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The results for an experimental S*udv

duction generator oparating on a ligu
the desian philosophy and the experimen e 3o sign are briefly
summarized, including a description of the fiow ?omp and xna#rumon?ai fon.
Mext The measurements without the fluid or fluid c¢hannel are presanted,
fotlowed by the results obtalned for the fluld fiow without the magnetic
field. Finally the various generator test results are presented.
Included are normal operation when excited from the GD-hertz power line,
and cperation from the power line with the end coils shorted to reduce
magnetic frinaing., Both of these cases were also OPC“Ll(d in the
self-excited mode with external capacitors to supply the reaquired reactive
power.  The harmonic content of the Terminal voltage was measured, hy-

pothetical accidents simutated, and two-wavele tests performed.
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SECTION |

INTRODUCT 1ON

The study of the MHD induction generator for liquid-metal power systems
was started in 1962 when Jackson and Pierson [{J* first showed fthat the device
was not practical with typical MHD plasmas but was attractive with liquid
metals. The next step was to couple The induction generator with the first
two-phase cycle, proposed earlier in 1962 by Elliott [2], and thus to obtain
a feasible cycle utilizing a liquid flow in the generator and producing AC
directiy. Since then the two-phase cycle combined with the induction generator
has been under consideration by many workers [ 3-81, and appears to be the closest
to actual utilization [8].

in the past several years there has been considerable theoretical study
of the induction generator [9-16], and the device is now much better under-
stood. However, the value of these theoreticsl studies is |imited because of
the complexity of the device, so thal it is not possible fo develop a fruly
comprehensive analytical treatment and any design must rely fo some extent on
engineering judgements. The theoretical predictions are good at high slip
values, where the individual loss mechanisms other than ohmic loss in the
fluid play a small part in the total picture. However, at the low values of
slip required for a highly-efficient generator these other toss terms become
significant, because the ohmic loss is now propertionally much smaller, and
result in discrepancies between the expected and the actual experimental per-
formances [ 17].

In the tight of the considerable recent theoretical progress, and the lack
of equivalent experimental correlation, it was felt that a careful, detailed
experimental program was required so that these relatively small but important
discrepancies could be explained and corrections made in the theory and/or
design practice. To this end, a generator has been designed and built to
operate on an addition to the existing NaK flow loop at the Argonne National
Laboratory.

In Section Il the design philosophy, the experimental generator, and
the facility are briefly presented. The design is described in more detail
in a previous report 18], which also includes a summary of the theory. The
experimental results are given in Section [1l. The magnetic field with no
fluid and the fiuid flow with no magnetic fleld are first measured. Then a
series of generator measurements are summarized and discussed,

Numbers in brackeTs references at the end of the report.



SECTION 1

EXPERIMENTAL GENERATOR AND FACILITY

2.1 DESIGN PHILOSOPHY

The basic objective of This experimental program is to gain further under-
standing of the operation of the MHD induction generator, and in particular
to examine the discrepancies between the expected and the actual performances
at low slips. To this end it is desired:

L.

Te build a machine whose performance, whatever 1s may be, can be
accurately predicted. This requires a simple design.

To do a careful, controlled experiment. This has not been ade-
quately done previously becasuse most earlier experiments were not
capable of steady operation.

To design a generator capable of reaching a high enough slip,

say s = ~0.8 as shown by previous experiments [[17], so That the
losses which cause the discrepancies st small siips are no longer
significant. This provides a check point on the performance.

To build a cne-wavelength generator as this appears 1o be best

for matching to a power cycle and system. The longer wavelength

of the one-wavelength machine yields a stronger interaction between
the fluid and the traveling field and a better power factor. How-
ever, more than one slot per phase per pole should be used to allow
operation as both a single~ and a multi-wavelength machine simply
by reconnecting the coils and to obtain a beiter approximation to a
pure Traveling magnetic field.

To include provisions for a careful study of the end losses,

which will be significant 1f proper corrections are not included

in the design. This means that the machine must be capable of oper-
ation with and without both compensating poles and vanes in the

end regions.

To wind the exciting coils In such a fashion That the current

in each slot can be Independently controlled, alifowing grading of
The winding for end studies and balancing the phases. This is ac~
complished by winding each coil around the back of the core so that
each coil is in only one slot, and by including a tap 10% from the
end of each coil.

To build a machine That is capable of self-excited operation as

a generator. This is not only necessary for a practical machine



bt facking a variable~freguency OWer source, it allows much
3 = d
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greater experimental flexibility. It should also be capable of
operationfroma 60~hertz three-phase power |ine.

8. To include provision for operation with a ftwo-phase (iiquid and
vapor) mixture as this is expected for practical power systems.

These above points formed the basic framework for this generator design.

To achieve the above major points,and to obtain the maximum amount of in-
formation from a single traveling-field structure or stator, a constant-field and
fluid-velocity generator was chosen as this has more experimental flexibility
than the variable-fluid-velocity generator with either constant or varying field
velocity. More important, the variable-velocity machine would not yield the
controlled experiment desired because of the interaction between the end
and variable-velocity effects. It was felt that the major areas where informa-
tion was required were end losses and operation with two-phase working fluids,
and that i+ was preferrable to concentrate on points |, 5, and 8 and leave
variable field velocity for later experiments.

