
66 J. HYDRONAUTICS VOL. 4, NO. 2

Cycloidal Propulsion of Submersibles
MICHAEL A. RICKARDS*

Weber Aircraft, Burbank, Calif.

The concepts of 1) true advance ratio and 2) normalized blade pitch ratio are introduced and
discussed in terms of pertinent cycloidal propulsion criteria. The equations of motion per-
taining to the blade dynamics of cycloidal propulsion are presented. Numerical results from
a computer study are discussed. Kramer's effect and hydrodynamic hysteresis are included
in the determination of propeller torque and force coefficients.

Introduction

THE path followed by a point on a wheel rolling on a flat
surface without slipping, traces a true "cycloidal" curve.

The blade of a cycloidal propeller advancing in space traces,
in fact, a true cycloidal curve; hence the name "cycloidal
propeller/' This unique propulsor was first introduced by
F. K. Kirsten, at the University of Washington, when he filed
for a U. S. patent application, in 1922. The first comprehen-
sive paper on cycloidal propulsion appeared in 1928 when
Kirsten introduced "A New Type of Propeller" to the Society
of Automotive Engineers.1

The first outstanding trait of this propulsor is the relative
ease with which it accommodates a full 360° thrust orientation
at stationary vehicle (hovering) conditions as well as at high
speeds. Secondly, at cruising conditions, the propeller
blades do not stall and consequently are not prone to cavita-
tion and excess noise due to turbulence. The third conspicu-
ous distinction, autostability, was first demonstrated by L. W.
Seely2 in 1963 by means of a simple mathematical model.
Autostability causes an induced change in the resultant thrust
due to a perturbation from equilibrium that tends to neu-
tralize the perturbation. This phenomenon has been ob-
served for instance in connection with speedboats and barges
cycloidally propelled through a cross current. It is little
wonder, therefore, that various forms of cycloidal propul-
sors3'4 for surface vehicles have been developed by the Marine
industry. A natural extension is the application of cycloidal
propulsion on submersibles.

Mechanics of Cycloidal Propulsion

Consider points a, b, c, and d on the outside surface of a
"train wheel'' rolling without slipping along a straight track
as shown in Fig. 1. As the wheel rolls, these points corre-
spondingly trace paths A, B, C, and D in space. The path A
generated by the center of the wheel is, of course, a straight
line parallel to the rolling plane (rail). It is located a distance
#o above the rolling plane. The radius RQ represents the
rolling radius at zero slip. The paths B, C, and D all trace
cycloidal paths, correspondingly classified as " curate,"
"ordinary," and "prolate" cycloids. A parameter known as
the pitch ratio p classifies the cycloidal curve in question

p =5 (1)
If the pitch ratio is zero, less than TT, equal to TT, or greater

than TT, the corresponding curves generated are a circle,
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a prolate cycloid, an ordinary cycloid, and a curtate cycloid.
The pitch ratio, as defined in Eq. (1), represents the distance
advanced per revolution in terms of the generating diameter.
Assume in Fig. 1 that the path A is generated at a speed V,
known as the "speed of advance." Assume further that the
wheel is now slipping on the slip-roll surface located a distance
Rs from the center of the wheel. The speed of advance is
related to the angular rotation of the wheel, co, by the "true
advance ratio" A, introduced as follows:

A =3 V/a>Rs = (2)
From the first equality of Eq. 2, the true advance ratio is seen
to be the ratio of the actual velocity of advance of the slipping
"train wheel" to that at "would-be" zero slip. A distinction
between the slip-roll radius Rs and the equivalent no-slip roll-
ing radius RQ must be made. The cycloidal curve generated
by a slip-roll surface is a "pseudocycloid" that is identifiable
through superposition to an equivalent "true" cycloid of zero-
slip rolling radius RQ, that is smaller than Rs. The actual
speed of advance V, is therefore identically, ccR0) which justi-
fies the second equality given in Eq. (2). Henry4 defines the
advance ratio X as R0/R which in reality is an apparent ad-
vance ratio. Equation (2) is more conducive to physical
interpretation and representative of the reciprocal nature
between the concept of "advance ratio" and "slip-ratio."
The slip-ratio a is defined as the normalized ratio of the dif-
ference between the would-be speed of advance at zero slip
and the actual speed of advance

a E3 u(Rs - R0)/uRs = 1 - A (3)

