical performance curves for these

operations are given in “Vehicle Performance Caleculations"”.

WATER VEHICLE PERFORMANCE

The water vehicle case is somewhat more complex, inasmich as the
wheels in Figure 1 are replaced by a water propeller as shown schemat-
jeally on the figure. This second propeller generates a thrust T2 and
an induced water velocity v, which are shown in their positive sense
on Figure 1. Then the analysis proceeds as before except that equation
(10) is replaced by

Py = nyT,(V, = vy,) (10w)
where ne is an efficiency factor similar to nl for the first propeller.
Here n, is less than 1 when L is also less than 1; this is the case of
the first propeller or airscrew acting as a propeller rather than a wind-
mill. For the windmill case both 1, and n, are greater than 1.

The thrust T2 is related to the flow conditions by

T, = 2sp2A2v2(Vc —-vg) | (64)
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where Po is the water density and A2 is the area of the second

propeller disk. Then the acceleration equation becomes

w=1{1- {:]__(;;%7] s?sl(n -1+ )\l)Q._L (13w) |

where
T,
- .2
Mg (1)
W
For the water case the coefficient pl refers to the hull water

drag to weight 'ra.tio, is the air drag coefficient as bvefore, and

Ho
u3 is also the same as before.

The equation for T2 may also be put in the dimensionless form

2 = oy =)0, s

V2
% - (“—“292::2 w) - Ql(%i—i) (150)

VEHICLE PERFORMANCE CAICULATIONS

H

where

Vehicle performance has been calculated for both a land wvehicle
and a water vehicle. BSince the writer is in the process of testing one
such land wvehicle, the land vehicle parameters were chosen here to cor-
respond to the vehicle under test. This wvehicle, complete with a
170-pound driver, weighs 270 pounds and has a propeller diameter of
15.4 feet. Standard sea level atmospheric conditions and a wind speed
of 16 mph or 14 knots was selected for the calculations; this works out
to Q = 1.8.

For the boating case, the hull drag and weight becomes a signifi-
cant problem. For the calculations W was taken to be 600 pounds and

the airscrew diameter equal to 26.7 feet so that Ql = 2.45,
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The efficiency factors Ty and n, were taken to be 0.85 and
0.80, respectively, for the cases where the airscrew acts as a propeller.
For the windmilling cases 1, and 1, were taken as 1/0.85 and 1/0.80.
Since the water propeller design is compromised by allowances for cavi-
tation, its efficiency was taken to be less than the air propeller. For
the same reason, the ratio (p2A2/plA1) wes taken as 2.0.

The land vehicle rolling friction coefficlent My was taken to
be 0.0%; the corresponding hull drag coefficient was based on that given
in Figure 19 in the article by Davidson [4]. The wind friction coeffi-

cient H, Was based on the usual aerodynamic drag equation
p
D= 5t vPs

where S ig the so-called flat plate drag area. This was taken to be
8 ft2 for the land vehicle and 6 fta for the boating case.

The procedure for calculating M is not straightforward because
7\1 and ?\2 are unknowns. For the land vehicle at the lower speeds ]\1
was calculated by first assuming a 1lift coefficient of 1.0 and using the
propeller solidity factor of 0.133 and the gearing factor G of k.0 so
that the propeller blade element forces could be integrated to determine
an upper limit to Ty. Equation (6) was then used to obtain A . This
procedure was modified at the higher speeds because it was found that a
decreased 7\1_ and 1ift coefficient resulted in a maximum value for M.

In the water vehicle case the calculation was complicated by the
fact that the equation for 0 (16w), must be satisfied similtanecusly
with Equation (13). Also, T, was always related to T, end K by
Equation (3). An iteration procedure was used to obtain such solutions.

Figgre 3 gives the values obtained for 7‘.1_ and 7\2 The first

airscrew was used as a propeller for speeds of n > 0 and as a windmill
126




\LAND VEHICLE

WINDMILLING

/-\_0.08

—~0.16 \'/

AIRSCREW LOADING PARAMETERS X, AN )\E
E

—
—

|
| 2 37
n

-~ ~0.08

FIGURE 3

USED

TO CALCULATE TYPICAL VEHICLE PERFORMAN

127




v ot

for speeds n < l. Hence, the region 0< n< 1 offers the possibility

 of either the propeller or windmilling mode of operation. The sharp break

in the windmilling operation curves at n = 0.55 resulted from the neces-
sity to keep 2v less than (Vﬁ -Vc) for n > 0.55.