2.2 EXPERIMENTAL GENERATOR DESIGN

The main constraint on the size of the generator is the flow loop, and in
particular the rating of the pump. 1 was decided to use initially the existing
pump, rated at 250 gallons per minute at 82 psi. The generatoer is designed
to use the full flow capacity of the pump only at the highest desired fluid
velocity (slip), and to use a maximum of about 60 psi pressure drop across
the generater. This allows leeway for pressure losses in the flow loop,
the pressure wasted as lost kinetic energy info the storage tank, and the un-
certainty in *he actual pump performance since it has never been run at
full flow,

The electrical constraints on the experimental generator are very loose,
Three-phase, 60 hertz, 480 volt power is available with more than adequate
capacity. The generator is driven through three single-phase variacs for
control. Capacitors in parailel with the generator are used to reduce the
reactive power load on ‘the variacs and thus improve the regulation, and are
required for self-excited operation. Operation at other frequencies is possible
onty self~excited, or with the addition of a variable~speed motor-generator
set, ’

The practical constraints for obtaining an acceptable experimenval per-
farmance are more subtle. Some of these were mentioned in Section Z.1. Fur-
ther constraints are:

. The viscous pressure drop must represent a small fraction of the total
avallable pressure in order to model a practical generator. This is re-
aquired both for acceptable efficiency and for a large field-fluid inter-
action where the electromagnetic force dominates over the viscous force,
Otherwise a sharp Hartmann profile (or the equivalent for Turbulent fiow)
will not bs attained, and the ohmic losses in the houndary layers will be
unreasonably targe [9].
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2. The generator height parallel to the magnetic field, 2a,, should be
small to reduce the exciting ampere turns and power reguired because
space for the winding is limited, but large fo reduce the viscous
loss. Also, a, has to be larger than the wall and/or insulation
thickness so that most of the fieid volume performs useful work,
improving the power density and power factor. Finally, 2wa /) <<|
for an acceptable power density (slit channel), where X is The
wavelength,

%. The wavelength A should be long for a sirong interaction belween the
field and fiuid, but short to reduce the viscous loss. The wavelength
determines how much room is available for the exciting winding, and thus
how many ampere turns and siots per phdse per pole can be squeezed in.

4, The generator width ¢ should be large so that the effects of the
copper side walls and the current loops closing through fthem are
small, but increasing the width decreases the maximum fluid velocity
and thus the wavelength.

5. The stator design should be such as to minimize the effect of slot
harmonics, which appear to have been important in previous experiments
[1973., A design which allows their effect to be observed experimentally
would be even beTter.

6. Conducting channel walls should be avoided because thier ohmic loss
will be proportionally very large in a smaill generator (smaller ratio
of generator volume to surface area). Also, the walls will Dbs more sensi-
tive To slot harmonics, which decrease away from fthe edge of the core.
in order Yo avoid wall loss dominating the generator performance,
hiding the very losses of inferest in this experiment, and interfering with
self-excited operation; it was decided to use a non-conducting fluid
channe!l except for copper side bars to reduce the edge effects.

As can be seen from the above, The design of The experimental generator is not
a trivial exercise hecause many of the constraints are coniradictory.

2,2.1 Channel Design and Dimensions

A fiuid channel is required To protect the stator and reduce the danger
of leakage but, as mentioned, conducting channel walls should be avoided. Thus,
it was decided to use a fiberglass¥channel because fiberglass is less likely
to crack and has a higher temperature rating. The minimum wall thickness
a,, 1/16 inch to avoid the danger of breakage, is chosen fto minimize the
required exciting ampere turns., With a channel ‘this thin, it is assumed That
the iron core is perfectiy smooth and will be used to mechanically back up The
channel and absorb all of the pressure force. (The channel was carefully
tested at The maximum working pressure of {00 psi before its use with NaK.)
incidently, The core will probably be used for structural backup in a power

* The initial channel was lucite, butT i1t was not possible to obtain a legk-free
seal beltween the lucite and copper.
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system to again reduce The required wall Thickness, whether the wall is a
conductor or an insulator,

In spite of the insulating top and bottom channel walls, conducting side
walls are desired to facilitate the closing of the fluid current loops and
thus increase the power density. This ls accomplished by using copper side
walls, as shown in Fig. I. The completed channel Including the compensating-
poles reglons is shown in Fig. 2. The copper bars are clamped so that they
cannot be pushed out by the static pressure force, and have a lip which rests
against the core so that they cannot be pulled into the channel by the J x
force or the dynamic pressure force. Leakage between the copper and the fiberglass
is prevented by inserting the fiberglass into a slot in the cepper. The
copper extends into the region beftween the two cores, in spite of slightly
increased ohmic losses, to provide additional sealing and, more important, to
provide the mechanical strength to support the cores when they are clamped
together.

The first dimension chosen was the height a, = 0.25 cm, compared to the
wall Thickness of 0.159 ecm. The choices for A and Smax’ the maximum attalnable
siip, are independent but together fix the other paramefers and the generator

performance. The relevant equations are v ax = (r - S x)fk, and
c = Qmax/zafvm o where ¥ is 60 hertz and Bmax is the Ma%imum flow rate of the pump.
After s8veral ?rials, tThe values A = 0.2] m ahd s = -0.8 were selected, giving

c =0.1333 m, (In the actual generator ¢ turned B8% to be about 0,1405 m
because it was not feasible to control the width of the iron core precisely.)

The estimated power and pressure drops for this design are shown in Table 1,
where the equations for the slit-channel induction mach&ne were used [9,10]
with the design peak maghetic flgx density B = 0.4 wb/p” and the appropriaji
NaK properties of o, = 2.38 x 10~ mhos/m, p = 847 kg/m”, and n = 4.68 x |0 = kg/m-sec
Only the fravelingnﬁieid region Is considered, perfect compensation for the
ends is assumed, and the edge effects are ignored. In the table P_ is the power
supplied by the fluid to the exciting winding (electrical output pdwer when
coll and core losses are ignored), P is the mechanical input power, Ap
is the electromagnetic pressure diff@renca, and R_1s the Reynolds numb&F. The
viscous pressure drop Ap  is calculated using the®friction facter for turbulent
flow without a magnetic ¥iefd [20] as the case with a magnetic field is not
clearly documented [G].

