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A PROGRAM TO EVALUATE THE PERFORMANCE

OF A SAFETY SYSTEM

E. P. Epler and S. H. Hanauer



ABSTRACT

Reactor accidents are discussed which might be caused by failure
of the control system and which might be eliminated by better controls
design. A second group of accidents, not caused by controls, and
which therefore cannot be eliminated by better controls design, can be
mitigated by a fast safety system. Factors are enumerated which govern
the realization of a fast safety system. The swimming pool reactor is
used as an example.



A Program to Evaluate the Performance
of a Safety System

E. P. Epler and S. H. Hanauer

Reactors have now been built and operated for 15 years, yet there are
still no clear-cut criteria establishing the performance requirements for a
reactor safety system. It is easily understood that for the earliest reactors
the maximum of performance was desirable. However, the years of operation have
yielded very few accidents on which to build a case for high-performance
systems, and the recent trend toward complete containment of reactors has
mitigated the consequences of a serious reactor accident. In addition, the re
quirement for operating continuity, as in power reactors, has made designers
reluctant to apply a multiplicity of fast-acting safety devices. Recently,
the Borax2 and SPERT3>^ experiments have been conducted at the National Reactor
Testing Station for the purpose of determining the self-limiting properties of
the water-moderated solid-fuel reactor. The reactors under test were able to
withstand without damage excursions involving periods as short as 5 milliseconds.
In the light of these facts, it is easy for the designer to satisfy his con
science by providing a safety system which is no more than perfunctory.

The Startup Accident

In reactors such as the MTR, it is necessary to withdraw rods containing
massive amounts of reactivity in a reasonably short time. The rods must have
a high worth because of the large loaded excess k of these reactors; the start
up must take place promptly if the increasing xenon poisoning is to be overridden
after a shutdown. During the design of the MTR, Newson-1- undertook an inquiry
into the hazards of such a procedure. He postulated that failure of instruments
or mis-operation by the console operator would cause all control rods to be with
drawn simultaneously at their maximum rate set by motor speeds and gear ratios.
This is defined as the startup accident. Safety devices set to operate just
above normal operating power of the reactor would release the control rods, and
they would be accelerated in the direction to decrease the reactivity. The
safety-system response time and rod acceleration must be such that the reactor
would not be damaged by the power excursion. Thus, accidents involving only
rods moving at their rated speeds cannot harm the reactor. Therefore, the con
sequence of mis-operation by the console operator or malfunction of an instru
ment can be tolerated, since at worst this is a startup accident. This state
ment is true, however, only if the safety system approaches absolute reliability,
and if the limitation on rod withdrawal speed is equally reliable.

The smaller reactors, such as the swimming-pool type reactors, point up a
different problem in specifying safety system response. In this instance, the
amount of reactivity to be added through rod withdrawal during startup is not
large; 5 to 10$ in Ak/k is typical whereas in the MTR it is kQ$. Furthermore,
there is seldom as much compulsion to start the reactor quickly, since xenon
poison buildup after shutdown is not usually a problem. Finally, the per
missible peak power is much higher with respect to the normal operating power,
and therefore with respect to the trip level of the safety devices. Where the
overload which can be withstood without damage is a factor of 10 in the MTR, it
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may be as high as a factor of 10 or even 10 , if the reactor can be depended
on to perform in the manner of the Borax and SPERT experimental reactors. Fig
ure 1 illustrates, from the SPERT-1 experiment, the response of a water-moderated
reactor to a startup-accident situation with no safety devices in operation.
The control rods were withdrawn continuously at the average speeds shown, and
the withdrawal continued until after the first power burst was finished. The
speeds, in Ak/k, of .1 #/sec and .01 #/sec, represent reasonable upper and
lower bounds, respectively, on startup rod withdrawal speed. An intermediate
speed of .05#/sec will give, for a typical swimming-pool reactor, a rod with
drawal time of 100 to 200 sec, which should be sufficiently fast, and is well
within the range of these experiments. Since these accidents are not par
ticularly frightening even if the safety system fails to work, it may be con
cluded that for this reactor the response requirements for the safety system
may be stated in terms of seconds rather than milliseconds. Thus, the startup
accident alone is not a useful criterion for specifying safety system response.

Other Accidents Induced by Control Elements

Much attention has been given to the subject of reactor runaway during
startup and it has been shown that fast safety system response is not required
providing one has assurance that the control rods cannot be withdrawn at a
rate greater than the designed speed and that there is no other possible acci
dent which can be greater than the startup accident. On looking more closely,
however, one discovers that there may indeed be sources of accidents of much
greater severity than the start up accident and that these accidents can be
generated by the control system on which the operator is depending. Again the
swimming pool reactor is used as an example to illustrate some of the possibilities.

(1) The rod-withdrawal mechanisms of several reactors consist of motor-
driven cable drums, with the control rod suspended from the cable, or from a
magnet supported by the cable. The motors and drums are located in easily
accessible positions, in the interest of arrangement flexibility in the active
lattice. Thus, it is possible for the rods to be withdrawn entirely inde
pendently of the drive motors and interlocks. It remains a matter of chance by
what agency (e.g. the crane hook) and at what speed the rods might be withdrawn.
The severity of an accident involving such unprogrammed withdrawal might well
exceed that of the startup accident. More recent designs for rod-actuating
mechanisms? eliminate the flexible and exposed elements, and move the rods
positively with rigid actuators. At ORNL, rod-drive mechanisms of the earlier
design have been or are being replaced with the more recent type.

(2) For a given speed in Ak/sec, the reactor may be started by withdrawing
all n rods simultaneously, or by withdrawing them one at a time, each at a rate
n times greater than the rate for simultaneous withdrawal. If the latter method
is used, a failure in the interlocking device can cause all rods to move simul
taneously, yielding an unplanned withdrawal speed n times greater than expected.

(3) If the rod-drive mechanism is mounted on a platform of some kind, any
binding between the control element and other parts of the reactor could result
in the other parts' being withdrawn with the control rod, perhaps to be dropped
when the rod nears the top of its stroke. In particular, the device which locks
down a fuel element may be neglected or defective and the fuel element adjacent
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to or surrounding the control rod may be withdrawn with it and then dropped.
Rod-drives now in use in the ORNL Swimming-Pool Reactor are supported directly
from the fuel element within which the control rod moves, so this type of acci
dent is rendered much less likely. The principle is illustrated in Figure 2.

(k) It is often proposed that the automatic flux or power controller (the
servo system) be so arranged that when the automatically-controlled rod reaches
the upper limit of its travel, additional control rods will automatically be
withdrawn as needed- This could be a convenience in compensating for fuel burn-
up, growth of xenon poison concentration, and the effect on reactivity of tempera
ture increases. Each of these constitutes a loss of reactivity which does in
deed call for rod withdrawal. The danger in this arrangement lies in automatic
compensation for unpredicted losses of reactivity whose cause is unknown,
followed by the sudden return of the lost reactivity. Examples of such cases
are an unintentional fuel withdrawal which precedes the dropping of the fuel
back into the lattice or gas-bubble formation within the core of a water-
moderated reactor and the subsequent sweeping out of the bubble.

(5) A still more deadly accident on which to speculate is one in which a
control element worth several percent in Ak is inserted from above with an
acceleration of several g's - and drops completely through the bottom of the
reactor. This may not be as unlikely as it appears. Elements of this acci
dent were discovered in one reactor after construction had actually started;
changes had to be made in the reactor hardware so the rods would strike stops
when their thin supports broke, rather than fall out the bottom.,

Weaknesses similar to those in the above examples can be found in many
reactors; often they can be identified only after an accident or a near accident.
Only after such weaknesses have been eliminated can one operate a reactor with
the assurance that the prompt action of the safety system will protect the
reactor from any mistake on the part of the human operator or from any failure
on the part of the devices on which he must depend.

Other Sources of Accidents

Reactor accidents external to the control and safety system may be postu
lated which do not involve failure of the instruments, the console operator or
the control elements. The occurrence of these accidents may require the fastest
possible safety system response. Some examples are listed below;

(1) Any mechanism which might alter the position of fuel is a potential
hazard. Since the central fuel element of many reactors may be worth
as much as 5$ in Ak, any small vertical motion of this element might
produce a large accident.

(2) When water is used as a moderator, substantial reactivity changes can
result from voids. For example, a leaking gas line associated with
an experiment can reduce the reactivity. When the leaking gas is shut
off or the void collapses the reactivity is suddenly increased.
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(3) The very accessibility of research reactors increases the possibility
for unscheduled changes in reactivity.

In spite of experimental evidence that some reactor types have successfully
withstood test excursions with reactor periods approaching one ot two milli
seconds, one remains unwilling to subject an operating reactor to periods short
er than 10 milliseconds, if this can be avoided. It is also true that very few
practical reactors will behave as well as the Borax and SPERT reactors. It is

proposed, therefore, that the safety system should be the fastest available,
consistent with the type of reactor to which it is to be applied, and consistent
with any necessary limitations on speed imposed by the thermal properties of the
reactor.