A zero-slip condition, a = 0, is therefore synonymous to an
advance ratio of unity and vice versa. In Fig. 1, let a pro-
peller blade assume a distance R from the center of the wheel.
Furthermore, assume that the blade chord has a built-in capa-
bility of angular orientation with respect to the generating
radius R. The geometry pertaining to this propeller blade
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Fig. 1 Trainwhell analogy. Cycloidal curves are gen-
erated by the whell rolling at zero slip.
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in cycloidal motion is shown in Fig. 2. Let the D (drag) axis
be directed opposite to the path of advance and the L (lift)
axis be perpendicular to both D and the axis of rotation co
(L X co is a vector in the direction of D). All angles and
moments in this study are taken as positive in a counterclock-
wise (D X L vector) direction. The blade is shown in-
stantaneously at point P. The orbital radius R is angularly
displaced from the D axis by the angle of orbit 0. The blade
angle ft is the angle subtended from the tangent line of the
blade path at point P (perpendicular to R) to the blade
chordline. A line perpendicular to the blade chordline inter-
sects the Y axis at the point S known as the "instantaneous
steering center." The point S defines the slip-roll surface of
the train wheel model analogy introduced in Eq. (2). It is
consequently located at a radial distance Rs from the origin
and is displaced angularly from the L axis by the displacement
angle d. The normalized blade pitch ratio is introduced in
Eq. (4)

The normalized blade pitch ratio does not change with slip
ratio, whereas p does since it defines the instantaneous cycloi-
dal path. The parameter 77 therefore properly describes the
given cycloidal propeller design. The ?r-pitched (Kirsten)
propeller often seen in the literature really implies 77 = 1 and
not p = TT. The tangential velocity of the blade uR adds
vectorially to the velocity of advance V to yield the resultant
blade velocity W. The angle subtended by W and the orbit
tangent line at P is the blade path angle 7. The angle of
attack a0 is the angle between the chordline and the resultant
relative blade velocity W. The blade angle may be described
in general as

ft = 0(0,17,5) (5)
From Fig. 2, the instantaneous blade angle can be shown to be

(6)

(7)

(8)

(9)

ft = tan"1 {17 cos(0 - 5)/[l + 77 sin(0 - d)]}

Define the relative orbit angle f as follows :

f = 0 + 7T/2 ~ d

[n terms of the relative orbit angle, Eq. (6) reduces to

ft = tan-1 [17 sinf/(l - 77 cosf)]

From Fig. 2,

«o = ft - 7
Also, from the velocity-vector triangle shown in Fig. 2,

7 = tan-^costf/Kcoft/y) + sin0]} (10)

The parameter coE/F, from Eqs. (2) and (4) may be shown to
be related to the blade pitch ratio 77 and the true advance ratio
A

uR/V = (uRs/V)(R/Rs) = 1AA = I/A (11)
The parameter X = V/uR introduced in Eq. (11) is the
apparent advance ratio which is identically the ratio Ro/R.
Combining Eqs. (6, 9, 10, and 11), the orbital angle of attack is

= tan"1 - *?cos(0-a)
+ 7 7 sin(0 -f <5)

i _ r xcosfl i
J [I + X sin0J

(12)
Reverting back to Fig. 2, construct the line So — P such that
it is perpendicular to the resultant blade velocity W and such
that it intersects the L axis at S0. The radius R0 represents
the "equivalent" rolling radius at zero slip. This fact was
very well demonstrated by Henry4 by comparing the velocity
vector triangle with the similar triangle OPSo. The location
of SQ remains unaltered as long as V/uR is constant

(APPARENT ADVANCE RATIO?

=RS /R

(BLADE PITCH RATIO)

A = R O / R S
(TRUE ADVANCE RATIO)

Fig. 2 The mechanics of cycloidal propulsion.