The correction required for the non-flat velocity profile is shown in Table II.
The Hartmann number M based on the rms magnetic flux density is 50.4, which
is on the borderline of being foo small. To see this, the ratio of &%, the
distance the channel walil would have to be moved in to maintain the same
volume flow rate if the velocity was constant at The maximum (center line)
value, 1o a_ is calculated using an approximate turbulent boundary-layer
solution [9]." Since for a Hartmann profile 8%/a_ = I/M, this is used fo
calculate an effective M, M , as far as the fluid ohmic losses due to the
non-flat profile are conceried. The effect of this is to multiply P_ by the
profile Factor Fm’ which takes the extra chmic losses into account, but fo
leave P_ unchanged [9]. The increase in P _is 7% at s _ , with larger increases
as. 5 approaches zero. m max
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TABLE 1. Powers and pressure drops for the traveling-wave region,

Farameters Units

S ~0.8 ~0.5 ~0.3

v m/sec 22.7 8.9 6.4
2

B wb/m 0.4 0.4 0.4

# wa'tts 3570 2230 1340

Table 1.

watts

psi

psi

psi

6420
59,1
. 5
5.96x 10
9.4

£8.5

Velocity profile corrections.

{740
.
2.86x10°

L

-5
. L

27.4

~J

Parameter
3 -0, 8 ~0.5 -0.3
M 50.4 5.4 50.4
5 &

‘ 5
3. 96007
(0.062
16,1

[.069

3. 50x1 07
0.056
17.9

1.084



One other point is to estimate the effect af the copper side walls or the
finite generator width on the performance. The peak current in the side
walls, assuming that all of the fiuid current flows in them and that their
presence does not change the fluid current from the infinite-wid+th value, |
2210 amps for s = ~0.8, giving an ochmic loss for both sides of 465 watts wh
s limited by the skin depth of the copper. The ratio of this ohmic loss
To that in the fluid, neglecting the profile factor, Is 0.163 for this generator
independent of the slip, so That the power density in the generator will be
decreased. This is an upper limit, in practice the fluid current constraints
should reduce substantially the ohmic loss in the copper.

<
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2.2.2 Traveling~field Structure

The purpose of the traveling-field structure or stator is to produce the
required magnetic field with The minimum of distortion from a pure traveling
sinusoid. The effect of distortion is fo generate spatial harmonics with a
shorter wavelength and slower field velacity, and consequently to reduce the
efficiency due to the increased ohmic losses in the fluid. Distortion is
created by many sources, the most important belng the slots in the iron structure
for the winding, the use of a finite and small number of phases with pulsed
rather than sinusoidal turns densities, and saturation of +he iren. To minimize
these effects, the following design ideas were adopted:

t. The two stator cores were designed so that they can be operated with
tooth opposite tooth or with tooth opposite slot in order to reduce
slot harmonic effects and study them experimentally. This is accomp!ished
by making the two end teeth of different widths so that reversing one
core relative to the other switches cases. The core lamination
dimensions are shown in Fig. 3, and the experimental fields produced
by the two cases are compared in Section 3.1. Also, short straight
sections are provided at the end of each slot to allow the later in-
sertion of highly~permeabie slot plugs which would smooth out the air-
gap magnetic field at the price of increased leakage flux.

2. More than one slot per phase per pole or else more than three phases,
either of which requires more slots per wavelength, were used, and
This results in a smoother field as explained previously [18].

3. tnstead of using a rectangular slot, the width of the slot (or tooth)
was tapered so that more iron area is available where needed to handle
the leakage flux without saturation.

The traveling-field-structure design results are only summarized here,
as they are presented in detail in Reference 8. In the experimental generator
there was only room for 12 siots., The number of ampere turns was calculated
o be 1230 per slot at s = -0.8, the maximum case, inctuding the Carter coe-
fficient and a small allowance for fron reluctance. Each coil consists of 45
turns made out of three #14 wires in parallel in the slot butt-soldered fo
a rectangular bar of about fwice the copper area outside the slot. The coil
loss was estimated to be 440 watts for this case using an assumed effective
copper area of 0.7 and a larger copper area outside of the slot. (This is
low because the effective area was off, and will be increased to about 700 watts.)
The core loss for the Armco electrical steel M-~14 was estimated to be 92
watts including the lamination packing factor. A core section with a partial
winding is shown in Fig. 4. One completed coil is visible showing the joints

o
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between the two wire sizes (covered with insulating sleeves) and some of the
pick-up colls used to monitor the field, The completed coil structure is
shown in Fig. 5.

One important point iIn the stator design is to build in adequate monitoring
devices. Two types are required - thermocouples to measure the coll temperatures
because of The danger of overheating at high magnetic fields and the thermal
effect on ohmic losses, and small pick-up coils both at varlous locations
in the slots and alsa In the loop around the back of the core. There are
19 two-turn magnetic~field monitering colls on each core, located as shown
in Fig. 6. The locations were chosen to observe the field in the core above
the slots, which includes the compensating flux (see the next section); the
flux through some of the teeth, including the leakage flux; the flux through
some of the slots; and the flux entering the air gap. They will be useful
in evaluating the stator design and in monitoring the operation with fluid
present in the channel since the field cannot be directly measured.

