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Abstract 

SERAPHIM technology  appears capable of efficiently  driving a tip  driven fan. If the motor  is 
powered  using  an  inverter  and resonant circuit, the size and  weight  could  be  considerably  below 
that of a comparable rotary  electric  motor. 
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A Tip  Driven  Fan  Based on SERAPHIM Technology 

I. Introduction 
A conceptual design of an electric impulse,  tip  driven  fan  using SERAPHIM (Segmented 

Rail  Phased  Induction Motor) technology [ 11 is presented. As shown in Figure 1, the basic SER- 
APHIM consists of  two  wound pancake coils, one powered and one shorted, in  which an alter- 
nating  current is injected in the former,  inducing  a  current  in  the  latter. The force  between the 
coils is  the  product  of the currents times the  gradient  of the mutual  inductance, M. Since the 
induced current is  proportional M, the force is proportional to M  dM/dx,  plotted in Figure 2 for 
various  axial  gaps,  g. The thrust stops when the coil centers are slightly  over  a  radius  apart. The 
passive coils typically  lie  end-to-end  along  a  roadbed  and  an  array of powered coils is on a  mov- 
ing  vehicle. For the ducted  fan,  the  passive coils could be along  the  circumference and the pow- 
ered coils placed  in  fixed  locations around the  rim. 

- a -  
Figure 1.  Basic SERAPHIM: a  powered (hatched) ‘>ancake” coil and a  similar shorted coil. 
The  interaction of the primary and induced currents  produces  a repulsive force. 
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Figure 2. Normalized force, -M dM/& as  a  function of position for various gaps.  Symbols 
defined in Figure 1. The  coil  heights, h l  & h2,  are baseline values defined in the next section. 
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11. The baseline design 
Several options, each with  their own strengths  and  weaknesses,  will  be  presented.  Only 

one, a baseline design,  will  be  examined  in  detail. 
The baseline  configuration,  shown  in  Figure 3, has an array of shorted  coils  extending 

past  the rim of a rotating fan, and  three  motor  sets,  each  with 3 pairs  of coils spaced 113 diame- 
ter  apart.  Opposing  motor  coil  pairs  are  connected  in  series.  Unlike  the  configuration  in  Figure 
1, two  motor coils interact  with a fan  coil. The baseline  has a 2 meter (6 feet) diameter  fan  rotat- 
ing  with a tip speed of 230 d s .  The three  motor  sets  deliver a nominal 1 kNT (225 lbf)  of force 
at the  tip,  corresponding  to a power  input of about  230  kW (300 HP). All  coil  diameters  are 12 
cm so there are 56 coils around the rim. The thicknesses  of  the  motor  and  fan coils are 3 and 1 
cm, respectively,  and  there  is a 1 cm gap  between  them. The conductors  in  each are assumed to 
fill  66%  of the cross-sectional  area, the remainder  being  taken  up  by  insulator,  cooling  structure, 
and  support.  Their  operating  temperatures  are  both  assumed to  be 100 C.  The coils that  rotate at 
the rim  of  the  fan  should be as  lightweight  as  possible, so they are aluminum. The stationary 
motor coils are copper,  which  is  heavier, but a better  conductor. The mass of the  conductor  in a 
motor  and  fan  coil  is  2.6 and 0.26 kg, respectively, so the  total  conducting  motor  mass  is  18 x 
2.6, or 47 kg (103 lb) and the  total  conducting  rotating  mass  is 56 x 0.26, or 14.6  kg (32 lb). 

The location  of the moving  fan coils with  respect to the motor  sets is sensed, and power 
is  switched  to  that  motor  coil  pair  which  provides  the  largest  thrust. Switching is done at  current 
nulls  to  avoid  arcing. The frequency  must be high  enough  to  permit  switching  near the optimum 
time. For the specified coil radius (6 cm) and  rim  speed (230 d s ) ,  the frequency  should be con- 
siderably  larger  than 1/2 x 230 d s  / 0.06  m - 2 kHz. The factor  of one half  arises  because  two 
current  crossings  occur  in a period.  Ideally, a coil is  switched  on  when  it  is coaxial with a fan 
coil  and  remains  energized  until  it  moves  half  its  diameter,  as  depicted in Figure 1. 