The "apparent advance ratio" X relates the speed of ad-
vance to the blade orbital speed regardless of the type of
cycloid generated. The true advance ratio is obtained as
follows:

R0/RS = (R0/R)(R/Rs) = V/uRs = A (14)
The ratio R0/RS is therefore, in fact, the true advance ratio A.
The true advance ratio A is related to p and 77 as follows:

A = P/TTTJ

Forces and Moments

(15)

The resultant (average) of all forces and moments ex-
perienced by the blade per orbit may be resolved into a force
vector and a moment about the orbital axis of rotation ex-
pressed in dimensionless coefficients. The maximum relative
velocity experienced by the orbiting blade appears to be the
reasonable velocity parameter to employ for the normaliza-
tion of forces and moments. The force and moment coef-
ficients defined in this form remain finite at V ~ 0 and exhibit
a handy basis of comparison for different 77 at finite true
advance ratios. The resultant cycloidal force and moment
coefficients originating from the center of orbit follow:

FR 2FR
(16)

2M0

In Eqs. (16) and (17), as in Eq. (12), it becomes noticeable
that the apparent advance ratio, X = V/uR, plays a sig-
nificant role. The resultant force can be further subdivided
into lift and drag components

CL = 2L/7rpco2#4(l

CD = 2£>/7rpco2#4(l

X)2

X)2

(18)

(19)

RQ/R = (13)

The lift L, drag Z>, and pitching moment Mo, relative to the
blade orbit geometry given in Fig. 2, is shown in normalized
form in Fig. 3. The subsequent relations follow readily from
Fig. 3:

siii7 - X cos0/(l + 2X sin0 -f X2)1/2 (20)

cos7 = (1 + X sin0)/(l + 2X sin0 + X2)1/2 (21)

sin(0 - 7) = (X + sin0)/(l + 2X sin0+ X2)1 /2 (22)

cos(0 + 7) = cos0/(l + 2X sinfl + X2)1/2 (23)
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Fig. 3 Normalized blade orbit geometry.

The instantaneous hydrodynamic coefficients, based on the
blade area Sb, blade chord C, and total relative velocity W are
denoted: CL\> for the lift coefficient, Cz>6 for the drag coef-
ficient, and Cmb for the pitching moment coefficient. Their
instantaneous contribution to the cycloidal lift, drag, and
pitching moment (L-D axis in Fig. 3) is

CLi = -CLb sin (0 + 7) - CDb cos(0 + 7) (24)

CDi = CD sin(0 + 7) ~ CLb cos(0 + 7) (25)

Cmi = Cmb - (E/C)(CDb cos7 + CLb sin7) (26)
Substituting the relations given in Eqs. (20-23) into Eqs.
(24-26),

^
Li

- CDbco$d
(I + 2X sinfl + X2)1/2

-C^cos0 + CDb(\ + sing)

(27)

(I)

(1 + 2X smB + X2)1/2

[CLb\ cose + CDb(l + Xsin6>)]

Notice from Eqs. (27) and (28) that

CV + CD? = CLb*

Let the blade area ratio be
B = 2Sb/irR*

(30)

(31)
The resultant lift, drag, and pitching moment coefficients are
found by averaging (per orbit revolution) the forces and

1.4 J (NOMINAL STALL POINT)

Fig. 4 Lift and drag coefficient model for a fully sym-
metrical hydrofoil of 0.09 thickness ratio.

^™~ ̂ ""̂  PARTICLE PATH ACCROSS BLADE CHORD.
SUBSCRIPTS 1, 2 AND 3 DENOTE TIME WHEN PARTICLE CROSSES
LEADING EDGE. MIDCHORD AND TRAILING EDGE.