Factors Limiting Safety System Response

A program is under way at ORNL to measure the practical limits of safety-
system response under various conditions, and to develop suitable hardware.

In reviewing the factors which influence safety system response, it is
observed that existing methods are not fully exploited.

(1) Sensing Delays

Equipment now available has a fast response to danger signals. The
level safety amplifiers and chambers" now in use may be arranged to have a very
short delay - much less than 1 millisecond. Preliminary evidence seems to show
that the presently-used period instruments also have satisfactory response for
handling fast accidents. For periods short compared to one second and for all
currents within the range of the instrument, the reactor power increases less
than a factor of e before the period safety instrumentat|on:iattlates a scram.

(2) Short and Consistent Release Time?'"

The need for short magnet release time is obvious when one is dis
cussing periods in the 10-millisecond range. Consistency of release time is
necessary in view of the wide variation possible in such factors as alignment
and water-flow forces.

(3) Position of the Rods When They Are Released

Careful attention must be given to deciding where to position the
limit switches which determine the upper limit of rod travel. If the rods are
released from the fully-withdrawn position, their motion during the first in
crements of time will be through a region where they have low sensitivity
(Ak/inch). Some time must elapse while the rods move to a more sensitive
position where their motion can cause an appreciable reduction of reactivity.
If the rods are actually withdrawn beyond the point of zero sensitivity, the
price in delay time is tremendous. For the typical case of a rod moving in
water with an acceleration of O.75 g?, starting the rod insertion from a point
only 1-1/2 inches above the point of zero sensitivity will result in an added
delay of 100 milliseconds.



Very significant gains in response may be realized by withdrawing
the rods simultaneously during startup as opposed to withdrawing them singly
or in small groups. If they are withdrawn together, they will be in the
position of best possible overall sensitivity if at any time they must be re
leased. This principle is illustrated in Figure 3. These considerations re
inforce the argument given in an earlier paragraph in support of simultaneous
rod withdrawal.

(h) Rod Acceleration After Release^

Even very bad accidents do not require the rods to reach the bottom
of their travel in order to cope with the power excursion. The important de
crease in reactivity is accomplished in the first few inches of rod insertion;
in fact the rise of the power excursion is temporarily halted when the re
activity is reduced to prompt critical^"'10. In reactors with short neutron
lifetime, short-period accidents wiltt?involve reactivities not very much above
prompt critical. Thus for these reactors which are most susceptible to short
periods, a very small rod motion is needed to limit the excursion. In con
sidering rod insertion speeds, therefore, the important parameter is the
acceleration of the rod over the initial portion of its downward travel.

As a result of recent tests reported elsewhere,^'a>9>l° there has
been constructed at ORNL, and is now under test, a safety mechanism having
a total delay time of 3 milliseconds with an initial rod acceleration of 8 g.
While this development has been undertaken for a particular class of reactors,
the writers feel that the principles underlying a specification of this type
have general application. For each reactor type there is surely; a comparable
frontier of safety system response, taking into account the neutron lifetime.,
thermal characteristics, and so forth. It is planned to continue this work in
order to improve understanding of the phenomena involved, both in Swimming-
Pool reactors and in other types.
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ABSTRACT

There are several methods by which the release time of shim safety
rod electromagnets may be obtained in the laboratory. However, these
methods are not generally applicable to magnets in operation.

This paper describes a pulse method for determining magnet release
time in a field installation. The method also gives consistent and
accurate measurements of release time in laboratory tests.
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In the control of reactors it is of interest to know as much as possible
about the dynamics of the shim rods from the instant an emergency scram is
initiated until the flux is reduced to a safe level. The work described in this
.paper is applicable to reactors which have shim rods supported by d.c. electro
magnets supplied with current from the ORNL Safety System.

Initiation of the shim rod motion depends on the time required for the sen
sor to determine that such motion is needed and the time required for magnet re
lease. Determining the release time under both laboratory and field conditions
presents something of a problem. For accurately determining the magnet release
time in the laboratory and in the field as well, a pulse release technique was
developed.

This technique allows one to determine the release time of installed magnets.
The method has also contributed to the establishment of specifications for an
optimum magnet design.

Several methods have been used from time to time at ORNL to check release
times of a given magnet in the laboratory. They almost always employ an
electrical continuity measurement between magnet face and armature. An impulse
is applied to interrupt the source of power to the magnet and simultaneously set
a timer in motion to record the time interval between the initiation of the im
pulse and the separation of the magnet and armature. The timing system usually
consists of a recording oscillograph or an audio oscillator and an oscilloscope
with photographic attachment. See Figure 1.

This system has several inherent weaknesses which adversely affect the
accuracy of the data; namely,

1. The armature does not move squarely away from the magnet. Thus one edge
of the armature may maintain electrical contact long after the rod is in motion.
This effect may be minimized by precise alignment of the vertical axis of the
magnet and armature and by rigidly attaching the armature to the shim rod. How
ever the latter is contrary to normal practice where a universal joint is fre
quently incorporated between the armature and the rod to provide better mating
between the armature and the magnet to improve the reproducibility of the drop
out current. Thus, the rigid coupling which improves the cocked armature effect
may introduce still larger errors by altering the initial holding force. An
experimental variation between similar drops is shown in Figure 2.

2. Frequently, the gap between the armature and magnet may be made in
whole or part by a thin membrane of stainless steel, aluminum, or other low
permeability metal which serves as a seal in potted magnets. This membrane may
be stressed in manufacture so that it behaves like an oil can bottom. It may
be held against the magnet by the armature while the current is on and upon re
lease will follow the armature for a few thousandths of an inch, introducing
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considerable error in a system with one g acceleration. The error is 2.3 milli
seconds for the first l/lOOO of an inch follow, 3.2 milliseconds for a 2/1000 of
an inch follow, etc. for a one g system.

3« There is some difficulty involved in synchrpnizing the start of the
timing device and the interruption of the magnet current.

Most of these difficulties can be resolved sufficiently to gather useful
data in the laboratory; however, the system is very nearly useless for checking
installed units.

In order to discuss the operation of the pulse release method, a knowledge
of the ORNL Safety System is needed for reference1'2. The fundamental circuits
are shown connected in Figure 3.

The voltage shown at points "A" and "B" are the voltages one would measure
with the reactor at zero power, 100$ power and 150$ power, respectively. These
points show the most suitable places to which one can apply the output of the
pulser.

If a potential of 22 volts is applied at point "A" the magnet current should
read maximum. If the voltage at point "A" is increased until 37 volts is reached,
the magnet current will have reduced to the point at which the weight of the shim
rod can no longer be supported. This requires the amplifiers to be adjusted
properly. Likewise, if the voltage at point "B" is varied from 37 to £3-1/2, the
magnet current will vary from maximum to the release value. These variables
dictate the design of the pulsing instrument. The output must have a quiescent
level which may be set to either 22 volts to match the steady state of zero
power level of point "A" or 37 volts to match point "B". The amplitude of the
pulse must be sufficiently large to drive point "A" from 22 volts to a value
somewhat larger than 37 volts to guarantee release of the rod. This maximum
value is approximately ho volts, requiring that the pulse have a peak value of
at least 18 volts. The pulse amplitude needed to accomplish the same thing at
point "B" is only approximately 8 volts. The instrument should have a pulse
width variable from zero to the longest release time anticipated.

The ORNL pulser is shown by the block diagram in Figure k„ The circuit is
timed by a free running blocking oscillator whose recurrence frequency may be
adjusted from l/2 cycle/second to 3 cycles/second. The output is fed through a
buffer stage to trigger a one-shot multivibrator which has a variable pulse width.
The multivibrator drives a cathode follower stage whose output may be adjusted
to give the desired static level. The amount of drive from the multivibrator is
controlled to give any desired output pulse amplitude from zero to 50 volts as
read on the output voltmeter. The circuit diagram is shown in Figure 5.

Operation of the unit is relatively simple and consists of applying the out
put to either point "A" or to point "B" in the safety system and adjusting the
steady state level accordingly. The pulse width should be zero and the blocking
oscillator should be turned off. Depressing push button "P" forces the multi
vibrator to remain triggered and permits the drive to the cathode follower to be
adjusted to reduce the magnet current to zero (or at least to the release value).
The rod is then re-cocked, the blocking oscillator is turned on and the pulse
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width is slowly increased until the magnet releases the rod. The release time
may then be read directly in milliseconds from the calibrated pulse width dial.

