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Constant-Frequency Hypervelocity Slings
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The dynamics of projectile acceleration in a slingatron ring that gyrates with a constant frequency is analyzed,
assuming that projectile sliding friction forces are negligible. It is found that projectiles injected into the ring can
accelerate for several turns around the ring to very high velocity, but must then exit before they start to decelerate.
The interaction can be formulated as a “soft elastic collision” between the projectile and the track displacement
wave that travels at high speed around the orbiting ring. Projectiles execute a swing in phaserelative to the traveling
wave as they accelerate and are thrown forward. The diameter of the slingatron in this case is smaller than for
a slingatron designed for phase-locked acceleration to the same velocity. This same phase swing approach could
be used to reduce the size of both ring and spiral slingatron mass accelerators. A multiturn spiral machine with
close turns approximates a ring and appears capable of launching a stream of projectiles to high velocity. Scaling
arguments indicate that both the friction coef� cient and the fraction of projectile mass lost in sliding to a given
velocity become smaller for larger projectiles.

Nomenclature
A = contact area of projectile bearing on track

resolved perpendicular to R
F? = centripetal force of track on projectile
f = orbiting frequency of ring, cps
L arm = total length of swing arm including load

and counterweight sides
m = projectile mass
Nturns = number of projectile transits around ring

to reach maximum speed
npairs = number of swing arm pairs distributed

along spiral
P = average pressure of gas in projectile bearing
R = radius of curvature of the track in the launch

tube ring
R1; R2; R3;etc. = radius of curvature of successive semicircles

for spiral construction
r = swing radius of ring orbital motion
T = dimensionless time as number of gyration

periods, f t
t = time
V = projectile speed relative to track
Vexit = speed of projectile relative to track at exit
Vlab = projectile speed in laboratory frame
Vwave = speed of displacement wave traveling around

ring, Rv=r
V0 = injection speed of projectile relative to track
v = swing speed of ring in laboratory frame
x; y = coordinate axes in laboratory frame
y� lm = thickness of projectile gas bearing � lm
® = ring radius divided by swing radius, R=r
¯ = multiplier for scaling dimensions

to a geometrically similar sling
1V = average gain in projectile speed per turn in

accelerating through the sling
´visc = viscosity of gas in projectile bearing
µ = angle between swing velocity v and projectile

velocity V
µmax = maximum value of µ during projectile

collision with wave
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¹roll = rolling friction coef� cient of bearings
¹slide = sliding friction coef� cient of projectile
¿scatt = angular scattering time averaged over atoms

and molecules in bearing gas
Á = phase angle of projectile position around ring
Ã = gyration phase angle of ring in laboratory

frame

Introduction

T HE slingatron mass accelerator is a device that implements
the simple principles found in the ancient sling. Unlike the

ancient sling, it appears capable of launching a stream of projec-
tiles with extremely high velocity. Spiral and circular versions of
this machine have been discussed.1¡9 Here we discuss the dynam-
ics of constant-frequencycircular machines and spirals with close
turns because these are relatively simple to construct and cover a
wide range of interest for applications.Data on the passage of fast
projectiles through curved tubes, along with potential applications,
have been discussed earlier.6

Figure 1 shows an example in which the guide tube is formed as a
two-turn spiral with close turns. The accelerator tube is mounted on
swing arms distributed along the spiral so that it can be powered to
execute a constant-frequencyhigh-speed orbital motion, that is, the
entire tube swings arounda small circleof radiusr withoutchanging
its orientation.The acceleratoris containedin a housing(not shown)
that could be evacuated to reduce air drag (if needed) on the high-
speed orbital motion of the launch tube. The acceleration is similar
to rolling a ball bearing around in a frying pan in a horizontal plane
and gyrating the pan around a small circle, except that the gyration
speed in this version of a sling is much higher and the projectile
slides around the spiral turns on its self-generatedgas � lm.

Projectiles accelerate around the spiral launch tube in the same
clockwise sense as the rotation of the swing arms. A projectile can
be either injected into the tube entrance, or can be released from an
anchored position in front of a blocked breech.