2.2.3 Compensating Poles

fn the regions where the fluid enters and leaves the traveling magnetic
fleld undesired voltages and currents are induced in the fluid, and these
cause increased ohmic losses. In order fo set up the proper boundary conditions
so that the fraveling-field region acts like a segment out of an infinitely-
fong machine, Eiliott proposed the use of compensating poles [21]. The peak
magnetic flux density B_and length L_ must satisfy B L = BA/27 assuming
a slit-channe! machine.” Arbitrarily &hoosing L to b& Sne inch gives B_ =0.525 wb/m
The channhel wall thickness under the compensafi%g poles was Increased 16 |/8~inch
to give a stronger structure because the poles are removable. Then, 2380 ampere
turns Is required for each of the four pole structures, and 85 turns with a
tap at 70 furns are on each pole. Excitation is by means of the phase voltages
rather than the phase currents because this tends to be self-compensating for
the phase shift required as the fluid reaction fieid varies. (This is discussed
in Reference 18.)

nsulating vanes in the channel under the compensating poles are required
to reduce the ohmic loss, but at the penalty of increased viscous loss. |t is
necessary to calculate (or estimate) both losses as a function of the number
of vanes and optimize. The viscous loss is easily calculated using the available
hydrodynamic equations, but the ohmic loss can only be crudely estimated.
Using the results of Moszynski [22] to estimate the ohmic loss, a compromise of
six vanes was selectsd,

2.2.4 Discussion

The results of the previous calculations are summarized in Table 11l to
glve a tentative idea of The performance to be expected from the experimental
generator at three values of siip. All of the losses are considered, except
that the field harmonics are not included and perfect end compensation is as-
sumed. The effect of the copper side bars Is 1o reduce the fluid current and
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Tabte 1. Summary of theoretical generator performance.

Parameters Units
s ~0,8 ~0.5 ~0.3
(e VP
b+ B S watts 3070 1920 1150
P watts 640 590 560
p watts 90 a0 90
core
p watts 230 230 230
cp :
P watts 2110 010 270
out
p'w
5 : 1.67 .42 .26
S
Pé watts 5980 3160 1680
Ap psi 55,0 24,8 21.4
em
Apv psi 9.4 6.5 5.2
Apcp psi 10.8 7.5 5.6
/ 3§ g 2.2
APyt psi 75.2 49.1 5
P watts 8190 4460 2530
in
) i er
g 0.26 0.23 0.1



thus the power density. This effect is estimated by assuming that the induced
electric field or voltage in the filuid stays constant since The magnetic flux

i
density is assumed To be constant., (This means that the sum of the ohmic

tosses In The ftuld plus the side bars decresses as the bar conductivity de-
creases.) The ratio of the chmic loss in the aide bars fo that in Twn tuid
neglecting the velocity profile correction is defined as B, where B = 0.163

for this generator from Section 2.2.1. Then The ratio of the equivalgnf ree-
sistances of the fwo regions is also g, and the fluid current is multiplied

by 1/ (1+B) for the seme induged voltage. Finally, the generated power in

the fluid, which depends on E<d, Is PS/(I+8); where PP iz the power without the
side bar correcjion, Table . The mechanical input power modified for the side bar
corraection is P

The eporaﬁc power losses are also included in Table 111, The ohmic loss

in the exciting winding Is based on the measured DC coil resistances. The

‘eduction in tThe fluid currents due to the bars also appears here because

hﬁ reaction field and thus the required ampere turns are reduced. This Is

taken into account by mu[itpiylng ”H, by 1/¢1 + B), and amounts to decreases

in excitation loss of 5%, 8%, and M for & = -0.8, -0.5, and -0.5. The core
foss, P s ossenfiaixy vndeperdenT of slip or the side bar offeoT except for
the Jllgjre”'snge in the leakage flux which is ignored. The excitation power

for the compe nsa% ng po!aq, P, depends onily on the flux density which is
independent of the slip. he“Bet electrical output power is Pﬂ”+.

Simifarly, the mechanical pressure drops are taken from the previous re-
sults. The electromagnetic term 4p_  comes from P', and Ap is given in
Tabie t. The pressure drop for cheCLDnDQH sating pgle Ap ., is estimated by
assuming that the electrical drop is equal to the viscous BFop since the cal-
culation for the electrical pressure difference was very rough. The net re-
sult Is estimated efficiencies of 0.26 at s = ~0.8, 0.23, at -0.5, and 0.1/
at -0.3.

2.5 THE FLOW LOOP AND INSTRUMENTAT ION

The existing NaK-N_, flow loop at the Argonne National Laboratory with the
addition of a new extensSion intended 5ppcnf;c,liy for the induction generator
s used for these experiments. The purpose of The flow loop is to supply
The regulred NakK and n|iroqan flows In an easlily controlled and measured fash-
fon for the tests. The existing loop is shown in Fig. 7 and the extension,
which is connected to the fwo {ianges onh the ieft side of the existing loop,
iz shown in Fig. 8. After descriptions of the loop and extension, the control
systems for The NaK and nitrogen flows and the instrumentation are discussed.

The pump, heat exchanger, supply tank, separation system, and part of the
control system are utilized from the existing loop. The flow path is from the
supply tank to the pump, Then through the heat exchanger and out of the top
feft flange to the extension and the generator. The flow returns to the stor-
age tank through the bottom left flange. (The valve In the vertical section
between the ftwo flanges s L!Q§6d=) For the two-phase experiments the supply
tank also serves as the separator, with The nitrogen flowing through the two
small pipes from the supply tank o the separation tank and then out to fhe

atmosphere

s
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Twe pumps of different capacity zre avallablie, and may be used Individual-
ly or in series. Both are of the same Type and feature a combined rotor-im-
peller assembly with a completely sealed or canned stator winding. A small
portion of the pumped NaK is allowed fo recirculate through the rotor cavity
to cool the mofor and also fo lubricate the aluminum oxide bearings. This con-
struction leads to a compact pump with no possibility of leakage, but since It
dumps nearty all of the motor cohmic loss inte the NaK it may also cause an ex-

cessive temperature rise in the NakK fiow., The smail pump bas a 25 gpm capacity
at 150 ft. head, and the large pump has a 250 gpm capacity at 220 ft+. head.
Only the large pump will be used here because of the required flow capacity.