The accuracy of the indicated release time has proven to be very good. If
one defines the actual release time as the elapsed time between the initiation
of a scram impulse and the first movement of the armature, it is obvious that
the indicated release time is greater than the actual release time since the
magnet is capable of retrieving the armature when the current is re-established
even though they have separated some small distance. The amount of error intro
duced by this effect does not lend itself easily to a mathematical analysis be
cause it is influenced by many factors such as excess holding force exerted
by the magnet, and the medium in which the system is operating. Therefore, an
experiment was set up to establish trends and limits to the error in some
practical cases. The assembly for this experiment is shown in Figure 6. It
consists of a 100 turn test coil embedded in the armature in such a way as to
link the same flux lines which are producing the holding force on the armature.
The output voltage is proportional to the rate of change of flux linking the
test coil. A typical pattern is shown in Figure 7, and represents a single
pulse approximately 78 milliseconds long which did not release the weight. Fig
ure 8 shows a series of pulses, each successive one longer than the preceding
one and each showing the flux decaying to a lower value. Figure 9 shows the
armature beginning to fall away just before the flux is re-established and
Figure 10 shows the final break away. The time between the inflection point on
the curve in Figure 10 and the final break away is the error in milliseconds.
In the example in Figure 10, the error is 8 milliseconds which is a percentage
error of 9$.

The results of some tests on the LITR are shown in Figure 11.

In conclusion it may be said that:

1. The pulser may be readily applied in the field without additional
equipment and without the necessity of altering the safety system.

2. The release data are more consistent and do not have the widespread
variation inherent in other release time measuring devices.

3. The pulser will measure release time with an accuracy of approximately
10$.

h. The pulse width is always larger than the time interval between the
initiation of an impulse and the first movement of the armature; con
sequently, the actual release time is less than the pulse width.
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P6 BUS LEVEL ADJUST POT.

P7 B.O. FREQUENCYADJUST.
Ps B +ADJUST.
P9 REGULATOR BIASADJUST.
S, COARSE WIDTHCONTROL.

52 BUSMIN.VOLTAGE ADJUST.
53 B.O. ON-OFF SWITCH.

54 A.C. ON-OFF SWITCH.

VACUUM TUBE COMPLEMENTS

V-NO. CIRCUIT FUNCTION

MULTIVIBRATOR.

C.F. LEVEL SET.

MULTIVIBRATOR TRIGGER.

BLOCKING OSCILLATOR.

REGULATOR AMP.

REGULATOR AMP.

SERIES REGULATOR.

NEG. RECTIFIER.

9+ RECTIFIER.

METER = 0-50^ADC

Fig. 5. Pulse Generator for Magnet Release Test Measurements.
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ROD
NO.

WITHDRAWN
3 INCHES

WITHDRAWN
15 INCHES

1 26 ms 32 ms

2 11.5 ms 11 ms

3
21 ms 21.2ms

Fig. 11. Data from LITR.
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ABSTRACT

This report reviews the "basic principles of electromagnet design,
with special emphasis on the factors which affect release time, and
presents an experimental evaluation of the performance of solid and
slotted pole electromagnets used in research type reactors. The po
tential hazards of improper magnetic circuit arrangements are pointed
out, and the problem of performance specification and evaluation is
reviewed.
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I. INTRODUCTION

Many research type reactors built to date use electromagnets in their
safety systems to hold scram rods in cocked position during normal operation.
These magnets may be of the direct lifting type which support the entire rod
weight, or they may be of the type designed to hold accelerating springs or
latch mechanisms. Regardless of the method of transmitting support, however,
these magnets have one common requirement. They must release quickly in the
event of a scram situation. Acceptable magnet release times range from about
five to fifty milliseconds, as determined by the nuclear, thermal, and physical
characteristics of the particular reactor and the response time of the associ
ated safety system components.

If a high degree of safety confidence is placed in a fast release electro
magnet, it is important that the release behavior of the device be well under
stood and established by careful laboratory calibration. There must be no
chance for manufacturing error, equipment adjustment error, or aging or radi
ation effects to appreciably increase the release time. It is the purpose of
this report to review the basic principles of electromagnet design, with
special emphasis on the factors which affect release time, and to establish
basic design criteria and methods of experimental evaluation which will assure
fast release for all operating situations.

Type of Magnet studied

The scope of this report is limited to flat-faced cylindrical electro
magnets such as used in the swimming pool type research reactor. Figure 1 is
a pictorial representation of this magnet type. The magnet is shaped as a
right circular cylinder. Its inside and outside poles, and yoke and armature
are made of ingot iron. The poles may be tapered. The magnet coil is wound
on a linen Bakelite bobbin and held in place by a metal retaining ring. The
magnet coil wire is triple-layer enameled copper. The coil is vacuum im
pregnated with an epoxy resin. The coil leads are Teflon insulated. In the
swimming pool type reactor this magnet is supported at the end of a 17-foot
lift tube which extends from the pool surface to the reactor lattice. The
lift tube is welded to the magnet support. The magnet support is bolted to
the yoke. The entire magnet assembly is encased in a stainless steel can which
is seal welded to the magnet support. This provides a water-tight conduit for
the coil leads. The magnet can is usually provided with a nickel face because
it must be sufficiently thick to maintain good structural integrity, and yet
have low reluctance. In the pool type research reactor, the safety (scram) rod
is attached to the magnet armature. The magnet supports the entire weight of
the safety rod and shock absorber assembly, plus the armature. This weight
ranges from twelve to eighteen pounds.
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An important point to bring out in regard to this magnet is the require
ment that it must operate like a precision relay,, and yet be held at the end
of a 17-foot tube under water with varying amounts of dirt on the contact
surfaces, and with a wide range of. possible misalignment conditions due to a
bent lift tube or axial displacement. It must be large forcewise, and yet
small in diameter, and it must operate on a very small magnet current. Its
excess holding force must be sufficient to prevent accidental scram due to
jars or vibrations, but its release time must still be very short.

The shape of the magnet shown in Figure 1 is not ideal, magnetically
speaking. An optimum design would be shorter and larger in diameter,' but
space restrictions force the design to small diameters and proportionally
greater lengths.

Magnet Power Supply

In order to obtain fast release, it is necessary to break the magnet's
electrical circuit through a very high impedance. This is accomplished by
supplying magnet current through the plate circuit of a pentode tube which
can be biased highly negative. It is not feasible to break the electrical
circuit through relay contacts because the contact arc forms a very low re
sistance path which may persist for a long period of time. The magnets in
cluded in this study are designed for use with a single vacuum tube power
supply (magnet amplifier) delivering 100 ma. maximum. This instrument is
described in detail in the literaturel.

The operating characteristics of the magnet amplifier, shown in Figure.2,
are controlled by the voltage from a safety amplifier. This voltage, termed
the sigma bus voltage, indirectly controls the bias on a pentode tube supply
ing the magnet current. When the power level of the reactor is. zero, the
sigma bus voltage is 37 V. As the reactor Increases to full potoer the"sigma
bus voltage increases to 39 V. At 150#uf.ull power^ the sigma bus voltage is
^3.5 V. The magnet amplifier is designed to reduce the magnet current about
15 ma. between zero power and full power, and another 27 ma. between full
power and 150$ full power. At 150$ full power the magnet current equals the
drop current for the given magnet. As the sigma bus voltage continues to in
crease, the magnet current quickly goes to zero. For slow periods or power
rises, magnet release will occur at ^3.5 V. on the sigma bus. For fast
periods or power rises, the time required to increase the sigma bus voltage
from 37 V. to current cut-off voltage is small compared to the magnet release
time.

Behavior of Elementary Model

One method of interpreting experimental measurements of magnet parameters
is to create a simplified model of the device and study its behavior from
idealized basic equations. Such a model is shown in Figure 3. This model is
constructed from annealed ingot iron. For this idealized case, all flux which
does not pass perpendicularly through the air gap is assumed to be leaking or
fringing. This leakage and fringing flux is nonuniformly distributed along
the inside and outside poles and armature, but it is assumed its effect can
be fully evaluated by averaging the flux along an average path length (Lj).
The average flux in the iron (0^) is equal to the total perpendicular flux in
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MATERIAL: ANNEALED INGOT IRON

Lj = 8 in.

Ai = Ag = 0.6 In.2
Nm = 5000 TURNS

/^-VARIABLE

La- VARIABLE

Fig. 3. Magnet Model.
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the air gap (0 ), plus aKportion of the total leakage and fringing flux (0L),
The resulting average flux in the iron is assumed to be a constant percentage
of the air gap flux. For this model it is 1.3 0g. The cross-section iron
area (Ai) at all points along the average flux path is equal to the cross-
sectional area of the air gap (A ). The holding force produced by the per
pendicular flux in the air gap it F . Since there are two effective air gaps
in parallel, the magnet produces a total holding force (Fm) equal to 2F~,
acting along the magnet axis. The magnet coil contains 5000 turns of wire.
The magnet current (Im) and air gap (L ) are variable.

The basic equations which influence the model behavior are given in Fig
ure k. The general magnet equation is for the summation of magnetomotive
forces around a closed loop. This loop follows the average path length in the
iron and includes two air gaps. The driving force required for the iron is a
function of flux density in the iron. The value of this function is obtained
from magnetization curves and hysteresis loops for the material. The driving
force required for the air gaps varies as the first power of flux density in
the air gaps. The holding force varies as the square of this flux density.