The arm pairs shown in Fig. 1 have center spindles. They also
have counterweights at one end of the arm that balance each arm’s
share of the centrifugal force of the orbiting tube and structure at
the opposite end. The side load forceson the center spindle bearings
are, thus, relatively small. The most stressed bearings are those at
the tube end of the swing arms, where the side loads on the bearings
must supportthecentrifugalforceof the orbitingstructure.However,
this force is shared by distributing closely packed arms along the
spiral, and by using two radial load needle bearings stacked in the
cylindrical housing in the top and bottom swing arms, for a total of
four bearingsper arm pair. The load capacitycouldalso be increased
by radial nesting of bearings.
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Fig. 1 Conceptual machine showing swing arm pairs distributed
around a two-turn spiral sling.

Fig. 2 Coordinate system with ring track radius R where projectile
of mass m travels with speed V relative to the tube; entire tube orbits
around its gyration circle of radius r with speed v in the laboratory x–y
frame without changing its orientation.

There are two kinds of friction involved in this mass launcher,
namely, the rolling friction of the sling bearings just described and
the sliding friction of the projectile as it slides on its evaporated
bearing � lm of hot gas. Both of these friction coef� cients appear
to decrease for mass launchers of increasing size, so that the ap-
proximation ¹slide D 0 used later may become more useful for large
projectiles.

Equations of Motion for a Frictionless Projectile
Sliding in a Ring Slingatron Tube Gyrating

at Constant Frequency
Figure 2 shows a projectile of mass m sliding in a circular guide

tube. For simplicity we assume that the projectile sliding friction is
zero, so that there is no force component acting on the projectile
parallel to the track. Sliding friction has been discussed in earlier

publications.2;6 In addition,the angularspeed PÃ is assumedconstant
( RÃ D 0/. The equations of motion for the projectile located at .x; y/
in Fig. 2 then become,

m Rx D ¡F? sin Á; m Ry D ¡F? cosÁ (1)

Assuming the projectile is constrained to slide in the circular track,
we also have

x D r sin Ã C R sin Á; y D r cos Ã C R cos Á (2)

When Eqs. (1) and (2) are combined , it follows that

R RÁ D r PÃ 2 sin.Ã ¡ Á/ (3)

The projectile speed in the laboratory frame is

Vlab D fR2 PÁ2 C r 2 PÃ 2 C 2r R PÁ PÃ cos.Ã ¡ Á/g0:5 (4)

and the projectile speed V relative to the track and the ring orbiting
speed v are

V D R PÁ; v D r PÃ D 2¼r f (5)

Dimensionless Parameters
Assume the circularguide tube is propelledby swing arms around

its gyration circle of radius r at a constant frequency f (cycles
per second ) and constant gyration speed v D 2¼r f: The gyration
phase angle is, thus, Ã D 2¼ f t . We express Eq. (3) in terms of
a dimensionless time variable T D f t so that T is the number of
elapsed periods. Equation (3) then becomes

@2µ

@T 2
C .2¼/2

®
sin µ D 0; µ D Ã ¡ Á D 2¼T ¡ Á (6)

where we also expressed Eq. (6) in terms of the dependent variable
µ (Fig. 2), that is, the angle between the gyration velocity vector v
and projectile velocity V. Note that Eq. (6) is also the equation for
a nonlinear pendulum.

The dimensionless variables are

T D f t ; ® D R=r (7)

and chosen initial values

Á.T D 0/ D ¡µ.T D 0/ D 0; V .T D 0/ D V0

³
@µ

@T

´

T D 0

D 2¼ ¡
³

@Á

@T

´

T D 0

D 2¼ ¡ 2¼

®

³
V0

v

´
(8)

Note that V0 is the initial projectile velocity relative to the tube
(inside the tube entrance) at T D 0. Making use of Eq. (5) and the
second part of Eq. (6) also gives a useful relation

@µ

@T
D 2¼

³
1 ¡

V

®v

´
(9)

Traveling Potential Wave Model
MultiplyingEq. (6)by@µ=@T , one can integrateand use the initial

values (8) to obtain the constant of integration.This gives

1
2

³
@µ

@T

´2

C .2¼/2

®
.1 ¡ cos µ/ D .2¼/2

2

»
1 ¡

V0

®v

¼ 2

(10)