Figure 3. Front  and side views of a 2 met er fan with three motor sets, each  with 3 coil 
pairs  (red) 1/3 diameter  apart, and 56 adjacent  passive  coils (blue). All coils are 12 cm in diam- 
eter. 
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The motor coils have a very large inductance, so that  at  peak current, the  stored  energy is 
high. As the  current diminishes, most of this energy returns to  the source. Only a small fraction 
is used  to produce the desired force, and  the  unwanted parasitic heat. One way to power such a 
motor is with a resonant  LC circuit in parallel with the voltage source,  as shown  in  figure 4. The 
electrical energy sloshes back  and forth between  the capacitor and  the inductive coils. Ideally, 
the source merely  adds  what is consumed. Thus, while the circulating power may be large, the 
input can be  only slightly above  the average, reducing the  power demands on the source. The 
input voltage is determined by the desired thrust. This, together with  the resonance condition, 
requires that  when  the capacitor voltage, Vc, is rising, the input voltage is 210 V; when it  is fall- 
ing, the input is -210 V. The motor coils have 21 turns and  the  fan coils have 100 turns. Their 
resistances, Rm  and  Rf, are 4 and  57 dl and their inductances, Lrn  and  Lf, are 35 and 100 pH, 
respectively. The resistances, Ra  and  Rb, are both  taken to be 1 m Q  the inductance, La, is 10 
mH and the  capacitance, C, is  73 pf. 

Prime 
Power V C 7- 

v d i t  v 
Lf 

Figure 4. Motor  circuit. A square wave  voltage source drives  a  parallel resonant circuit. Rm and 
Lm are the resistance and inductance for  the powered  motor  coil  pairs. Rf and Lf are the values 
for the shorted fan  coils. M is the time-varying mutual inductance between them. Power  is 
switched  (switches not shown) among the  three motor  coil  pairs. There are many fan  coils. 

Modeling is done with the Sandia code SERMOTOR,  which solves the coupled circuit 
equations. The steady state results for  a  single motor set  are plotted as  a function of time in Fig- 
ure 5. Figure 5a  gives the source and capacitor voltage. The 210 volt square pulse produces 
about 1.8  kV  peak  on the capacitor. Figure  5b plots the current through the  coil,  the capacitor. 
and the source. Figure 5c shows  which of the 3 motor coil pairs is being powered. Figure 5d 
plots the instant and average force on  the  fan coils.  The  three motor sets produce about 1 kNt 
average force. Figure 5e predicts that, without cooling,  a motor coil’s temperature will rise 2.5 
degrees centigrade per second. The fan coil rise is below one degree per  second. Figure 5f 
shows how the input power is distributed. The circulating inductive power,  which is not shown, 
peaks as high  as 3 MW.  Were it not for the resonant circuit,  this would  have to be provided by 
the power source. With the  circuit, the  peak input power is only 150 kW, a factor of 20  less. The 
efficiency,  defined as the average kinetic power  divided by the average input power (71 kW / 99 
kW), is about 72%. 
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Figure 5. a)  Source and capacitor voltage: b)  coil, capacitor; and source current: c) active 
motor  coil; d )  instant and average thrust: e) instant and average temperature rise: fi power 
budget  with averages. 
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111. Design issues 
Approximately  2  kW  of  heat  must  be  removed from each of the 18 motor coils and 100 

Watts from each of the 56 fan coils, The motor  probably  requires  liquid  cooling,  but  perhaps  the 
rapidly  moving  fan coils can be  air  cooled. The 1 cm gap  between  the  motor  and  fan coils is the 
electrical  separation. Much of  the  actual  space  will  be  taken  with cooling and  structural  support. 
If this proves  to  be  insufficient, the gap can be increased,  but at the cost of  reduced  performance. 