From the data given for the magnet model, and the-basic equations, it is
possible to construct model operating characteristics as a function of magnet
current and air gap. Figure 5 shows a set for L = 0.005-in. The hysteresis
loop for iron is obtained from Roters2 for the else, B± = 1.3 B„. The
ingot iron curve indicates the magnet current required to establish a given
flux density in the air gap, assuming the magnetic reluctance drop across the
air gap to be zero. The air gap curve indicates the current required to
establish a given flux density in the air gap I assuming the magnetic re
luctance drop in the iron to be zero. The total current required to establish
a given flux density in the air gap is the sum of these two currents. The
force produced is proportional to the square of the established flux density.

The hysteresis of iron results in negative values of current being re
quired to establish low flux densities in the iron after it is first raised
to high flux values. This negative current is subtracted from the current re
quired for the air gaps. The resulting flux density curve and holding force
curve follow a hysteresis type path over a given operating cycle.

In evaluating an electromagnet, the information most easily obtained in
the laboratory is a set of holding force curves. Figure 6 shows the holding
force curves which would be observed for this idealized magnet. From these
curves it can be seen that even small air gaps have a pronounced effect on
the overall magnet characteristics. The rapid loss of holding force with in
creasing air gap is a characteristic of this magnet type.

The energy storage and release which occurs in this model during a com
plete magnetic cycle is shown in Figure 7b, for a constant 0.005-in. air gap.
As the magnet current (lm) is increased from zero, the flux density in the air
gap (Bg) increases along the path 0-A to point A (a long tail on the curve is
omitted to conserve space). The energy (E^) stored in the magnet during the
flux rise is:

Em "K Am aBff (1)•m g
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MAGNET(m)

Im Nm = MMFj + 2 MMFg

Fm-=2Fg

IRON (/) AIR GAP (g)

MMFj = Hj Lj
BgLg

MMFg = -~-

Hi = f{Bj) B 2 A

72x10

MMF= MAGNETOMOTIVE FORCE (amp-turns)
F= HOLDING FORCE (lb)

8= FLUX DENSITY (lines/in2)
H= MAGNETIC INTENSITY (amp-turns/in.)
/]= AREA (in2)
L= LENGTH (in.)

/= CURRENT (amp)

A/= TURNS

Fig. 4. Basic Equations.
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This total stored energy is the sum of areas 1, 2, 3, k, 5, 6, and 8. Of this
total, areas 1, 2, 5, and 8 represent energy stored in the iron. The remaining
energy is stored in the air gap (area 5 is below the dashed line to the right
of B; area 2 is above this line).

To continue the cycle, the magnet current is decreased along path A-B
to point B. During this time energy stored in the'iron (area 1 and area k above
the dashed line) is returned to the electrical circuit. The energy of area 2
is absorbed by the iron in the form of hysteresis heating. The flux density
at point B is termed the residual flux density in the iron. In order to remove
this residual, it is necessary to supply energy from an outside source. In the
case of a solid piece of iron, this energy is supplied by reversing the magnet
izing current to a value D* and then reducing the current to zero, as shown in
Figure 7a. In the case of an iron circuit with a finite air gap, most of this
energy is obtained from energy stored in the air gap. As the magnet current is
reduced from point B to zero, the flux density in the air gap follows the curve
B-C to point C. During this decay the energy required to demagnetize the iron
(area 3) is supplied by the air gap and is absorbed in the iron as hysteresis
heating. The remaining energy in the air gap (area k below the dashed line) is
returned to the electrical system. The remaining energy stored in the iron
(area 5) is consumed by hysteresis heating. The flux remaining in the air-gap
at point C is due to a small amount of residual magnetism still present in the
iron after the demagnetizing force of the air gap has been expended. The
general equation given in Figure k indicates that for 1=0:

2MMF = - MMF. (2)

This equality is satisfied when the air gap curve intersects the iron hysteresis
curve at point C in Figure "Ja, which corresponds to point C in Figure 7b. To
remove this final residual magnetism it is necessary to reverse the magnetizing
current to a value D in Figure Jb, and then reduce the current to zero. During
this process the energy of area 6 which goes to hysteresis heating of the iron
is supplied by the small remaining stored energy in the air gap. The energy of
area 7 is stored in the iron. The small amount of stored energy which remains
in the iron at point C (area 8) is consumed in hysteresis heating. During the
current reversing process energy is again stored in the iron (area 9) and air
gap (area 10), but is returned to the electrical circuit as the current is re
duced to zero. The energy of area 6 plus 7 appears as further hysteresis
heating. The final residual magnetism may also be removed by supplying the
energy of area 7 in the form of external work applied to the armature (force
x distance). This external work appears as a drag force on the armature as it
leaves the magnet face.

During the demagnetization cycle, a condition of special interest occurs
if the armature weight is not sufficient to initiate armature motion and there
by complete the cycle. Figure 8 shows how this condition can arise. This fig
ure is an enlargement of the area near the origin in Figure J&. The residual
flux density remaining in the air gap, after the demagnetizing effect of the
air gap has been fully expended, is indicated by the intersection of the air
gap and iron hysteresis curves (Eq. 2). The holding force which this flux pro
duces is termed the coercive holding force. This terminology is applied because
it is the coercive intensity of the iron as well as the air gap length which
determines the magnitude of this force. For very small air gaps the model
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quickly reaches the point where it is unable to drop a given rod weight (W).
For very small air gaps it is also apparent that very small changes in the iron
characteristics may quickly increase the coercive force. Any change in the rod
weight attached to the magnet armature is also an important consideration since
armature release will occur only if the rod weight exceeds the coercive hold
ing force. Referring to Figure 7, it is seen that a large area 7 will occur
when the air gap is small. This energy appears as drag on the armature as it
leaves the magnet face. If the rod weight is just sufficient to initiate
armature motion, a slow release will still result due to the large drag force.

Another point to recognize in regard to Figure 8 is that the annealed in
got iron curve is a function of the maximum magnet current. As the magnet
current increases, the curve shifts to the left until iron saturation is reached.
When a magnet designed for small air gaps and low maximum flux densities is
surged to high flux densities, this shift of the iron curve may be sufficient
to prevent armature release.

The problem of large coercive forces may be overcome by using magnetic
materials with low coercive intensities. The ferronickel alloys offer the
best combination of low residual flux density, low coercive intensity, and
good magnetization and saturation characteristics. Figure 9 shows the charac
teristics of h"J$ ferronickel compared to annealed ingot iron. Note the coercive
intensity is practically zero. Very little air gap in the magnetic circuit is
thus required to demagnetize the pole material.

II. HOLDING FORCE AND RELEASE TIME CHARACTERISTICS

The behavior of the magnet model discussed in the preceding section indi
cates that considerable variations in magnet holding force can be expected for
small air gap changes. The air gap changes are easily attributed to dirty con
tact faces, or misalignment conditions. The holding force variations are not
objectionable providing the magnet is able to lift and hold the rod weight with
sufficient force to stabilize it against shock or vibration. The real question
of concern is the possible variation of magnet release time for this wide range
of holding forces.

Measurement of Holding Force and Release Time

Holding force was measured in the laboratory by dead weight loading with
lead bricks. The bricks were held in a tray suspended from the magnet arma
ture by a l/l6-in.steel rope. The magnet was held in a support plate firmly
clamped to a laboratory table top. Care was taken to maintain near perfect
alignment to obtain consistent results. The magnet holding force, for a
given current, is the maximum weight which the magnet can support when the
armature is lifted and carefully engaged to the magnet face. The magnet is
considered to hold its maximum weight if a current reduction of less than 0.5
ma. is required to drop the weight again.

No special demagnetization procedure was followed after each measurement
other than removal of the armature. The large air gap thus introduced de
magnetized most of the iron. For measurements with small air gaps this pro
cedure is not acceptable, but for large air gaps it yields sufficiently
accurate results.
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Aluminum foils were used when known air gaps 0.005-in. and larger were
required between the magnet face and armature. Copper foils were used for
smaller gaps. The foils were glued to the magnet armature with a thin layer
of Pliobond adhesive. All magnet characteristics were measured with the
magnet can off. A nickel foil of the same thickness as the magnet can face
was glued to the armature to simulate the can.

Magnet release times less than O'.l second were measured by the pulsed
'current technique reported in a companion document3. Times greater than 0.1
second were measured by timing the break of electrical continuity between
magnet face and armature.