Because the projectile motion is frictionless, we see that its accel-
eration can be viewed as due to the elastic collision of a traveling
potential wave with the projectile. The two terms on the left of
Eq. (10) are analogous to the kinetic and potential energies. Equa-
tion (10) can also be rewritten using Eq. (9) to substitute for @µ=@T ,
namely,

.1 ¡ V=®v/2 C .2=®/.1 ¡ cos µ/ D .1 ¡ V0=®v/2 (11)
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Fig. 3 Displacement wave of high speed Rv/r travels around the ring;
projectile injected atµ = 0 is overtaken by wave, so that µ > 0, then accel-
erates back toward the wave front due to work done by the centripetal
force.

This expresses the projectilevelocity V as a function of its injection
speed V0, ® D R=r , the relative phase µ , and the swing speed v.

Figure 3 shows the path of a projectile (relative to the traveling
wave) after injection with the chosen initial conditions (8). The gy-
ration of the rigid ring with constant speed v around its orbiting
circle of radius r causes a synchronous displacement of the en-
tire ring that appears as a traveling displacement wave with speed
Vwave D ®v D Rv=r . If the projectile injection speed is in the same
clockwise sense but less than the wave speed, that is, V0 < Vwave, the
wave overtakes the projectile.However, the projectile can continue
to accelerate for several cycles around the ring while in the relative
phase range ¼ ¸ µ ¸ 0.

Next note that the projectilewill have zero accelerationwhen the
velocity vectors v and V are parallel, that is, µ D 0 in Figs. 2 and 3,
so that cos µ D 1. In this case, Eq. (11) yields two roots,

V D V0; V D 2®v ¡ V0 D 2Vwave ¡ V0 (12)

The � rst rootcorrespondsto theprojectileinitialspeedV0 at thewave
front where µ D 0, and the second root corresponds to the return of
the projectile to the wave front at µ D 0 after its initial fallback
(relative to the wave) and later acceleration to a speed V > Vwave.
This second root (12) corresponds to a two-body elastic collision in
which the projectile is thrown forward by the wave traveling with
speed .R=r/v around the ring.

There is a minimum permissible initial speed V0 for the projectile
below which it will sink back relative to the overtaking wave and
entirely penetrate the wave, that is, the projectile will not be thrown
forward. To avoid penetration through the wave, we choose V0 so
that the projectile speed V equals the wave speed Vwave when it has
penetrated to a maximum permissible relative phase µmax. We will
discuss a choice for µmax subsequently,but for the general result we
substituteV D ®v in Eq. (11) and solve for V0 and use the resulting
value of V0 in Eq. (12) and � nd

V0 D
£
® ¡

p
2®.1 ¡ cos µmax/

¤
v

Vexit D
£
® C

p
2®.1 ¡ cos µmax/

¤
v

1V D 2v
p

2®.1 ¡ cos µmax/ (13)

where Vexitis theprojectilespeedin the slingat exit and1V is thegain
in projectile speed.We see that for large valuesof ® the exit velocity
becomes large because the projectile continues to accelerate while
making several turns around the track circle. This occurs because
the projectile interaction (as it � rst falls back and is then thrown
forward by the wave) can involve an acceleration time of several
gyration periods.

Note also that the projectile speeds [Eq. (13)] are relative to the
tube at the projectile location.In the laboratoryframe, the projectile
initial speed for initial conditions (8) is V0;lab D V0 C v. A similar
addition of v occurs at exit so that in the laboratory frame the exit
speed is Vexit C v because the exit is chosen to occur at the same
phase µ D 0. However, this zero relative phase with its maximum
speed for exit will generally occur at a different physical location
around the ring.