To maintain the NaK temperature below about 125°F, required for the fiberglass
test section, a stainless-stesl finned-tube NakK-to-air heat exchanger is used.
Although in the pump bypass loop for the DC generator experiments, the heat
exchanger is in series with the extension, and fthis is most convenient here as
both the full pump output and the maximum cooling are required., The cooling
capacity of the heat exchanger is approximately |2 kilowatts at an outside air
temperature of 75°F, a NaK inlef temperature of 150°F, and a flow rate of 100
gpm; but this Is less than the power dumped Into the NaK by the pump.

The extension for the induction generator tests, Fig. 8, is a U-shaped
section about 12 feet long containing a venturi for measuring the Nak flow
rate, a three-inch alr-operated valve to control the pressure across the test
section, and three-inch ball valves to isolate the extension from the rest of
the loop and from the test reglion so that changes can be easily made. The test
region includes the mixer for adding nitrogen to the NaK flow, the fiberglass
test section, and a T-section so that the spare pump and a cyclone separator
may be added for later tests at very high void fractions.

The NaK flow Through the test section is controlled by means of the air-
operated shunt or bypass valve between the pump and the supply tank in the ex-
isting loop and the air-operated series valve in the extension because con-
straints on both the volume flow rate and the pressure difference are required.
The pump operates at (approximately) fixed speed so that a single valve is not
adequate. The NaK volume flow rate is measured by means of the venturi in the
extension coupled with a differential pressure transducer.

z

The nitrogen supply for the experiments will be obtained from a 42,500 1~
capacity traiter, The nitrogen is fed into the mixer through four check valves
to prevent flow of the NaK back into the nitrogen system. The mixer consists
of an ll-inch length of three-inch Schedule 10S stainless steel pipe with 200
[/8-inch diameter holes enclosed by a concentric length of five-inch Schedule
40 pipe into which the nitrogen is introduced. The nitrogen flow witl be measured
with an orifice and a differential pressure transducer. It will also be
necessary To measure the void fraction by means of a gamma-ray source and a
scintillation photo-multiplier tube.

Pressure measurements in the test section are made by means of gauge-dia-
phragm seal assemblies. A .316 stainless stee!l diaphragm is welded to the up-
per chamber in a two-chamber, 316 stainless steel pot assembly. The upper
chamber is connected to a gauge and/or a transducer by tubing and the upper
assembly is filled with instrument oil. The gauge accuracy is 1/2% of full
scate. The lower chamber of the diaphragm unit is connected to The test sec-
tion and to a bleed system for purging. Five pressure taps are provided on
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one side of the channel with & spare set on the other side. The tap locations
are at The entrance, exit, and center of the traveling-field region and the
outer ends of the compensating poles.

The experimental generater in place in the flow loop is shown in Fig. 9.
The vertical bolts and the |-beams above and below the magnet cores are The
mechanical support system. Also shown are the support systems for the compensating
poles (replaced here by micarta blocks) and the copper side bars. The vertical
I-beams maintaln the vertical alighment of the generator components. The
generator is enclosed by an aluminum and lucite box during operation, part
of which is visible.



Front view

lew.
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in the flow loop.

talled
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Fig. 9. Two views of the generator
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SECTION 111
EXPERIMENTAL  RESULTS
3.0 PRELIMINARY FIELD TESTS

The purpose of the preliminary field tests with no fluld or fluld channel
was o check The operation of the electrical system - both control and measure-
ment, to determine the maagnetic field produced by the traveling-field structure,
and fto determine the magnetic fleld produced by the addition of the compensating
poles., At the same time The electrical loss in the stator and the operation of
the magnetic field monitoring colls were studied. Problems in the experimental
electrical system were determined and corrected so that satisfactory operation
could be ‘attained.

The original exclitation system for the generator consisted of a three-phase
delta~connected electrical source driving The wye-connected generator through
three single-phase wye-connected variable autotransformers. Under the unbalanced
load conditions represented by the open magnetic circult of the generator and
the compensating poles, it was not possible to properly control the phase or
coll voltages and currents as they interacted through the floating neutral. Thus
the excltation was changed by transformers to a wye connection, %QthFulﬂng tThe
phase-voltage phase angles to be within about one degree of £120°. The wye
connection of the generator was preserved because i1 allows easy conTro! of The
phase voltage or current magnitudes with the variable autotransformers. Test
results for this case showed that the current phase angles still varied greatly
from #1207, Since the currents produce the magnetic field, their correct phase
angles are crucial to the production of the desired magnetic field. The generator
was modified by the use of a symmetrical connection of the coils, with the coll
at each end and the two central colls from each stator connected to the same
phase. This resulted in better phase relations for the currents. (Excitation
currents of arbitfrary phase angles can be freated by known methods [91).

The equivalent=circuit terminal parameters of the gensrator were measured.
The dc phase resistances, measured with a Kelvin bridge, were 0.1918 ohms,
0.1929 ohms, and 0.1919 cohms. The ac parameters were measured at a freguency
of (000 hertz with an Impedance bridge. With the other phases open the induc-

tances were 10,0, 12.45, and 12.406 millihenrys; and the Q's were 20.8, 24, and
23.2, With the oTh@r pha%ec shorted the corresponding values were 7.11, 7.71,
and 7.75 mitlihenrys; and Q%s of 13.8, 13.3, and 12.6.