Reduction of Peak Voltage

Since the current obtainable from a vacuum tube power supply is very
small, it is necessary to use a large number of turns in the magnet coil to
obtain a given holding force. It is further required that the magnet be fast
releasing which necessitates a rapid rate of flux change. This rapid flux
change coupled with the large number of turns results in a very high peak
voltage appearing across the coil leads during a flux transient. Precautions
must be taken to prevent this peak voltage from puncturing the enameled in
sulation on the magnet wire, or the Teflon insulated leads. Thyrite resistors
have been adopted for this application. In effect, these resistors clip the
high voltage peaks, but appear as near infinite resistances during the remain
ing voltage surge. Peak voltage clipping prolongs the measured release time,
but if the clipping is confined to the high voltage peak occurring during the
first millisecond, the effect can, in most cases, be neglected. Low voltage
clipping results in a prohibitive delay time. All measurements made for this
report are based on limiting the peak voltage to l600 V. by using Thyrite re
sistors (G. E. - 8355083GI - three in series - 880,000 ohms each). The results
of 'each experiment can thus be evaluated without regard to possible differences
in insulation requirements.

Pole Tapering

Many BSF-Type magnets have been built with tapered poles, but unless
otherwise noted, all measurements in the following section of this report
are for flat poles.

BSF-Type Magnet with Large Air Gaps

Release time and holding force measurements made on a BSF-Type magnet
with large air gaps are shown in Figure 10. The interesting feature of this
data is the wide range of release times obtained, depending on the value of
air gap, rod weight, and holding force selected. For this particular magnet
and range of air gaps, the release time for a given rod weight was experi
mentally found to be directly proportional to the holding force exerted. Since
holding force is proportional to flux squared, for a given area, the release
time follows a flux squared relationship. Another point of interest is the
observation that release time does not vary appreciably with stored energy in
the system. Points over the entire range of air gaps are grouped together at
the same release time for the same holding force. For an idealized case, the
same holding force infers the same flux level in the air gap. For this
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condition the stored energy in the air gap varies directly as its length.

From the data in Figure 10, it is concluded that magnet performance must
be judged by the time required to release a given weight when exerting a "given
holding force on that weight. To state that a magnet has a certain release
time is, by itself, not sufficient. It is necessary to have additional in
formation concerning conditions existing during the measurement. For instance,
the magnet in Figure 10 has a release time anywhere from one to forty milli
seconds, as determined by the conditions of rod weight and holding force
selected.

Delays Due to Eddy Currents

The effect of eddy currents in delaying the release of an electromagnet is
not easy to treat analytically. However, an appreciation for the important
parameters leading to the effect may help to indicate methods for reducing it.

The iron used for the magnet poles, yoke, and armature, shown in Figure 1,
is a fairly good electrical conductor (conductivity l/6 that of copper). Since
this iron may be linked by part or all of the magnetic flux lines, eddy currents
normal to the flux lines will be induced whenever the flux linkage changes. As
an example, the center pole of a cylindrical magnet will be examined for cir
culating currents during a flux transient (Fig. 11)\ An original uniform flux
(0O) is assumed to exist in a solid pole of radius (rx) and total length (L).
A given cylindrical shell of radius (r) and thickness (dr) within the pole is
treated as a cylindrical conductor linked by all flux lines within (r). Any
changes of this linkage flux (0L) within (r) will induce a voltage (er) normal
to the flux lines and establish a circulating current in the cylindrical section
about (r). This current in turn creates a magnetic field tending to oppose
the original linkage flux change. These circulating currents retard the build
up or decay of the flux field. The flux field is assumed to be uniformly dis
tributed at all times. The magnitude of the circulating current established is
determined, in part, by the resistance (Rj.) of the cylindrical shell about (r),
and its inductance. For this study the inductive effects are assumed negligible
in comparison with the resistance. This simplifying assumption is necessary
because the non-linearity of the iron is difficult to treat mathematically.

The basic equations for this model are given in Figure 11. The condition
of interest occurs when the linkage flux undergoes a change which is a known
function f(t) of time:

0L (*) =[0l] f(t) (3)
The infinitesimal current (dl) induced in the cylindrical shell during the flux
change is found by substituting the flux change into the basic equations for
the model:

_ 0O L _ d f(t)
dl = ^ 2_ r dr .; (k)

2n p rjf dt v '
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The total circulating current (I ) in the model is the sum of the infinitesi
mal currents established in the individual shells:

r

dI =u± *mknp dt (5)

This current is established in the pole by the initiation of a primary flux
change. It in turn establishes a magnetic field which tends to oppose the
initiating field. As a result, the net flux through the pole changes at a
somewhat slower rate as determined by the mutual interaction.

The infinitesimal power (dP) required to establish the infinitesimal cir
culating current in the cylindrical shell about (r), due to the primary flux
change, is:

The total power (Pe) required by the sum of the infinitesimal currents is:

pe=fri dP =̂ _ /ii^n2 (7)f dP -K L /"(*> )
J 8jt £> y it J

The resulting power density (Pj_) in the iron'is:

where

** ' B°2 ^ (df(t))2 ,mde [-6T-) (8)

B - ^o
* rl

For rapid flux decays this power density becomes very large due to the
squared time rate of change. Integration over the first increment of time
yields a very high energy value if the initial decay function remains unaltered.
A system absorbing no power during a change will follow the change instantaneous
ly. Such is the case of air where the resistivity is infinite. For systems
with finite resistivity, the energy consumed by the circulating currents appears
as resistive heating, and must be added to the loop representing hysteresis
heating in Figure 7. The resulting flux density curve follows a somewhat higher
path as determined by the amount of eddy current energy consumed.
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Examination of equation 7 shows that, for a given flux and decay pattern,
the eddy current power can be reduced by increasing the resistivity of the
pole material. A practical way of increasing the resistivity is to use ferro
nickel alloys or silicon steels as shown below2:

Ingot Iron

Medium Silicon Steel (2-l/2#)
Ferronickel (^7$)
High Silicon Steel (k-l/k%)

Resistivity (micro-ohm-inches)

k.2
16.0
18.0

23.0

Equation 8 indicates that a possible method for reducing eddy current
power density, for a given flux density and resistivity, is to cut the pole
F^fTf "J****8- ^or example, the original eddy current model shown in
rf^S Ty/ re#ace? ty <\segmented model containing eight small cylinders
of radius rx / y^ , instead of the one large cylinder. The same total
Z!!f:SefX°na1•"» «* *1« ^nsity is retained, but the eddy current power
density in the iron is one-eighth of its value for the single pole case. Ex
amination of equation 8 shows that by segmenting the pole apower density re-

Z? v°?x. 1/W Can be accomPlished, where N is the number of segments into
which the pole is cut.

Equation 8 shows the eddy current power density to be a function of flux
density squared. Note the release times shown in Figure 10 are proportional
to holding force and therefore flux density squared, for a fixed cross-sectional

Slotting BSF-Type Magnet

twh/* experiment^as conducted on aBSF-Type magnet to verify the desira
bility of pole slotting for reducing eddy current power density in the iron
and thereby reducing release time. The results of this experiment are shown
S/ST5 *' ?^ the °utside P°le ™ slotted (l/l6-in. milling cutter).
^tnl n^Jf indi!fed was a"taming ring used to hold the magnet coil in
place. On this particular magnet the retaining ring was rather large. The
circulating currents set up in this ring of low resistivity contributed
measurably to the total release time. Amaterial of higher resistivity such
as 3^7 stainless steel would reduce this.

torn ^ rS^\S °^thfS exPeriment ™*ify that pole slotting can be ausefultool for obtaining faster release from this type of solid pole magnet.
BSF-Type Magnet with Small Air Gans

As indicated in Part I, the drag forces exerted on the armature to com-
Sfnnt I°n def^e\iza*ion «« very small for large air gaps. Therefore, they
do not appreciably influence the release times shown in Figure 10. For small
air gaps, however, the situation is somewhat different. The drag energy in
dicated by area 7, Figure 7, appears as asharp increase in magnft re2ase
AZ Sn^tT f FvSUr?+13' ** Mgh Permeatil"y <* the nickel face at low
!^denslties r e!v" aPPear aS an extension of the pole iron instead ofan air gap; so, for the case of no added shims, the magnetic air gap is
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extremely small. The only true gap is that due to contact surface irregulari
ties between the magnet face and nickel, and between the nickel and armature.
This may total less than 0.001-in. The stored energy in this small air gap is
the only energy available to demagnetize the iron. The remaining energy must
be supplied by work applied to the armature. This work appears as a retarding
force to armature movement. From Figure 13 it is seen that, for no added air
gap, the release time increases toward infinity as the magnet current is in
creased.

Figure 8 predicts large coercive forces will exist for small air gaps.
Figure lk shows the coercive force of a BSF-Type magnet for small air gaps,
and no nickel can. As predicted, these forces are indeed large for small air
gaps, but taper off rapidly as the air gap exceeds 0.005-in. They are, of
course, a function of the maximum current to which the magnet is surged.

The approach to very long release times can be predicted by observing the
drop current. Figure 15 shows that as the magnet drop current becomes less
than 20 ma., for the particular magnet and rod under test, the release time
approaches the dangerous region beyond 100 milliseconds in Figure 13. If the
characteristics of the magnet are known from previous laboratory calibration,
the approach to a long release time can be predicted by this technique. If a
continuous log on a given magnet shows a slowly decreasing drop current over a
period of time, this condition may be attributed to changes in the magnet iron
or can fit. The approach of very low magnet drop currents must be considered
a warning for Immediate magnet replacement.