As  Figure 5a shows, the frequency  of  operation  is  about 4 kHz. The skin  depth  of copper 
(q = ohm-m) at  this  frequency,  is 0.8 mm. The cross sectional area of the copper in  a  motor 
coil  (taking into account  the  fill factor) is 6 cm x  3 cm x 0.66 = 12 cm2  and  there are only 21 
turns,  meaning  that  the wire diameter  is  about 8.3 mm,  much  bigger  than  a skin depth.  Using 
wire  strands  with  diameter  larger than the skin depth increases the AC  resistivity. To avoid  this, 
Litz cable, consisting of many  small  braided  wires  in  parallel, can be  used.  While  this solves the 
electrical  problem,  its  makes  heat  removal  more  difficult.  Increasing  the  number of turns  would 
also reduce the wire  diameter,  but  would  increase the inductance. As we shall see, the lower 
inductance is instrumental in keeping  the  capacitor  mass  down. 

The centrifugal  acceleration,  v2/r, at 1 meter radius  moving  at  230 d s ,  is 5 . 3 ~ 1 0 ~  d s 2 ,  
or 5400 gravities. Thus, a rim coil  weighing 0.26 kg feels an outward force of 14 kNt (3 160 Ib), 
considerably  more  than the thrust it gets from a  motor coil. 

It might  be  necessary to reduce the  surrounding  magnetic  field  by  using  ferromagnetic 
shields. These would be slotted  to  suppress  eddy  currents.  Preliminary  investigations  indicate 
that shielding could  actually enhance motor  performance  by  increasing the coil inductance.  Any 
benefit  must, of course, be weighed  against  the  added  mass. 

The baseline  geometry, Figure 6a, was  chosen  to  maximize  motor  performance  with 
minimum  rotating  mass. In this  configuration  the two motor coils in  series  repel  the  fan coil and 
attract each other,  creating  a  variable  torque  as  the  fan coils move  between  them. Because of  the 
symmetry, there is no net  sideways force on  a  fan  coil.  Other  configurations  are  possible. There 
could be  just  one row  of  motor coils and pairs  of  fan coils as  in Figure 6b. This has  comparable 
efficiency,  but it doubles the  rotating  coil  mass  and  reduces  access to the motor. It also  produces 
a  net  outward force on the  fan  coils. The fan coils could also be placed  transversely and a single 
motor  coil  could  power  it from outside the rim as in  Figure  6c. This is somewhat  less  efficient. It 
produces  a  net  inward  radial  force on the fan coils and  might  require  a  larger  gap  to  accommo- 
date the  radial  motion. 

Motor 
Coil 

Fan 
Coil 

/ \ 
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I I I 
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Figure 6. Possible  tip mounted fan  drive  geometries. a )  Baselin 
either  side of the passive  coils: b)  one  powered  between the pass1 

I 

I I 
I I 

I C 
I 
I 

.e with  two  powered  coils  on 
!ve coils; c )  single sided,  with 

one powered coil outside the passive  coils. Fan indicated  by  dashed  lines. 
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The  baseline has  three  motor sets each with one power  supply,  but  more of either could 
also be used. The roles in Figure 3 could be reversed, having  motor coils completely surround- 
ing a few sets of  fan coils, reducing  the rotating mass,  but increasing the electrical complexity. 
O r ,  both the rim  and  motor  could be densely  packed  with coil sets have  different periodicity so 
they are not all in phase. With this geometry, up to half  the  motor coils could be active at any 
time, increasing the  duty  cycle from 1/3 to  1/2. Clearly, for the same total force, using more 
coils,  either in  the motor or  on the rim, reduces the stress and heating load on individual coils. 