The objective of further field tests, in addition to those already
reported [[18,23], was to check the new excitation method and to measure the re-
sulting magnetic field and terminal properties. The magnetic fleld for the sym-
metrical wye~connected excitation ts shown in Fig. 10 for an excitation current
of 40 amps per phase. For this case the current phase angles were *+129.87 and
~-127.37, and the total power dissipated in the magnet structure was 1340 wafts.
The three phases are still unbalanced, with phase current to voltage angles of
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87.60, 97.00, and 79.3° respectively. The qualitative shape of the magnetic
field, both magnitude and phase, Is qulte similar fto the previous resuits [18,23],
except for a slightly smoother field in the center of the tfraveling-field region.
For comparison, the magnetic field at 40 amps per phase for the original ex-
citation is shown in Fig. Ii.

For the field tests and the generator tests the phase or line currents
were set (except for the self-exclted cases) as they control the magnetic field,
and the other quantities were measured., All current measurements utilized Weston
Model 461 current fransformers with Weston Model 370 ammeters. For the line-to-
neutral and line-to-{ine voltages both a Weston Model 904 voltmeter and a Non-
Linear Systems Model X=2 digital volimeter were used. The powers were measured
by means of low-power-factor Weston Model 432 wattmeters, 0.2 pf ful!l scale
at rated voltage and current. The phase~angle measurements used a Wilfron
Mode! 351 phase meter coupled to a digitat voltmeter, The current input signals
for the phase meter were taken from 0.1 ohm straight nichrome strips in the
secondary of the current transformers, and the voltage input signals from
dropping resistances to approximately equalize the magniturdes of the various
input signals., The magnetic fleld profiles were measured by means of a [/4-inch
diameter, twenty=-turn pick-up coll mounted on a ruler.Measurements were made at
/16~inch intervals. The digital voltmeter and phase meter were also used to
measure the slgnals from the pick-up collsand the magnetic-field monitoring
coils,

For some of the flow tests the coils in the slot at either end of the
stators were shorted to reduce the fringing field through the end teeth. The
magnetic field and terminal properties without the fluid present were not
measured for thls case.

The support system for the magnet, visible In Fig. 9, although located
outside of the main fleld region, contains a conslderable amount of metal. The
influence of the support system on the magnetic fleld in the channel was
checked and found to be negliginle. The ohmic loss In the support structure
at 40 amps per phase Is less than the £ 100 watt fluctuation in the total power
loss due to changes in magnet temperature and Inaccuracles in setting the
currents. The Influence of the stainless steel fransition pieces and flanges
was also checked by inserting them into posiftion. With fthe compensating poles
removed there was no measurable change In the terminal properties.

The fiberglass channel has copper side bars, as shown in Fig. | tfo
short out the fluid currents and reduce the effects of finite width., The
copper bars are Inserted into the channel to support the field structures, and
are locked against the edge of the core by external supports so that motion
during operation is not possible. The empty-channe!l tests were limited due to the
rapid heating of the copper, but the added loss amounted to 500 watts at 25 amps
per phase and 1180 watts at 40 amps per phase, This is comparable to the cohmic
foss In the copper expected due to the fluid currents., Of course, the current
patterns will be different with the fluid present. The monitoring-col!l and
terminal voltages were both reduced by about 6 per cent with the copper present,
indicating a corresponding change in the magnetic field.
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5.2 ZERD-FIELD FLOW MEASUREMENTS

The zero-field flow measurements are used To establish the flow condlitions
in the generstor channe!l, and To check out the flow system and Instrumentation,

The volume flow rate is measured by a venturi and urffo'enfaa! pressure ftransducer,
and the pressures by gauges. The instrumenis are isolated from the NaK by
staintess steel diasphragm seal assemblies., Flows Qf up to Z85 apm or 83.9

ft/sec were obtained, slightiy about the design value of 250 gpm. Higher flows
were possible but were not attempted to aveoid possible damage to the system, and
because the higher velocities could not be obtained with the mugneflb fleld
excited,

v
1
i

Examination of the measured pressure gradients showed that they were
between two and three times the theoretical values. Significantly, the pressure
gradient along the channel increased as the static pressure decreased. These polnt
toward gas mixed with the liquid due to the high flow rate from the supply
tank., Additional NaK was added to the foop. The pressure gradients then de-
creased JiJrificanTiy, but they still ranged up to two times the theoretical
values, Typical values before and after adding MNaK are shown in Table 4.

TABLE 4. Zero-field flow data.

Fluid velocity Prassure gradient, nei/inch
f1/sec Measured Calculated
After adding Nak
8,2 0.32 0.20
33.2 0.41 0,27
4.8 0.65 0.38
60.7 I.40 0.%7
79.9 72,66 1,29
Before adding NaK
28.0 0.45 0.18
33.5 0.80 0.27
40,7 [.05 0,38
52,9 1.20 0.83

More tests, by adding stil]l more NaK, showed that no further decrease in
the pressure gradient occurrved. The pressure gradients are above the theoretical
value, and this is probably due to channel roughness. Recent measurements of
the pressure gradient covering the full range of fluid veloclty are shown in
Fig. 12, along with a few of the early points.

5.3 GENERATOR TESTS

The many series of generator tests are divided into five groups. First,
operation from the 60-hertz power line is covered, including both generator
and pump cases, Second, some results with the coil at each end of both stators
shorted are presented, again covering both generator and pump operation. Next,
self-excited operation is discussed. Fourth, some harmonic measurement results
are presented as they may be important for system operation., Finally, some
miscellaneous cases are covered. Only data with the unvaned channel is presented
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because the vaned channe! was warped so That the leaks could not be eli-
minated.

A kerosene cooling system for the electrodes was Installed To eliminate
the possibility of damage To the channel due to electrode overheating. The
copper cooling coils are visible on top of the coppar electrodes in the
photograph of the channel, Fig. 2. During the eariy data runs, currents of
at least 75 amps through the cooling system between the electrodes were
measured at 25 amps per phase. This current is small compared to the about
2000 amps peak expected in the electrodes, but could influence the end loss.
Insulating connections were installed In the cooling system fto eliminate
The currents, and the etectrode voltage difference was monitored. The
electrodes are in direct contact with the iron core, but the lamination
insutation is sufficient to make currents through the core megligibie.