Fig. 5 Effective camber due to blade rotation.

moments given by Eqs. (27-29). These must be accommo-
dated by the blade area ratio B, and also by the parameter
W/(a>R + VY = (1 + X2)/(l + X)2. The former parameter
accounts for a change in reference areas from the blade area
into the blade orbit area irR2. The latter parameter redefines
the reference velocity from the actual velocity experienced by
the blade, W, into the maximum scalar speed (V + oxR)-
The cycloidal force and moment coefficients in the light of
definitions, Eqs. (16-19) are

X)2 X

-CDbcosO)
(1 + 2X sin0 + X2)1

— Ccb cos0 + Cpb(\ + sin6
(1 + 2X sin0 + X2)1/2

v-'mc

CL

f1^

~ a + x)2 ri p,
2?r Jo

5(1 + X2) r
~ 2w(l + X)2 Jc

_ B(l + X2) f

mb R -r

C/v6X cos0 + CD&(I + ^ sin0
(1 + 2X sin0 + X2)1'2

2^ -Cn(X + sin0) - Cz>6 cos0
> (1 + 2X sin0 + X2)1/2

2x -CL6 cos0 + Cz>6(X + sin0)
X2)1

(32)

(33)

(34)

(35)

Blade Force Coefficients

Equations (33-35) fully describe the cycloidal propeller
forces and moments as a function of the apparent advance
ratio X and the propeller blade design. The blade coefficients
are a function of the instantaneous angle of attack 0:0, and
rate of change of angle of attack d0 (Kramer's effect) as well
as the physical airfoil characteristics of the blade itself.
Figure 4 presents a proposed idealized dependence of lift and
drag coefficients on angle of attack throughout a 360° range.
The slope of the linear portion of the lift curve is a function of
the effective blade aspect ratio. This slope is5

+ a,Q/7rA) (36)

where aQ = two dimensional lift curve slope of the airfoil in
question, and A = effective aspect ratio of the blade.

The linear portion of the lift curve suffers an abrupt degra-
dation at the stall angle as. The stall angle depends largely
on whether the blade progresses from the unstalled to the
stalled region or vice versa6 as depicted by the arrows in
Fig. 4. This peculiar neighborhood of stall, AaS) is a conse-
quence of hydrodynamic (or aerodynamic) "hysteresis." The
magnitude of Aas, depends largely on the rate of change of
angle of attack, as. For a, approaching zero, the angle of
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Fig. 6 Resultant force orbit angle vs steering center dis-
placement angle for a pitch ratio of 0.5 and true advance

ratios from 0 to 1.5.

hysteresis6 is approximately 2.5°. At larger values of 6ts the
approximate equation is proposed

cosa/2W acC
(1 + X2)1 (37)

Equation (37) physically represents the angle by which the
blade rotates relative to the airstream during the time an air-
particle travels a distance from the leading edge to the blade
half-chord. The half-chord point was chosen as the down-
stream limit since a major portion of the hydrodynamic pres-
sure is generated ahead of the half-chord of the propeller
blade. The angle Aas is further degraded by the cos a since
at a = 90°, hysteresis is nonexistent. Furthermore, there
must be an upper limit imposed to the maximum allowable
change in blade stall angle or else the point of stall would end-
lessly increase with 6t8j which is an absurdity. A reasonable
limit to impose is the angle corresponding to the maximum
achievable lift coefficient of a fully flapped airfoil. For airfoil
sections of average thickness, a value of CLb = 2.2 is a
reasonable maximum to employ and has been utilized in the
computer study. The effect of camber in an airfoil is to shift
the lift curve along the angle of attack axis. In cycloidal
propellers, due to the cyclic response of the rate of change of
angle of attack, even a symmetrical airfoil exhibits an effective
camber that continually changes during the orbit. This
effect is known as Kramer's effect.

Fig. 7 Resultant force orbit angle vs steering center dis-
placement angle for a pitch ratio of 1.0 and true advance

ratios from 0 to 1.5.

Were the blade rotating about the leading edge, the presence
of coriolis acceleration would have provided a value of y
twice that shown in Eq. (40). Equation (40) corresponds to a
chordwise moving center of rotation that follows the particle
motion along the blade chord and only the purely rotational
contribution remains significant. Since co = — a,

Yc = (~a)C*/2U (41)

dYc/dt = (-a)C/U (42)

The induced angle of attack of the cambered airfoil is

Aac = YC/C = (~a)C/2U (43)

For small values of (aC/ U) , the maximum camber ordinate is
approximately

(AF)c /2 « Yc/2 - (-a)(C/2)z/2U = (-a)C/SU (44)