We next need an expression for the number of turns traveled
around the ring by the projectile for a speci� c choice of ®. This
requires integration of Eq. (10). Substituting V0 from Eq. (13) into
Eq. (10) gives

³
@µ

@T

´
D §2¼

³
2

®

´ 1
2

.cos µ ¡ cos µmax/
1
2 (14)

The projectile velocity gain (13) involves an interaction time in
which the projectile relative phase goes from µ D 0 to µmaxas it falls
back into the wave and then from µmax to 0 as it accelerates back
through the wave (like a surfer on an ocean wave). Because T can
only increase, in integratingEq. (14) we take the C root for the range
0–µmax and the¡ root for µmax–0. The total dimensionlesstime taken
for the projectile to accelerate to its maximum speed then follows
from Eq. (14) as

Texit D 1
¼

³
®

2

´0:5 Z
µmax

0

dµ
p

cos µ ¡ cosµmax

(15)

Furthermore, the number of turns Nturns traversed by the projectile
equals its path length divided by 2¼ R, and it follows from Eq. (9)
that

Nturns D 1

2¼ R

Z Texit

0

V dt D Texit (16)

The integral (15) can be expressed in terms of an elliptic integral of
the � rst kind, F ,

Z
dx

.a C b cos x/
1
2

D

r
2
b

F

³
°;

1

´

´
; ´ D

³
2b

a C b

´ 1
2

° D sin¡1

µ
b.1 ¡ cos x/

a C b

¶ 1
2

(17)

(See Gradshteyn and Ryzhik10 p. 154 for the result and p. 904
for the de� nition of F .) This is valid for b ¸ modulusa > 0 and
0 · x < cos¡1.¡a=b/. Using this formula with integrals (15) and
(16) gives for the number of turns to maximum speed,

Nturns D
¡p

®
¯

¼
¢
fF [¼=2; sin.µmax=2/] ¡ F[0; sin.µmax=2/]g (18)

Close-Turns Spiral Machines
The precedingsolutionsincludecases in which the projectilecon-

tinues to accelerate for several turns around a circular track. There
are various ways to design for projectile injection and its subse-
quent exit after a few transits around a single turn ring. However,
here we consider a “close-turns spiral” design that approximates a
ring for large ® D R=r because this has a simpler entrance and exit
than a ring, as shown in Figs. 1, 4, and 5. The spiral accelerator tube
could, for example, be con� gured as a series of semicircles (Fig. 4)
in which the semicircles have radii R1 , R2 , R3, etc., with closely
spaced alternate centers displaced by 1. The centers and connec-
tions between the semicircles lie along a diameter as shown by the
dotted line in Fig. 4. For this con� guration, the projectile speed V
is continuous in crossing from one semicircle to the next, but there
is a jerk RV as the projectile centripetalacceleration PV changes from
V 2=Rn to V 2=Rn C 1 . This would cause only a small disturbance in
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Fig. 4 Spiral constructed as a series of semicircles approximates ring
for large R; spacing 2¢ between distributed arms chosen slightly larger
than swing arm lengths.

Fig. 5 Two-stage slingatron with small R inner stage that feeds into a
large R outer spiral with three turns.

the projectile motion. Numerical solutions for spirals can be ob-
tained using Eq. (6), except that the quantity ®n D Rn=r changes as
the projectile crosses the series of semicircle boundaries,

R1 D ®1r; 0 · Á · ¼

R2 D ®2r; ¼ < Á · 2¼

R3 D ®3r; 2¼ < Á · 3¼; etc: (19)

For large ®, this design approximatesthe ring machine discussed in
theprecedingsections.The gapbetweenneighboringturns,although
small, must suf� ce for swing arms to be distributedalong the entire
spiralpathwithoutmutualcollision.Closepackingof thearms along
the tube has the advantage that the load on the swing arm bearings
can remain suf� ciently below their rated loads so that the machine
has a long lifetime. Furthermore, because the gap between turns is
relatively small for example, <2r , one could distribute a few radial
struts between turns to maintain its rigid structure. Struts could be
located at one end of a few arm spindle shafts (not on the spiral
tube) and orbit with frequency f around a radius less than r with a
swing speed less than v. Synchronization of the swing arms could
also be assisted by electronically synchronizing the drive motors.