Removal of Temporary Air Gaps

A problem of particular concern occurs when a temporary air gap is re
moved without readjustment of the magnet amplifier. For instance, if a 0.006-
in. temporary air gap is present, the magnet drop current is 38 ma. (neglect
ing hysteresis) (Fig. 13). This fixes the zero power magnet amplifier current
at 78 ma. (Fig. 2) and the magnet release time at 30 milliseconds for zero
power scram. If the temporary air gap is removed without readjustment of the
magnet amplifier, the zero power scram release time increases to 65O milli
seconds, as indicated by the 0.0-in. air gap curve. This situation exists
whenever an air gap change is made, but the magnitude of the change is largest
for small final air gaps. Another point to note is the change in drop current
which occurs when the temporary air gap is removed. With 0.0-in. air gap the
drop current is l6 ma. instead of 38 ma* (neglecting hysteresis). If the
magnet amplifier is not readjusted after removal of the air gap, magnet re
lease due to level-induced scram will occur at well over 150$ full power, or
on a period shorter than one second. Figure 16 indicates the change in re
lease time which will occur with the same magnet, but a 12-lb. control rod,
when a 0.015-in. temporary air gap is reduced to 0.009<-in. without readjustment
of the magnet amplifier. In this case, the release time still increases more
than a factor of two.

Introduction of Permanent Air Gaps

Delays due to small air gaps must be avoided by the introduction of a
small permanent air gap. Whenever possible, this permanent air gap should be
located inside the magnet can where it is least subject to change by reactor
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operators or maintenance people. In general, air gaps introduced by planned
mechanical mismatch cannot be considered safe. They are subject to manu
facturing error, or changes at some later date. For example, in many swimming
pool type research reactors the magnet face is curved to a 26-in. radius and

.the magnet armature to a 2*(--in. radius. This gives a ball and socket type
joint md a small fixed air gap. If the machining operations are done care
fully and the magnet can fits perfectly, the air gap established by this joint
is zero at the inside pole and about 0.00^-in. at the outside pole. This gives
an average air gap of about 0.002-in., and a total release time in the 100
millisecond region. At a later date the magnet armature may require refinish-
ing due to rusting. During this process a change in the radius of curvature
might easily go unnoticed. If the armature is machined to a 26-in. radius,
the release time will go to infinity for high magnet currents as indicated in
Figure 13.

An easily made air gap change such as this is beyond the control of the
original designer and potentially dangerous. The permanent air gap can best
be introduced in the form of a brass washer of appropriate thickness brazed to
the inside pole of the magnet. The energy stored in this brass must be suf
ficient to demagnetize most of the iron (Part I).

Excess Holding Force

The holding forces shown in Figure 13 become very large, compared to the
weight lifted, as the magnet current is increased. The excess holding force
(total holding force less rod weight) produced by a given magnet is a function
of the holding force and magnet amplifier characteristics, and the rod weight.
For instance, at zero reactor power the magnet amplifier current is approxi
mately kO ma. above the magnet drop current, thus providing a very large
excess holding force during rod withdrawal. As the reactor comes to full power
the magnet amplifier current reduces to 27 ma. above the magnet drop current.
This is sufficient to hold the rod provided vibrations and shocks are not large.
The magnitude of holding force produced by the zero power and full power current
is a function of the magnet holding force characteristics. Some shaping of
these characteristics can be done to give larger excess holding forces. The
release time follows the holding force characteristics as pointed out in Figure
10. If, in a given reactor, fast release is more important than large excess
holding forces, it is necessary to either flatten the magnet holding force
characteristics or adjust the operating characteristics of the magnet amplifier.

An important limitation in magnet design is the maximum magnet amplifier
current. The desired maximum operating level is 100 ma. at zero power and
87 ma. at full power. This places an upper limit of 60 ma. on the magnet drop
current. Since the magnet is supported at the end of a long lift tube which
is subject to axial displacement or bending, it is necessary to make some
allowance for an air gap length somewhat greater than the design value. In
undertaking a magnet design this allowance is specified. If additional air
gap appears, it is assumed corrective action will be taken. Once the magnet
stroke (maximum air gap length) is specified, the magnet is designed to re
lease the armature at 60 ma. with this air gap length. Since a temporary air
gap may disappear on a given day, the magnet holding force can reach higher
values as operation shifts to a steeper holding force curve. Magnets de
signed for large air gap variations can exert holding forces equal to many
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times the rod weight. The magnet amplifier is designed for constant current
differences without regard to the excess holding forces produced.

Effect of Nickel Can

The stainless steel can encasing the magnet shown in Figure 1 is pro*-
vided with a nickel face. Nickel is chosen because it is easy to fabricate
into can bottoms, and represents a small magnetic air gap for a large physical
thickness. The disadvantage of nickel is that it represents no permanent
air gap at low flux densities. At medium flux densities nickel saturates more
quickly than iron. In addition, it exhibits strong magnetic hysteresis6 which
requires additional demagnetizing energy during a flux decay. As a result,
the nickel can appears as an air gap approaching its own physical thickness at
high flux densities, but as an extension of the pole iron at low flux densities,
In effect, the holding force available at the magnet face quickly saturates at
higher flux densities.

The practical results of this effect are shown in Figure 17. This data
was obtained for aBSF-Type magnet. Known air gaps were used with, and without,
the addition of 0.010-in. nickel next to the magnet face to simulate the magnet
can. At low magnet currents the effect of the nickel can is estimated to be
less than 0.001-in. of air (contact irregularities included). At higher
magnet currents it appears as 0.003-in. If this magnet were designed for high
flux densities, the effect would become more pronounced. The release time
curve follows the holding force curve in each case as is expected from its
^ ^uared dependency. From a safety viewpoint, the nickel can is acceptable
if sufficient permanent air gap is built into the magnet to protect against
high coercive forces. From a practical viewpoint, the large variation in
apparent air gap is undesirable.

Effect of Short-Circuits or Grounds

The effect of a high resistance short-circuit appearing across the magnet
coil or a high resistance path to ground was investigated briefly. A BSF-
Type magnet operating with a small air gap and heavy rod was used for this
study. The results shown in Figure 18 indicate how the already long release
situation is considerably aggravated. The resistors were added across the
magnet coil. The carbon leakage path from a magnet lead wire to ground re
sulted from arcing during an experiment. An important point to make is that
none of these shorts or grounds cause any noticeable alteration to the normal
operating characteristics of the magnet amplifier. They can therefore exist
undetected for long periods of time. Only during the rapid flux transient
following magnet current interruption do they come into play. They appear
across the infinite resistance of the pentode tube thus defeating its purpose.
The increased time constant of the L/R magnet coil circuit becomes controlling,
and the release time becomes resistance dependent.

One precaution which might be inferred from this experiment is to exercis-
care m locating terminal blocks in any damp area. Arcing across terminals
can form a temporary low resistance path which will prolong the magnet release.
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BSF-Type Magnet Under Water

The release times shown thus far have been for out-of-water conditions.
In the case of magnets designed to operate under water, the introduction of
water adds a second possible variable — that of vacuum breaking. As the
magnet face and armature are brought together, water is excluded from the
region between the face and armature. This exclusion of water creates the
problem of void formation when the surfaces are separated again. A study of
this effect for the BSF-Type magnet was made under water in the control rod
test tank. The results of this study show that for the case where magnet
armature and face are curved to match, the release time under water is con
siderably greater than in air.

In order to determine methods of alleviating this vacuum effect, a series
of tests were conducted with known water gaps between the magnet face and
armature. The results of these tests are shown in Figure 19. The air gap
design is shown at the left. The cross-hatched region is a non-magnetic shim
used to maintain a given magnetic separation between magnet face and armature.
The blank area indicates the region occupied by water. The solid curves in
dicate the release time of a 12-lb. control rod with a dry air gap. The
dashed curves are for under-water conditions. Since the weight of the rod
supported under water is 10 pounds, it is necessary to correct for the re
sulting increase in release time. Release times for both a 10-lb. and l6-lb.
under-water weight are shown. The release time for a 12-lb. under-water weight
can be obtained by interpolation. It is seen from these curves that even for
an 0.0l8-in. water gap, the vacuum holding effect is still appreciable. To
alleviate this condition when it exists, an armature design must be chosen
which provides low pressure drop paths for the water to quickly reach all void
regions.