3.3.1. Normal Operation from Line

Data points were measured for various terminal conditions and excitation
currents between 20 and 40 amps per phase. Aftention is confined here
primarily to the results for 20 amps per phase because with the reduced
electromagnetic pressure gradient higher fluid velocities could be attained.
Pump operaticon at higher currents was also limited due to excessive vib-
ration and/or cavitation. The power and efficiency are increased for
higher excitation currents, but the qualitative behavior is the same.

The net power input is plotted as a function of the fluid velocity in
Fig. 13 for some of the earily data polnts,with negative numbers corresponding
to power output. The synchronous velocity v is 41.3 ft/sec. The data points
fall into three distinct groups, each with its own stope. The largest group
corresponds to normal excitation points measured before the addition of
more NaK to the system. The second group, measured affer the addition of
Nak, has an almost identical slope with a shift toward higher velocity of
about 4 ft/sec. This agrees with the two-phase hypothesis discussed in Section
3.2 because at the (supposed) higher quality (more gas) of the first group,
the actual velocity in the generator channel would be higher than fthat measured
at the venturi because of the lower channel pressure. The third group, with
the end coils shorted to reduce fringing of the magnetic field, was measured
after the addition of more NakK. (This case is treated in Section 3.3.2.)

The powers for the 46 data points measured at 20 amps per phase after
eliminating the two-phase problem are shown in Fig., (4., There is relatively
fittle scatter, The operation of the induction generator (pump) and fiow
system was very stable and repeatable, and operation for up fo eight hours
per day was easily obtained. Note that the net power did go negative,
corresponding to generator operation, but the power flow was not balanced
between the phases. (Power always flowed into one phase.) This in it-
self is significant because 1t was not clear if net generator operation
could be obtained with a one-wavelength generator with no end compensation.
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canf nower loss,  Much of

sianificant contributions -
ocity profile, and poor

At zero stip,
this is expected a
probably due To the
current phase angl

to account for the differences. This 1s The square point shown at 400 watts.
The 40-amp peint tits so closely with the 20-amp points that saturation cannot

One 40-amp point is shown on Fig. 14, with the power divided by four
+

e t

be significant up fo this magnetlic ficld sfrength.

The voltage from monitoring coil 14 on the upper core (see Fig. 6) is
plotted as a function of the fluid velocify in Fig. 15, This coil was chosen

as a good measure of the magnetic fleld strength in the chann
current excitation the magnetic field should vary as t/(1 + s

the points fall into the same three distinct groups as with Fig

gl., For constant-
PAF. s

The voltage difference belween fh@ two copper electrodes as a function
of the fluld velocity is hOWH in Filg. 16 f:r the data points with the end
coils excited, The volfage s norqaltfej by dividing by the upper monitoring
co i variagtions in The magnetic field.

oll 14 voltage To elimi d%e the etfect of
Here also two distinct groups are seen with the same separation of about 4 ft/
sec, With proper compensation for The ends the electrode voltage difference
should be zero

{

3.3.2 End Colls Shorted

The end colls stator were shorted to reduce the frinaing magnetic
field, or in a sense To allow The T

‘he qenerator To provide (75 own compensation.
The first few points measured for this case are shown in Fig. 13, and tThe
omplete set of 26 points in Fig. 7.

This case doss not appear attractive because the slope of the power
versus velocity curve is reduced from that for the previous case, or there is
fess useable power., This case was also run in the self-excited mode, bul the

powar outputs were again reduced from the normal case.

7

5.5.3  Self-Excited Operation

By connecting icitors across the terminals of the induction generstor to
supply the required reactive power it is poss 511 to make the generator run in
the self-excited mode - without any connaction to the power !i:a The generator
operates as an osciliator producing net power culput, with the resonance occur-
ing between the inductance of the generator and Eh eximrraf capacitance.

The main points noted during the tests were:

t. Operation is very stable, is no trouble with fluctuations.
2.  The generator will start ng external fTrigger required.

i - )

1

i% ta bring the i
1
i

id up to a high-enough vc'uci+y
ure avallash G 20

U
feo) 3md connect sufficient capacitance
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across the terminais, and the generator will start. The generator will
start cither without or with a resistive load, but it can carry a heavier
foad than i1 can start with,

LN

. The frequency is controiled by The external capacitance, and can be
varied at will provided only that Tthe fluid velocity Is enough above
the J/ﬁgnr snous velocity at that frequency to supply the required
power. The chanae in frequency from no load to full load at a gliven
capacitance value is only a few tenths of a hertz.

3]

i
i

4, The generator is short-circuit safe because it losses its excitation
power, and restarts upon removal of the short. In connection with This,
the variation in output voltage with load may be decreased by addi
capacitance in series with the load.

W

Operation of the generator appears to be better self-excited. This

is probably because the generator adjusts the current phase angies 7o
minimize the loss mechanisms or optimize the performance within The
terminal constraints. The generator appears able to do this better Than
an external operator or control SySTenm.

Other points to note are that the external capacitance on the three phases
can be adjusted to balance the three phase currents, and that the fluid velocity
slip varies with the generator !7ad but is almost independent of the setting
of the series valve (provided that the velocity and pressure gradient are high
enough to maintain self-excited operation). The powers for 1hn three phases were
not balanced, as for normal |ine operation, and opTimi?ing the ou*pu# power
requires different load resistances on the three phases. It is tnfer ting to
note that the start of self-excited operation is not 1wsfan+ neous, uT usual iy
requires a few seconds before anything happens.