Summary of Formulas and Examples
Equations(13) and (18) are the basic results for the family of ring

slingatrons and also provide approximate results for spirals with
closely spaced turns.We discuss some of the characteristicsof these
machines using a speci� c choice for µmaxin the equations.First note
that we cannot choose µmax D ¼ for the maximum relative phase at
the projectilere� ectionpoint in the wave (Fig. 3).This is becausethe
integral (15) diverges for µmax D ¼ , as is also evident from Eq. (18)
because F.¼=2; 1/ is also in� nite. The physical reason for this is
that the projectile will spend an in� nite time at the re� ection point

where it will ride along with the wave speed unless perturbed or
experiencing sliding friction.

For an example we choose µmax D 0:75¼ for the projectile re� ec-
tion point so that cos µmax D ¡

p
0:5. This leaves a margin for the

neglected effect of sliding friction. In this case, Eqs. (13) and (18)
give the injection and exit speeds V0 and Vexit , of the projectile rel-
ative to the track, the number of turns it cycles around the ring, and
the average velocity gain 1V per cycle,

V0=v »D ® ¡ 1:85
p

®; Vexit=v »D ® C 1:85
p

®

Nturns
»D 0:76

p
®; 1V=v D .Vexit ¡ V0/=vNturns

»D 4:87

(20)

We also note that for a spiral slingatron in which the projectile ac-
celerates in a phase-lockedmanner6 the outer radius is R »D r.V=v/.
For the same values of projectile speed, swing speed v, and radius
r , we see from Eq. (20) that the ring slingatron radius is smaller by
approximately

R.phase locked/ »D Rring.phase swing/
¡
1 C 1:85

¯p
® C 1=®

¢
(21)

This occurs because the projectile undergoes a swing in relative
phase (Fig. 3) that causes it to spenda longer time in the accelerating
phase range as it passes around the ring (or close-turns spiral) and,
thus, to gain energy for several cycles around the ring. Figures 6
and 7 show some plots of formulas (20), and we next consider three
examples.

Example 1: Two-Stage Machines Where Projectile Starts from Rest
Relative to the Tube

Figure 5 shows a two-stage example. For single-shot operation,
a projectile can be anchored inside the tube entrance of the � rst
small spiral before the gyration is energized. In this case, the an-
chored projectile is simply released with a zero speed relative to

Fig. 6 Ratios Vexit/v and V0/v as function of ® = R/r; injection and exit
projectile velocities V0 and Vexit are relative to the track.

Fig. 7 (Projectile exit velocity/injection velocity) and number of cycles
Nturns around the ring to maximum velocity, as functions of R/r.



TIDMAN 585

the tube when the swing velocity v is in the half-cycle for which
its centripetal acceleration has a forward component, so that the
projectile is pressed back against the breechblock. After its re-
lease, the projectile continues moving with the breechblock until
the swing velocity v becomes parallel to the tube (µ D 0/. The tube
then continues around its gyration circle, but pulls back so that
the projectile moves forward relative to the breechblock and starts
its acceleration around the small-radius “� rst-stage” spiral. After
reaching its maximum speed (returning to µ D 0/, the projectile
moves on into the “second-stage”large R spiral, where it is further
accelerated.

First Stage
Setting V0 D 0 for the projectile speed relative to the tube at the

beginning of the � rst stage gives, from Eq. (20),

® D 3:42; R D 3:42r; Vlab;exit=v D 1 C Vexit=v D 7:84

Nturns D 1:41; npairs
»D 15.2r=Lgap/ (22)

where npairs is the number of swing arm pairs (Fig. 1) distributed
along the � rst-stagespiral, and Lgap

»D 2r is the spacingbetween the
arm center spindles. An example for this � rst-stage spiral is swing
speed v D 125 m/s and exit Vlab;exit D 980 m/s. This small radius
“injectionstage”can also functionas an injector into a secondstage.

Second Stage
The second-stageclose-turnsspiral (or ring) has a projectileentry

speed V0 D 6:84v relative to the tube, so that fromEq. (20) it follows
that

® »D 13:7; V0=v »D 6:84; Vlab;exit=v D 1 C Vexit=v »D 21:5

Nturns
»D 2:8 ¼ 3; npairs

»D 121.2r=Lgap/ (23)

For example, a swing speed v D 125 m/s gives Vlab;exit
»D 2:68 km/s.