The magnet face and armature used for this study each had a 26-in. radius
of curvature. This curvature formed a natural pocket to contain the void.
The possibility that a flat face might reduce the vacuum breaking problem by
allowing unrestricted movement of the void was not investigated.
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ABSTRACT

This paper describes the results of tests on determination of
entering velocities of a control rod of the BSF type. Tests were
made changing the acceleration of the rod by means of varying the
number of constant tension driving springs. Equations are fitted
to the experimental data in an attempt to identify factors responsi
ble for the effects noted.
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Acceleration of Reactor Control Rods

Arnold A. Sorensen

Emergency shutdown of the ORNL Bulk Shielding Reactor is effected by
the dropping of shim-safety rods into the reactor lattice. The reactor to
gether with the rod and special fuel element into which it works, is de
scribed in the AEC publication "Research Reactors". This paper describes ex
periments performed to determine rod position during a drop and to measure
the effect of additional acceleration over that provided by gravity.

In order to carry out the experiments, a tank equipped with plexiglass
windows was constructed. Supports were provided in the tank for the special
fuel element and the guide tube. Figure 1 shows a view of the tank with the
components installed. The holding magnet, the armature and shock absorber,
and rod are evident. The hoist to lift the magnet was located above the
tank in the attic of the building and was controlled from the tank location.

A Fastex camera running at the rate of 2000 frames a second was used to
photographically time the rod drop. Figure 2 shows a schematic diagram of
the timing circuit arrangements. A timer provides a time delay allowing the
camera to come up to speed before the rod drop signal occurs. One circuit is
arranged to flash a small lamp when the timer contacts close which grounds
the sigma bus and reduces the magnet current to zero. The other circuit causes
the second lamp to flash when the magnet releases the armature. Twenty times
rated voltage is applied to the lamps to reduce the flashing delay to less
than a millisecond. Figure 3 shows a close-up of the timing equipment. A
mirror places these lamps and a rotating 3600-rpm disc in the same field of
view as that of the control rod. Thus, there is recorded in time sequence
on the film the signal to drop the rod, the instant at which the drop begins,
and its behavior during the drop. Figure k shows the camera and photographer
in position.

The first test of the series was made with the control rod dropping under
the influence of gravity as it does in the reactor. Figure 5 shows the re
sults of this test. The results were somewhat surprising since it was ex
pected that the rod would initially accelerate at nearly the value it does in
air, and then the acceleration would be gradually reduced by the viscous action
of the water. As can be seen, this was not the case. Rather, the acceler
ation of the rod was constant throughout almost all of the fall, with only
a slight departure at the end of the drop.

Examination of the data shows that the equations

v = at

s = i. at
2

can be fitted to the data. The observed acceleration is 20 ft/sec2. Since
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the rod weighs 11.85 pounds in air and 10.37 pounds in water, it provides an
accelerating force of 10.37 pounds. Dividing this force by the observed ac
celeration gives O.5I8 slugs as the total mass accelerated. This mass is
equivalent to 16.7 pounds. Subtracting from this the weight of the control
rod shows that 4.85 pounds of water are being moved with the rod.

Figure 6 gives the clearances around the control rod in the guide tube
and in the special fuel element. This indicates that there is some basis
for thinking of the rod as a piston pushing water along with it as it is
dropping. The slots in the sides of the guide tube prevent this from being
a simple case however.

Spring acceleration of control rods has been used in reactors and is
of interest in current designs. The second set of tests was run to dis
cover whether there was a change in the character of the rod drop as higher
velocities were encountered.

The apparatus shown in Figure 7 was constructed in order to provide
additional acceleration. This consisted of six "Negator" constant tension
springs arranged to drive the cable drum. In this experiment, each spring
produced a force which resulted in a rod acceleration approximately one-half
that of gravity. By changing the number of springs attached to the driving
shaft the pull may be varied. Figure 8 gives the spring motor calibration,
each run number corresponding to the number of attached springs. Runs were
started at the 9-inch position and pull was allowed to continue to the
30-3/4 inch position.

Figure 9 demonstrates how the motor was arranged to accelerate the rod
for these tests. The cable is attached to the bottom of the rod and exerts

a continuous pull on it. Figure 10 shows the results obtained from these
tests with distance traversed plotted against time squared. It will be
noted that the curves consist of "Qiree straight line segments. Comparing
these with the spring calibration curves shows that part of this can be
attributed to the irregularity in pull, since the springs had higher pull in
the first two inches of their travel. The initial acceleration exists for

such a short time that it was ignored in the following analysis, and the
curves were assumed to be made up of two straight line segments.

From the tabulation of results, as shown in Figure 11, it will be noted
that the total masses accelerated, m^, as determined by dividing force, F,
by acceleration, a, for the first straight line portion of the curve, are
nearly equal. The procedure carried out for the second portion of the curve
shows the mass accelerated is water, the equivalent mass of all of the
mechanical parts, including rod, drum, spools, springs, is subtracted from
the experimental values. This gives the amount of water accelerated, m^,
and is about O.065 slugs or 4.8 pounds of water for the second half of the
curve. Of course, it must be noted that these figures are the difference
between two larger quantities, and therefore our equipment inaccuracies,
friction differences, and effects neglected accumulate in these values.
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These values may be compared with the weight of water which could be
contained within the envelope dimensions of the control rod assembly. This
amounts to 75 cubic inches which is equivalent to O.OQk slugs of water. Ad
ditional experimentation is necessary to determine whether this correlation
is affected by changes in slots of the guide tube or drilling holes in the
sides of the special fuel element.

Another way to utilize the results of these tests is to devise a per
formance factor, consisting of the ratio of acceleration obtained during the
drop to the acceleration that is computed if only the buoyancy of the water
is considered. For the rod dropping under the influence of gravity, this
factor is 0.7, computed as follows:

Net force on rod, considering only buoyancy = 10.37 lbs.

Mass of rod =iii^5- = O.368 slugs
32.2

Computed acceleration, considering only buoyancy =10-37 =28.2 ft/sec2
O.368

Performance factor = measured acceleration _ 20 = n 7
computed acceleration 2BT2

With any spring combination this factor is near O.85 for the initial straight
line portion of the curves shown. For the second portion it is O.75 for the
first four runs and O.85 for the last two runs. Using these factors it is
eff?-t0+!St;?a*e the Performance of the rod under any new accelerating force
withxn the limits tested.

It is concluded from these experiments with a control rod of the BSF
type that:

a. Acceleration obtained is closely proportional to the accelerating
force. B

b. Displacement of water by piston action is the major factor affect
ing drop time.
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ABSTRACT

Analysis of the corrective action provided by insertion of safety '
rods when a reactor is on a fast period has been made for a specific
reactor. By means of analogue computing equipment the neutron flux and
rod motion were simulated. The voltage corresponding to neutron flux
was clamped in transient at a level of 0.1 volt and for a period •X '
Releasing the clamp without corrective action permitted the voltage to'
rise on a period •T ' approaching the asymptotic period for three de
cades before the amplifiers saturated. By starting the safety rod
action simultaneously with the release of the clamp, the voltage corre
sponding to neutron flux was reversed within the three decade range de
pending on the reactor period, the worth of the safety rods, their start
ing position and their acceleration.

The computer technique is applicable in analysis of safety systems
or other reactors.
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Limitations of Analogue Computers in Analyzing a Nuclear Excursion

The analysis of a nuclear excursion usually starts with a particular re
actor and a particular set of initial conditions. The reactor is assumed to
be in steady state when a positive perturbation in reactivity is introduced.
The neutron flux is allowed to rise according to the kinetic equations of the
reactor and any known equations of the safety system which provides corrective
action.

The excursion can extend over a neutron flux range of several decades.
The analogue computer could be used effectively in making such an analysis ex-

-cept for the limitation in range of the variables provided by such a device.
The linear range of the analogue computer is about three orders of magnitude.

That portion of the analysis which deals with the time interval when
corrective action is being taken can be made with certain restrictions by
means of the analogue computer. In principle, one can prescribe the corrective
action for a given excursion which limits the excursion to three decades. Or,
one can describe the excursion for which the corrective action limits the

neutron flux to a three decade range. This analysis determines the minimum
reactor period for which a given safety rod limits the neutron flux excursion
to three decades.

If a reactor is on a positive period, the pile period instrument will de
termine this fact in some interval of time. Likewise, if the flux level rises
to an upper limit prescribed by the safety system some interval of time is re
quired for an instrument to determine that the flux is at or above this limit.

In either case, no corrective action is taken in the interval of time required
by the sensors.

Once the sensing devices provide information for initiating corrective
action, there is another interval of delay before this action becomes effective.
For the particular reactor considered here, the magnets which hold the safety
rods must release these rods so that they can move into the reactor lattice.
Until this release is effected, the neutron flux continues to rise.

Starting with the instant when the safety rods are released, the system
is taking corrective action. The analogue computer can be used to simulate
just about any conceivable type of motion of the safety rods. The simulation
can be carried out in real time or a time scale which is convenient for the

computer. If the effective value of the rod is known in terms of reactivity
as a function of the rod position, this value can be introduced into the
analysis of the system in terms of reactivity as a function of time.
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Simulation of a Specific Reactor

This analysis was carried out for a solid fuel water-moderated swimming
pool type reactor with a mean neutron generation time of 5 x 10"5 sec. The
total worth of the safety rod was 6$ in reactivity.