From wind-tunnel data,7 the effective lift coefficient due to
this camber (at zero angle of attack) can be empirically ap-
proximated as

ACL - (AF)c/2/0.05515 = 2.27aC/U (45)

The total contribution of lift coefficient due to Kramer's
effect is accordingly

= (dC/2U)(dCL/da + 4.54) (46)

Kramer's Effect

Since Kramer's effect manifests itself in an effective camber
at an (induced) angle of attack, a very thin flat-plate model
suffices to predict its hydrodynamic character. Consider a
thin flat plate of chord length C at zero angle of attack but
rotating relative to the airstream at a rate co = ( — a). From
Fig. 5, a particle of fluid moving across the blade chord and
adjacent to it is accelerated (in the Y direction) such that at
all times the resultant particle velocity follows the instan-
taneous blade direction. Let U be the velocity component
parallel to the flat-plate at time t = 0. Since the particle
path slope is equal to the instantaneous plate slope at x = Ut,

dy/dx = ut = ux/U

At the trailing edge (x = C)

(dy/dx)c =
Integrating Eq. (38) from zero to x

y = a

(38)

(39)

(40)

a 80

§ S.C. DISPLACEMENT ANGLE, DEG.

Fig. 8 Resultant force orbit angle vs steering center dis-
placement angle for a pitch ratio of 1.5 and true advance

ratios from 0 to 1.5.
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Fig. 9 Resultant force coefficient per unit blade area ratio
vs the steering center displacement angle for a pitch ratio

of 0.5 and true advance ratios from 0 to 1.5.

The first term arises from the induced angle of attack [Eq.
(43) ] of the generated cambered surface and the second term is
the contribution of camber alone [Eq. (45)]. The pitching
moment about the quarter-chord generated by this camber is

ACTO6 = (dCL/da)(aC/SU) « 0.568d<?/£7 (47)

The velocity U is equal to oxR(l + X2)1/2 cosa, consequently

' cosa
+ aQ/7rA ' J (1 + A2)1/2

= - 0.568(dC/coJK) cosa
16 ~ (1 + X)1 /2

(48)

(49)

Equations (48) and (49) must be added to the blade lift and
pitching moments presented in Eq (32). The induced drag
coefficient can be obtained from the over-all blade lift coef-
ficient (including corrections) as follows:

CDib = CLl
2/7rAe (50)

where e is the Oswald efficiency factor and may be taken as
0.80. This value is added to the sinusoidal base shown in
Fig. 4 at the corresponding angle of attack «o.

Results of the Computer Study

A computer program was developed utilizing the idealized
mathematical model presented. Some of the numerical re-
sults of interest are discussed in this section.
Region of Stall

The region of stall corresponds to a given angular range in
the blade orbit in which the blade stalls in the conventional

u. .6

8 .

<<

17 = 1.0

^
*5 90 135 180 225 270 315 360

S.C. DISPLACEMENT ANGLE, DEG.

Fig. 10 Resultant force coefficient per unit blace area
ratio vs the steering center displacement angle for a pitch

ratio of 1.0 and true advance ratios from 0 to 1.5.
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Fig. 11 Resultant force coefficient per unit blade area
ratio vs the steering center displacement angle for a pitch

ratio of 1.5 and advance ratios from 0 to 1.5.

hydrodynamic sense. As the blade undergoes a complete
orbit, it may experience the following possibilities.

1) It never stalls. This condition was found to occur
mostly in near-cruise conditions (A approaching 1 and d in
the vicinity of 0, which corresponds to a forward thrust
mode). This feature is true for the autorotation mode as well.
The allowable d was found to be more restricted for the curtate
(77 > 1) propellers than for the prolate (rj < 1) propellers.
For rj = 1.5, the allowable range was — 5 ° < 5 < 5 ° whereas
for rj = 0.5, the allowable range was —20° < d < 20°.

2) It stalls throughout. Complete stall throughout the
blade orbit came about under the following situations: a)
A == 1, 30° < d < 330°, rj = 1 and b) A = 1, 77 = 1.5, and
30° < d < 90° as well as 270° < d < 330°. The prolate pro-
peller was found to always unstall at some point in its orbit.