Example 2: Single-Stage Machines with Finite Injection Speed
Relative to Launch Tube

Consider a projectile injected with a speed V0
»D 737 m/s relative

to the track into a sling orbiting with a swing speed v D 200 m/s,
for example, a gun injection speed of 937 m/s in the laboratory
frame. For this case Eq. (20) gives ® »D 9:34 and a projectile exit
speed Vexit

»D 3 km/s (3.2 km/s in the laboratory frame) achieved in
Nturns

»D 2:32 turns.

Example 3: Two-Stage High-Velocity Machines
Figure 8 shows a conceptual two-stage sling in which a projectile

is injected, for example, using a low-jitter gun, into the inner-turn

Fig. 8 Projectile accelerates through inner spiral, returns to a relative
phase µ = 0 with its maximumspeed, and enters the larger second spiral
with µ = 0, where it is again overtaken and thrown forward by a faster
wave.

entranceof the spiralat a phase angleµ.T D 0/ D 0. Injectionoccurs
when the spiral tube entrance is aligned with (and moving away
from) the gun tube. Once in the spiral launch tube, the projectile
is then overtaken by a transverse displacement wave with velocity
®1v that accelerates the projectileand throws it forward, so that after
three turns it returns to the relative phase µ D 0 at the leading edge
of the wave but with much higher velocity (Fig. 3). It then passes
smoothly into a larger close-turnsspiral, where it is again overtaken
by a much faster wave of speed ®2v > ®1v and is overtaken and
thrown forward to still higher speed by this second elastic collision.

An example of a two-stage system with gun injection into the
� rst stage, for acceleration of projectiles to very high velocity, is as
follows.

Stage 1:

V0;1=v D 10:9; ®1 D 19; Vexit;1=v D 27; Nturns;1 D 3:31

Stage 2:

V0;2=v D 27:0; ®2 D 38:5; Vexit;2=v D 50; Nturns D 4:72

If future engineering develops so that a swing speed v D 400 m/s
becomespossible,thiswouldgive an injectionspeed V0;1

»D 4:4 km/s
and exit speed Vexit;2

»D 20 km/s.
Note that this is based on a zero-frictionmodel, and there is cur-

rently no experimental data for projectile sliding friction and mass
loss at velocities beyond a few kilometers per second. However, in
the scaling section, we present an argument that the projectile slid-
ing frictioncoef� cient and mass loss might decreasewith increasing
projectile size.

Projectile Feed Approaches
There are several ways to feed a series of projectiles into an or-

biting spiral tube, and we give three concept examples. Figure 9
shows a gun injection system as used in example 3. The projec-
tile is injected into the spiral entrance when the entrance tube is
aligned with, and moving away from, the gun tube, that is, µ D 0
at t D 0, as assumed for Eq. (13). It appears practical to meet the
timing requirements with a low-jitter gun so that projectiles could
be launched across a gap and reproducibly enter the tapered cone
entrance of a spiral orbiting tube.

Figure 10 shows a second approach, in which an injection block
executes a linear oscillation on rails.9 It brie� y comes to rest at its
maximum amplitude on the right side of the rails, where it picks
up a projectile at the feed block. The center piston then carries the
injection block with its projectile back along the rails to the left,
after which it returns and passes through its center position very
close to the spiral entrance with the same velocity as the entrance.
The projectile is injected during this close pass. For this injection
scheme, µ D ¡ ¼=2 in Fig. 3 at injection, but can be restored to
µ D 0, t D 0, when it enters the spiral � rst turn by use of a short
straight drift section of tube at the beginning of the spiral.

The third example (Fig. 11) shows a centrifugal feed system9 in
which a tube shaped like a crank arm extends perpendicular to the
spiral plane. The lower pivot swings around the gyration circle, and
the upperpivot is stationary.A projectilepunchedinto the stationary

Fig. 9 Gun injection of projectiles into a gyrating spiral sling.
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Fig. 10 Concept in which projectiles are injected from a feed block
that linearly oscillates on rails and matches speed and position with the
spiral entrance.