The curve, Figure 1, shows the reactivity of the rod as a function of
its position in the lattice. The stroke of .the rod was taken as 22 inches
This reactivity function was set into the computer by a conventional diode
function generator. The output of the function generator was reactivity as
shown here on the vertical axis. The input was the simulated rod position1.

Figure 2 shows the rod drop simulator. A constant current corresponding
to constant acceleration is integrated once by integrator 1 to produce velocitv.
The output of integrator 1 is integrated a second time to give a voltage pro
portional to the square of the time. This voltage is proportional to the dis
placement of the rod and is the input to the function generator.

A limit switch on a recorder was used to-initiate the rod drop at a par
ticular value of the neutron flux during the excursion. The potentiometer 3
was used to establish the initial position of the safety rod,Sn, and potenti
ometer 5 was used to bias the initial function generator output to zero.

+*, + ^ ?omputer time scale was taken as 100,times real time. This means
tnat 10 milliseconds of real time was made equivalent to one second computer
tlme. r

Figure 3 shows the reactivity supplied by the rod insertion as a function
of time for seven different values of acceleration2, wherein g = 32.2 ft/sec2
The 6$ rod was withdrawn initially the full.22 inches at the instant of re
lease. The rod non-linearity and relatively slow start combine to delay sub
stantial corrective action.

Figure k shows the reactivity as a function of time for the same rod when
released after having been withdrawn only lk inches. It is to be noted that
the worth of the remaining rod is only k.% and that the delay in corrective
action is not as much as was the case for the rod starting from the 22 inch
withdrawal position.

The computing equipment for simulating the kinetic equations of the re
actor is shown in Figure 5.

The simulator circuit is essentially that used for solving the kinetic
equations of a reactor^ except that the time scale has been changed so that
computer time is 100 times real time and the two longest life delayed neutron
YnVtZtT5 ?fe °m+itted- The ^iplier used was a servo type. Provision forinitiating the neutron flux excursion by means,of the ganged switch FQ allows
the flux to be held "clamped" in transient at some low level until switch Fo
is closed. <=

Amplifiers k and 7 represent the prompt neutron loop. Amplifier 5pro
vides signal inversion and current load reduction on amplifier k. Amplifier
6 and potentiometer 11 provide avernier for accurate setting of the gain
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The open loop gain is set at unity by opening switches Fl and F2, setting
potentiometer 10 at zero, and applying a nominal 100.0 volts with source
potentiometer 7j potentiometer 8nis set as' shown and potentiometer 11 isaad-
justed empirically for -k0 equal to 100.0 volts. With the source potenti-

±ometers set to provide 0.559 volts, i.e., the equivalent of > p„ at a
i»l

steady state of -k0 equal to 100.0 volts, and closing Fl, a loop gain of unity
can be set accurately by adjusting series resistor 9.

The value of £*, the mean neutron life time,was determined for the
simulator by introducing a O.559 volt step in the source voltage when the
simulator was at a steady state with switch F2 open., switch Fl closed. This
was done by closing switch 3, Figure 5. The curve, Figure 6, shows the rise
in simulated relative neutron flux with time. The time required for a 63$
rise was 8.5 milliseconds for the particular value of Z * represented by this
curve. The value of .£* determined by stepping the source in this manner is
equal to the time constant, 8.5 milliseconds determined here, multiplied by p
which was taken as .OO559, since two longest life groups of delayed neutron pre
cursors were omitted. This gives U.75 x 10-5 for the value of £*. The time
scale shown in Figure 6 is real time although the original record was in com
puter time which was 100 times real time.

In order to get another check on the operation of the analogue equipment,
both the period and" the excess reactivity, determined experimentally as that
required for a particular period, were recorded and the experimentally de
termined periods were plotted as a function of the excess reactivity needed.
Since two delayed-neutron groups were deleted in the simulation, several test
transients were run while potentiometer 12 was adjusted empirically for that
excess Ak/k required to limit the flux excursion to barely a factor of 103
following initiation of corrective action. At the proper setting, a final
transient was recorded with no corrective action to obtain the actual stable
period produced. Figure 7 shows the empirical relation between period and
excess reactivity. For comparison the stable period is plotted as a function
of the excess reactivity as determined from the in-hour equation.

The voltage corresponding to neutron flux was clamped in transient at 0.1
volt and the voltages corresponding to the delayed neutron precursors were
clamped at ground potential. This was permissible since the neutron flux from
the decay of precursors is insignificantly small when the total flux is repre
sented by 0.1 volt.

Releasing the clamp on the simulator allowed the flux voltage to rise on
a period determined by the excess reactivity previously set in the computer.
The flux was recorded and the period was determined from the recorder chart
as the time required for the voltage to rise from 100/e to 100 volts. The
100 to 1 ratio of machine time to real time made possible accurate recording
of excursions with 2.5 millisecond periods.

When the clamp was released, the recorder limit switch in the rod drop
simulator, Figure 2, Initiated the rod release as the voltage corresponding
to the neutron flux passed through the 0.1 volt level.
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Essentially, then, the corrective action started with the release of the
clamp. The neutron flux rose and the rod action decreased the reactivity un
til the excursion was turned back. Shorter and shorter periods were selected
until the shortest period was found for which the corrective action limited
the excursion to three decades rise. To obtain the total flux excursion,
this rise could then be added to the calculated rise which took place while
the sensor and magnet release mechanism were operating and during which times
no corrective action was taken.

Figure 8 shows on linear scale the relative neutron flux as a function of
time for an excursion which, without corrective action,was on a 23 milli
second period. The seven curves where corrective action was taken represent
the six percent rod initially withdrawn 22 inches and accelerated with seven
different accelerations. The lowest acceleration limits the excursion to
three decades.

Figure 9 shows the same excursion with a 23 millisecond period but with
a single step in reactivity as corrective action. A step of -0.20$ is not
enough to turn back the excursion. The step of -0.25$ is enough to turn it
back temporarily. And the step of -0.22$ is precisely enough to flatten it
temporarily. This negative reactivity of -0.22$ is exactly that needed to
reduce the prompt multiplication to unity. The growth of delayed neutrons
cause the flux to rise again after this short interval of zero rate of change.
It follows that to turn back the excursion, the rod must introduce enough
negative reactivity to reduce the prompt multiplication to unity. If then,
the rod is in motion at a substantial velocity and has enough remaining
negative reactivity it will shut the reactor down.

Figure 10 shows the minimum period for which the corrective action supplied
by this rod can limit the excursion to three decades. The minimum period is
shown as a function of rod acceleration. The top curve is for the initial rod
position of 22 inches withdrawal, and shows minimum periods extending from 23
milliseconds for an acceleration of 0.62 g to 10 milliseconds for an acceler
ation of 3.57 g.

The middle curve shows these periods as a function of rod accelerations

for the initial rod position of 18 inches withdrawaL. The range in values 'M'-'
of the minimum period for this case is from a Ik millisecond period to one of
about 6.7 milliseconds.

The bottom curve is for the initial rod withdrawal of 1*4- inches and shows
a range in values of period from 10 milliseconds to 5 milliseconds.

These three curves show the effects of increasing the rod acceleration on
the minimum period for which corrective action limits the excursion to three
decades. They also show the effect of having the rod in a favorable position
when an excursion occurs.

Figure 11 illustrates the factors which enter into evaluation of the
safety system of a nuclear reactor of the type analyzed here. These are not
all of the factors. However, an analysis such as this shows what items of
the system may need improvement as well as those which are adequate when
compared to the rest of the system.
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_^ _??f Sn excursion where the neutron flux is on a 23 millisecond period, a
50 millisecond release time and rod acceleration of 0.62 g will limit the rise
to about four decades. On the other hand, for an excursion where the flux is
on a 5 millisecond period the magnet release time must be decreased about an
order of magnitude and the rod must have a large acceleration and be operating
over its linear range when the excursion is initiated if the excursion is to
be limited to four decades.

Sensor response to a short-period neutron flux excursion was assumed to
occur in a time equivalent to less than an 'e'-fold increase in flux level.

This analysis could have been extended to determine total energy released
during the excursion. Rod motions other than those with constant acceleration
could have been investigated. This analysis was limited to the situation where
known data for a particular reactor were available.

Conclusions

This method of analysis of a part of a nuclear excursion shows that the
analogue computer can be very useful even though these excursions would normal
ly extend over a range which far exceeds that of the computer. The analysis
has emphasized afew items pertaining to the safety system which previously had
not been obvious. In the first place, for short periods, the safety system
has only to decrease the reactivity enough to reduce the prompt multiplication
to unity in order to turn back the excursion. This fact has been determined
experimentally by Schroeder, et. al> Likewise, the importance of spring
loading the rod and of its position in the lattice when the excursion starts
have been clarified.

The importance of magnet release time has been shown in that if this time
is not kept small no amount of spring loading can prevent a large excursion
for short periods.
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