The results from one self-excited case are shown in Table V. Firs?
note that this is a small generator (only about 6000 watts input power), and fhat
there is no compensation of any kind for end loss. This case does not correspond
to any that have yet been analyzed, and i1 was not clear to start with it seif-
excited operation could be attained from a one-wavelength-tong generator without
any end-loss compensation. Yet the efficiency for this case Is reasonably good,
and the performance is better than for the generator when connected to the power
line. Using the simple theory shows that atmost all of the input mechanical
power can be accounted for as viscous loss, chmic loss in the fluid, ohmic loss
in the exciting winding, and outpul power. Only about 5% of the inpul power
is not accounted for among the above, or goes into end loss or the other possible
Jose mechanisms.  This would amount to a la r e fraction of the power at the low
slips required for a generator with a high ef fficlency, so that more study of the
pertormance at low slips s required.

=
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TABLE V.  Data From One Self-Lxcited Cas

MECHANTCAL

v = 60,4 fi/sec
Total Input power = 5780 watts

Viscous power loss = {330 watts

ELECTRICAL

Frequency = 35.0 hertz Vo=

5 = “’!.5 P\M = (3,75 S/P\M =

7.6, 2

Fhase currents = 25.8, 27.6, 2

4

Fhase voltages
Output power = 870 watts
Total efficiency = 0.15
Eltectrical efficiency = 0.20

Coil loss = 810 watts

77%, 97%, 86

amps

valts

Generated power/net input power = 0.33

s
P

(S

= (.40



3.5.4 Harmonic Measurements

The harmonic content of one generator phase voltage was measured with
a General Radlio Model 1900A wave Analyzer for a variety of Terminal condi-
Tions. The results are given in Tables V! and Vil for operation both from
the 60-hertz power line and self-excifed, respectively. The numbers above
+he line set the terminal constraints, and the numbers below the [ine are
the fundamental and harmonics of the terminal voltage, all in millivelts.
The voltage measurements were made through a dropping resistor, so that
onty the relative sizes are significant. The main points are:

|. For the 60-hertz power-iine cases the third and ninth harmonics
may be reduced due to the delta-connected transformer back iIn
the power system. Note that the harmonics increase as the phase
current does, as expected since saturation is becoming more imp-
ortant. In none of these cases are harmonlics significant, at
most only a few per cent, or saturation is not very important.
This means that the power level is limited by heating of the
exciting coils and the available pump pressure rather than the
iron.

2. The third harmonic is much larger for the self-excited cases
as there is no delta~connected transformer. The largest phase
current and highest harmonic content occurs for the seventh case.
For this case there is no load resistance, and the third harmonic
is about 15% of the fundamental. Adding load resistance, sixth
case, decreases all harmonlcs greatly. The higher harmonics drop
off faster for self-excited operation.

3. For all cases the even harmonics are negligible, as expected.

It is not certain for the self-excited cases where the drive for the
harmonics comes from since the harmonics do not meet the frequency constraint
imposed by the external capacitance, However, the harmonics apparently must
be there because of the nonlinearities, or they are generated by the non-
Iinearities of the system. |If the iron for a generator is pushed to its
[imit, saturation effects, and thus harmonics, could be very large. This
point is Important because the harmonics may cause excéssive ohmic loss in
the fluid besides affacting the operation of the assoclated power system.
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Two othar sig
of various hypothe
att at a freguenc
watts.  Tor This 1l
aenerator.,  This mig : 7 genaet
of phases, and might not be ftrue for this genara
was allowed to plck up greatly during The acciden?
by partialiyv closing the series valve To pk'V(FT
td channel.) Both opening one pia,b, b
ﬁnd opening one leg of the main, delta-conne § 3
generator. A sharp increase in the iuad o one phase could
up to some fThreshold value, with the threshold value depending
flow capacity (or selting of the alvel.
aching a shor it, would
he effect of changing The load resistance could be
f series capacitance. (This was not checked ex-

topped
number
velocity
was {imited
To the

bank

5

be carrio:

on the available extra

Using Too small of a load resistance, appro
T

stop the generator,
decreased by The use o
perimental iy.)}

The second set of tests was to operate the machine in a two-wavelength
version by reconnecting the coils, going from fwo slots per phase per pole
o one slot per phase per pole. Here there s no equivalent of the symmel-
rical connection of the coils to reduce the effects of the apen magnetic
circuit., The main disadvantage, though, for two~wavelength version
is that for the same phase cur there [f as many ampere-
Turns per wave eng?h, or only hatf of the U density.
means that the ohmic exciting toss is the

!

~ =k

"

the :
s one quar+pr of the original, as is

vprﬁion, but the gene z%ed power Y
. . . ’ » st H
Thus 1+ was impossible to obtain self-oxcited operation or to produce net
output power. Otherwise, the performance was simiiar and The phase currents

were still unbalanced.
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The results obtained ,
are very enCOUFT;IPq‘ bwzf*ex
for a small generafor have :
system and m94Qercmenf SySTQm hﬁvw

: that end foss may not be
futher measuremen+9 are neadsd.

MNow that The shake down fures have completed and
excel lent results obtained, sre several futher experiments which
should be performed with the existing stator structure before the design
and construction of a new stator. Flirst, further study of end loss and
compenqdfoon methods s required. A new, vaned channel is needed becsuse
of leaks in the n;xg ina i and the compensating poles should be rebullt
{rewound) for further fagia, Also, some of the points ralsed earlier,
such as the harmonics when self-excited at high iron flux densities,
should be examined in more detall as they may influence the system
ﬁpcrﬁiion. Finally, a series of studies on a two-phase

using the same stalor is an important corollary to the
as this will aliow the :ompa*‘ son of the single and two-phase results
withoul the complication of different generator structura,
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