Fig. 11 Projectiles are fed into a stationary feed inlet, accelerated by
centripetal force in the rotating feed tube, and then pass down into the
gyrating spiral accelerator.

feed inlet is accelerated by centripetal force to swing speed v as it
moves out through the tube between the pivots. It then passes down
into the spiral,where it is furtheraccelerated.This has the advantage
that the entrance tube is stationary and connectscontinuouslyto the
gyrating spiral, but the feed involvesa small radiusof curvaturetube
that limits the projectile length.

Scaling to Larger Geometrically Similar
Slingatrons and Projectiles

Suppose a slingatron has been designed and operates success-
fully to accelerate projectiles of mass m to velocity V . Consider
what happens if one built a geometrically similar system with the
same values for the swing velocity v and projectile velocity V , that
is, a system with all its spatial dimensions (including those of the
projectile)multipliedby¯ whileholdingv and V constant.The mass
of all components including the projectile would then increase by
a multiplying factor ¯3. However, the swing radius r and the ring
(or spiral) radius R and swing period f ¡1 would all increase as ¯,
so that all centrifugal accelerations would decrease as¯¡1 , and the
centrifugal forces would thus increase as ¯2. However, because the
strength of the swing arms is proportional to their cross-sectional
areas, that is, to ¯2 , it follows that the scaled swing arms would be
mechanically viable. Note also that the bearings at the end of the
arms have rated loads that are proportionalto their side areas, that is,
to ¯2 , and rated revolutionsper minute proportional to ¯¡1. Finally,
the impulse per unit length delivered to the launch tube, mV=R,
is proportional to ¯2, and the launch tube mass per unit length is
similarly proportional to ¯2, so that the tubes’ ability to contain the
projectile impulse per unit length remains the same. We see that the
entire geometrically similar scaled-up sling appears mechanically
viable.

A check of the lowest frequency transverse mode of a span
of launch tube between neighboring swing arms shows that its

frequency6 scales as ¯¡1. Because this is the same as the swing fre-
quency scaling, f / ¯¡1, resonance between the launch tube trans-
versemodes and the swing frequencycontinuesto be avoidedfor the
scaled-upsling. Next we consider the two basic friction coef� cients
in the system.

Scaling of Rolling Friction Coef� cient
The rolling friction coef� cient of the roller bearings is usually

expressed as ¹roll D k=rroller , where k is a constant dependingon the
surface quality of the rollers and race,11 that is, ¹roll is proportional
to ¯¡1. The machine thus dissipates its orbitingkinetic energy more
slowly for larger systems.

Scaling of Projectile Sliding Friction Coef� cient
Physical processes in the gas bearing involve evaporation out

blowing from the low-conductivityprojectile (or sabot) contact sur-
face, high shear gas dynamics with possible turbulence driven by
track asperities, thermal conduction into the track, radiation trans-
port, and a slight tilt in the projectile due to accumulation of gas
toward the rear of the projectile (Fig. 12).

To obtaina size scalingguideline,we greatly simplify the preced-
ing picture and assume the gas � lm behaves like a simple laminar
gas � ow between surfaces in relative motion and also note that the
average pressure in this � lm is P D .mV 2=R A/, which scales with
system (and projectile)size as P D const for a given V . The projec-
tile friction coef� cient can then be written approximately as

¹slide D .drag=area/

.mV 2=R A/

D ´visc

³
@V

@y

´¿
P / .P¿scatt/.V=y� lm/

P
D ¿scattV

y� lm
(24)

where we expressed the viscosity ´visc of the gas � lm in terms of
the gas pressure P and the average atomic scattering time ¿scatt

for momentum transfer collisions in the gas and y� lmis an average
thickness for the gas bearing.

We next note that the viscous drag power ¹slide F? V scales as
¯2=y� lm . Also, the power lost into the hot-gas wake behind the pro-
jectile scalesas y� lm¯ (¯ accountsfor the bearingwidth) becausethe
bearing gas pressure and energy density scale as a constant. Equat-
ing these two powers, that is, neglecting energy loss into the track
heating, gives for the gas bearing � lm thickness y� lm / ¯1=2 and for
the friction coef� cient (24), ¹slide / ¯¡1=2 .