3) It stalls and unstalls twice per revolution. This con-
dition was found to be the most predominant case except when
A = 1 or 77 = 1. The stall-region pair was found not to be
symmetrical in B in either magnitude or direction primarily
due to the asymmetric contribution of hysteresis and Kramer's
effect. The vr-pitched (rj = 1) propeller was found not be
subjected to this condition throughout the range 0 < d < 360°
andO< A< 1.5.

4) It stalls and unstalls once per revolution. This region
bridges the aforementioned condition 1 or condition 2 into con-
dition 3 for the prolate and curtate propellers and spans a range
in d of approximately 15°. The ?r-pitched (77 = 1) propeller-
experiences a sudden change from condition 1 to condition 2
at values of A approaching 1. Otherwise, it stalls and unstalls
only once per revolution for all d.

.06

.03

\ § S.C. DISPLACEMENT ANGLE, DEG.

0 \45 90 135 180 225 270 /

— _——— A =0.0

T) x 0.5

// BLADE CHORD RATIO = 0.2

Fig. 12 Pitching moment coefficient per unit blade area
ratio vs steering center displacement angle at a pitch

ratio of 0.5 for advance ratios from 0 to 1.5.



APRIL 1970 CYCLOIDAL PROPULSION OF SUBMERSIBLES 71

—————— A = 0.5
———— A =1.0

BLADE CHORD RATIO = 0.2

............. A = 1 5
\
\ § S.C. DISPLACEMENT ANGLE. DEC.

\ 90 135 180 225 . 270 360

Fig. 13 Pitching moment coefficient per unit blade area
ratio vs steering center displacement angle at a pitch ratio

of 1.0 for advance ratios from 0 to 1.5.

Kramer's effect and hydrodynamic hysteresis produce
very similar consequences both qualitatively and quantita-
tively. Kramer's effect is associated with the angle of attack
rate a, whereas hydrodynamic hysteresis is associated with
the region of stall. These were found to rotate the resultant
thrust in a direction opposite to the blade orbit. A slight
variation in the magnitude of the resultant thrust vector was
present which for all practical purposes may be considered
negligible. The combined contribution of Kramer's effect
and hydrodynamic hysteresis was found to rotate the resultant
thrustline as much as 20° (roughly distributed 10° apiece).
At A = rj/\ = 1 and 5 = 0, Kramer's effect was conspicuously
absent since in this case from Eq. (12), ao — 0 throughout the
orbit and therefore a = 0.

Resultant Hydrodynamic Forces and Moments
Resultant hydrodynamic forces and moments can be de-

fined by a magnitude and direction. For the choice of direc-
tion of the force vector, it is convenient to define a resultant
force orbit angle BR measured from the drag axis since com-
ponent vectors would resolve into the resultant lift and drag.
For the choice of magnitude, the resultant force coefficient is
best presented per unit blade area ratio, by dividing CR given
in Eq. (35) by B

n s CR/B (51)

This coefficient can be directly compared with airfoil data
since the reference areas corresponding equally. A similar
definition is applicable to the pitching moment coefficient
which at A < 1 is the torque coefficient which the motor must
overcome in order to maintain a propulsive force

Cm = Cm/B (52)

< 0.3

___ _ A = o.
———— A = 0.5
____ A - 1.0
.............. A = L5

8 S.C. DISPLACEMENT ANGLE, DEC.

/**•. 90 135 180 225

77= 1.5

BLADE CHORD RATIO = 0.2

Fig. 14 Pitching moment coefficient per unit blade area
ratio vs steering center displacement angle at a pitch ratio

of 1.5 for advance ratios from 0 to 1.5.

EDGE BECOMES
IE ON THE NEXT

ING ELLIPTIC

STEERING CENTER
(LOCATION CONTROLLED BY STATIONARY SUN-GEAR)

Fig. 15 A wide-sweep belt driven 7r-pitched cycloidal
propeller (77 — 1).