The resulting vehicle accelerations are shown on Figure L, TFor
n < 0 the sign convention implies that p should be negative for speed
"increases" toward the left or in the weather direction. These negative
values have been rectified on Figure 4 by use of the absolute value signs.
The curves show thét the land vehicle is capable of operating over the
range of n = -2 to n = +3. The crossover point between the windmilling
and propeller modes is at n = 0.6 for optimum acceleration. The mini-
mm in the acceleration curves at this point is only computational. In
actual fact a third mode is possible at this point wherein the propeller
is transmitting zero power to the wheels and the vehicle is pushed for-
ward entirely by thrust Tl with T2 = 0. Other modes with varying
degrees of Tl and T2 are also possible; these are not discussed further
here.

Figure U4 shows that the water vehicle has similar characteristics,
but because of the extra losses of a second propeller p is not as good
as for the land vehicle. Also, the hull drag is much more significant
than in the land vehicle case, so that Hz is reduced. The net result
shows the vehicle operable over the range of -0.85< n < 1.5.

For speeds other than V; = 14 knots both p and B, vary as
Vﬁ, The same is approximately true for My in the boating case, so that
the value shown for M also must vary approximately as Yﬁ. Therefore,
the water vehicle performance shown by Figure 4 is representative for all
wind speeds. The same is not true for the land vehicle wherein By tends
to be conétant, independent of speed. Therefore, below a certain'wingf:b
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speed Hy will be so large with respect to p that the land wvehicle
may not be able to accelerate over part or all of the speed range.

For example, if Vw were reduced to T knots, the acceleration 1.15 for
the land vehicle would be reduced to approximately zero for the speed
range of -0.5 < n < 0.8.

The above performance curves were obtained with somewhat arbi-
trary values of vehicle weight and propeller disk areas. Obviously care
is required so.that the above ratios of A1/W may be met in practice,
and with large vehicles more optimistic results may be obtained. Also,
the values of 'r]l and n, are perhaps a bit optimistic and the results
should be viewed accordingly. Finally, much is yet to be learned about
modes of operation so that )\l and 7\2 are kept near the optimum wvalues.

LAND VEHICLE TRTAIL RUNS

Since 1 February 1969 a few runs of the land vehicle have been
made. The vchicle was found operable from the ocutset, but some mechanical
problems have limited the performance. The vehicle uses an elght-foot
loop of bicycle chain to transmit power from the propeller shaft to the
wheels. The chain has had the inconvenient habit of coming off the
sprockets at inopportune moments. However, since chains may be operated
at efficiencies of 98 to 99%, the chain was felt to offer the best, as
well as one of the simplest, means of power transmission. Work is under-
way to develop a chain guide to remedy the problem.

The vehicle has been controlled by its front steering wheel and a
lever for changing the angle of the two propeller blades. The angle B,
as defined on Figure 1, can travel from -150 to +90 degrees when méasured
at a station T0% of the distance to the propeller tip. The blades have a
moderate amount of twist so that the twist is about right for n = 1.5

and B = 20 degrees. G is 4.0. —
131 - — Ao o Pt 130
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When downwind operation is desired, the blades are placed at
B = --900 and then rotated forward until the wind generates sufficient
airscrew torque to start the machine rolling. As the vehicle speed
increases B is increased for further acceleration until B is in the
neighborhood of 20° at n = 1. Further increases in P increase the
speed, and a decrease in P will decrease the speed and bring the vehicle
to.a rather quick stop. The only difficulty in this regard has been when
the chain became disengaged so that the braking action to the wheels was
lost. The wind speeds encountered have been about 10 mph and maximum
speed travelled has been about 15 mph, at which point the chain became
disengaged. The amount by which the vehicle exceeded the wind speed was
estimated from the rearward deflection of a foot-long tuft located about
12 feet forward of the propeller plane.

Sustained runs of the order of 40 seconds have been made in a wind
of about 12 mph with the wvehicle speed estimated to be about 2 mph faster
than the wind. More such runs are planned for the future, as the runs to
date have been too short to do much experimentation such as recording
the effects of blade angles on speed.

Since the blades were twisted for n = 1.5, the twist turns ocut to
be in the wrong direction for the windmilling required in the speed range
0 <n < 0.5 This limitation has not caused any difficulty in operating
the wvehicle.

On going windward the vehicle has been limited in speed to about
6 mph by the blade angle stop at B = 130°. The general procedure has
been to start at zero speed with B at -90D and gradually decrease

B to --130o as speed is attained. ..
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CONCLUSIONS

1. The general concept of a wind powered vehicle capable of
traveling straight downwind at speeds exceeding the wind speed has been
demonstrated for both ground and water vehiéles.

2. 'The practicability of traveling directly to weather in such a
vehicle has also been demonstrated.

3. The natural extension of the above is to construct a vehicle
capable of traveling in any desired direction.

4. The pefforma.ﬁce limits of such vehicles must await a develop-
ment program to test vehicle construction methods, operational techniques,
and efficiency factors.
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