IV. Scaling and sizing 
All currents  scale directly  with  the applied voltage. Power, force, and heating scale as  the 

applied voltage squared. Most  of  the results in Figure 5 depend on the coil size and  tip speed, 
not the fan diameter.  Halving  the  fan diameter, while keeping the same coil  size and tip speed, 
doubles the centrifugal force and  fan coil heating rate (as there would  be fewer of them), but 
does not otherwise alter the performance. Reducing the coil size along with  the  fan diameter is 
another story. As Figure 2 indicates, the performance of the motor depends on the ratio of the 
gap to the coil diameter, g/a. For 1 cm gap and 12 cm diameter  coil,  this ratio is 0.083, which 
places it  fairly  low  on the normalized force axis. To achieve comparable performance with half 
sized coils requires not  only a proportional reduction in  the already small gap, but a doubling of 
the  frequency. On the other hand, using larger coils can improve both  the electrical and thermal 
performance, but  at  the cost of increasing the rotating mass. 

AC ca acitors  are characterized by  VAR’s, the peak energy times the angular frequency, 
1/2 oCVw,?  With C = 73  pf, Vpe* = 1.8 kV, and o = 2x x 4000 Hz, a total of 2970 kVAR is 
required. GE Industrial Systems (Ft. Edward, NY) produces a commercially available AC 
capacitor, designated 19L0299WH, with  the following catalogue specifications: 3000 kVAR, 
1250 Volts RMS, 2400 Amps RMS, at 4 kHz. It’s width, length, and  height are 5.12, 13.5, and 9 
inches respectively and it weighs 38 lb. One of these capacitors satisfies the electrical demands 
for a single motor set. 

Marvin Bone of the  Bone Frontier Company (Brighton, CO; 800-379-BONE) estimated 
that an inverter, indicated by the square wave voltage source in Figure 4, capable of delivering 
300 kW at 650 volts  might be about 40 x 40 x 20 inches and weigh some 250 Ib. One unit could 
power  the three motors in series. These devices are intended for use in induction heating where 
they sit on a factory floor,  where size and weight may  not be critical. Were these issues to 
become important,  it is possible that smaller, lighter units could be developed. 

The analysis  done here does not include the prime power source, which  will obviously- 
add to  the size and  weight. The size and weight estimates of the other components are summa- 
rized  below. 

Component 

Motor coils 
Fan coils 
AC Capacitors 
Inverter 

Total 

Number Size (cu. f o  Weight rib) 

18 
56 
3 
1 

0.22 
0.22 
1 
19 

103 
32 
115 
250 

20.44 500 
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Switching can be done  with thyristors, such  as the Silicon Power (Exton, PA)  model 
c718, rated at 5 kV  and 750 Amps. These are  the size of a hockey puck and, compared with the 
capacitors and inverters, do not contribute significantly to either the size or weight, at least for 
the baseline design. 

For comparison a 300 HP electric motor rotating at approximately 2200 RPM, as in our 
baseline, would weigh at least  3000 lb and  have  an  efficiency  in  the mid 90% (a good reference 
can be found at www.electricmotorwarehouse.com). This, too, excludes the prime  power. 

There is, obviously, considerable flexibility in both the  basic design and the  circuit 
parameters. For example, the motor coil wire size can be reduced by using more turns, increas- 
ing their inductance. This requires less capacitance to producer the 4 kHz resonance, which, in 
turn, needs increased voltage to deliver the required energy. The search for AC capacitors and 
power supplies that  would satisfy these demands, however, yielded only ones that were larger 
and  heavier, often requiring multiple capacitors in series. 

V. Summary 
A first cut at determining the feasibility of a tip driven ducted fan  powered by SERA- 

PHIM technology has been attempted. There is considerable design flexibility in the motor con- 
figuration. The goal here was to minimize the total size and  weight. Details of the  thermal and 
stress management were  not considered, but assuming these can be successfully achieved, an 
efficient design appears feasible.  The total size and weight could be considerably below that of a 
comparable rotary electric motor. 
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