In this case, the chord ratio must be stipulated since the
first term in (52) in Eq. (33) is a function of the chord ratio.
A chord ratio of 0.2 was employed in the computer study.
For small values of chord ratio, the blade area is predominant
and the definition given in Eq. (52) may be employed as an
approximation valid for the chord ratio range 0 < C/R < 0.25.
The resultant force orbit angle BR is plotted against d for
0 < A < 1.5 and 77 = 0.5 in Fig. 6. Figures 7 and 8 correspond
to a blade pitch ratio of 77 = 1.0 and 77 =• 1.5, respectively.
At hover conditions (A = 0), the relationship between OR and
d is linear and one-to-one. A 10° counterclockwise rotation
in d results in a 10° counterclockwise rotation of the resultant
force vector. At d = 0, the thrustline is approximately 250°
counterclockwise of the steering center. The idealized model
used by Seeley2 not employing either Kramer's effect or
hysteresis placed the vector 270° counterclockwise of the
steering center. The BR vs 6 linearity is lost for A > 0. In
the forward thrust mode (A approaching 1 from below and
— 20° < d < 20°), the slope of the BR vs d curve increases.
This increase was found to be more pronounced for the
curtate propellers. A 10° change in d (or the sudden surge of
a cross current for that matter) now results in a twenty degree
(or more) change in BR (autostability observed by Kirsten in
cross-currents). At A > 1, Figs. 6-8 clearly show that for all
d the thrust direction is restricted to —80° < BR < 80°.
Under these conditions, a drag component is, therefore, always
present and the vehicle cannot possibly be propelled. In
fact, for certain d, the forward velocity of the vehicle can

Fig. 16 A sample application of cycloidal propulsion on
submersibles.
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keep the propeller rotating and lateral forces can be achieved
by properly orienting d. The propeller is then said to be in
autorotation. The magnitude of the resultant thrust comple-
menting Figs. 6-8 is correspondingly plotted in Figs. 9-11,
thereby defining the thrust vector for all d, 77, and A con-
sidered here. At 5 = 0 and A = 1, the thrust vector vanishes
due to the fact that in this case the angle of attack is zero
throughout and that a symmetrical airfoil was employed in
this study. The highest force coefficient occurs at zero ad-
vance ratio, indicating that cycloidal propulsion is well
suited for underwater cargo handling operations at near
hovering conditions. The propulsion force decreases as A
approaches 1. The drag of the vehicle would, of course, de-
termine the value of the advance ratio at cruising conditions.
Low-drag and high-lift forces can be attained at \8\ « 45°
for all TJ. At apparent advance ratios X less than 1, the
TT-Pitched (rj = 1) cycloidal propeller was found to provide
superior performance, assuming, of course, equal blade de-
signs. The fore and aft symmetry required for rj = 1, how-
ever, imposes a fairly severe restriction. At apparent ad-
vance ratios greater than 1, the curtate (77 > 1) propellers
were found to excel. Figures 12-14 present the pitching
moment (torque) coefficients due to cycloidal action. The
positive moment coefficient in the low ranges of \d\ and A > 1
indicates that the propeller in autorotation tends to stabilize
at a true advance ratio of unity since the propeller must
speed up. For the middle ranges of d, the pitching moment
coefficient is always negative and the propeller would slow
down and may even come to a halt. Feathered autorotation
is mostly feasible at —45° < d < 45°. This range is broader
for the curtate propellers. In the powered mode (A < 1),
the moment coefficient is, in fact, the torque coefficient re-
quired for propulsion.

Conclusion
Kramer's effect was found to rotate the resultant propeller

thrust by approximately 10°. Cycloidal propellers at cruise

conditions were found not to stall and should be fairly quiet.
Excellent thrust control is exhibited in the powered and
autorotation modes for all advance ratios and pitch ratios.
Dynamic stability against cross currents in an inherent charac-
teristic of the propulsive mode and was found more pro-
nounced for the curtate propellers. The 7r-pitched propeller
exhibits the highest efficiency at apparent advance ratios less
than unity whereas above unity the curtate propellers excel.
Cycloidal propellers approach the efficiency of standard
marine screw propellers and exhibit the thrust dexterity of a
swivel jet. One such application in submersibles, employing
a Kirsten propeller (Fig. 15), is shown in Fig. 16.
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