The projectile mass loss 1m in sliding to velocity V can be cal-
culated by noting that Pm is the gas loss rate from the bearing into
the wake and integrating over the acceleration time (that scales as
¯/. The scaling estimates for similar v and V machines can then be
listed as

y� lm / ¯
1
2 ; ¹slide / ¯¡ 1

2 ; .1m=m/loss / ¯¡ 1
2 (25)

where we also assumed that the bearing gas temperature is a func-
tion only of velocity V for the geometrically similar constant-P
family of slings. Although results (25) are based on an extremely
simple model, they suggest that the projectile friction coef� cient

Fig. 12 Projectile shown in frame where projectile is at rest and the
track slides to the right with speed V.
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and total mass loss fraction for a given � nal velocity may decrease
for increasing projectile size.

Equation (1) in Ref. 6 provides an approximate equation
for the acceleration dynamics including friction, from which it
follows that projectile acceleration continues for the velocity
range V < .v sinµ /=¹. Very little data are currently available for
evaporation-supplied gas friction coef� cients at high velocity, al-
though ¹ is expected to be a function of both ¯ and V . Experimen-
tal data6 for small polycarbonate projectiles of mass 0.78 g gave
¹ »D 0:02 at 2 km/s, so that for a swing speed v D 200 m/s and phase
angle µmax D 3¼=4, the preceding acceleration condition would be
V < 7:07 km/s. However, if the gas � lm friction decreases as in re-
sults (25), that is, as m¡1=6, and we scale from the small mass value
¹ D 0:02 for 0.74 g to the value ¹ D 0:0041 for a 10-kg projectile,
the acceleration range becomes V < 34 km/s. Assuming the pro-
jectile accelerating force is required to be at least twice the sliding
friction force, the practical velocity limits for the above examples
would become3.5 km/s for 0.74 g and 17 km/s for 10-kg projectiles.

Conclusions
The ring and close-turns spiral mass accelerators discussed here

are smaller than the phase stable machines discussed earlier. The
closeness of neighboring spiral turns also allows cross struts or-
biting with swing speed less than v, the same f , and radius less
than r , at the ends of a few arm center spindle shafts, to assist
synchronism of the orbital motion when powered up to speed. The
principal issues for the slingatron concept are 1) to design and fab-
ricate machines capableof high orbital speeds with a long statistical
lifetime for the bearingassembly, togetherwith componentsfor pro-
jectile injection, and 2) to obtain data and physics models enabling
one to minimize the sliding friction coef� cient and mass loss of
projectiles.

The particular design approach shown in Fig. 1 shows � at hor-
izontal swing arms that must be spaced around the ring with gaps
of length greater than L arm . This design is attractive for an initial
demonstratorbecause it would be simple to fabricate and is capable
of swing speeds greater than 100 m/s. However, the launch tube seg-
ment mass that must be carried per arm determines the maximum
swing speed that can be obtained with bearings that are available
and can be packaged at the tube end of the arms. Both axial stack-
ing and radial nesting of bearings at the arm ends appear useful for
increasing load capacity.

For futuredevelopmentsonecouldalsodesignswingarmsthat are
oblique to the swing plane. These could be deployed more closely
around the ring,6;9 thus, reducing the mass per arm pair that must
be carried and, in turn, allowing a higher swing speed. The com-
bination of oblique arms with possible reciprocating machinery6

(which eliminates individualcounterweights)may allowevencloser
spacing of swing arms and, if combined with the use of advanced

materials, might lead to machines capable of swing speeds v > 400
m/s (correspondingto projectilegainsgreater than 2 km/s/turn).The
value of increasing v (swing) is apparent from Eq. (20), and it also
reduces the sliding distance for projectile mass loss.

Construction of a high-velocity slingatron would provide me-
chanical data that would be useful for further development and also
data for the sliding friction and mass loss of projectiles. The “res-
idence time” of gas evaporated from a projectile into the bearing
� lm is longer for larger projectiles because they have a larger bear-
ing contact area. This may result in a thicker gas � lm, a smaller
sliding friction coef� cient, and a smaller fractional mass loss from
the projectile.Thus, large projectilesappear capable of surviving to
much higher velocity than small projectiles.The mechanical rolling
friction coef� cient of the sling machinery also appears to decrease
for machines of larger size.
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